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Abstract: Strategic, tactical, and operation-level forest management plans are commonly formulated by
forest planners following even-flow yield principles. Although strategic planning ensures a sustained
supply of timber over the long term, it disregards individual mills’ requirements, which leads to
discrepancy between supply and demand. We hypothesize that a value-based timber allocation
decision, which accounts for individual mills” demands during tactical level planning, reduces such
discrepancy by increasing value over the entire supply chain. Three types of linear programming
models were constructed: Model A—status quo volume-maximization model, Model B—supply chain
net present value-maximization (NPV) model, and Model C—a novel approach with sub-models
embedded that maximize the NPV of individual mills in the allocation decision. Our results showed
that only 58% of the annual allowable cut was profitable and the mean net revenue per harvested
area was $2455 ha~! using Model A. The respective values using Models B and C were 64% and
$3890 ha~! and 96% and $4040 ha™!, respectively, showing that Model C generated the highest net
revenue for all mills. Such a method of value-based sequential optimization (Model C) will be crucial
in sustainable use of forest products and sustaining future bioeconomy, particularly for managing
mixed species stands that contain timber suitable for manufacturing a wide range of products with
different market values.

Keywords: forest planning; integrated model; lumber; pulpwood; timber license agreement;
wood mill

1. Introduction

Forest management planning outlines a set of activities to be employed to meet landowner
objectives over a long-term planning horizon [1]. Linear programming (LP)-based models have been
used as decision support tools to develop strategic management plans in commercial forests since the
1960s [2]. LP, with two model forms, namely Model I and II, formulated by Johnson and Scheurman [3],
is a widely used model in strategic harvest planning. A third model form, named Model III or network
flow model [4,5], is also used in forest planning. These models are formulated to achieve sustained
harvest flow and sustainability of forest ecosystems [6].

There is a hierarchy of forest management plans (strategic, tactical, and operational) based on
the spatial and temporal scales of planning activities [6,7]. Strategic planning of timber production
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is usually executed over a time period equivalent to one and a half forest rotation cycles, e.g., 150,
200 years [8,9] or longer to allow future managed stands to realize their growing potential. Strategic
planning focuses on providing a sustained yield of timber considering the vulnerability of risk to
landscape, forest ecosystem, and biodiversity. As such, it intends to maximize annual allowable cut
(AAC) of merchantable timber volume abiding by sustained yield (volume) principles [6]. Subsequently,
economic attributes of forest management are considered at the tactical planning level. The time
horizon of tactical planning may vary from 1 to 20 years [7,10]. Finally, the operational level is where
the forest management plans are executed. Therefore, operational plans deal with much smaller spatial
scale (individual stand or even individual tree), a short time scale (daily, weekly, or monthly activities),
and detailed economic information [11]. As such, operational-level plans outline harvesting activities
such as felling, bucking, transportation, road construction, and other silvicultural activities [11,12].

On the other hand, the industrial stakeholders have their own hierarchical planning framework
focused on wood procurement, production, distribution, and the sale of forest products [12-14].
The industrial strategic plan is mainly guided by an objective of maximizing economic value,
attempting to achieve a stable wood supply [2,5]. Consequently, the industrial plan is concerned with
location/acquisition of new mills, selecting product type, investment, and market development [12,15].
The time horizon for an industrial strategic plan is generally less than 20 years [16]. The tactical plan
focuses on determining areas for harvesting, logging, transporting, and managing other inventory
activities [17]. Its time horizon ranges from a week up to a year [12,17-20]. Finally, the operational level
focuses on daily to weekly scheduling and production and delivery planning [12]. Overall, the time
horizon of each planning hierarchy is much shorter than that of forest management planning.

Forest management planning needs to incorporate industrial fiber demand to sustain the
forest-products-based industry and bioeconomy [5,21,22]. Moreover, an industrial ecosystem and
efficiency are also equally important attributes in industrial planning that promote a green circular
economy and sustainability of the wood industry [20]. However, it is a challenge to synchronize
forest management planning and industrial planning due to the differences in the objectives and time
horizons used in these two frameworks [5,10,12,16,17]. In practice, this incorporation of industrial fiber
demand is attempted only at the tactical or operational planning levels. The plans are developed in a
hierarchical manner, i.e., forest management plans are developed first, followed by the development of
wood procurement plans for forest products supply chains. Forest management planning is considered
the upper hierarchical level, and forest products supply chain planning is considered the lower level;
both acting independently in their decision processes [23,24]. There are a number of planning models
designed for industrial fiber demand and procurement, but they tend to ignore long-term forest
sustainability [10,25]. Similarly, forest management planning models usually do not explicitly consider
industrial fiber values. Specific product recovery potentials are not taken into account, but different
types of logs (e.g., species, diameter, form factor, etc.) of the same volume will produce differentamounts
of final products [26,27]. A factor that may have contributed to this lack of integration is the differences
in value systems between managing forests, which focuses on ecological and social services [6,28]
and operating forest-based industries where the focus is on economics [12,22,29]. Recent studies have
demonstrated the need to develop harvest plans that explicitly take into consideration industrial
requirements a priori, using integrated planning approaches [29-31].

The sustained yield harvest principle that maximizes timber volume is a deep-rooted planning policy
in Canada. It is evident in timber harvest license agreements (TLA) granted to forest industries [9,32]
where harvest scheduling contracts are made in terms of timber volume [9,33]. There may be more
than one TLA wood mill in a single forest management jurisdiction, called a forest management unit
(EMU). The economic value of forest products stemming from the same FMU can vary depending on
product recovery potential by a specific mill for the specific species and transformed products [26,34].
When TLA requirements are not incorporated into the forest management planning process, the supply
of wood for mills may be jeopardized. The available harvest volumes may exceed one mill’s demand,
whereas another mill may face demand deficit. In order to reduce such a gap, Cantegril et al. [35]
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proposed searching alternative markets for underused timber. Finding an alternative market can
maximize the use of AAC volumes, but the economic return can be suboptimal if sent to a low-value
producing mill. Paradis et al. [36] proposed a hierarchical bi-level planning model that either reduces
the timber harvest or harvests only the amount that is commercially demanded. When managing mixed
wood forest stands, decisions based on the value of one assortment will influence another assortment.
It may not be financially viable to procure just a selected assortment without being able to deliver all
assortments to its highest value-yielding mills, hence reducing overall supply chain profit. In such a
context, a vertically integrated model can make better allocation decisions, increasing overall supply
chain profit [22,30]. Such an integrated model compensates one mill’s loss with another mill’s profit.
Although this is theoretically attainable, it will not be practical because mills are independent entities
with their own decision-making structure and interests [37], unless they belong to the same company.

We hypothesize that a better coordination between strategic (AAC calculation) and tactical
planning (harvest scheduling and financial analysis) of timber harvest can increase overall forest value.
Value refers to economic returns from manufactured products. Better coordination can be achieved by
taking into consideration product-wise (e.g., species-specific sawlogs, pulp logs) demand and aligning
it with supply during tactical planning. Allocating volumes sequentially starting from high-value
to low-value products will lead to more efficient supply of timber by (a) reducing the discrepancy
between demand for and supply of each TLA mill, (b) increasing the profitable supply of wood for
each mill, and (c) reducing the unprofitable timber harvest. The objectives of this study were to (i)
evaluate the economic performance of our novel planning approach as compared to other models
currently utilized and (ii) examine the impact of implementing the new planning approach on the
sustained flow of high-value timber over the planning horizon.

2. Methods

Timber harvest scheduling optimization model solutions outline periodic allowable cuts,
taking into consideration site-specific forest growth and management objectives. One of the key
objectives of the public forest for timber production is to produce economically profitable timber while
considering the site-specific forest ecosystem and biodiversity conservation. We formulated three timber
harvest scheduling models (Table 1); all were based on a linear programming framework. Among the
three models, the first one, “Model A”, is a traditionally used model based on sustained yield principles.
It maximizes allowable cut ensuring even flow of the harvest volume per period for the entire planning
horizon. We considered this as the base case scenario. The second one, “Model B,” is an integrated model
that is also formulated based on sustained yield principles that maximizes net present value (NPV)
globally for the supply chain [5,31]. This model may prescribe highly profitable flow of one product at
the expense of another product, creating an uneven flow of fiber products between periods [22]. For a
certain product type, harvest volume may exceed demand, whereas another product type may have
supply shortage [35,36]. The third and our proposed “Model C” intends to sequentially fulfill demands
from all mills based on the value of the product they generate. This model is different from Models A
and B in its formulation. The key difference is that if the demand of the highest-value mill is already
met, or harvest is not profitable for that mill, Model C allows the product to flow towards the next
best alternative. Unlike Model B, Model C specifies the minimum quality of timber required for
individual mills. Mathematical formulations of these models with added explanations are presented
in Section 2.1.3.

2.1. Linear Programming Model for Timber Harvest Planning

As the simplest formulation of a forest product supply chain, we considered only two stakeholders,
namely, a forest owner (government in our case) and a group of primary processing wood mills
(private investors) that are associated with the forest for timber procurement. We used a stratum-based
timber harvest scheduling model in order to better differentiate the growth and yield potentials of
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the forest stands and costs associated with distances and geography-based variations. We present the
general model structure in this section and data-specific description in Section 2.3.

Sets

S set of strata or harvest nodes

A set of age class

T set of planning horizon

G set of species

M set of wood mills or processing nodes
P set of products

Decision variables:

hsat Area (ha) planned to be harvested in age class a of stratum s and period ¢

Xsat Stand area (ha, that is assigned for timber production) of age class a in stratum s at the start of
period t (ha), ¥V s, a, and t. x4y is the initial area parameter before our simulation starts. xs; are
successively generated using area accounting constraints (Equations (4)—(6) below) based on the
preceding harvest (fsu).

Parameters:

0sga Timber volume in stratum s of species g belonging to age class a (m® ha™?).

Upsgpa Product volume (p: veneer (only from hardwood), lumber, and pulpwood) recovery from timber
of species g, stratum s, and age class a (m3 ha™1).

rsgpa Price of product p from species ¢ harvested in stratum s of age class a ($m™). csgps Cost
(total expenditure that consists of forest management, harvesting, loading, forwarding, and road
transportation) of product p from species g that is harvested in stratum s of age class a ($m~3).

Amin.s Minimum harvest age of stratum s.

Table 1. A synthesis of three models and their important features.

Scenario Assigned Model Name Objective Function Important Constraint Time Horizon
Base case A Total harvest volume Even flow of harvest volume 30 Periods
NPV B Net present value from Even flow of harvest volume 30 Periods

all products
Even flow of harvest volume.
Even flow of high-value 1 Period
timber harvest volume

Net present value from

SeqNPV c individual products

2.1.1. Model A (Business as Usual)

In forest management planning of public forests in Canada, forest owners make a long-term
strategic plan by maximizing timber harvest volume following sustained yield principles (e.g., [9]).
This model does not incorporate any information on demand, timber quality, and capacity of TLA wood
mills. In this study, this is referred to as the business-as-usual model. The mathematical formulation of

the model is as follows.
Max zyo1 = Zses deG ZaeA ZteT hsut(nga) M)

Following the sustained yield principle, we constrained the model to ensure even flow of harvest
volume forall g € Gand t € 2...max(T) by period, as:

Zses ZaeA hsa(t - 1)(Usg”) = Zses ZaeA hs”(t)(vsg”) &)
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The harvested area must be less than or equal to the total productive area available in each stratum,
age class, and period:
hoat < Xsqt,Vs€S,ac€ AandteT 3)

Using the initial area (xs,0) and harvest in the successive periods, the available area was generated
by employing area accounting constraints in network model structure [6], as below (Equations (4)—(6)):

The youngest age-class stands regenerate immediately after harvests take place. We assumed that
stands following the harvest events self-regenerated without any regeneration delay.

A
X1t = Za:l hsa(t —1) Vs, a andt € {2...T} 4)

We applied a ceiling on the stand age class that can be attained to a maximum value of A (max(A)),
so that the preceding age class (A—1) moves to the sinking age class A, but age class A remains in the
same age class in the subsequent period as:

A A
XsAr = Zu:(A Ly Xsa(t=1) ~ Za:(A 1 hsa(t—l)/ Ysandte {2...max(T)} (5)

In the same way, the intermediate age classes of the stand area between 2 and A—1 move to the
successive age class in the next period if the stand is not harvested in the preceding period, as:

Xsat = Xg(q — 1)(t=1) ~ Ms(a = 1)(t-1), V'8, @ € {2... max(A) —1}and t € {2...max(T)} (6)

Clear-cut with protection of advanced regeneration and soil, called “Coupe avec protection de la
Régénération et des sols (CPRS),” is the common harvesting method in the case of commercial forest
management in Quebec, Canada [38]. This is equivalent to the classical clear-cut system, except for
protection of regeneration and soil with the use of light harvest machines. However, selection harvest
is applied in some (predefined) of the strata. We employed a rule that any stand is eligible for selection
harvest if it contains the total merchantable timber volume between 125 m*ha~! and 275 m>ha!.
These lower and upper limits were set as fixed parameters following the current practice of the
“Bureau du forestier en chef” (BFEC: the provincial government agency for forest management) in our
study region. Depending on the geography and species richness, BFEC has determined a few strata
that require partial harvest. The following constraints were implemented to filter the stands that were
assigned for selection harvest (applied in predefined strata and maintained over the planning horizon):

dec Usqn >= Is(125) VseSanda € A (7)

deG Usga(ls) <= 275 8

where I is an indicator for selection cut or clear-cut for stratum s. In addition, as our objective was to
implement the existing strategic planning (AAC calculation), we constrained the model not to exceed
predetermined AAC already calculated by the government for the forests.

Our principal research question was to search opportunities of value potential in terms of net
economic profit (we often use net revenue, i.e., net revenue as the difference between revenues and
costs) that would be generated by the harvest and sale of the timber as prescribed by the harvest
planning model solution. In this analysis with Model A, although it does not account for economic
losses or gains while modeling, we evaluated cost and benefit of the harvest prescriptions after the
optimal solution (timber volume) was generated. Product wise (gp, species group-specific product),
undiscounted net revenue (Revst_gp) [39] for the supply chain was calculated as:

RevModsat_gpt = hsut(vpsa _gp<rsﬂt_gp — Csat _gp)) Vs, aand t )
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2.1.2. Model B (Global NPV Maximized Integrated Model)

A vertically integrated model that maximizes global net present value over the supply chain
has been explored since the 1980s as a way to link forest management plans and wood industry
requirements [5,21]. The modeling approach has not gained traction in practice (such as in [40]).
Nevertheless, it continues to be researched for its applicability [29-31,41]. We examined the performance
of this model from a supply chain perspective. The NPV was determined for post-manufactured
products sold in the market. In order to formulate this model, one more parameter was added,

as follows:
5t—25

1+r) )

where r is the annual discount rate. The discount factor is applied at the mid-point of a 5-year
planning horizon.
The objective function of this model is:

Max znpy = Zses dec ZPEP ZaeA ZteT Velhsat) (Tsat_gp = Csat_gp )(UPS“SP) (10)

subject to the same set of constraints as in Model A (Equations (2)—(8)). From the NPV-maximized
model solutions, we calculated undiscounted net revenue [39] by age class of harvested volume in
each stratum and period using Equation (9).

yp Periodic discount factor (= (

2.1.3. Model C (Sequential NPV Maximized Integrated Model)

In mixed forest stands, when we maximize the total net revenue (NPV) ensemble using Model B,
there may be over-harvest of certain species to generate high net revenue, whereas mandatory harvest
of another species can create negative net revenue. Consequently, this approach may favor one mill
that produces a certain type of product, but the model prescription may not be favorable for another
mill that manufactures a different product. This happens because different mills take different timber
species as their raw materials and produce different transformed products. Therefore, we designed the
third model, “Model C”, which maximized the NPV of each mill that transforms timber into various
products. We embedded sub-models within the integrated modeling framework. A simulation loop
that embeds the sub-models is depicted in Box 1. Each sub-model attempted to maximize the value of a
particular species through allocating it to mills that manufacture a particular type of product generating
the highest value. While doing so, we ensured the sustained flow of these specific products over the
planning horizon by adding an even-flow constraint (Equation (15)). When the first sub-model for the
highest value-producing mill/product was solved, the inventory was updated and made available for
the second sub-model (Equations (18) and (19), Box 1). In this way, n sub-models were solved in order,
starting from the highest value to the lowest value until the supply (AAC) would deplete or demands
would meet profitably. In order to specify harvest area for each mill (product-wise), we modified the
indices of decision variable, as below:

hsat pmi Area (ha) planned to be harvested by Mill i. The mill harvests the stratum s, timber of age class
a, in the planning period ¢.

where total harvest area /i in stratum s, of the age class g, in the planning period t is the sum of all,
as follows:
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M
hsat = Zizl hsat_Mi (11)

Equation (18) (Box 1) allows the available area to harvest for the subsequent sub-model by
subtracting the optimal harvest area prescription by the previous sub-model. Equation (18) controls
so that total harvest volume cannot be exceeded by the AAC as pre-designed by the strategic model.
Descriptions of product-specific sub-models and mills are provided in Section 2.3.2.4.

Box 1. Simulation loop that embeds sub-models (i = 1, 2 ... n) in Model C. Each (i") sub-model
corresponds to a specified product-type mill (M), which represents a group of mills that process the
same set of specified products.

Start loop for sequential optimization
ForMilliin1toM
(Maximize NPV for Mill i:)

Max Zy, = (1) ZSES quMi ZpeGMi ZaGA hsalMi (Upsg*gp(rsal—Mi B Csal—Mi ) (12)

Subject to: Harvest area is limited to area available in all strata and age classes:

hsalmi < Xsal_M; (13)

Subject to: Harvest volume is limited to AAC:

ZSES deM‘- ZueA hS”lM,- (Usag) < AACgec (14)

Subject to: Even-flow timber harvest volume:

ZSES ZaeA sa(t=1)_M; Usgu ZSES ZaeA sa( USg“) (15)

Subject to: Even flow of timber harvest of mill-specific species and its value: oy, is a variable to indicate the
species group and quality of timber that specified mill (M;) can accept.

ZSES ZaeA sa(t-1) Usgu gM ZSES ZaeA sa( Usga IgM) (16)

Subject to: Demand constraint to protect unnecessary harvest

Zses deM,- ZpeGM, ZaeA hsglM; (vsax) = DemandXGGMi (17)

Updates harvest area and AAC that are to be used to optimize the NPV of the next mill i+1 until M:

Xsal_Miy; = Xsal_M; — hsul_M,- (18)

AACg = AACg - ZM,» ZSES Z e ZueA Hsary, (Usgx) (19)

End loop for sequential optimization

2.2. Periodic Replanning Process and Data Analyses

We solved all three models in a periodic replanning (rolling planning horizon) framework.
When the planning model was solved, a set of planned harvest attributes, i.e., timber harvest area
(ha), harvested volume (m?), the age structure of the forest area (ha, by age class), and standing
timber volume (m?) were obtained by 5-year age class for each stratum over the planning horizon.
Our simulation implemented the optimized solution only for the first period. Based on the first period
harvests, we updated the available harvest area and standing volumes for the next planning cycle
as the initial input parameters at the start of the second simulation. The subsequent simulations
were continued through max(T) period. The harvest attributes of the first period of each repeated
optimization were retained for further analyses.
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We assessed the simulated model output at the stratum level to identify timber volumes that were
not profitable for harvest to a specific mill from the specific stratum, and their indirect impacts
on the other mills while harvesting mixed stands based on the model prescriptions. Model B
(NPV maximization) yields global optimal net revenue for the supply chain. After obtaining the
global net revenue from the model solution, the net revenues distribution for each product was
assessed using Equation (9) by disaggregating the product types that were dispatched to different
mills. In this modeling framework, for globally maximized NPV, the specified product (such as the
hardwood-lumber-producing timber) must have been sent to the specific mill (such as hardwood
lumber mill) regardless of economic losses to this mill.

Model C consisted of optimal and suboptimal components. When the plan was developed by
optimizing NPV for a specific group of mills, the optimal harvest plan accounted only for timber that
would be processed in that particular mill. However, the mill must have harvested other species to
properly follow the silvicultural prescription, which yielded suboptimal net revenue due to mandatory
harvest of undesired species. The suboptimal portion (the mill’s non-desired species) was then sent to
other mills that could transform the species. The model also attempted to lower unprofitable harvests
that are being obtained by such sub-optimal component to increase overall profit. The economic
analyses (profit and/or loss) for each product were therefore the sum of these two components.
Further explanation is provided in Box 2 and Section 2.3.2.4 below.

2.3. Case Study Description

2.3.1. Study Area

The models presented above were applied to a Canadian case study of public forests managed
for timber production in the province of Quebec. We selected the forest region “Capitale Nationale,”
which is an area that contributes significantly to the provincial economy through its forest industry.
There are four forest management units (FMUs), namely, 031-51, 031-52, 031-53, and 033-51, in this
region. The region is located between 69°30’ W and 73°30’ W longitude and 46°30’ N and 48°20" N
(Figure 1). Eleven wood mills have received timber license agreements for the planning period
2018-2023 in the region [40]. The mills manufacture various types of products using timber procured
from the forests.

48°30'N

ill Type N
@ Lumber| ‘(w.,\ v A
48°0N-| 4 Pulp ) oasst 2B 7
Veneer Y ;
P e
47°30'N 14 /@
. ¥ o g
3157 93152
47°0'N- )
b @
1 06% 60° N 7 1 4
oA e L N
46°30'N \ ot
55° N4 - .‘! N l%'
o ‘:‘ <\.=/\«(
46°0'N+ LR
50° N
| 2,
45°30'N+ A g ¥
Km0 1530 60 90 120 | as°n{ @~/ /S
72°0W 71°0'W 70°0'W 8O°W 75°W T0°W 65 W -60°W

Figure 1. Map showing our case study area: four forest management units and distribution of 11 timber
licensed wood mills (left) in the province of Quebec, Canada (right).
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The case study region falls in the boreal bioclimatic domain of the northern temperate zone [42].
Of the total (gross) spatial area of 1.1 million ha, 53% is considered commercially productive public forest
for timber production and can be made available for harvest (Table 1). In addition, 11% of the gross
area was forested but not available for harvesting because it was covered by low productivity stands
(stands that never yield more than 50 m*ha! in their life spans) and excluded from AAC calculation.
The rest includes private forests and water bodies (8%) and area reserved for biodiversity conservation
(28%) [9]. Fifty-eight percent of the productive forest area is composed of softwood-dominating and
the remaining 42% is hardwood-dominating stands. However, the percentage of the softwood and
hardwood species dominance varies between 41% and 88% and 12% and 59%, respectively, in the four
FMUs (Table 2).

Table 2. Spatial information and status of standing volumes in the case study forests (four forest
management units (FMU)).

: +
FMU Total (Gross) Productive Standing Volume Total (m3) Predetf;lr;urrl_eld) AAC
Area (ha) Forest Area (ha) y
Total % Softwood Hardwood Softwood
FMU 031-51 174,990 112,771 12,282,565 41 71,800 65,300
FMU 031-52 172,650 113,620 8,273,231 63 27,800 61,900
FMU 031-53 216,010 84,403 4,728,352 88 6,300 50,400
FMU 033-51 521,080 264,440 17,781,000 59 97,000 138,600
Total 1,084,730 575,234 43,065,149 58 202,900 316,200

* The upper limit of total AAC is 521,200 m? according to BFEC model simulation (MFFP 2018).

The region is comprised of various forest cover types, such as pure hardwood (H), pure softwood
(S), mixed hardwood (HH), hardwood-dominating mixed stands with softwood (HS), mixed softwood
(SS), and softwood-dominating mixed stands with hardwoods (SH) (Figure 2a). Commercially,
the important timber-producing hardwood species are yellow birch (Betula alleghaniensis), paper birch
(Betula papyrifera), aspen (Populus grandidentata), sugar maple (Acer saccharum), Balsam poplar
(Populus balsamifera), and red maple (Acer rubrum). Likewise, commercially important softwood
species in the region are black spruce (Picea mariana), balsam fir (Abies balsamea), white spruce
(Picea glauca), red spruce (Picea rubens), white pine (Pinus strobus), red pine (Pinus resinosa), and thuya
(Thuja occidentalis). Individual trees with a diameter at breast height (DBH) above 9 cm and top diameter
above 7 cm are considered timber-producing logs for both hardwood and softwood species [43] and
were considered in this study. In terms of age structure, a majority of the stands are young (< = 50 years),
and 40% are immature (> 50 and < = 75 years) (Figure 2b). The stands maturity classes are classified
based on Jetté, et al. [44] for the forests in Quebec. The minimum harvesting age, which is defined as
the age of the forest stand when it attains a minimum of 50 m®/ha of timber volume for the first time,
varies between 50 and 75 years depending on the strata-specific growth rate.

The Bureau du forestier en chef [9] determines the AAC based on sustainable yield principle over
a long-term (150 years) planning horizon divided into 30 5-year periods. Subsequently, timber license
agreements are made with mills guaranteeing a specified amount of timber volume. The AAC
determination by BFEC (Table 2) does not specify details regarding timber quality. Yet, information
on timber quality is important, because mills require timber of certain specifications to produce
a specific product. As an example, timber suitable for pulp production will not meet the quality
requirements for manufacturing veneer or lumber. Eleven TLA wood mills process timber to produce
five types of products, namely hardwood veneer (850 m?), hardwood lumber (58,000 m3), hardwood
pulp (132,000 m?), softwood lumber (221,600 m?), and softwood pulp (39,150 m3). The values in
parentheses represent the timber volumes allocated per year towards the product for planning period
2018-2023 [34].
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Figure 2. Initial area (ha) distributions of landbase for timber production by age class distribution

(a) and percentage distribution of cover type (b), where H is Only hardwoods, HH is mixture of

hardwoods, HS is Hardwood-dominating stands mixed with softwoods, S is Softwood only, SH is

Softwood-dominating stands mixed with hardwood, and SS is mixture of softwoods.

Most of the forest stands in the study area are mixed stands of hardwood and softwood. It is
mandatory for mills to harvest the entire cutblock that is assigned to them whether or not the timber
meets the mill’s product specifications. For example, if a mill that only accepts hardwood is allocated a
cutblock containing 70% hardwood and 30% softwood, it has to harvest both hardwood and softwood.
As such, all timber harvested counts towards the AAC limit (Table 2).
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2.3.2. Model Parameters

2.3.2.1. Stratification

Each of the forest management units is spatially stratified into geographically explicit regions,
termed as “tarification zone,” that specifies costs based on distances between mills and the zone.
Each of the zones was divided into strata based on ecodistrict (a contiguous spatial area characterized
by relatively homogenous relief, geology, landforms, soils, vegetation, land use, etc. [45]), cover type
(hardwood, softwood, and mixed wood), species dominance, and management practice (clear-cut and
partial cut). We used stratum-based yield tables in order to address the variability of forest productivity
by geographic and bioclimatic variations. In our simulation models, there were 243 strata altogether
in four forest managements units, and the mean and median of the strata spatial size were 2368 ha
and 1058 ha, respectively, ranging between 28 ha and 24,250 ha. Each stratum was a mixture of
uneven-aged stands. The initial area of each stratum was kept in the 5-year age class interval from
age class 1 (0-5 years) to 30 (145-150 years). According to this classification, there were 702 stands
(substrata) altogether within the 243 strata at the start of our simulation. Adopting the Model III
network structure [4,5], each stratum can contain up to 30 age classes, leading to a maximum of
7290 stands in total while simulating for 30 periodic plans. Volume tables and diameter class for each
species are based on these age classes.

2.3.2.2. Forest Product Data

For each stratum, spatial data on stand areas, initial stand conditions, and yield tables of timber
for the planning period 2018-2023 were accessed from MFFP [9]. Volume tables and quadratic mean
diameter (qmd) by species for each age class interval were used in our simulation. Product recovery
from timber varies depending on its allometric attributes such as diameter, length, and form factor.
BMMB has developed and maintained a product recovery database for a number of commercial tree
species by 2-centimeter DBH class that can be downloaded from BMMB [46]. For our simulation,
this DBH classification (qmd for each age class) was used to transform timber volumes into primary
processed products, namely veneer, lumber, and pulp, as required by the TLA wood mills.

2.3.2.3. Economic Parameters

The costs in the model simulation included expenses incurred for forest management,
road construction and maintenance, harvesting, felling, forwarding, transportation, and product
transformation. Selling prices represent the prices of the aforementioned five products. There are four
grades of hardwood lumber and the proportion recoverable of each grade depends on the timber
diameter class. Each grade of lumber has a different cost and price. Supply chain costs and product
(veneer, lumber and pulp) prices for each stratum were obtained from [47]. Following BFEC’s manual,
we used a discount rate of 4% yr~! for the first 30 years and 1% yr~! afterward [9].

2.3.2.4. Model Formulation

The LP models for a 150-year planning horizon by 5-year periods as done in MFFPQ [9] were
simulated. It consisted of 30 planning periods (T) and 30 age classes (A). Our Model A (Equations
(1)—(8)) is the reproduction of BFEC’s Woodstock model. Woodstock models can be downloaded from
FTP (File Transfer Protocol) [48]. This reproduction allowed us to analyze the economic performance
of the model prescriptions by locating the spatially explicit age classes of each harvest volume. It also
helped validate our models by comparing our results with the BFEC’s AAC (timber volume) for
the period 2018-2023 [40]. Following the current practices, Models A and B were optimized for an
entire planning horizon. However, Model C was optimized only for the first 5-year period so as to
synchronize the planning cycle of TLA. It was also simulated in a rolling planning horizon and the
model outputs were stored for the 150-year planning horizon as in Models A and B.
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Of the five products manufactured by the TLA mills, we did not consider veneer in our Model C
due to the very low volume (timber volume less than 1000 m?) committed in the TLA in the study area.
We categorized the 11 mills that have TLA into 4 according to the types of product they manufacture.
The mills grouped into categories 1 to 4 produce a) hardwood lumber, b) softwood lumber, ¢) hardwood
pulp, and d) softwood pulp, respectively. Corresponding to these 4 products, 4 sub-models (C1-C4;
Figure 3) were developed that maximized each product sequentially. The order of Mills from 1 to
4 (Figure 3) is based on the demand for and economic value of the products; the higher the order,
the greater its economic importance. In addition, timber harvest for lumber can be transformed to
woodchips, but timber harvest for woodchips cannot be sent to produce lumber. In the case study,
only 4% of forest contained pure hardwood stands (Figure 2). The vast majority of hardwoods were
present in mixedwood stands with softwood. The age at which the economic value is maximized is
shorter for softwoods than for hardwoods. The timber specification for minimum DBH required to
produce hardwood lumber is 24 cm, whereas that for softwood is only 14 cm [34]. Therefore, hardwood
takes much longer time than softwood to reach its maximum potential value based on the yield curve [9]
and value recovery [34]. If softwood is allocated first, all hardwoods in the cutblock are also harvested
without allowing them to reach their maximum potential value for lumber production. Therefore,
we set the model to fulfil the demand for hardwood lumber mills first. The simulation process is
explained in detail in Figure 3 and Box 2.

Sub-model Mill 1
(C1) Processes hardwood to

produce lumber and woodchip

Large-sized

Large-sized
SW

HW

Mill 2

Sub-model Harvest area
» Processes softwood to

dated
(C2) (updated) produce lumber and woodchip
3
Market
Small-sized Large-sized
Small-sized maHVZIZE gSW place
HW
S
Sub-model Harvest area Mmill 3 Q«P

(C3) (updated) Processes hardwood to

produce woodchip only

Small-sized Any-sized

Small-sized SW HW

W Small-sized

SwW

Mill 4
Processes softwood to
produce woodchip only

Sub-model | Harvest area
ca (updated)

Figure 3. A flow chart of Model C showing product flows. Products 1, 2, 3, and 4 represent hardwood
(HW) lumber, softwood (SW) lumber, HW pulp, and SW pulp, respectively. Small- and large-sized
timber are defined based on the diameter at breast height (DBH) as: large size should be >24 cm and
>14 cm for hardwood and softwood, respectively; otherwise small size.
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Box 2. Steps of the simulation process for Model C (sequential optimization).

1.1. Insub-model C1, the model maximizes the net present value of Mill 1 for the first planning period. Mill 1
processes large-sized hardwood timber to produce high-value lumber and wood chips. An even-flow
constraint ensures sustained supply of high-value product over the planning horizon.

1.2.  For the mixed species cutblock, Mill 1 must harvest the entire cutblock including softwood. After harvest,
hardwood timber is processed in Mill 1. Timber not used by Mill 1 is sent to other mills depending on
its species and size, as depicted in Figure 3. Softwood volumes harvested are also counted towards the
softwood annual allowable cut limit.

1.3. The forest inventory is updated by deducting the areas harvested in step 1.1. Similarly, the AACs are
updated for hardwood and softwood. Execution of sub-model C1 is complete.

2. Insub-model C2, steps 1.1-1.3 are repeated for Mill 2. However, Mill 2 processes large-sized softwood
timber to produce high-value lumber and wood chips. Execution of sub-model C2 is complete at this point.

3.  Insub-model C3, steps 1.1-1.3 are repeated for Mill 3. Mill 3 processes all hardwood timber into wood
chips but does not send hardwood timber to Mill 1, because it has already met demand or would not get
profitable supply. Execution of sub-model C3 is complete at this point.

4. Insub-model C4, steps 1.1-1.3 are repeated for Mill 4. Mill 4 processes all softwood to produce woodchips.
Execution of sub-model C4 is complete at this point.

5. The next periodic (5-year) replanning is executed and steps 1—4 are repeated until the end of the
planning horizon.

Prior to executing the model, an equation was adjusted to ensure that sub-model C1 (maximize NPV
from hardwood lumber) would not consume all hardwood volumes outlined in AAC. If hardwood
AAC is fulfilled by sub-model C1, the subsequent sub-model C2 (that targets softwoods) will not
be able to harvest any of the mixedwood stands. To resolve this issue, a preliminary assessment
was conducted to find the appropriate proportion to reduce the hardwood AAC in sub-model C1
so that the total revenue from all products would be maximum. The experiment consisted of the
reduction of hardwood volume by proportion of 0.50, 0.40, 0.30, 0.20, and 0.10 from the optimal
solution. Model optimization with a reduction by 20% (i.e., 80% retention) yielded the maximum
net revenue for the entire sub-models (Models C1, C2, and C3) that were embedded into Model C.
Therefore, hardwood AAC was reduced by 20% in sub-model C1 through adding a parameter in
Equation (13), the modified version is shown in Equation (20). This reduction with this heuristic
approach provided enough hardwood for sub-model C1, while still allowing mixedwood stands to be
harvested in sub-model C2 (maximized NPV from softwood lumber). It resulted in the maximum
possible net profit for the entire supply chain.

Zses deMi ZaeA fsa1_my (Usag) < AACgEG (0.80) (20)

These LP models were solved using mathematical modeling language AMPL [46] and Gurobi
5.6.0 solver (Gurobi Optimization Inc., Houston, TX).

The model-prescribed solutions in Models A and B are the harvest areas by stratum and age class
for the 5-year planning periods (hs,). Model C also prescribes the harvest area but in such a way that
the area gives the most possible timber volume of desired species that is usable and most profitable
for the specified Mill (1551 p1,) (Figure 3). The periodic harvest attributes (area, volume, net revenue)
were annualized by dividing the model solutions by 5 because of the 5-year planning period and
reported the results in terms of value ($) and harvest volume (m?) in annual base. The LP solutions
were analyzed using statistical programming software R [49].
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3. Results

3.1. Initial State of Merchantable Timber Volume

At the start of our model simulations, the total merchantable volume (standing timber of
DBH > 9.1 cm) in the study area was estimated to be 43 Mm? (75 m>ha™!) with softwood contributing
58% (Table 2). Seven percent of the hardwood volumes had veneer- and lumber-producing quality
(DBH > 24 cm) and 87% of softwood had lumber-producing quality (DBH>14 cm). At the end of
the planning horizon, the estimated total growing stocks after the 30th period using Models A and
C were 48 Mm? (hardwood 16 Mm3, and softwood 32 Mm3) and 45.5 Mm? (hardwood 15.5 Mm?,
and softwood 30 Mm?), respectively.

3.2. Timber Flow Using Models A, B and C

As expected, Model A produced the same amount of total harvest volume as the AAC (the capped
amount) (Tables 2 and 3). We further disaggregated the total timber disbursement to each wood mill
category corresponding to each product type based on the product recovery proportion (hardwood and
softwood sawlog, pulplog). In many strata, the net revenue generated by the harvest prescriptions
using Model A was negative for some products (e.g., hardwood pulp). If it were assumed that the stands
that generated negative net revenue from at least one product (we intended to reduce unprofitable
losses) were not harvested, the total volume of hardwood harvested would have been 146,072 m3yr‘1.
This is 6% below the current TLA volume. Likewise, the reduction of softwood timber would have
been 48% below the TLA in the first period (Table 3). The differences were more prominent for the
high-value (lumber) timber lowering the total net revenue by 52% and 42% for hardwood and softwood,
respectively (Table 3). Such discrepancy between these two scenarios (with or without considering
product wise net revenue) can be observed throughout the planning horizon (Figure 4a,b).

Table 3. Product-wise timber license agreement (TLA) volumes, model-simulated harvest volumes, and
net revenue generated using three models, assuming that all the prescribed volumes are harvested but
sold under two distinct scenarios: a) all the harvested volumes regardless of negative net revenue for
any product, and b) only the volumes that produce positive net revenue by product for the first period.

All Harvests are Supposed to Harvested Stands Producing Only

TLA

(m3yr-1) Be Sold Positive Net Revenue are Sold
Model A Model B Model C Model A Model B Model C
Total volume 451,750 521,200 521,200 521,200 302,559 347,051 502,240
Lumber 280,800 312,135 372,707 380,775 151,183 234,801 363,995
Pulp 170,950 190,207 110,301 98,909 136,084 77,105 97,500
Hardwood 155,700 188,282 168,948 165,624 146,072 134,453 162,916
Harvest Volume Lumber 59,200 11,576 58,647 66,715 9,987 57,348 65,416
=3 yr 1) Pulp 96,500 176,706 110,301 98,909 136,084 77,105 97,500
Softwood 296,050 314,060 314,060 314,060 141,195 177,454 298,579
Lumber 221,600 300,559 314,060 314,060 141,195 177,454 298,579
Pulp 74,450 13,501 0 0 0 0 0
Harvest area (ha) 4277 3679 3794 2198 2238 3524
Harvest area (%) 0.74 0.64 0.65 0.38 0.39 0.61
Total net revenue 10,499,909 14,314,454 15,327,485 5,429,509 9,196,482 14,177,106
Hardwood total 1,330,247 2,991,410 3,528,270 1,587,601 3,161,171 3,541,536
Veneer 3367 17,916 0 2903 17,590 0
Net Revenue ($ Lumber 512,278 2,509,928 2,991,795 441,123 2,494,520 2975172
yr ) Pulp 814,601 463,566 536,476 1,143,574 649,061 566,364
Softwood total 9,169,661 11,323,048 11,797,883 3,841,909 6,035,313 10,633,531
Lumber 4,293,514 7,077,819 7,374,232 2,011,828 3,936,718 6462414
Pulpwood 4,876,147  4,245230 4,423,651 1,830,081 2,098,595 4,171,117

Changing the objective function of the optimization model to maximize the global NPV for the
supply chain led to different outcomes, particularly for hardwood lumber production (Figure 4c).
Within the limit of AAC, Model B prescribed more large-sized hardwood timber (58,647 m3yr~!
compared to 11,576 m3yr~! using Model A), reducing pulpwood volume in the first period.
The pulpwood supplies surpassed the TLA requirement by far, but hardwood timber for lumber
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production was still in short supply (Table 3). This model prescribed non-declining flow of large-sized
timber (sawlog) over the planning horizon, except in a few earlier periods (Figure 4c). In contrast,
Model A produced volumes well below the TLA level and fluctuated substantially over the planning
horizon (Figure 4a). Model B produced 314,060 m®yr~!, which came from all the large-sized timber and
remained above the current total TLA level (296,050 m3yr_1) (Table 3). It did not schedule harvesting
of small-sized timber even for pulpwood (Table 3). Although the gap between high-value TLA volume
and AAC is decreasing over time using Model B (Figure 4c), there is still a big gap over the profitable
harvest volume and AAC over the planning horizon (Figure 4d).

Using Model B, a significant loss in net revenue (from softwood) was observed under the
scenario which avoided harvest of stands with products that generated negative net revenue (Table 3).
Model C attempted to lessen such losses by executing sub-models that sequentially maximized NPV
for each mill (product type), starting from the highest-value lumber mill to the lowest-value pulp
mill. This formulation ensured that current TLA requirements are met by harvesting stands that
would produce only positive net revenue. Using Model C, the total harvest volume was 96% of AAC
when stands containing products with negative net revenue were not harvested. This is a significant
improvement from Model A (58%) and Model B (68%). The difference of harvest flows between the two
scenarios were very subtle in Model C (Figure 4e,f) as compared to Models A and B. The gap between
the profitable high-value TLA volume supply and predetermined AAC is gradually decreasing over
the planning horizon (Figure 4f). In this regard, Model C seems superior to Models A and B.

Model A Model B Model C
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Figure 4. High-value (hardwood > 24 cm, and softwood > 14 cm) timber volumes (harvest) prescribed
by the three models over the planning horizon under two scenarios: (i) all harvests were sold regardless
of product wise profit, and (ii) only the harvest volumes that produced positive net revenue for all
products were sold. Figures (a) and (b) are harvest volumes using Model A in scenarios i and ii,
respectively; (c) and (d) are harvest volumes using Model B in scenarios i and ii, respectively; and (e)
and (f) are harvest volumes using Model C in scenarios i and ii, respectively. The dotted purple colored
horizontal lines (top most) in each graph are the predetermined total annual allowable cut for the
period 2018-2023.
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3.3. Economic Performance Using Models A, B and C

The economic performance of harvest prescriptions made by Model A was assessed. Assuming that
all the harvested timber was processed and sold in the market, the estimated revenue was $10.5 million
($18.25 ha™!) yr~!, in which softwood contributed 87% ($9.2 million yr~!) (Table 3). The net revenue
per unit of softwood and hardwood harvest volumes were $29.20 m~3 and $6.42 m~3, respectively.
The total net revenue (sum of hardwood and softwood) per unit of harvest area was estimated to be
$2455 ha~!. As in the case of harvest volume, the difference in total revenue generated using Model A
between the two scenarios were very high over the planning horizon. The differences were higher in the
net revenues generated by softwood products than that generated by hardwood products (Figure 5a,b).

Furthermore, the economic performance of prescriptions obtained using Model B was evaluated.
The estimated net revenue was $14.31 million yr~! ($24.87 ha~!yr~!), assuming that all harvested timber
was processed and sold. The net revenue obtained using Model B was substantially higher (+36%;
Table 3) than Model A. In addition, Model B yielded non-declining net revenues from high-value
(lumber wood) timber over the planning horizon, except in a few early periods (Figure 5c) as compared
to Model A. The net revenue per unit of softwood and hardwood harvest volumes were $36.05 m~3 and
$14.44 m=3, respectively. The net revenue per unit of harvest area was $3891 ha~! which is substantially
higher than that using Model A ($2455 ha™?).

The net revenue reduced by 64% when stands with negative net revenue products were not
harvested in the first period (Table 3). This is still an improvement of 10% in comparison to the net
revenue generated using Model A. The difference in revenues generated between the two scenarios
existed throughout the planning horizon (Figure 5¢,d). There was actually an increase in net revenue
obtained from hardwood (5%) and a substantial reduction from softwood. The reduction in net revenue
was observed throughout the planning horizon (Figure 5d). This is due to a reduction in the harvest of
stands with small-sized hardwood which also contain large-sized softwood (Figure 4d) that were left
unharvested. As a result, Model B could not fulfil the current TLA requirements, although there was
an increase in the harvest of large-sized hardwood timber (Figure 4d).

Model C produced slightly higher total net revenue than Model B under the assumption that all
the products are sold in the market (Table 3). The net revenue per unit of softwood and hardwood
were $37.57 m—3 and $17.04 m—3, respectively. Similarly, the net revenue per unit of harvest area was
$4040 ha-1, which was substantially higher than Model A ($2455 ha-1) and Model B ($3890 ha-1).
In contrast to Model B, Model C helped gain net revenue from large-sized harvest timber in the
initial periods, while the net revenue from softwood (lumber and pulp) was not substantially different
under the assumption that all the harvests were sold over the planning period (Figure 5c,e). However,
under the scenario where stands containing negative net revenue products were not harvested,
Model C prescribed higher volumes of softwood (Figure 4f), and hence generated higher net revenue
in comparison to other models throughout the planning horizon (Figure 5f).
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Figure 5. Net revenue obtained using Models A, B, and C over the planning horizon in two scenarios:
(i) all harvests were sold regardless of product wise profit, and (ii) only the harvest volumes that
produced positive net revenue for all products were sold. Figures (a) and (b) are net revenues using
Model A in scenarios i and ii, respectively; (c) and (d) are net revenues using Model B in scenarios i and
ii, respectively; and (e) and (f) are net revenues using Model C in scenarios i and ii, respectively.

4. Discussion

Our estimates of standing merchantable timber (DBH greater than or equal to 9.1 cm) volume of
43 million m® was close (44.5 million m?) to that estimated by BFEC (BFEC 2014). Moreover, our estimate
of AAC of 521,200 m®yr~! (hardwood 207,140 m3yr~! and softwood 314,060 m®yr~!) met the maximum
ceiling set by the BFEC’s Woodstock models [9]. These comparisons served to validate our results
(produced by our three models) with the existing estimates. Subsequently, supply chain economic
performances of the three models were evaluated.

Even flow of harvest volume and non-declining growth over the planning horizon is used as an
indicator of sustainable forest management. So, planning models are designed to generate an even
flow of timber with or without inventory constraint at the end of the planning horizon. The even-flow
constrained models simulated in a periodic replanning framework for a 150-year planning horizon
protects non-declining growing stock for an even longer time period. Our results show that the growing
stock at the end of the planning horizon was higher than the initial growing stock. While observing
the product types recovered from harvested timber over the planning horizon by the business-as-usual
harvest planning model (Model A), we found that there was a large fluctuation (Figure 4a) despite
an even flow of total timber volume by period. In addition, there was product-wise discrepancy
between the AAC and industrial timber allocations (TLA requirement). There was a short supply of
high-value and over-supply of low-value timber, particularly of hardwoods. Timber-volume-based
AAC calculation using Model A can create discrepancy between forest product supply and industrial
demand. Approximately 20% of the AAC (30% hardwood and 10% softwood) in Canadian forests
was not harvested in the past decade (2007-2017) [49]. This may partly be explained by the lack of
integration between forest management and industrial demand [10]. Our study in mixed stands showed
greater discrepancy; using Model A, 42% of the AAC could not be harvested profitably. Even in pure
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stands, only 81% hardwood and 95% softwood AAC could have been harvested profitably because of
a higher proportion of low-value pulp wood.

Our second model formulation (Model B) follows a vertically integrated policy that accounts
for economic values. It maximizes the NPV of the supply chain network ensemble. Not surprisingly,
this model was superior to Model A as it increased the net revenue by 33% for the first planning period
(Table 3). Earlier, Bouchard et al. [30] showed that an integrated NPV maximization model increased
the revenue by 13% compared to a nonintegrated NPV maximization model in a study carried out
in the same forest management unit. The improvement in supply chain net revenue varies widely
between volume-maximized and revenue-maximized models, and nonintegrated and integrated
models, depending on the forest conditions [22]. However, it can still be observed the discrepancy
between demand and profitable supply using such an integrated model while supplying to the TLA
mills. Current forest management practice (e.g., Cutting with Protection of Regeneration and Soils
(CPRS) in Quebec [38] is largely dominated by a clear-cut harvest system that requires harvest of all
species or species groups in the cutblock. In order to favor one product supply to one specific TLA wood
mill, another product supply may generate unprofitable (net) revenues. In our case study, Model B
generated substantially high net revenue through the sale of softwood as long as it compensates for the
losses of hardwood pulp. If we assess the individual wood mills” benefit and cost, a substantial amount
of harvest volumes cannot be used unless the mills run at a loss. If the stands that are producing
negative net revenues are not harvested, TLA volume cannot be met (Figure 4). Our results corroborate
the findings in Paradis et al. [36], who showed that, in order to reduce the discrepancy between demand
for and supply of hardwood, softwood harvest was reduced by 32% (please refer to their Figure 8),
potentially creating supply shortage for softwood mills.

In Models A and B, it was observed that avoiding harvest of stands with negative net revenue
can lead to a lost opportunity, particularly in mixed stands (Table 3). In addition, the reduction of
wood flow leads to losses in employment opportunities and regional economic activities [26,29,50].
Model C prescribed 96% of AAC, meeting TLA requirements with profitable supply. The higher net
revenue generated using Model C can be attributed to harvests of more large-sized timber, increasing
economic efficiency. Model C not only protects harvests of immature hardwood but also tends to reduce
early harvest of softwood while maintaining sustained flow of large-sized timber over the planning
horizon. According to the yield and product recovery curves that we used, the merchantable volume
and lumber recovery proportion for softwood attain their maxima earlier than that for hardwood.
Due to these growth behaviors, the net revenue for softwood mills did not decrease even though
hardwood was given the priority through the first sub-model. Therefore, reverse sequencing, i.e.,
ordering our sub-models to prioritize softwood first, could create lower net revenue due to potential
losses from hardwood (financially immature) harvest due to the inclusion of a suboptimal component.
This phenomenon can partly explain why the global model (Model B) can often produce unprofitable
prescriptions to all of the TLA mills, despite the superior total supply chain profit. Hence, Model C
supported our hypothesis of value creation potential by increasing supply chain efficiency, while also
fulfilling product-wise TLA requirements profitably. The strength and novelty of this approach,
therefore, is to allow each mill to operate profitably and let the unprofitable stands grow and build
more value for the subsequent periods.

As mentioned earlier, it is no surprise that Model C is superior to Model A because of the
objective formulation that maximizes net revenue. Theoretically, global NPV maximization using
Model B (global maxima) should be superior to Model C (product disaggregate) that solves for each
product (local maxima). Model C generated higher net revenue than Model B for the first period
(Table 3), which can be attributed to the fact that Model C maximized NPV only for the first period,
whereas Model B maximized the NPV for the entire (30 periods) planning horizon. Model C further
seems superior to Model B for all products’ profitable supply over the planning horizon (Figure 5f)).
Two factors have led Model C to be superior to Model B in total net revenue generation in our particular
case study. The first factor is that any stands that generate positive net revenue (from the sum of all
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products) are eligible for harvest in Model B. Model C attempts to avoid stands that would generate
products with negative net revenue. This avoidance in the preceding periods can permit capital
generation for the subsequent periods due to tree growth and subsequent value [41]. The year of
postponement of harvest depends on the Models as presented by Rijal et al. [29,41]. Model B does not
wait until the hardwood reaches full economic maturity due to immediate gain from softwood and an
applied discount rate. Model C1, however, must wait until full maturity of hardwood. This mechanism
can help make a stable supply of high-value products over the planning period. The second factor
is that, if a particular supply of timber generates negative net revenue for high-value production,
Model C formulation allows its re-evaluation by subsequent sub-models. For example, if a particular
supply of large-sized hardwood timber is not profitable for Mill 1 to produce lumber (e.g., due to lower
conversion factor and long transportation distance), the timber can be sent by subsequent sub-model
to Mill 3 to produce pulp.

Model C has an ecological advantage compared to Models A and B. It uses residue from lumber
production to fulfil the demand for pulpwood (Table 3). Consequently, pulp production from residual
lumber wood was substantially higher using Model C than in Models A and B. It lowers immature
harvest for pulp production. If demand for sawlog is met, that sub-model that maximizes pulpwood
can draw from the available large-sized timber. Our model did not protect against such sacrifices
as the objective was to fulfill the TLA volumes of each product-wise mill. Moreover, there is an
opportunity to extend harvesting of a stand until timber attains sizes big enough to produce lumber
in the subsequent planning period. As a result, Model C prescribed the lowest area to harvest.
Reduction in harvest area not only implies the reduction in harvest and transportation costs but
also permits robust forest planning in the face of forest disturbances [29,41,51]. Transportation cost
contributes a significant portion in the total cost over the forest product supply chain. Selection of an
optimal mode of transportation and uses of local biofuel can increase the financial efficiency while
reducing the amount of carbon emission directly and indirectly [52]. However, consideration of such
attributes was beyond the scope of our study. The substantial deferral of harvest by Model C leads to a
higher proportion of old-growth forest [41], and hence more biodiversity integrity [53].

Our study was founded on the same set of assumptions for all three models to facilitate meaningful
comparisons. The analysis assumed that the economic values of manufactured products would remain
constant throughout the planning horizon. Our model relies on empirical data and it is very sensitive
to any kind of value-attributing parameters such as product recovery factor, growth and yield table,
product-wise costs, and prices. Moreover, different forests can be managed to produce a different
set of products. Our method was applied to a case study with five product types, but it can be
applied to other sets of products. The order of the sequential sub-models can be changed at the
start of each periodic planning, depending on the supply chain objectives. Therefore, this modeling
approach is flexible. The model can be useful to schedule harvesting when mutual negotiation is
required among several mills attempting to procure wood from the same forest. This method promotes
non-declining flow of high-value timber throughout the planning horizon, which is an important
criterion of any wood industries to function for a longer period of time and provide a sustainable
forest-based circular economy. This study entirely focused on the long-term demand for and supply
of timber for product-specific industrial transformation and the search of potential alternatives to
increase economic value of the timber flow within the predetermined AAC frame. Therefore, we did not
consider other aspects of forest values besides timber supply economics. Nevertheless, sustainability of
the wood industry is only possible if a forest ecosystem is sustainable. From this perspective, our work
remained implicit in sustainability of diverse aspects of forestry resources and explicit in industrial
sustainability. Furthermore, our model does not consider the potential risk of forest disturbances and
market externalities. We used a static growth model, assuming that the growth and yield regime
remains the same throughout the planning horizon. Future research can have extended avenues to
include as many forest values in the forest supply chain, use of dynamic growth models, and adopt
potential risks on forest values over the supply chain.
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5. Conclusions

We formulated a novel modeling approach for long-term forest management planning that takes
into consideration forest-product supply chain parameters. The output of the modeling approach
was compared with the existing models using empirical data from commercially managed forests
in the province of Quebec. The analyses results confirmed our hypothesis that our model can help
increase the supply of high-value products and increase supply chain net revenues. A fundamental
difference between our approach (Model C) and an integrated global model (Model B) is that the
former sequentially allocates products starting with high-value-generating mills. The latter model
attempts to maximize the global supply chain value, disregarding the benefit and cost of individual
mills. Our model lowers the discrepancy between AAC and timber harvest. This procedure can be
used in mixed-species as well as single-species stands. This model is flexible, but its application in any
forest planning requires empirical supply chain data with region-specific parameters. The order or the
number of the sub-models can be changed dynamically in response to market conditions. In addition,
it protects against harvesting of stands that generate negative revenue. Instead, harvesting is delayed
until all products can generate positive revenues, resulting in increased circular economic efficiency by
generating higher net revenue per unit of harvest area and volume. Our modeling framework did
not account for sources of externalities such as changes in market, production regimes, and impact of
disturbances. Nevertheless, the modeling structure provides flexibility to accommodate such changes.

Author Contributions: Conceptualization, research design, data management, data analyses, and writing
first draft—B.R.; conceptualizing, supervision, funding, review, and editing—L.L.; supervision; review and
editing—S.H.G.; data work and communication—P.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Natural Sciences and Engineering Research Council of Canada
(NSERC), 2018-05602.

Acknowledgments: We acknowledge the Ministére des Foréts, de la Faune et des Parcs, Québec (MFFPQ) and its
Departments, the Bureau de mise en marché des bois (BMMB) and Bureau du forestier en chef (BFEC) for our
uses of their publicly available data of timber yield tables, forest spatial compositions, forest product recovery,
and financial data. We thank Phyllis Daly for her effort on editorial revision of this manuscript. This study was
conducted with the support of the Natural Sciences and Engineering Research Council of Canada (NSERC),
2018-05602. We are grateful to the late Frédéric Raulier, who contributed to the original proposition presented in
this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bettinger, P; Boston, K.; Siry, ].P; Grebner, D.L. Forest Management and Planning; Academic Press:
Cambrige, MA, USA, 2009; pp. 1-20.

2. Weintraub, A.; Romero, C. Operations Research Models and the Management of Agricultural and Forestry
Resources: A Review and Comparison. Interfaces 2006, 36, 446-457. [CrossRef]

3. Johnson, K.N.; Scheurman, H.L. Techniques for prescribing optimal timber harvest and investment under
different objectives-discussion and synthesis. For. Sci. 1977, 23, a0001-z0001.

4. Garaa, O. FOLP], a forestry-oriented linear programming interpreter. In Proceedings ILUFRO Symposium on
Forest Management Planning and Managerial Economics; University of Tokyo: Tokyo, Japan, 1984; pp. 293-305.

5. Gunn, E.A,; Rai, A K. Modelling and decomposition for planning long-term forest harvesting in an integrated
industry structure. Can. J. For. Res. 1987, 17, 1507-1518. [CrossRef]

6.  Gunn, E. Models for strategic forest management. In Handbook of Operations Research in Natural Resources;
Springer: Berlin/Heidelberg, Germany, 2007; pp. 317-341.

7. Church, R.L. Tactical-Level Forest Management Models. In International Series in Operations Research;
Springer Science and Business Media LLC: Berlin/Heidelberg, Germany, 2007; pp. 343-363.

8.  Baskent, E.Z,; Keles, S. Spatial forest planning: A review. Ecol. Model. 2005, 188, 145-173. [CrossRef]


http://dx.doi.org/10.1287/inte.1060.0222
http://dx.doi.org/10.1139/x87-233
http://dx.doi.org/10.1016/j.ecolmodel.2005.01.059

Sustainability 2020, 12, 4932 21 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Bureau du Forestier en Chef (BFEC). Manuel de Détermination des Possibilités Forestieres 2013-2018;
Gouvernement du Québec: Roberval, QC, Canada, 2014; p. 247. Available online: https://forestierenchef.
gouv.qc.ca/documents/calcul-des-possibilites-forestieres/2013-2018/ (accessed on 9 August 2019).

Gunn, E. Some Perspectives on Strategic Forest Management Models and the Forest Products Supply Chain.
INFOR Inf. Syst. Oper. Res. 2009, 47, 261-272. [CrossRef]

Epstein, R.; Karlsson, J.; Ronnqvist, M.; Weintraub, A.; Ronnqvist, PM. Harvest Operational Models in Forestry.
In International Series in Operations Research; Springer Science and Business Media LLC: Berlin/Heidelberg,
Germany, 2007; pp. 365-377.

D’Amours, S.; Ronnqvist, M.; Weintraub, A. Using Operational Research for Supply Chain Planning in the
Forest Products Industry. INFOR: Inf. Syst. Oper. Res. 2008, 46, 265-281. [CrossRef]

Carlsson, D.; D’Amours, S.; Martel, A.; Ronnqvist, M. Decisions and Methodology for Planning the Wood
Fibre Flow in the Forest Supply Chain; Recent Developments in Supply Chain Management; Koster, R.,
Delfmann, W., Eds.; Helsinki School of Economics: Helsinki, Finland, 2008; pp. 11-39.

Shabani, N.; Akhtari, S.; Sowlati, T. Value chain optimization of forest biomass for bioenergy production:
A review. Renew. Sustain. Energy Rev. 2013, 23, 299-311. [CrossRef]

Nayhd, A.; Pesonen, H.-L. Strategic change in the forest industry towards the biorefining business.
Technol. Forecast. Soc. Chang. 2014, 81, 259-271. [CrossRef]

Broz, D.; Durand, G.; Rossit, D.A.; Tohmé, F.; Frutos, M. Strategic planning in a forest supply chain:
A multigoal and multiproduct approach. Can. J. For. Res. 2017, 47, 297-307. [CrossRef]

Palander, T. Local factors and time-variable parameters in tactical planning models: A tool for adaptive
timber procurement planning. Scand. J. For. Res. 1995, 10, 370-382. [CrossRef]

Beaudoin, D.; Lebel, L.; Frayret, J.-M. Tactical supply chain planning in the forest products industry through
optimization and scenario-based analysis. Can. J. For. Res. 2007, 37, 128-140. [CrossRef]

Gautam, S.H.; Lebel, L.; Carle, M.-A. Supply chain model to assess the feasibility of incorporating a terminal
between forests and biorefineries. Appl. Energy 2017, 198, 377-384. [CrossRef]

Palander, T.; Haavikko, H.; Kédrhd, K. Towards sustainable wood procurement in forest industry—The energy
efficiency of larger and heavier vehicles in Finland. Renew. Sustain. Energy Rev. 2018, 96, 100-118. [CrossRef]
Barros, O.; Weintraub, A. Planning for a Vertically Integrated Forest Industry. Oper. Res. 1982, 30, 1168-1182.
[CrossRef]

Rijal, B.; Lussier, ].-M. Improving sustainability of value-added forest supply chain through coordinated
production planning policy between forests and mills. For. Policy Econ. 2017, 83, 45-57. [CrossRef]

Laffont, J.-J.; Martimort, D. The Theory of Incentives. Theory Incent. 2009, 381. [CrossRef]

Paradis, G. Hierarchical Forest Management Planning: A Bilevel Wood Supply Modelling Approach.
Doctoral Thesis, Laval University, Department of Forestry and Wood Science, Quebec City, QC, Canada, 2016.
Gautam, S.H.; Lebel, L.; Beaudoin, D. A hierarchical planning system to assess the impact of operational-level
flexibility on long-term wood supply. Can. J. For. Res. 2017, 47, 424-432. [CrossRef]

Liu, C; Ruel, J.-C.; Zhang, S. Immediate impacts of partial cutting strategies on stand characteristics and
value. For. Ecol. Manag. 2007, 250, 148-155. [CrossRef]

Zhang, S.Y.; Tong, Q.-]. Modeling lumber recovery in relation to selected tree characteristics in jack pine
using sawing simulator Optitek. Ann. For. Sci. 2005, 62, 219-228. [CrossRef]

Patriquin, M.N.; Lantz, V.A.; Stedman, R.C.; White, W.A. Working together: A reciprocal wood flow
arrangement to mitigate the economic impacts of natural disturbance. Forestry 2008, 81, 227-242. [CrossRef]
Rijal, B.; Raulier, F.; Martell, D.L. A value-added forest management policy reduces the impact of fire on
timber production in Canadian boreal forests. For. Policy Econ. 2018, 97, 21-32. [CrossRef]

Bouchard, M.; D’Amours, S.; Rénnqvist, M.; Azouzi, R.; Gunn, E. Integrated optimization of strategic and
tactical planning decisions in forestry. Eur. J. Oper. Res. 2017, 259, 1132-1143. [CrossRef]

Paradis, G.; Lebel, L.; D’Amours, S.; Bouchard, M. On the risk of systematic drift under incoherent hierarchical
forest management planning. Can. J. For. Res. 2013, 43, 480-492. [CrossRef]

Haley, D.; Luckert, M.K. Forest Tenures in Canada: A Framework for Policy Analysis; Forestry Canada
Headquarters: Ottawa, ON, Canada, 1990; p. 104.

Rotherham, T.; Armson, K. The Evolution of Forest Management in Canada: Management Paradigms and
Forest Tenure Systems. For. Chron. 2016, 92, 388-393. [CrossRef]


https://forestierenchef.gouv.qc.ca/documents/calcul-des-possibilites-forestieres/2013-2018/
https://forestierenchef.gouv.qc.ca/documents/calcul-des-possibilites-forestieres/2013-2018/
http://dx.doi.org/10.3138/infor.47.3.261
http://dx.doi.org/10.3138/infor.46.4.265
http://dx.doi.org/10.1016/j.rser.2013.03.005
http://dx.doi.org/10.1016/j.techfore.2013.04.014
http://dx.doi.org/10.1139/cjfr-2016-0299
http://dx.doi.org/10.1080/02827589509382903
http://dx.doi.org/10.1139/x06-223
http://dx.doi.org/10.1016/j.apenergy.2017.01.021
http://dx.doi.org/10.1016/j.rser.2018.07.043
http://dx.doi.org/10.1287/opre.30.6.1168
http://dx.doi.org/10.1016/j.forpol.2017.06.003
http://dx.doi.org/10.2307/j.ctv7h0rwr
http://dx.doi.org/10.1139/cjfr-2016-0264
http://dx.doi.org/10.1016/j.foreco.2007.05.010
http://dx.doi.org/10.1051/forest:2005013
http://dx.doi.org/10.1093/forestry/cpn017
http://dx.doi.org/10.1016/j.forpol.2018.09.002
http://dx.doi.org/10.1016/j.ejor.2016.11.022
http://dx.doi.org/10.1139/cjfr-2012-0334
http://dx.doi.org/10.5558/tfc2016-071

Sustainability 2020, 12, 4932 22 of 23

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Ministere des Foréts, de la Faune et des Parcs (MFFP). Manuel de Mise en Marché des Bois. 2018.
Available online: https://bmmb.gouv.qc.ca/media/50997/manuel_de_mise_en_march_.pdf (accessed on
17 August 2019).

Cantegril, P; Paradis, G.; Lebel, L.; Raulier, F. Bioenergy production to improve value-creation potential
of strategic forest management plans in mixed-wood forests of Eastern Canada. Appl. Energy 2019, 247,
171-181. [CrossRef]

Paradis, G.; Bouchard, M.; Lebel, L.; D’Amours, S. A bi-level model formulation for the distributed wood
supply planning problem. Can. |. For. Res. 2018, 48, 160-171. [CrossRef]

Janssen, M.; la Flamme-Mayer, M.; Zeinou, M.H.; Stuart, P.R. Survey indicates mills’ need to exploit IT
systems with new business model. Pulp Paper 2004, 78, 46-51.

Ministere des Foréts, de la Faune et des Parcs (MFFP). Cutting with Protection of Regeneration and Soils
(CPRS). 2016. Available online: https://www.mffp.gouv.qc.ca/english/forest/understanding/understanding-
soils.jsp (accessed on 24 December 2018).

Rosenhead, J.; Wagner, H.M. Principles of Operations Research: With Applications to Managerial Decisions.
Economy 1971, 38, 212. [CrossRef]

Ministere des Foréts, de la Faune et des Parcs (MFFP). Droits Forestiers par Région D’Application des
Garanties D’ Approvisionnement (GA). 2018. Available online: https://mffp.gouv.qc.ca/forets/amenagement/
documents/droits-region03.pdf (accessed on 17 April 2018).

Rijal, B.; Lebel, L.; Martell, D.L.; Gauthier, S.; Lussier, ].-M.; Raulier, F. Value-added forest management
planning: A new perspective on old-growth forest conservation in the fire-prone boreal landscape of Canada.
For. Ecol. Manag. 2018, 429, 44-56. [CrossRef]

Robitaille, A.; Saucier, J.P. Paysages régionaux du Queébec meéridional. Direction de la gestion des stocks
forestiers et Direction des relations publiques, Ministére des Ressources Naturelles du Québec; Publ. Québec:
Quebec City, QC, Canada, 1998; ISBN 2551177375.

Pothier, D.; Auger, . NATURA-2009: Un Modele de Prévision de la Croissance a I'Echelle du Peuplement
Pour les Foréts du Québec. Mémoire de Recherche Forestiere 163. Ministére des Ressources Naturelles et de
la Faune du Québec. 2009. Available online: http://www.mffp.gouv.qc.ca/publications/forets/connaissances/
recherche/Auger-Isabelle/Memoirel63.pdf (accessed on 15 October 2018).

Jetté, ].-P.; Leblanc, M.; Bouchard, M.; Villeneuve, N. Intégration des enjeux écologiques dans les plans
d’aménagement forestier intégré, Partie [—Analyse des enjeux. gouvernement du Québec, ministere des
Ressources naturelles, Direction de I'aménagement et de I’environnement forestiers. Québec 2013, 150.
Ecological Stratification Working Group. ‘A National Ecological Framework for Canada’; (Agriculture and
Agri-Food Canada, Research Branch, Centre for Land and Biological Resources Research and
Environment Canada, State of the Environment Directorate, Ecozone Analysis Branch, Ottawa/Hull);
Ecological Stratification Working Group: Ottawa, ON, Canada, 1995.

Bureau de Mise en Marche des Bois (BMMB). Guide de 1'utilisateur Modele d’évaluation de la rentabilité des
investissements sylvicoles (MERIS). 2018. Available online: https://bmmb.gouv.qc.ca/analyses-economiques/
outils-d-analyse/ (accessed on 12 December 2018).

Fourer, R.; Gay, D.M.; Kernighan, B.W. AMPL: A Modeling Language for Mathematical Programming, 2nd ed.;
Duxbury Press: Belmont, CA, USA, 2003; Available online: http://ampl.com/resources/the-ampl-book/
chapter-downloads/ (accessed on 10 January 2014).

FTP. 2020. Available online: ftp://transfert.mffp.gouv.qc.ca/public/diffusion/FEC/Diffusion/R03/ (accessed on
29 April 2020).

Anonymous. The R Project for Statistical Computing. Available online: http://www.r-project.org/ (accessed on
13 February 2012).

Natural Resources Canada (NRC). The State of Canada’s Forests; Annual Report 2017; NRC: Ottawa, ON,
Canada, 2018.

Gauthier, S.; Bernier, PY.; Boulanger, Y.; Guo, J.; Guindon, L.; Beaudoin, A.; Boucher, D. Vulnerability of
timber supply to projected changes in fire regime in Canada’s managed forests. Can. . For. Res. 2015, 45,
1439-1447. [CrossRef]


https://bmmb.gouv.qc.ca/media/50997/manuel_de_mise_en_march_.pdf
http://dx.doi.org/10.1016/j.apenergy.2019.04.022
http://dx.doi.org/10.1139/cjfr-2017-0240
https://www.mffp.gouv.qc.ca/english/forest/understanding/understanding-soils.jsp
https://www.mffp.gouv.qc.ca/english/forest/understanding/understanding-soils.jsp
http://dx.doi.org/10.2307/2552588
https://mffp.gouv.qc.ca/forets/amenagement/documents/droits-region03.pdf
https://mffp.gouv.qc.ca/forets/amenagement/documents/droits-region03.pdf
http://dx.doi.org/10.1016/j.foreco.2018.06.045
http://www.mffp.gouv.qc.ca/publications/forets/connaissances/recherche/Auger-Isabelle/Memoire163.pdf
http://www.mffp.gouv.qc.ca/publications/forets/connaissances/recherche/Auger-Isabelle/Memoire163.pdf
https://bmmb.gouv.qc.ca/analyses-economiques/outils-d-analyse/
https://bmmb.gouv.qc.ca/analyses-economiques/outils-d-analyse/
http://ampl.com/resources/the-ampl-book/chapter-downloads/
http://ampl.com/resources/the-ampl-book/chapter-downloads/
ftp://transfert.mffp.gouv.qc.ca/public/diffusion/FEC/Diffusion/R03/
http://www.r-project.org/
http://dx.doi.org/10.1139/cjfr-2015-0079

Sustainability 2020, 12, 4932 23 of 23

52. Palander, T.; Haavikko, H.; Kortelainen, E.; Kdrhd, K. Comparison of Energy Efficiency Indicators of Road
Transportation for Modeling Environmental Sustainability in “Green” Circular Industry. Sustainability 2020,
12,2740. [CrossRef]

53. Fall, A.; Fortin, M.-].; Kneeshaw, D.; Yamasaki, S.H.; Messier, C.; Bouthillier, L.; Smyth, C. Consequences of
various landscape-scale ecosystem management strategies and fire cycles on age-class structure and harvest
in boreal forests. Can. J. For. Res. 2004, 34, 310-322. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.3390/su12072740
http://dx.doi.org/10.1139/x03-143
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Linear Programming Model for Timber Harvest Planning 
	Model A (Business as Usual) 
	Model B (Global NPV Maximized Integrated Model) 
	Model C (Sequential NPV Maximized Integrated Model) 

	Periodic Replanning Process and Data Analyses 
	Case Study Description 
	Study Area 
	Model Parameters 


	Results 
	Initial State of Merchantable Timber Volume 
	Timber Flow Using Models A, B and C 
	Economic Performance Using Models A, B and C 

	Discussion 
	Conclusions 
	References

