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Developing a Multi-Objective Forest Planning Process with
Goal Programming: A Case Study
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Abstract: In this study, multi-objective forest management planning process and application were realized in
a case study mvolving faculty research forest. Forest values were quantitatively determined. Goal programming
was used in developing multi objective forest management planning model. Forest function considered as forest
management objectives (goals) in the model include wood production, soil protection and water production.
Four different models containing different goals combinations were developed. Goals were prioritized differently
i these models. The goals were fully achieved Moreover, for the tree goals, the optimum GP solutions
presented wanted deviations with respect to the initial target values. Forest function maps were prepared

according to models solutions in the end of this study.
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INTRODUCTION

Forest ecosystems are enormously important to
mankind. They not only supply wood, foods, medicines,
waxes, oils, gums, resins and tanning, but they also
regulate climate, hydrology, mineral cycling, soil erosion
and cleansing of air and water. A variety of natural and
human-induced environmental stresses have both
beneficial and harmful effects on forest ecosystems.
However, human-induced environmental stresses have
led to decunation of forest ecosystems, loss of
biodiversity, forest declines and potential global warming.
Short-rotation plantations, especially in the tropics, are
mcreasing rapidly, largely to produce wood quickly.
Plantations also stabilize soil, prevent water runoff,
provide shelter from the wind and heat and relieve
pressure for exploiting natural forests.

The management of forest ecosystems is typically an
area where conflicting objectives of a complex system
present a challenging task for developing a management
strategy that guarantees the long-term vitality of the
ecosystem being utilized. The concept of ecosystem
management that will be considered has a goal-to amend
or mamtaim ecological sustamnability of forest ecosystems
subject to a continual production, without depletion, of
periodic quantities of wood, non-wood products and
services. The focus here 1s on state of ecosystem
components such as biodiversity, forage, water, game,
fish and wood that should be maintained in a healthy
state through adaptive forest practices and management.

Ecosystem management treats these components as being
interrelated in an interactive system, rather than
independent and 1solated (Turner et al., 2002).

The complexity of forest management problem has
dramatically increased in recent years because of the
multiplicity of proposes and interests involved in this
type decisional context. Nowadays, it i1s accepted that
every decision taken in this field affects several criteria
of very different in nature (e.g., economic, environmental
and social). Tt is also accepted that the interests of society
as a whole should be pursued in forest management
(Diaz-Balteiro and Romero, 2001).

Forest managers are aware of the need to integrate
forest planning problems within a multicriteria framework.
Thus, up to now extensive applied literature addressing
several forest management and planmng problems with an
multi criteria decision making perspective has arisen.
Among these application, most widely used multi criteria
decision making technique has been goal programming
(GP) (Diaz-Balteiro and Romero, 1998)

GP is a modification of conventional linear
programming. Tt differs from that more familiar technique
primarily in perspective. A primal (as opposed to dual)
linear programming model focuses on the problem of
determining an optimal allocation of scarce resources to
meet a given set of objectives. GP, in a similar format,
seeks a plan that comes a close as possible to attaming
specified goals. Both procedures deal with constrained
optimization. Both are limited by the assumptions that
model variables are infinitely divisible and connected only
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by linear relations. GP requires, further, the explicit
specification of quantative goals and any preference
structure that may be associated with those objectives.
Therefore, the goal programming approach involves the
decision makers in a process that attempts to achieve a
satisfactory level of achievement for several objectives,
rather than an optimal outcome for a single objective
(as is done in linear programming). Essentially, the
manager attempts to make a decision that results in
solution that comes as close as possible to reaching all
goals (Field, 1973).

The ultimate objective of forest management is to
control forest ecosystems on the basis of sustamable use
of multiple values without jeopardizing ecological
mtegrity. In this study, multi-objective forest management
planming process and application were realized n a case
study. Forest functions mcluding water production and
soil protection were quantitatively determmed. Forest
functions were forest management
objectives in the models include wood production, soil
protection and water supply. Data were collected from
temporary and permanent sample plots. For study, various
management options tested. These
combinations of maximizing wood production while
minimizing soil erosion and maximizing water supply.

considered as

were include

These three objectives were prioritized differently and the
best results were obtained in four alternative models.
Throughout history the dommant function of forests
has been to provide natural resource products. Forests
were and are exploited for both timber and non-timber
products everywhere; forest plantations also are primarily
devoted to this purpose. Sustainability of exploitable
biomass production depends on a set of
which determine the nutrient and energy budget and the
balance of food chain interactions in the ecosystem
(Andersson et al., 2000). Sustained economic productivity
as a forest function implies human impact on the

criteria

ecosystem. These mnpacts have special characteristics,
which differ dependent on the utilized product (e.g.,
timber versus resin versus pasture) and the method of
utilization (e.g., coppice versus high forest versus clear-
cut). There must be a corresponding pattern of ecosystem
characteristics that provides the capacity to withstand
these impacts (Fihrer, 2000).

Forests are increasingly used by wban populations
for recreational purposes. Frequent visits exert specific
effects e.g., permanent behavioural distrbance of deer
populations, compaction and pellution of soil, increased
risk of forest fires etc. A forest directly devoted to
recreational purposes must also be easily accessible and
fulfil particular aesthetic criteria (Willis and Benson, 1989).
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In contrast to productive and protective forests, criteria
determiming visitor comfort and safety may take
precedence over other management objectives.

Last but not least, forests represent the habitat of a
considerable part of our flora and fauna, which must
be the conservation of biodiversity
(Boyd, 1987). Formerly managed forest areas are left to
nature for the sake of protecting threatened plant and
animal species. The characteristics and condition of the
ecosystem determine what happens in natural forest
reserves after the management regime has been abolished.

Apart from the defined forest functions above,
human welfare benefits from the diverse environmental

sustained for

effects of forests (e.g., climate, landscape, hydrology,
water and air quality, CO, sequestration and aesthetics).
These general environmental functions are also affected
by several natural and anthropogenic loads. Their
carrying capacity depends agamn on ecosystem features,
determmning the pattern of ecological responses and on
the reserves of the system to buffer extrinsic influences
(e.g., critical load of acid depositions) (Fiihrer, 2000).

MATERIALS AND METHODS

Goal Programming (GP) can be based on different
philosophies. Ignizio (1976) was the first to mterpret and
to formulate GP models with m a Simomian “satisficing™
philosophy. From an analytical point of view, a satisficing
philosophy with in a GP context implies that decision-
makers (DM) are interested only in mimmizing the non-
achievement of several goals. Let us assume that the
unwanted deviation variables for a given problem are as
fallows: n,, ps...., (n+p),.... 0,

That 15, goal g, 18 of the first type (f,(x) = t,), goal g,
of the second type (f,(x) = t,),..., goal g; of the third type
(f(x) =ti), etc. The formulation of a GP model implies the
minimization of a function of the former unwanted

deviation variables:

ming (n,, py..., (+p),..., 1,)

The minimization process can be accomplished
with different methods, each one leads to a different GP
variant. Basically, there are only three GP wvariants
reported in the literature. The most widely used is
Lexicographic Goal Programming (LGP) (Non-
Archimedean Goal Programming), which attaches
pre-emtive priorities to different goals in order to minimize
the unwanted deviation variables in a lexicographic order.
The second one 1s Weighted Goal Programming (WGP)
(Archimedean Goal Programming), which attempts to
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minimize a composite objective function formed by a
welghted sum of unwanted deviation variables. The third
15 MINMAX (Chebyshev) (Fuzzy) Goal Programming,
which attempts to minimize the maximum deviation from
the stated goals (Tamiz et al., 1998).

The achievement function for a LGP (Non-
Archimedean Goeal Programming) model consists of two or
more terms. As in the case of the Archimedean form, the
first term always contains the unwanted deviation
variables for all the hard goals. After that, the deviation
variables for all soft goals are arranged according to
priority-more specifically, a nonpreemtive priority. To
demonstrate, consider the problem previously posed as
WGP, Assume that we are unable, or unwilling, to assign
welghts to profit or market share goals. But we are
convinced that the capture of market share is essential to
survival of the firm. Tt might then make sense to assign a
higher priority to market share than to profit, resulting in
the LGP achievement function given here:

Lexicographically minimize = {(p,+p,+py), (), (0} (1)

While the achievement function of (Eq. 1) consist of
but a single deviation variable for the second and third
terms, the reader should understand that several deviation
variables may appear in a given-if you are able to weight
each according to its perceived importance (Ignizio and
Romero, 2003).

Model formulation: In this case, following criteria can be
considered relevant for strategic forest management
purposes: (a) the maximization of the wood production of
the study area over the planmng horizon, (b) the
maximization of water production (¢) the minimization of
total the soil loss of the study area (d) the equality of
harvest volume in each cutting period (£20%). The area
control criterion that looks for ending even-aged forest
were not considered i this study.

Constraints and goals: The following constraints and
goals were considered in the models:

Constraints

Area accounting: ixw =X, (2)
1=1

Block of constraints (Eq. 2) secure that the sum of the
hectares attached to each stand has to be equal to the
area corresponding to each stand.

Goals

»  Wood production: E (2 V, xX,)+ 1, —py = H, (3)

i=l =1

The target goals (Eq. 3) H, has been obtained by
maximizing wood production

m n

DOV X))

i=l  j=1

subject to area accounting constraints (Eq. 1). Therefore,
H, 1s an anchor value and consequently the negative
deviation variable ny is unwanted and its minimization
implies the maximization of wood production.

J Water production: WP =a + bh.BA (4

n

i(EWPuxXHH N, — Py = Wi (5)

i=l =1

Equation 4 estimate the water production of each
stand. Explanation of how to calculate to water
production, following methodology proposed by Msr
(2001) will be presented in the next section. Fmally, the
target for total wood production WP 1s obtamned by
maximizing

m n

X LW XX,)

i=l =1

subject to area accounting constraints given by Eq. 1.
Therefore, W, is an anchor value and consequently the
minimization of the negative deviation variable ng, implies
the maximization of total water production along the
plarming horizon T.

. Soil loss (Soil protection): SL =a + b.BA (6)

n

Y OSL %X ) +ng, —py =5, (7)

i=1  j=1

Equation 6 estimates the soil loss of each stand. To
calculate scil losses, methodology proposed by Msr
(2001) was followed. Finally, the target for total soil loss
S, 18 obtained by minimizing.

m n

Y OOIsL, <X

1=l =1
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Therefore, S, is an anchor value and consequently the
positive deviation variable pg is unwanted and its
minimization implies the minimization of total soil loss
along the planning horizon T.
¢ Volume control :Hy, -H(1£20%) + nycpywe =0 (8)
The volume control equation imposes a strict even
flow of timber volume harvested each of the T cutting
periods considered.

The models: Tn order to obtain a satisficing solution the
following list of unwanted deviation variables defined
above should be mmimized:

Goals Unwanted deviation variables
Wood production Ny

Water production Nyp

Soil loss psL

Volume control fyctPye

These goals were prioritized differently and the best
results were obtained in four alternative models in this
study. For example, the first goal that must be satisfied 1s
wood production i model 1. The next priority in order of
umnportance 18 made up the goal volume control. The
models and goals priorities are listed in Table 1.

Table 1: Models and priority of goals

Goals
Model Wood Soil Water Volume
No. production protection production control
1 1 - 2
2 2 1 - 3
3 - 1 2 -
4 2 1 3 4

The amount of commercial thinming n areas primarily
allocated for soil protection was half of the amount
projected for the areas allocated for wood production. The
rate in areas for water production, however, was twice the
level of commercial thinning in wood production areas.

Delphi object oriented programming language were
used i solving developed multi objective forest
management planning model.

The case study

Study area: This study was conducted i Research Forest
of Karadeniz Technical University Faculty of Forestry.
The research forest is in Blacksea Region in Trabzon,
Twkey. The study area is 218.8 ha. Altitude of this area
range from 400 to 1250 m above the sea level and average
slope is about 51%. 196.3 ha of the study area is
productive high forest, 1.8 ha of that is unproductive high
forest and 20.7 ha is unproductive coppice (Msr, 2001).
The main characteristics of stands m this area are shown
in Table 2.

517

Increment percentages simulation method proposed
by Eraslan (1981) was wed in order to form wood
production (Table 3) and basal area (Table 4) matrixes of
each stand in study area.

Data were collected a total of 132 sample plots in
order to calculate amounts of scil loss and water
production of the stands. For each plots, all trees were
measured for diameter at breast height, total height
and age.

While amounts of soil loss of each sample plots were
calculated using USLE (Universal Soil Loss Equation),
these of water production were obtained by Altun (1995).

In determining relationship between amounts of soil
loss and water production and stand characteristics were
used Regression Analysis. These relationships were as
follows:

WP =a+bBA WP=2614432 -0.043277BA

(8)
R¥=0.76, SE=0.41164

SL=a+bBA SL=1.3946-0.023302.BA

2 ©)
R® =098, SE = 0.5352
Where SL is scil less (ton ha™'), WP is water
production (ten ha™) and BA is stand basal area
{m* ha™"). By using BA matrixes (Table 4) and Eq. 8 and
Eq. 9 were calculated soil loss (Table 5) and water
production matrixes (Table 6).
For example;

SL = 2.614432-0.043277=0

WP =1.3946-0.023302*10.30

SL =2.6(tonha™) (X, in scil loss matrix)
WP =1.2 (tonha™) (X,, in WP matrix)

Goal functions of soil loss and water production were
obtained using these matrixes. For example:

111 n

YO WP KX )+n —p =W,

1=l =l

14X, 0.5 X, . 407X 7h 1y = W,
123, 1.4 X, 407 X, o+ 1Py = W,
0.5X, +0.6 X, ... +0.9 X Ao+ 11,prs = W,

Where WP 1s water production of each stand and W 1s
total water production in each cutting period.

The target values for the goals wood production,
water production and soil protection were determined
according to the actual values.
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Table 2: Stand definition table of study area

Stand Area Site Age Volume Tncrement Stand Area Site Age Volume Tncrement
no. (ha) class class (m’ ha™") (m’ ha™") No. (ha) class’ class (m’ ha™" (m*ha™!)
1 0.7 [ 6 0.4 0.05 19 1.0 3 4 112.1 2.34

2 4.8 3 3 1121 2.34 20 4.2 3] 3] 0.4 0.05

3 12.3 3 3 1121 2.34 21 12.6 4 4 112.1 2.34

4 87 3 3 327.5 6.12 22 7.5 4 4 112.1 2.34

5 51 [ 6 0.4 0.05 23 4.5 3 4 112.1 2.34

6 0.4 4 3 2066.2 4.03 24 2.7 3 4 355.8 6.90

7 73 3 4 1121 2.34 25 16.9 3 4 112.1 2.34

8 10.9 3 4 1121 2.34 26 4.1 3 4 355.8 6.90

9 0.6 3 3 1121 2.34 27 53 3 4 112.1 2.34
10 1.0 3] 6 0.4 0.05 28 14.5 2 4 266.2 4.03
11 3.0 [ 6 0.4 0.05 29 2.3 7 7 0.0 0.00
12 0.2 3 4 1121 2.34 30 1.1 7 7 0.0 0.00
13 23 4 4 2066.2 4.03 31 7.7 2 4 266.2 4.03
14 6.1 3] 6 0.4 0.05 32 16.6 2 4 266.2 4.03
15 15.9 4 4 266.2 4.03 33 35 2 4 266.2 4.03
16 10.0 3 4 1121 2.34 34 1.8 3 6 78.4 1.67
17 1.1 3 3 327.5 6.12 35 3.6 2 3 266.2 4.03
18 11.9 3 4 200.2 4.03

Table 3: Wood production matrix (Stand Yield Matrix) (m’ ha™!)

Decision variables
Wood Soil Water
production protection production
Cutting
periods X X X X X Xy 3
1 374.5 30.0 30.0 30.0 30.0 15.0 60.0
2 1.0 428.5 46.6 46.6 46.6 233 93.2
3 7.0 1.0 448.9 62.6 62.6 313 125.2
4 15.0 7.0 1.0 444.0 72.0 36.0 144.0
5 21.0 15.0 7.0 1.0 4214 0.0 0.00
Table 4: An example for stand basal area matrix (m? ha™")
Decision variables
Wood Roil Water
production protection production
Cutting
periods X X5 X X X X Xz
1 0.00 36.51 36.51 36.51 36.51 39.69 30.16
2 10.30 0.00 40.45 40.45 40.45 4857 30.57
3 24.60 10.30 0.00 41.07 41.07 55.72 27.99
4 3330 24.60 10.30 0.00 30.44 61.74 24.16
5 38.60 33.30 24.60 10.30 0.00 66.99 21.15
Table 5: An example for soil loss matrix (ton ha!)
Decision variables
Wood Roil Water
production protection production
Cutting
periods X X, X X, X X X,
1 2.6 1.0 1.0 1.0 1.0 0.9 1.3
2 2.2 2.6 0.9 0.9 0.9 0.5 1.2
3 1.6 2.2 2.6 0.8 0.8 0.2 1.4
4 1.2 1.6 2.2 2.6 0.9 0.0 1.6
5 0.9 1.2 1.6 2.2 2.6 0.0 1.7
Table 6: An example for water production matrix (ton ha—")
Decision variables
Wood production Soil protection Water production
CUlINg s e e eemeemcemeemmeemsemeeesmemess seemesemeemmeece eeeeeeeeeeeeceeeeeees
periods X, X, X Xy X X, X,
1 1.4 0.5 0.5 0.5 0.5 0.5 0.7
2 1.2 1.4 0.4 0.4 0.4 0.3 0.7
3 0.8 1.2 1.4 0.4 0.4 0.1 0.7
4 0.6 0.8 1.2 1.4 0.5 0.0 0.8
5 0.5 0.6 0.8 1.2 1.4 0.0 0.9
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RESULTS

In order to best-compromise harvest schedules, the
lexicographic GP models were implemented. Area
distribution obtained from moedels solutions were given
in Table 7.

209.2 ha of total study area were allocated for wood
production, 1.3 ha for soil protection and remaining 8.3 ha
for water production in Model 1. The first priority goal
was the maximizing of wood production in this model. The
minimizing of soil loss and maximizing of water production
goals were not considered in model 1. In model 2, the
minimizing of soil loss placed in the first priority level,
25.2 ha were allocated for soil protection, 9.8 ha for water
production and 183.8 ha for wood production. This area
distribution is a, 5.1 and 196.2 ha, respectively in model 4.
Although the maximizing of water production was the first
priority goal in model 3, no area was allocated for water
production in the solution of this model.

Area distribution of age classes obtained from
models solutions was given Fig. 1 and other results were
listed in Table 8.

From the analysis of information contained in
Table &, the following conclusions are obtamed:

1501 Model 4
%3‘8 1 Model 3
1204 B Model 2
= }(1)8 @ Model |
< 90 — m Actuel
g 80 =
< T0{A

Fig. 1: Area distribution of age classes according to
models solutions

»  The goal of the wood production placed in the first
two priority levels are fully achieved in Model 1, 2
and 4. However, the highest wood production was
obtained in Model 4 contains all geals. Although
the
second priority level in Model 4, the maximizing of

production third priority

maximizing of wood production placed in

water level caused
increasing amount of wood production. Amounts of
wood production aimed (T) and obtained (O) were

given in Fig. 2.

Table 7: Area distribution of forest management goals according to models solution ¢ha)

Goals

Wood production

Moadel Roil Water
No. 1 1T I TV v Tatal protection production Tatal
1 79.1 46.5 27.9 25.9 29.8 209.2 13 83 218.8
2 88.4 11.9 39.3 17.5 26.7 183.8 25.2 9.8 218.8
3 834 4.8 - - - 88.2 130.6 - 218.8
4 87.8 20.9 45.0 22.5 20.0 196.2 17.5 5.1 218.8
Table 8: Results of GP models
Models
Cutting
Goals periods 1 2 3 4
Wood production () 1 10013 10115 F404 15814
I 11009 11797 1028 15906
m 12501 13724 830 12915
v 14007 15767 2286 11272
v 16014 16546 3011 13926
Total 63545 67951 14562 69837
Soil loss (ton) I 433 408 423 457
I 411 343 349 405
I 348 274 259 332
v 291 228 197 254
v 240 197 158 185
Total 1723 1450 1386 1633
Water production (m?) 1 240 241 220 270
I 228 208 197 252
m 195 182 173 213
v 164 155 151 166
v 136 127 125 123
Total 963 913 866 1024
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12000 4
10000 A
8000
6000 -
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2000 -

Wood production (m’)

I I 111 v v

——Model 1 (T) —e—Model 2 (T) —e— Model 3 (O) —=— Model 4 (O)
- a- Model 1 (O) - o- Model 2 (O) - a- Model 4 (T)

Fig. 2: Amounts of wood productions aimed and
obtained (m”)

500-
4754 —— Model 1

4504 —= Model 2
4254 —— Model 3
4004 —e— Model 4
3754
3504
325
3004
2754
2504
225
2004
1754
150, T T T T 1

Soil loss (ton)

Cutting periods

Fig. 3: Soil loss amounts of models according to cutting
period

*  The least amount of soil loss was obtamned i model
3 along the plamming horizon (100 years). The goal of
the soil protection placed in first priority in this model
and for this reason, 130.6 ha of study area were
allocated for soil protection. The highest value was
obtained mn model 1 that not contain the mimmizing
of soil loss. The amounts of soil loss were shown
mFig. 3.

¢ Maximizing of water production only placed in
model 3 and model 4. The highest amount of water
production was obtained in model 4 though
maximizing of water production was the third priority
level. The highest amount of wood production was
also obtained in medel 4. For this reason, It was
proved that the relation between wood production
and water production is linear. The amounts of water
production were shown in Fig. 4.

The function or functions which stands i research
area fulfill were determined according to model solutions
by coding like in Table 9. Forest functions maps were
prepared for each model Fig. 5.

520

2754 —— Model 1
2501 —— Model 2
—~ —+— Model 3
£ 2007 -= Model 4
g -
£ 175
= J
B
g 150 |
5 s
212
§ i
100 ]
75 T T T T 1

1 1 il v \%
Cutting periods

Fig. 4: Water production amounts of models according to
cutting period

Table 9: Stands codes for preparing forest function map
Function
code Function/Functions
Wood production
Soil protection
Water production
Wood production + soil protection
Wood production + water production
Roil protection + wood production
Water production+soil protection
Water production + wood production + soil protection
Wood production + soil protection + water production
0 Agricultural areas

=0 G0 -] Oy s W)~

In this study, goal programming which is one
of the operation research techniques was used in
developing multi-objective forest management plamming
model.

The goals were fully achieved Moreover, for
the tree goals, the optimum GP solutions presented
wanted deviations with respect to the mitial target
values.

By using goal programming can be obtained
alternatives solutions and thus decision making can be
effectively made. A multi-objective forest management
planning is possible with quantitatively determined of
goals and prioritized to goals. With goal programming
model developed by n this study, wood production,
water production and soil protection function of
forests were determined, yield, soil loss and water
production matrixes were constituted. With simulation
methods and al least four altematives
presented making long period management prognosis.
The target values were reached according to goal
priorities.

WEre

Developed multi-objective forest management plan
supplied necessity of a management plan which has a
planning period at least as a rotation age. The plan gained
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-Wood Production l:]Soil Protection + Wood Production

-Soil Protection |:|Water Production + Soil Protection

-Water Production -Water Production + Wood Production + Soil Protection
I Wood Production + Scil Protection [ ]wWood Production + Soil Protection + Water Production
-Wood Production + Water Production |:|Agricultural Area

Fig. 5. Forest Functions Maps (A; Model 1, B; Model 2, C; Model 3, D; Model 4)
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to a strategical plan. In addition to this planning period
can be extended with the simulation and optimization
techniques in this planmng process. The plan has also the
property of tactic and operational plan, because
treatments can be spatially detailed according to both
period and years.
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