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Forest operations are associated with products of a biological source and long-term plans. This makes
forest management plans affected by market and environmental uncertainties, which can cause
differences between the strategic and operational plans. Risks related to disease spread, adverse
weather, timber demand, and available capital can cause a reduction in planted areas. It is necessary
that forest management plans aim to optimize production and reduce the effects of restrict planting. In
this work, a linear programming model was created for long-term forests planning including a variable
to restrict planting area. Prescriptions were defined for 6-, 7- and 8-year rotation considering planting or
coppicing, creating 60 scenarios varying intensity, period and time of reductions in the planted areas.
All scenarios were evaluated by the NPV at the end of the planning horizon. The results showed that the
NPV decreased when the planted area was reduced and when the reductions took place at the
beginning of the planning horizon. The differences were between 24.1 and 0.07% in relation to the
conventional scenario (no planting restriction). The differences were not higher because prescriptions
changed from planting to coppice.
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INTRODUCTION

Forest operations deal with products of biological sources
on a long-term rotation (Campos and Leite, 2017). The
implementation of operational (short-term) management
plans is directly affected by many factors, including
market demand, economic and silvicultural changes,
restrictions of access to stand, different return rates from
that planned, an uneven proportion of products, and
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losses by pests or adverse environmental conditions
(Nilsson et al.,, 2012). Decisions based on these
unpredictable factors are often time-sensitive, resulting in
noncompliance of what was previously intended in the
strategic plan (long-term) (Weintraub and Cholaky, 1991;
Davis et al., 2000; Messier et al., 2016; Daniel et al.,
2017). Generally, the immediate solutions comprise
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reprocessing the long-term model (including the
operational contingencies) or reprocessing new
scenarios. These actions often lead to sub-optimal
solutions if compared to the initial long-term proposal,
and they do not consider the impact of changes on the
long-term feasibility of the forest enterprise (Pukkala,
1998; Thorsen and Helles, 1998; Weintraub and Dauvis,
1996; Pasalodos-Tato et al., 2013).

Hierarchical planning (long-, medium-, and short-term),
is crucial for the survival of any business since it allows
optimal allocation of financial, physical, and human
resources (Andersson, 2005; Sterk et al., 2009; Bettinger
et al.,, 2017). Therefore, it is imperative to accurately
estimate the impacts of changes in forest operations on
production and costs compared to the original plan
(Machado, 2014), since this influences resource
allocation in the future.

In order to assess the impact of changes occurring at
tactical and operational levels in the long-term plan, it is
valuable to integrate these levels into a single
mathematical model (Leuschner et al., 1975; Pasalodos-
Tato et al., 2013; Eriksson, 2006; Rodrigues et al., 2006;
Nanang and Hauer, 2008). However, depending on
model complexity, integration requires the employment of
metaheuristics, resulting in sub-optimal solutions (Murray
and Church, 1995; Heinonen and Pukkala, 2004;
Rodrigues et al., 2004a, b; Zhu et al., 2007; Nascimento
et al., 2013; Borges et al., 2014; Bachmatiuk et al., 2015;
Bettinger and Boston, 2017). A simpler alternative is to
use a mixed-integer programming model (MIP) (Banhara
et al., 2010; Ohman and Eriksson, 2010; Téth et al.,
2012), also metaheuristics which allows the quantification
of short-term effects of long-term plans. The objective of
this study was to analyze and quantify the impact of
planting restrictions on management planning and
economic indicators at different times of the planning
horizon.

MATERIALS AND METHODS
Mathematical model

A mixed-integer programming model was developed using the
Regulation Forest Production (RPF) generator (Binoti, 2012).
Prescriptions were formulated using planning model type |l
(Johnson and Scheurman, 1977). Planted areas on plantation
prescriptions were modified by varying the planted area (Pk) in the
model. This modification allows planting operations assigned on
tactical and operational planning levels to differ from the strategic
planning previously processed. The constraints for the model were:
cut area, minimum and maximum volume, and planting reductions
in plantation prescriptions. Since one of the goals was to compare
results in scenarios for which planting was not completely done, no
forest regulations constrain was implemented.

The planning horizon (PH) was 21 years, and the prescriptions
were clear cut with regeneration by planting or coppicing with up to
three rotations. Rotations ranged from 6 to 8 years, and the
minimum and maximum limits of volumetric demand per period
were defined between 65,000 and 90,000 m3. The purchase of
timber was considered in periods when production was below the
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minimum demand.
The mixed-integer programming model developed is as follows:

Objective function:

MAX RZZLZL Z:lxijkciik @
Subject to:
Xik = Ak % Pij 2
zrjnl i =L Vi ®)
Dmin, <> 12_121 Vo X k=01, H-1} @
Dmax, >>"" 3" > VX, {k=01,...H -1}
(5)
A=202 Xy k=01, H -1} ©

L= 2 X {k =01, H -1} ™

L, <A xR {k=01,..H-1} ®)
P, €{0,0.1..,1} ©
€{0,1} (10)

where R = overall net present value (NPV) (€); n = total number of
management units; m = total number of management alternatives
for the i™ management unit; g = period in the planning horizon;

Xiqjk = area (ha) of management unit i, in number of the periods q

coming from the j"" prescription in period k; C i« = net present

iaj
value (NPV) per area (ha) of the i"" management unit cut in period

g, implementing the j"" prescription; Ak = area of management unit

i inyear k; Pij = prescription j for management uniti; D mink and

Dman = respectively, minimum and maximum volumetric
demands (m?3) in each period k of the planning horizon; V0=

volume per hectare (m3ha™) at age 0, defined by the production
table; Ak= areas with prescriptions j in period k; Lk= areas

effectively planted on prescription j after cut in period k; Pk = rate of
planted area in period k with prescription j.

Scenario simulation

Data from a model property located in Minas Gerais State, Brazil,
with 18 management units (MU) and 1800 ha were used. At the
beginning of PH, the area was divided into eight age groups (1, 2,
3, 4,5, 6, 7 and 8 years), with 225 ha each. The productivity
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Table 1. Silvicultural operations and harvest costs used for the economic evaluation of the
model, and yield table (m3ha™) by regeneration method and age.

Yield (m3ha)

Year Cost (€/ha) -
Clearcut Coppice
1st 1788.12 71.1 67.54
2nd 717.10 97.87 92.98
3rd 338.30 132.34 125.73
4th 38.82 174.99 166.24
5th 38.82 225.19 213.93
6th 38.82 280.96 266.91
7th 38.82 339.05 3221
8th 38.82 395.64 375.86
Source: Binoti (2010).
Table 2. Harvest costs, considering harvesting machine productivity.
dﬁzlrt\:lﬁﬁ; prO(IjvlljI gtlln\:lLtj)r/n (m3) prolzjﬂjé{wil:;/?m% Cost (€/m3)

1 -1 100 3.08
1 100 200 2.64
1 200 300 2.20
1 300 1000 1.76
2 -1 100 3.52
2 100 200 3.08
2 200 300 2.64
2 300 1000 2.20

Source: Binoti (2010).

(Table 1) was provided by the forestry company where the stands
are located. Silviculture and harvesting costs were adapted from a
formula developed by Binoti (2010) (Table 1). Harvesting costs
were divided into two strata according to the difficulty of harvesting
in each plot (Table 2). The amounts were converted from the
Brazilian currency to euros (€) using the conversion factor 3.89 (€
1.00 = R$ 3.89) for 20 December 2017 (European Central Bank,
2019).

The interest rate used was 8% per year, timber price was set at
12.85 (€/m3), and the residual value of timber after the planning
horizon was 12.85 (€/m3). The model was processed using Lingo
(15.0), granted to this study by Lindo Systems Inc.
(http://www.lindo.com).

Sixty scenarios were simulated with the variation in the restriction
in the planted area (Pk) modifying the plantation prescriptions. In
these scenarios, the areas scheduled for planting in the strategic
plan differed from the areas where planting was done. This change
was based on aspects such as area loss, cost reductions, and
planting problems. The net present value (NPV) obtained by the
new scenarios was compared and analyzed by gains or losses due
to the changes. Furthermore, groups of scenarios were created
varying the rate of planted area reduction (e.g., 0% or not planting,
10%, 20%, ..., 100% of the area), and the period within the
planning horizon of these reductions occurred. Therefore, the
options for the reductions in the planted areas were:

(1) Planting entire area, schedule for this purpose, in all years;
(2) Planting 90, 80, ..., 0% of the area in the initial third of the
Planning Horizon (PH) (1st to 7th year);

(3) Planting 90, 80, ..., 0% of the area in the middle third of the PH
(8th to 14th year);

(4) Planting 90, 80, ..., 0% of the area in the final third of the PH
(15th to 21st year);

(5) Planting 90, 80, ..., 0% of the area in the initial half of the PH
(1st to 11th year);

(6) Planting 90, 80, ..., 0% of the area in the final half of the PH
(12th to 21st year);

(7) Planting 90, 80, ..., 0% of the area in all years.

RESULTS AND DISCUSSION

All solutions were economically feasible except when the
areas were not planted in any period of the PH (100%
planting restricted). In this scenario, it was not possible to
meet the minimum demand in any period due to the
exhaustion of timber stock. Whereas, in the other
scenarios, the reduction in planted areas resulted in a
modest overall NPV reduction and required timber
purchase in some periods of the PH.

In the conventional scenario in which the entire area
was planted, timber purchase was not necessary, the
NPV was € 6,884,982.01, and timber volume did not
significantly variate over the years, even though there
were no restrictions accounting for regulation in the
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Figure 1. Annual cut volume (m?) of the conventional scenario (no planting reduction) distributed

within the PH.

model (Figure 1).

The NPV decreased following the restrictions in the
planted area (Figure 2). This reduction was driven by the
selection of coppicing over planting the stands,
considering that sprouts usually yield less.

Planting restrictions at the beginning of the PH result in
lower NPV at the end. This is because timber volume
production is already compromised at the beginning of
the PH due to the selection of coppice prescriptions,
yielding less timber volume when compared with
plantations. In some groups of scenarios, the NPV is
slightly variated. This demonstrates that, even with lower
yields in coppice prescriptions, it is an option for periods
when there is no availability for planting in harvested
areas.

When the restrictions in the planted area variated
during the initial third of the PH (1st to 7th year), the NPV
gradually decreased. When there was no planting (0% of
the area planted), the loss in NPV was 8.06%, whereas
when 90% of the area was planted, the difference was
€6,246.79, representing a loss of 0.09% (Table 3) if
compared to the expected scenario (planting the entire
area). In addition, it was necessary to purchase timber in
some of the scenarios (for example the scenario with 0%
of planting, which had timber purchased in period 11, and
the scenario with 30% of planting, where timber was
purchased in periods 11 and 18).

Similarly, during the middle third of the PH (8 to 14th
year), this group also experienced a gradual reduction in
the NPV. Specifically, for the scenario in which there was
no planting, the difference from the conventional was
€55,781.49, (0.81% loss on investment), while for the
minimum reduction (90% of planting area), the difference
was €40,843.18 (0.593% loss) (Table 3). These groups

did not require timber purchase since all demands were
satisfied (Figure 2b).

In the final third of the PH (15th to 21st year), the NPV
reduced €38,035.99 (0.552% difference from the
conventional scenario) when the planting area reduced
from 80 to 0% of the area. The minimum reduction (90%
of planting) led to an NPV increase of €622.11 (Table 3).

Scenarios with restrictions in the planted area in the
middle third and in the final third of the PH had lower
NPV decreases compared to scenarios of the initial third
(Table 4). In this group, planting prescriptions occurred at
least once, so the timber demand for all periods was
satisfied. Similar to that group with planting reductions in
the middle third of the PH, timber purchase was not
necessary for any period for planting reductions in the
final third of the PH (Figure 2c).

The scenarios of planting restrictions in the initial half of
the PH (1% to 11" year) showed a reduction of 10.14% in
the NPV, representing a loss of €697,565.55, with 0% of
planting. On reductions from 70 to 0% of the planted
area, it was necessary to purchase timber in at least one
period, resulting in the highest purchased volumes in 0
and 10% of planting, with 65,000 and 56,634 m3,
respectively (Figure 2d).

Planting restrictions in the final half of the PH (12th to
21st year) did not result in large NPV variations, similar to
in the middle and final thirds of the PH. The greatest NPV
difference in this group was 1.61%, which represents a
loss of €115,203.09 (Table 3). The reason timber
demand was satisfied in this case was the selection of
planting prescriptions at the beginning of the PH. Hence,
all timber demands were met for this group, and no
timber purchase was required in any period (Figure 2e
and f).



226

Afr. J. Agric. Res.

Initial half (1*'to 11" year)

s g = s
Planting reduction rate (%)

c Final half (12%t0 21" year)

(16™10 21" year) 100
200
.................................................................... o
140 01
E “n
100 2 g::
140 ‘nn-
120 e
na
100 520
| B | g | n ¥ | B ] | ] R Rn ]
Planting reduction rate (%) Planting reduction rate (%)

Figure 2. Cut timber volume (m?), and net present value (NPV) (€) of the groups of scenarios of planting reductions.

Table 3. Maximum and minimum losses in NPV compared to the
conventional scenario of planting the entire area in all years of the
planning horizon.

. NPV
Scenario . -
Minimum Maximum

Initial Third 0.09 8.06
Middle third 0.07 1.04
Final Third 0.552 0.6
Initial Half 0.35 10.14
Final Half 1.16 1.61
Every year 2.33 24.1
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Table 4. Net present value (NPV) (€10°) considering variations in the planted area in different periods of the planning horizon.

Planted area

Period of the planning horizon when planting reduction occurred

(%) Initial third Middle third Final third First half Final half All years
0 6.33 6.83 6.85 6.19 6.77
10 6.38 6.81 6.85 6.26 6.78 5.23
20 6.46 6.82 6.85 6.34 6.78 5.49
30 6.55 6.85 6.85 6.47 6.79 5.77
40 6.72 6.86 6.85 6.64 6.79 6.06
50 6.81 6.88 6.85 6.77 6.80 6.30
60 6.86 6.88 6.85 6.83 6.80 6.42
70 6.88 6.88 6.85 6.86 6.80 6.56
80 6.88 6.85 6.85 6.85 6.80 6.58
90 6.88 6.84 6.85 6.86 6.81 6.72

The scenario with planting restrictions in all periods of
the PH resulted in the lowest NPV, indicating that not
restoring forest resources can lead to exhaustion of forest
timber stock. Although scenarios with planting reduction
at the end of the PH resulted in higher NPV, the influence
of timber shortage will arise in the next PH. This effect
will be either due to the reduction of the planted area or
by choosing coppice prescriptions.

Scenarios resulting in the highest NPV losses were
those with planting reduction (90 to 0% of the area
planted) in all years of the PH. The losses were from
24.1% when planting 10% in all years and from 2.33%
when planting 90% in all years. In scenarios with 0 to
70% of planting, it was necessary to purchase timber in
at least one period (Figure 2).

Application of operational research tools in hierarchical
forest planning can contribute meaningfully to decision-
making (Fonseca et al., 2012; Martins et al., 2014; Hahn
et al., 2014; Garcia-Gonzalo et al., 2016; Carvalho et al.,
2016). However, because of the relatively large PH, there
are several risks and uncertainties that this model is
unable to predict (e.g. economic fluctuations, area loss by
wildfire or disease, and budget cutbacks) (Kangas and
Kangas, 2004; Eyvindson and Kangas, 2018). In these
cases, there is an impact on the optimization response of
the model at the strategic, tactical, and operational levels.

The restrictions in planted areas decreased the NPV in
all scenarios in relation to the three dimensions of the
decision variable: intensity (90 to 0% of the area), time,
and period. Changes in all dimensions showed a
tendency to exhaust forest resources that are withdrawn
and not restored. Regarding intensity, it was verified in all
scenarios that, the greater the reduction in the planted
area, the lower the NPV. This indicates that, although
planning can absorb part of the reductions by selecting
coppice prescriptions, the yield will be lower compared to
those when the areas were completely planted.
Temporally, NPV losses were greater when they
occurred earlier in the PH because of the reduction of
areas available for production and future harvest.

However, losses with reductions at the end of the PH will
be incurred after the transition period due to the timber
shortage failing to supply the minimum demand during
the next first periods. The period when restrictions
occurred also had a direct relationship to NPV decrease.
Incomplete planting in one third, half, or in all periods of
the PH was directly related to the reduction of NPV when
compared with the scenario where there was no change
in planting.

Conclusion

The model proposed in this study is effective in verifying
the impact of restrictions in the planted area on forest
planning and can be used as decision criteria as it shows
the effects of not investing in planting after harvesting the
stand. Although the model was tested only with
reductions in planted areas, it can be used in situations
where there are uncertainties such as an
increase/decrease in planted areas or in timber volume
demand.

Suggestions for future studies include: (1) simulate
planting restrictions scenarios in interleaved years and
verify whether the final revenue variation is lower; (2)
simulate scenarios of increase or decrease in planting
areas and verify whether planting new areas can absorb
the revenue loss emerged from the restrictions; and (3)
simulate variations in interest rate, stumpage, forest yield,
and timber purchase price, modifying the objective
function to maximize production and reduce cost.
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