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Abstract

This study presents a novel, structured optimization approach for incorporating multiple
ecosystem services (ES) into long-term strategic and tactical forest management planning.
We provide a new and improved framework for forest planning based on ecosystem values of
education, aesthetics, cultural heritage, recreation, carbon, water regulation, and water supply.
First, the suitability values of seven ecosystem services (ES) were estimated to produce timber
harvest and store carbon under fifty potential treatment schedules over a 100-year planning
horizon. Then optimization was applied to maximize future utility values derived from values
of ES that can be developed with treatment schedules and using the weights of the Sustainable
Development Goals (SDG). Finally, the model defined ES functions that were weight-adjust-
ed to select a successful scenario. Thus, we demonstrated that our approach could generate the
optimal future suitability value of ES for long-term forest planning compared to the current
value of ES. The results showed that the ES that is most affected when harvest demand and
harvest flow constraints change is carbon. The value of other ES did not change when sched-
uled timber volume changed, and as a result we suggest that standing volume and growth
increment be considered as criteria used to determine the future value of other ES. We found
that the development of suitable value-effective management strategies for securing forest ES
values in future stand developments was possible while also achieving other goals and while
also being constrained by operational considerations. Our study therefore contributes to ongo-
ing debates about the management of ES.

Keywords: ecosystem services, forest harvest scheduling, optimization, treatment schedules,

mixed-integer programming

1. Introduction

Ecosystem services (ES) provide goods and services
that are essential for human well-being and environ-
mental health (Costanza et al. 1997, MEA 2005). For-
ests provide multiple ES, which are generally classi-
fied as provisioning (e.g., timber, water supply),
regulating (e.g., carbon, soil quality, water regulation),
supporting (e.g., photosynthesis, soil formation, nutri-
ent cycling), and cultural services (e.g., recreation, aes-
thetic, cultural heritage value) (Haines-Young and
Potschin 2012). However, some forest ecosystems have
been constantly degraded because of increasing hu-
man demands for firewood, timber, pasture, shelter,
recreation, etc. (ITTO 2002, Kochli and Brang 2005, Liu
et al. 2007). To prevent further degradation, some for-
est management plans, policies, and programs have
been designed in line with the concept of ES (Wenhua
2004).

Some government agencies, private landowners,
and companies have adopted the concept of managing
forests for ES (Martinez-Harms et al. 2015, Juerges et
al. 2020). As awareness grows about the interdepen-
dence of ES and society, pressures grow worldwide
for a need for collaborative planning of forest resourc-
es (Baskent et al. 2020). The concept of being guided
by the development and maintenance of ES in natural
resources management can improve the efficient use
of resources (Ostrom 2009, Wainger et al. 2010). De-
spite these societal pressures, forest managers in both
the private and public sectors have lagged behind
incorporating these benefits into planning. The type
of planning process needed brings with it several
complexities and challenges (Chan et al. 2006, Haara
et al. 2018, Saarikoski et al. 2018). In Tiirkiye, the For-
est Planning Department of the GDF (General Direc-
tory of Forestry) has adopted the concept of ES. There-
fore, Tiirkiye’s forests have been managed according
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to ecosystem based multi-functional management
plans since 2008. In the current system, forest ES are
determined according to objective criteria and indi-
cators but quantitative decision making techniques
are not used in the planning phase. The absence of
any planning method based on the concept of ES
raises the question of how to plan and manage effi-
ciently ES.

Scientific research on the multi-functional man-
agement of forest ES may include stages that define
ES, quantify the value of ES, develop strategies for
being guided by the development and maintenance
of ES, and that integrate these strategies into optimi-
zation processes (Bagkent 2018). In some cases, deci-
sion support tools have been developed for each of
those stages. With the rapid growth of research in
mapping and assessing ES (Costanza et al. 1997, Egoh
et al. 2012, Grét-Regamey et al. 2015, Maes et al. 2013,
Martinez-Harms et al. 2015, Nikodinoska et al. 2018),
different assessment methods and tools (Boumans
and Costanza 2007, Bagstad et al. 2011, Sharp et al.
2014, Hu et al. 2015) have emerged. Defining effective
management practices for environmental manage-
ment includes recognizing interactions, tradeoffs, or
synergies of ES (Bennett et al. 2009, Garcia-Gonzalo
et al. 2015, Seidl et al. 2013). Using a Geographical
Information System (GIS), many studies have illus-
trated the tradeoffs between multiple ES between dif-
ferent management scenarios (Cademus et al. 2014,
Hu et al. 2015, Bottalico et al. 2016, Vizzarri et al. 2017).
This mapping and assessment of ES is also the first
step in determining the criteria sets for multi-criteria
decision analysis (MCDA) based planning approach-
es. Geneletti (2011) considers the mapping of ES and
the creation of indicators as one of the ways to man-
age information in integrating ES into spatial plan-
ning. However, criteria and indicators may be devel-
oped locally for the assessment of ES based on
multi-functional management plans (Zengin et al.
2013, Bagkent 2018). Furthermore, these assessments
inform us about the value of ES and can be used as
data in the development of management plans. How-
ever, simply using the assessment of forest ES is not
sufficient for the strategic planning of the forest eco-
system. Since the forests have a dynamic structure,
the value of the ES in forests will change over time
after silvicultural treatments are applied (Marchi et
al. 2018). The planner needs to observe how these val-
ues will change and then suggest the appropriate
treatments based on these changes. Classic forest
planning approaches, which are typically tactical in
nature, focus mainly on timber production and do not
incorporate dynamic evaluations of ecosystem ser-
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vices (ES) under different treatment schedules. A stra-
tegic planning approach, on the other hand, allows
for assessing how ES values evolve over time under
alternative management pathways. Ultimately, ES
needs to be sustainable in serving human wellbeing,
and therefore they should be associated with the pro-
cess of forest planning where management decisions
are made in an ecosystem-based forest management
environment (Nelson et al. 2009, Miiller et al. 2019).

In an MCDA-based planning approach, certain
steps should be taken before combining ES with for-
est management planning efforts. First, one would
need to define the ES of interest, then set criteria for
estimating these ES. The contribution of ES to Sus-
tainable Development Goals (SDG) may also need to
be defined, and if used, the SDG should be weighted
(Caglayan et al. 2021). Various methods and tech-
niques can be used to achieve each of these steps in
the process. Obtaining expert opinions and making
use of stakeholder participation might be appropriate
for the development and evaluation of environmental
models (Jakeman et al. 2006, Coelho Junior et al. 2020).
For example, for Turkish forests, seven ES have been
defined and 19 criteria have been used to estimate ES,
as informed through expert opinion (Caglayan et al.
2021). The contribution of ES to SDG and the weights
of SDG have also been determined through stake-
holder participation.

The present study demonstrates a structured,
practical optimization approach to ES management
of the Belgrad Forest, in northwestern Tiirkiye. In ad-
dition, with an optimization model, we illustrate how
this process can assist a decision-maker in selecting
management actions for each piece of the forest
(stand) in order to efficiently maximize the total util-
ity of ES, subject to operational constraints. With the
integration of ES into tactical forest planning, our ap-
proach is novel and as a system it expands science
across three general areas. While several studies have
addressed multiple ES (Baskent and Balci 2024, Dong
et al. 2024), our approach provides a framework that
integrates these services into a single optimization
model and importantly, incorporates their explicit
alignment with sustainable development goals (SDG),
which has been rarely addressed in forest planning
literature. First, the criteria set to predict the future
value of ES are defined for fifty treatment schedules
over a 100-year planning horizon (divided into 5
twenty-year periods). Second, different forest treat-
ment schedules are simulated for each stand. Each
treatment schedule consists of a sequence of manage-
ment activities based on thinning and clear-cutting
over the entire planning horizon. Third, mixed-
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-integer programming is used to select optimal treat-
ment schedules for each stand, which results in a tac-
tical management plan for the forest. Six alternative
management scenarios are developed for the forest,
and trade-offs among the alternatives are discussed
relative to the outcomes from the management ac-
tions scheduled over time.

2. Material and Methods

2.1 Study Area

The Belgrad Forest (Istanbul) is located in the northwest
part of Tiirkiye (Fig. 1) and covers 5660 ha, which are
divided into 1118 stands (management units) of various
sizes. The Belgrad Forest is a high forest and is
dominated by broadleaved trees, mainly beech (Fagus
orientalis Lipsky.), oak (Quercus spp.) and hornbeam
(Carpinus spp.). Other species present in the forest are
chestnut (Castenea sativa Miller.), alder (Alnus spp.), ash
(Fraxinus spp.), linden (Tilla spp.), Turkish red pine
(Pinus brutia Ten.), black pine (Pinus nigra Arnold.),
scotch pine (Pinus sylvestris L.), fir (Abies spp.), stone
pine (Pinus pinea L.), and maritime pine (Pinus pinaster
Ait.). Mixed stands (conifers and deciduous) account
for about 76.6% of the total forest area, while pure
conifer and deciduous stands, pastures, and irregular
stands cover the remaining 23.4%. The elevations range
from 24 m to 231 m above sea level.

L. Caglayan et al.

2.2 General Description of MCDA Based
Planning Approach

Based on the ecosystem services defined by Kindler
(2016), seven ES were identified as important for the
study area according to the decisions of 31 stakehold-
ers, as described in Caglayan et al. (2021). The criteria
sets were defined to determine the value of each ES.
To define these criteria sets, we considered common
criteria sets in the literature and the criteria recom-
mended by the experts who have deep knowledge
about study area and academic background. For ex-
ample for the recreation ecosystem service, nine crite-
ria were defined: scenic beauty, elevation, slope, as-
pect, distance to recreation areas, intensive activity
area, accessibility, land cover, and canopy closure
(Caglayan et al. 2020). Then, the scores were calculated
of each factor of these nine criteria, and normalized
using a linear normalization process (Caglayan et al.
2020). The normalized scores of stands were multi-
plied for each criterion with the main criteria weights.
Finally, the multiplied values were calculated and the
recreation value of each stand was obtained (Caglayan
et al. 2020). In previous studies, the values of other ES
were calculated similarly, using distinct criteria. The
values are a weighted score between 0 and 1 that each
stand receives for each ES.

For the MCDA process, we first defined the criteria
sets that may vary the value of ES according to treat-
ment schedules, because the value for each period
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Fig. 1 Location of the case study area: Belgrad Forest in Tiirkiye
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cannot be computed before having the treatment
schedules. Then, the future value of ES was developed
for each treatment schedule over a 100-year planning
horizon. Then, fifty different treatment schedules were
simulated for each stand. Each treatment schedule
consists of a reasonable sequence of management ac-
tivities based on thinning and clear-cutting treatments
scheduled over the entire planning horizon. Finally,
an optimization model was used to select optimal
treatment schedules for each stand to establish a long-
term management plan for the forest. The model was
applied to six alternative management scenarios rep-
resenting different approaches for managing the for-
est. A flow chart (Fig. 2) shows the progress of optimi-
zation through these steps of a forest management
process.

2.2.1 Step 1(a): Defining Criteria Sets that May
Vary by Treatment Schedules Over a 100-Year
Planning Horizon

For this step, in our previous studies, we defined the
predictive criteria sets to the assessment of the initial
value of seven ES (e.g., education, aesthetic, cultural
heritage, recreation (Caglayan et al. 2020), carbon
(Caglayan et al. 2023), water regulation, and water

STEP 1

a) Defining the criteria sets that may vary by treatment schedules
over a 100-year planning horizon
b) Calculating the future values of ES

Cultural R i Carb Water Water
Heritage ecreation | aroon Regulation| | Supply

==

1-Volume (for carbon storage)
2-Canopy closure
3-Increment
4-Land use/Land cover
5-Age

Education | |Aesthetics

STEP 2

Development of treatment schedules over a 100-year planning horizon ‘

Fifty alternative schedules for each stand

STEP 3

a) Formulation of the optimization model
b) Generating the six alternative management scenarios representing the
managment plans

Fig. 2 MCDA-based planning approach based on forest manage-
ment treatment schedules and valuation to investigate multiple ES
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supply). Table 1 illustrates the predictive criteria used
to evaluate the value of each ES. The value of some of
these criteria may be affected by treatment schedules
over a 100-year planning horizon. In our study, 19 cri-
teria are assumed not to be affected by the treatment
schedules, while 5 criteria are. The values of these 19
criteria were called fixed parameters. We had no direct
measure of the effect of treatment on ecosystem ser-
vices value and therefore defined management depen-
dent variables as measurable and predictable values
that are known to be affected by treatment activities.
Five criteria were called management dependent vari-
ables. For sub-steps, expert opinions were collected
using a questionnaire to determine possible ES for the
Belgrad Forest.

In our previous studies, criteria sets were defined
for the assessment of the values of seven ES as fixed
parameters, and management dependent variables
were defined for education, aesthetics, cultural heri-
tage, recreation, carbon, water regulation, and water
supply. These parameters and variables were created
by using common parameters in the literature and ex-
pert opinions for each ES. Finally, the initial value of
ES was calculated for each stand (Caglayan et al. 2020,
Caglayan et al. 2023). Additionally, there are studies
in the literature on calculating the values for education
(Nahuelhual et al. 2013), aesthetics (Clay and Daniel
2000, Arriaza et al. 2004), cultural heritage (Holleland
et al. 2017), recreation (Caspersen and Olafsson 2010,
Kliskey 2000, Vallecillo et al. 2019), carbon (Baral et al.
2013), water regulation (Guo et al. 2000), and water
supply (Villa et al. 2011, Pert et al. 2010, Bagstad et al.
2013) services using different criteria sets. The aim of
this study was to calculate the future value of ES.
Therefore, the fixed parameters and management de-
pendent variables were defined to evaluate the value
of ES for each stand.

With respect to volume (for carbon storage) (in the
model: V;) and increment (in the model: I;;), data for
forest growth modelling were extracted from plot-
level forest inventory data administered by the GDF.
Among the tree species with a yield table are beech
(Carus 1998), oak (Eraslan and Evcimen 1967), Turkish
red pine (Alemdag 1962), black pine (Kalipsiz 1963),
scotch pine (Alemdag 1967), fir (Asan 1984), and mar-
itime pine (Ozcan 2002). These yield tables were use
to calculate the growth parameters. However, there is
no a yield table for stone pine, linden, alder, and horn-
beam. Therefore, the parameters of the beech yield
table were used for linden, alder, and hornbeam. The
Turkish pine yield table was also used for stone pine.

The forest growth rate model of the scheduling
process used was developed by (Eraslan 1981) and is
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Table 1 Predictive criteria sets to evaluate each ES

& T
=| = = =
» AR EHBEE
Criteria sets ~ i— = f i S| &8
sl T2 =83
sl £/ 5 38 58| 8|58
2 3 & 822
Fixed parameters (in the madel: B,)
Elevation X
Slope X X | X
Aspect X X | X
Distance to recreational areas X
Intensive activity area X
Accessibility X
Aesthetic X
Soil texture X | X
Precipitation X | X
Temperature X | X
Moisture X | X
Hydrologic X | X
\Water movement X X
Water amount X X
Negative man-made effects X X
Positive man-made effects X X
Size of stands X
Educational value X
Cultural heritage value X
Management dependent variables
Volume (for carbon storage) X
(in the model: V;)
Increment (in the model: /;,) X
Canopy closure X X | X
(in the model: CC,)
Land cover/Land Use X | x| x| x
(in the model: LC,)
Age (in the model: Age;) X X | X

based on forest inventory data administered by the
General Directory of Forestry. The volume of stands
is estimated using forest growth and yield models de-
rived from yield tables according to site index and
stand age. All stand parameters are calculated at the
midpoint of each period. Stands are assumed to de-
velop according to empirical yield tables after final
felling. The values of volume development in the cur-
rent forest are as follows:

Vii(t+1) = Vijtx (1'Pjt) x (1 + Zoxgt) (1)
&= (Ag/V)-(Vr,/20/V) 2)

I. Caglayan et al.

Where:
Vi) future volume after harvest in period t+1

V,,  initial stand volume (m®ha™) in period ¢t of

treatment schedule j

p;p  relative harvest in period ¢ of treatment
schedule j

The period length is 20 years.

g growth coefficient in period ¢ for the existing
forest

Ag, current annual growth (m’ ha™) in period # in
yield table

V,  main stand volume (m’ ha™) in period t in the
yield table

V,  removed stand volume (m® ha™) in period ¢ in
yield table.

Since the volume (V) depends on the manage-
ment, it decreases or increases depending on the treat-
ment program levels in each period. These fluctua-
tions directly affect carbon value. For the optimization
model, the volume must be calculated to calculate the
carbon value (Table 2).

With respect to canopy closure (in the model: CC,),
the Belgrad Forest generally has three canopy closure
levels. These are 11-40% (sparse), 41-70% (moderate)
and full canopy >71% (dense). Canopy closure and
forest dynamics may change after thinnings and final
fellings (Tsai et al. 2018). Therefore, in the optimization
model, the canopy closure is defined as a variable de-
pendent on management. The model requires an esti-
mate of the canopy closure (CC,) for recreation, water
regulation, and water supply values. To protect the
level of canopy closure in planning, we assumed that
stands would have a relatively dense level canopy af-
ter the final felling. As the length of a period is 20
years, and all parameters are calculated according to
the middle of the period, young stands will have suf-
ficient growth to have a dense canopy after a previous
final felling activity (Table 2). We also assumed that
the current level of canopy closure would not be mod-
ified after a thinning. If there is a final felling in the
treatment schedules, the canopy closure will get the
weighted value »e«. Otherwise, »d« represents the
weighted value for the current canopy level (Table 2).

With respect to land cover/land use (in the model:
LC;) and age (in the model: Age;), we classified land
use/land cover (LC,) into eleven categories. These are
pasture, young conifer stands, middle-aged conifer
stands, old conifer stands, young deciduous stands,
middle-aged deciduous stands, old deciduous stands,
young mixed stands, middle-aged mixed stands, old
mixed stands, and irregular stands. Conifer,
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deciduous- and mixed stands were subdivided into
three age classes (Age;,): Young, 0-60 yrs.; Middle-
aged, 61-140 yrs.; and Old, 141+ (Table 2). Irregular
stands were tree stands not categorized as coniferous,
deciduous, or mixed stands. The land use parameter
was correlated with the age parameter in our previous
studies. Therefore, the land use parameters modify ac-
cording to three different age classes (Table 2). We cal-
culated the land cover values of each stand for ES
(LC,) that change according to the age of stands for
treatment schedules to estimate the land cover value.

2.2.2 Step 1(b): Calculating Future Values of ES

In step 1(b), the values of ES (S;,) were calculated
after defining management dependent variables in
step 1(a) and treatment schedules (step 2). We calcu-
lated Sy in three different ways because the set of cri-
teria affecting each ES is different. S, values for rec-
reation, water regulation, and water supply are the
sum of fixed parameters (B,), land cover values (LC,),
and canopy closure (CC,) of each stand for ES.

Siu = By + LCy + CC Vijtk, Vk € {4,6,7}
)

B, ifset.. <100
=1 o ety vijtkvk e {1,2,3)

Oifset;, =100

The future value of ES of stand i, for treatment
schedule j, for ES k recreation (k=4), water regulation
(k=6) and water supply (k=7) in period ¢ is the sum of
fixed parameters, land cover, and canopy closure
(Eqn. 3). Also, the future value of ES of stand i, for treat-
ment schedule j, for ES k education (k=1), aesthetic (k=2)
and cultural heritage (k=3) is a fixed parameter or zero
in Eqn. 3 because the barren land after the final felling
affects these values. Therefore, it was assumed that
education, cultural heritage, and aesthetic would only
be affected by the final felling. If the treatment sched-
ule includes the final felling, the future value of ES
(Sijtk) T

The volume (V), increment (I;;) and other param-
eters were used to calculate the future value of ES (S;,)
for carbon. The amount of annual (Cz;) and total stored
(C;) carbon of stands for treatment schedules in peri-
ods was calculated using IPCC 2006 equation
(Eggleston et al. 2006). Also, the annual and total car-
bon stored value (Cn; and Ciny) was normalized to
evaluate the carbon value.

Cii= Vi x WBC, x (1 + R,) + Cdeadwood, + Clitter, )

ij ijt

+ Csoil, ¥i,Vj, V't

Cny, = (C, /[maxjt,CijJ)x m (5)

ijt

Using Optimization for Maximizing Future Utility of Ecosystem Services (309-328)

Cl, = I, xWBC;x(1+R,) (6)
Clny, = (CT, /[maxjt’c%t J)X” @)
Cdeadwood; =V, x0.01xCF 8
S = Criye +Clng + By + LC, Vijt, Vk € {5} 9)

Eqn. 4 represents the carbon storage values of
stand i for treatment schedule j, in period ¢. Eqn. 5 and
7 are for normalization; we have to normalize C;; and
Cty, due to the value of other ES being normalized. In
addition, Clitter is equal to 5.8 tons for C storage in
litter, Csoil; is equal to 78.0 tons for 1 hectare areas
(Tolunay and Comez 2008). Eqn. 6 represents the an-
nual carbon storage of stand i for treatment schedule
j, in period t. In Eqn. 8, we used the coefficient devel-
oped by (Tolunay and Comez 2008) for ground layer
carbon storage and carbon litter. Deadwood biomass
amounts were estimated as 1% of the aboveground
biomass according to (FRA 2015). Since the Forest
Planning Regulations have defined that 1 or 2 dead
trees must be left per hectare to preserve biodiversity,
we accepted deadwood to be about 1% (0.01) of the
growing stock per hectare. Eqn. 9 represents the car-
bon value. Please see Table 2 for the definitions of pa-
rameters. Although Step 1b is described prior to Step
2 for methodological clarity, the actual calculation of
the future values of ecosystem services ((Sijtk) is per-
formed after the treatment schedules are defined,
since these values depend on management-dependent
variables that vary by treatment.

2.2.3 Step 2: Development of Treatment Schedules
Over a 100 Year Planning Horizon

This section presents the development of the treatment
schedules for the optimization model. Duncker et al.
(2012) defined five different forest management ap-
proaches: an unmanaged forest nature reserve, low-
close-to-nature forestry, medium-combined objective
forestry, high-intensive even-aged forestry, intensive-
short-rotation forestry. According to this classification,
the forestry management approach for Belgrad Forest
can be defined as low-close-to-nature forestry. This
approach allows harvesting while protecting the for-
est. Therefore, silvicultural treatment schedules have
been determined for fewer operations than are poten-
tially possible in Belgrad Forest. Based on this ap-
proach, four alternative management regimes were
considered for each stand: (1) No management (NO):
in this management regime, no operations are allowed
in a forest that might change the nature of the area
(Duncker et al. 2012). (2) Final felling (FF): the final
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Table 2 Definitions of parameters in optimization model data

I. Caglayan et al.

Parameters

| Sy future value of stand /, for treatment schedule , for ES & in period ¢

B, fixed value of stand / for ES « (this is the value of the criteria not affected by the management)

a if Agey <60
LCy, =1b if Agey, >60<140Vke{4,5,6,7}

¢ if Agey, >140

LC,: land cover values of stand / for ES k. a, b and ¢ are normalized values

Age;;: age of stand / for treatment schedule /, in period ¢

~ dif set, <100

CCy =y .
eif sety, =100

Vke{4,6,7}

CC,: canopy closure values of stand / for treatment schedule /. d and e are the normalized values

set;: calculated treatment schedule sets for treatment schedule /, in period ¢

Cy: carbon storage values of stand / for treatment schedule /, in period ¢

Cny: normalized value of carbon storage stand / for treatment schedule /, in period ¢

: volume (m’) produced in the stand  for treatment schedule j, in period ¢

WBC;: (WD x BEF x CF); WD = wood density (Mg m?), BEF = biomass expansion factor (non-dimensional). (Tolunay 2019) calculated species-specific
biomass expansion factor (BEF) and Wood Density (WD) coefficients for Tiirkiye. CF is a carbon factor and this value is 0.51 for coniferous, 0.48 for
deciduous according to IPCC 2006 (Eggleston et al. 2006), and 0.47 for dead wood

R: root to shoot ratio of stand /

Cdeadwood;: carbon in deadwood biomass of stand /

Clitter;: carbon in litter of stand /

Csoil: carbon in soil of stand /

Iy increment of stand / for treatment schedule, in period ¢

Cr: annual carbon storage of stand / for treatment schedule /, in period ¢

Ciny;: normalized value of annual carbon storage of stand / for treatment schedule, in period ¢

m = 0.635 weight of carbon storage criteria

n = 0.149 weight of carbon increment criteria

harvest may be conducted according to each period
but one-time during the planning horizon. (3) Thin-
ning (T): the thinning may be conducted in each pe-
riod. However, this rate cannot exceed 20% of the
growing stock volume. (4) Thinning and Final felling
(TFF): TFF represents a management regime where
thinning is allowed up to 20% of the the growing stock
volume, and the final harvest is set to take place ap-
proximately at each period but one-time during the
planning period (Table 3). In sum, up to fifty alterna-
tive treatment schedules were considered for each
stand (Table 3). The future value of ES from step 1(b)
is calculated for each stand and fifty treatment sched-
ules are defined in Table 3.

2.2.4 Step 3(a): Formulation of Optimization Model

The objective function of the planning problem is to
maximize a utility function value that can include the
future value of education, aesthetic, cultural heritage,

recreation, carbon, water supply, and water regula-
tion. There were also some management activities and
assumptions for ES planning approaches. The general
planning problem consists of selecting one scenario (of
the 50 treatment schedules) for each stand in the land-
scape so that the total weighted utility from a set of ES
over the entire planning horizon is maximized. The
calculations were made by using the AIMMS opti-
mizer. The included ES are education, aesthetics, cul-
tural heritage, recreation, carbon, water supply, and
water regulation. Timber production is not identified
as an ES. However, it was included as a constraint for
a minimum harvest level each period. In addition,
other constraints could be included. The mathematical
formulation of the problem is as follows. Please see
Table 4 for the definitions of sets, parameters, and de-
cision variables. SDG was determined according to the
expert opinion for ES in our previous study. These are
Life on Land, Clean Water & Sanitation, Good Health
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Table 3 Silvicultural treatment schedules (in model: set;)

Period 1 Period 2 Period 3 Period 4 Period 5
Treatment | Management Thinning Final Thinning Final Thinning Final Thinning Final Thinning Final
schedules regime % felling % felling % felling % felling % felling
20 10 FF 20 10 FF 20 10 FF 20 10 FF 20 10 FF
1 NO
2 FF X
3 FF X
4 FF X
5 FF X
6 FF X
7 T X
8 T X
9 T X
10 T X
1 T X
12 TFF X X
13 TFF X X
14 TFF X X
15 TFF X X
16 TFF X X
17 TFF X X
18 TFF X X
19 TFF X X
20 TFF X X
21 TFF X X
22 TFF X
23 T X X X X
24 T X
25 T X
26 T X
27 T X
28 T X
29 TFF X
30 TFF X
31 TFF X
32 TFF X X
33 TFF X X
34 TFF X X
35 TFF X X
36 TFF X X
37 TFF X X
38 TFF X X
39 TFF X X
40 T X X X X
M TFF X
42 TFF X X
43 TFF X X X
44 TFF X X X
45 TFF X X X
46 TFF X X X
47 TFF X X X
43 TFF X X X X X
49 TFF X X X X
50 TFF X X X X
316 Croat. j. for. eng, 46(2025)2




Using Optimization for Maximizing Future Utility of Ecosystem Services (309-328) I. Caglayan et al.

Table 4 Definitions for mixed integer programming formulation

Sets and Indices

i,i1:stands (i=1,...1,11=1,.1)

|, set of treatment schedules (j = 1,...J)

t, set of all periods (t = 1,..T)

k: setof ES (k = 1,...K) k = 1is education, k = 2 is aesthetics, k = 3 is cultural heritage, k = 4 is recreation, k = 5 carbon, k = 6 is water regulation,
and k = 7 is water supply

p: sustainable developments goals (SDG) (o = 1, ....P) p = 1is Life on Land, p = 2 is Clean Water & Sanitation, p = 3 is Good Health & Well-Being,
p = 4is Climate Action, and p = 5 is Decent Work & Economic Growth

N: set of neighbor stands, N = (i, /1) | i and i1 are neighbors

Parameters

a;: area (ha) of stand /
W, weights of SDG p

K

pr =1VkeKw, =0.476, w, =0.176, w, =0.169, w, = 0.149, w, = 0.030)
p=1
hy: harvested volume of stand / for treatment schedule /. in period ¢
t;: thinning volume of stand / for treatment schedule j, in period ¢
V- total harvest demand, m®
D, level of support for ES (k) and SDG (p) contributions

Variables

X;: binary decision variable indicating the assignment of treatment schedule,/ to stand /

X. = 1 if Stand i is selected to treatment j
i~ o otherwise

U: utility function value

M variable indicating if treatment j will be chosen for stand / or not (0-1)
H,: total harvested volume in period ¢t

T:: total thinning volume in period t

& Well-Being, Climate Action, and Decent Work & Eco-
nomic Growth (Table 4). The Stakeholder groups
weighted the SDG. Finally, they associated the SDG
and ES (in the model; w,).

The objective function is presented in Eqn. 11. Eqn.
12 limits treatment activity in a unit to occur once at
most. In Eqn. 13, i and i; represent neighboring stands
within the adjacency set N. The parameter maxadja-
cency denotes the maximum number of adjacent
stands that can be harvested in the same period. Its
value is scenario-dependent and is defined in Table 5.
Eqn. 14 is the harvested volume of each period. Eqn.
15 is the thinning volume of each period. In Eqn. 16,
harvest volume constraints limited the ranges of the
scheduled volume during each period. The volume
control equations (Eqn. 17) impose that timber volume
harvested in t period will be more from ¢-1 periods.
The thinning volume control equations (Eqn. 18) im-
pose that thinning volume harvested in t. period will
be more from #-1 periods. Also, Eqn. 19 limits the total

harvest level from GDF for the harvest demand. The
future value of ES control equations (Eqn. 20) imposes
that these values in ¢ period will be more from #-1 pe-

riods.
P I JT
MaxU = prz ZZSijtkapxij (11)
p=1 =1 =1 t=1 k=1
Subject to;
J
inj =1viel (12)
j=1

I

J
zzMijtxij < maxadjacencyVi,Vj,Vt(i,il) EN (13)
i=1 j=1

I ]
Zzhijtxijai =HVvt (14)

i=1 j=1

I ]
Zztijtxij”i =TVt (15)

i=1 j=1
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0
Xij E(l}Vl,V] (16)
> >
H, > H(H)Vt >2 )
> >

T, =2 T(H)Vt >2 )
H, >2VVt 19)

I ] I J
ZZSiithii = Zzsij(t—l)kxith 22k (20)
i=1 j=1 i=1 j=1

2.2.5 Step 3(b): Generating Six Alternative
Management Scenarios Representing Management
Plans

By including four different constraints, six alternative
management scenarios were developed. The con-
straints were associated with harvested volume (the
sum of thinning and final felling) and included an
adjacency (Eqn. 13), wood flow (Eqn. 17), thinning
volume (Eqn. 18), harvest demand (Eqn. 19), and the

Table 5 Six alternative management scenarios

Using Optimization for Maximizing Future Utility of Ecosystem Services (309-328)

future value of ES (Eqn. 20). Eqns. 17-20 represent
non-declining constraints, ensuring that harvested
volumes and ES values either remain constant or in-
crease from one period to the next, reflecting sustain-
able forest management goals. Due to the »low close
to nature forestry« approach, the wood flow con-
straint was added to control the wood production,
and the adjacency constraint was added so as not to
exceed the maximum opening area. A harvest de-
mand constraint was also added to meet the demands
of the GDF. Finally, a constraint was added on the
future value of ES as in our opinion these values
should increase in every period. In this context, six
alternative management scenarios were developed
(Table 5). In scenario 1, forest management is focused
on maximizing the total utility by contributing to the
higher harvest and the future value of ES in forests.
It was designed to describe management approaches
aimed towards nature conservation and increased
the constraints to minimize the harvest in scenario 2.
Scenario 3 was designed to limit only by the con-
straints the increase of future ES in each period. In
scenario 4, the nature conservation approach was
adopted to reduce harvest intensity.

SR Constraints Objective level
number
No wood flow constraint
. No adjacency constraint Maximization of the future value of ES when there are no constraints. Thin only on a small scale. Let the
No future value of ES constraint forest grow old
No harvest demand
Wood flow constraint o ) ) i
Adjacency constraint I_\/Iaxm_nzatlon of the future valge of ES in case rggeneranon of four adjacqnt stands aF most, these valut_es
2 Fut U of ES At in period will be greater than in period -1, thinning and harvest volumes in period will be greater than in
uture valué of t> constrain period -1. Harvest volume in period will be greater than 17,000 m’
Harvest demand
No wood flow constraint
3 No adjacency constraint Maximization of the future value of ES with the constraint that these values in period will be greater
Future value of ES constraint than in period -1
No harvest demand
Wood flow constraint Maximization of the f e of ES " oot ]
Adjacency constraint Maximization of the future value o Sincase 0 regeneration of four adjacent staqu at.most,.and
4 - increase the harvest volume during each subsequent period. Also, harvest volume in period will be
Future value of ES constraint 3
greater than 20,000 m
Harvest demand
Wood flow constraint o o . . .
Adjacency constraint Maximization of ES_ utility in case of regenergtlon of seven adjgcent_standg at most, and increase the
5 , harvest volume during each subsequent period. Also, harvest in period will be between 120,000 and
Future value of ES constraint 3
150,000 m
Harvest demand
Wood flow constraint o o ) o )
Adjacency constraint Maximization of ES utility in case of regene_ranon of six adjacgnt stgnds a_t most, and increase the
6 - harvest volume during each subsequent period. Also, harvest in period will be between 80,000 and
Future value of ES constraint 3
100,000 m
Harvest demand
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In the previous GDF forest management plans, it
was suggested that 7471 m’ of the average annual final
harvest and 11,413 m’ of the annual thinning volume
could be obtained from this forest. Therefore, in the
20-year time periods, the final harvest level is estimat-
ed to be about 150,000 m® and the thinning harvest
about 220,000 m’. Consequently, it is expected that
370,000 m® of the total harvest will be scheduled dur-
ing the entire time horizon. However, these harvest
amounts contradict with the planning approach of for-
est ES. For this reason, Scenario 5 was developed to
indicate that these harvest amounts in the GDF man-
agement plans may be too high. Designed according
to the existing harvest level based on management
plans, Scenario 5 allows the total final harvest to range
between 120,000 m® and 150,000 m®. Here too, the total
thinning harvest was not considered. Scenario 6 was
designed according to the nature conservation ap-
proach by narrowing the restrictions defined in Strat-
egy 5. Therefore, the total final harvest was allowed to
range between 80,000 m® and 100,000 m’.

2.3 SoftWare Used

Forest inventory data related to the Belgrad Forest was
used. In the scheduling process, a mixed-integer linear
programming model was used to select scenarios and
maximize the value of the objective function during
the planning horizon. ArcMap, R studio, and AIMMS
programs were used to obtain various spatial data and
solve the mathematical model, respectively. All ex-

periments have been conducted on a personal com-
puter with 3.40 GHz CPU and 8 GB of RAM. The time
required to generate a solution to the problem formu-
lations using CPlex 12.9 was an average of 287.903 sec.;
from Scenario 1 to Scenario 6: 13.2, 903.6, 32.8, 69.97,
181.31, and 526.53 sec, respectively.

3. Results

The results of the optimization process associated with
ES management approaches include the correspond-
ing value of the seven ES in addition to the amounts
of timber scheduled for harvest. At the end of planning
horizon, a total of 1,433,335.7 m3 of wood was sched-
uled for harvest in Scenario 1, 85,542.9 m3 in Scenario
2, 1,424,706.5 m?® in Scenario 3, 100,027.7 m3 in
Scenario 4, 623,663.9 m3 in Scenario 5, and 400,036.0 m3
in Scenario 6. More timber was scheduled for harvest
in Scenario 1 than the other alternatives, and it also
had the highest objective function value. In Fig. 3, the
stacked bar chart is created for each scenario divided
into parts that are proportional to thinning and final
felling level percentage. In the scenarios, the majority
of the harvest is obtained from thinnings. In Scenarios
2 and 6, the thinning and final harvest volumes are
approximately equal to each other.

In Scenario 2, all constraints are active, which re-
duced the objective function value of the resulting plan.
With Scenario 2, the number of neighboring stands is
controlled during harvest, while at the same time, the

100 ] - I] -

90 - 1 HH HH HH

80 1 - I H HH H

70 18+ H RN ERARAEE

50 1 HOH

40 H H HH HH O H H

30 H FH RENEE SRR AR AR R REEY

Share of thinning and final felling, %

Pl vovog iV Vg vV gV VgV Vg VY
Scenarios

Fig. 3 Percentage distribution of thinning and final felling volume (from Scenario 1 to Scenario 6, respectively)
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Fig. 4 Future value of ES according to scenarios (from Scenario 1 to Scenario 6, respectively)

scheduled harvest is constrained. As a result, Sce-
nario 2 shows that the future value of ES can be in-
creased as long as the harvest amount is not reduced
below 17,000 m°.

In Fig. 4, the line chart illustrates estimated changes
for each ES over time. The water regulation service has
a higher ES than water supply, carbon, cultural heri-
tage, recreation, education, and aesthetic ES. There is
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not much fluctuation in the values of water supply, wa-
ter regulation, cultural heritage, recreation, aesthetics,
and education services according to the results (Fig. 4),
yet the carbon ES had the highest fluctuation between
time periods and scenarios.

According to Scenarios 1 and 3, different scheduled
timber harvest levels are obtained in each period (Fig.
5a). Scenarios 2, 4, and 6 show that scheduled harvest
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Fig. 5 Harvest level (m®) according to scenarios (a), and amount of carbon storage (m® ha") according to scenarios (b)
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levels are approximately equal in each time period. The
highest fluctuations in scheduled harvest levels across
a time horizon are seen in Scenarios 1 and 3. We found
total carbon storage of 4,718,974.6 m® for Scenario 1,
6,574,804.2 m® for Scenario 2, 4,725,098.4 m® for Scena-
rio 3, 6,572,149.3 m® for Scenario 4, 5,951,327.4 m® for
Scenario 5, and 6,251,265.1 m?® for Scenario 6, respec-
tively (Fig. 5b). The results show that, as the scheduled
harvest level increases, the amount of carbon storage
decreases (Fig. 5b), thus the amount of carbon stored is
inversely proportional to the harvest level. As each sce-
nario emphasizes the attainment of different goals,
through the constraints that are imposed, the timing
and placement of the proposed scheduled activities
across the landscape vary considerably (Fig. 6).

4, Discussion

In the present study, a new spatially explicit approach
has been developed for the evaluation of forest manage-
ment scenarios to maximize utility value based on
seven ES. This approach was designed especially for
our study in the Belgrad Forest, Tiirkiye, where the
functional planning approach began in 2008, yet the
design of the model is novel and potentially applicable
in other forested areas of the world. In addition to the
assessment of ESs, the characteristic of this approach is
that it can assist in building the tactical plan for a land-
scape while ensuring that long-term strategic issues are
acknowledged. The planning process may be able to
improve ecosystem management by providing a set of
optimal solutions to guide forest managers using the
problem formulation we described. While the acknowl-
edgement of ecosystem service values is relatively
simple compared to elegant works that provide more
detailed analyses, simplications of functional relation-
ships between forest management activities and out-
comes of interest in forest planning are sometimes nec-
essary when the science is still developing. The
progression of work related to the incorporation of
wildfire effects into forest harvest scheduling is a good
example (Bettinger 2010). Nonetheless, with the ap-
proach we described, one can study the changes that
are expected to occur with respect to the ES of impor-
tance in any study area. Furthermore, one can design
various scenarios for multi-objective forest manage-
ment, analyze alternative scenarios, and obtain high
quality forest management solutions that can be visual-
ized in a variety of ways to inform decision makers.

In this study, the values of seven ES were consid-
ered, and therefore the future values of ES were inte-
grated into the forest management planning process
with quantitative methods to achieve sustainable for-
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est management initiatives (Baskent et al. 2008). Opti-
mization studies on forest management are often fo-
cused on maximizing the net present value (NPV) or
some other economic or commodity production goal
(Robinson et al. 2016). However, this study aimed to
maximize future resource utility, placing financial ob-
jectives as secondary to the combined future value of
ES. While early models often used simplified relation-
ships, recent literature (e.g., Baskent and Balci 2024)
shows a clear trend towards more complex, flexible,
and globally relevant models. The inclusion of multi-
ple metrics into the assessment of utility thus requires
additional, robust ways to assess current and future
values of those metrics. Further, a functional relation-
ship between the management decisions (thinnings,
final harvests, doing nothing) and the outcomes or
levels of these metrics needs to be clear.

In general, our results show that, when there are
relatively few constraints (Scenario 1), a wide fluctua-
tion of scheduled harvest levels may occur across the
time periods of the time horizon for this forested land-
scape. This can be a very undesirable outcome in terms
of forest management, yet it is based on the current
condition of the forest and assumptions about future
growth. Similar problems may be encountered by
other forests around the world. Scenario 3 was de-
signed to be limited only by the constraint where the
future value of ES needed to increase in each period.
However, in Scenario 3 we have achieved results al-
most comparable to Scenario 1. Consequently, the
constraint of increasing the future value of ES in each
period does not affect the model outcomes very much.
For example, if treatment schedule 23 is selected,
which implies a 20% thinning in each period, both the
highest value of ES and the utility value of the objec-
tive function should increase.

Our results show that forest management mainly
directed at nature conservation (Scenario 2) decreases
the scheduled harvest level by about 94% compared
to Scenario 1. In addition, Scenario 4 also represents a
nature conversation management approach. Despite
similar trends of nature conservation for Scenario 2 in
comparison with Scenario 4, we showed that the
scheduled harvest level of Scenario 4 increased by
about 14% from Scenario 2. A forest management ap-
proach mainly geared towards increasingly maximiz-
ing the future value of ES from each period (Scenario
3) interestingly almost equals the scheduled harvest
level of Scenario 1. Scenario 5 was designed according
to the final harvest level limits estimated by the GDF
for this landscape. The total scheduled thinning har-
vest was not taken into consideration since the total
harvest (thinning and final felling) will be 370,000 m’
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schedules)

in the 20-year period. Consequently, this amount will
be about 1,850,000 m® over a 100-year planning hori-
zon. However, since this amount is too large even for
Scenario 1, where all the constraints have been loos-
ened, we have only considered the final harvest level

constraint. If scenarios are determined according to
harvest levels estimated by the GDF, this scenario will
be far from the nature conservation management ap-
proach. In the next national planning period, the GDF
might examine reducing the total scheduled harvest
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levels to amounts lower than previous plans suggest,
to potentially conserve the future value of ES. By ap-
plying this integrated optimization approach, manag-
ers can better evaluate trade-offs among multiple ES
and adjust management strategies to enhance long-
term ecosystem resilience and value, fostering sustain-
able forest management aligned with both ecological
and socio-economic objectives.

While our approach offers a systematic method for
integrating multiple ES into forest planning, it should
be noted that forest management contexts vary wide-
ly. This framework provides a flexible foundation that
managers can adapt to specific local conditions, stake-
holder priorities, and governance structures. While
Bottalico et al. (2016) show that harvest intensity and
frequency may affect the attainment of several ES, in
our study the harvest intensity only affected the car-
bon ES. This is because scheduled harvest volume is
only used as a variable when estimating the carbon ES
value, and not when assessing the other ES values.
Consequently, as the value of the carbon ES changed,
only the scheduled harvested volume changed notice-
ably, according to scenarios and treatment schedules.
While treatment schedules also affect management-
dependent variables such as canopy closure or age,
which influence other ES, these variables were not
dynamically linked to those ES in our model, and
therefore their values remained largely constant.
Therefore, if the value of a forest ES will be used as a
parameter for strategic forest planning, the volume of
carbon sequestered should be included as a criterion
in the functional relationships that connect manage-
ment activities to the attainment of ES values.

Recreation, water regulation, and water supply are
all associated with forest canopy cover. In our analysis,
it was assumed that a harvested stand would imme-
diately be restocked, and that it will have a closed
canopy after 10 years, which may be a shortcoming of
our analyses. Hence the assumptions made in this
study extend their impact over other characteristics of
the forest, as modeled. This reinforces the need for
acquiring or developing strong, valid assumptions
regarding forest dynamics. Consequently, if future
projections of forest change are uncertain and beyond
the interest of analysts and policymakers, a shorter
time horizon should be adopted in ES management
modeling studies.

In our model, the inclusion of the land cover vari-
able aimed to capture broader forest dynamics, includ-
ing tree species composition and species mixtures,
which extend beyond age dependency. While some
land cover classes may be partially influenced by
stand age, this variable was not solely defined by age
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but also by spatial and structural characteristics rele-
vant to ecosystem service evaluation. Additionally,
stand age was incorporated as a separate variable to
address growth dynamics and treatment responses
specific to forest management planning. This dual
consideration ensures that the model captures both
general forest attributes and management-specific
processes, providing a more robust framework for
evaluating ecosystem services. Future studies could
enhance this framework by incorporating advanced
methodologies to refine these relationships and better
represent the multifaceted nature of forest ecosystems.

Stopping wood production to protect the carbon
pool does not mean that you guarantee protection
(Hoover and Stout 2007, Moreno-Fernandez et al.
2015, Paradis et al. 2019). For example, as a result of
the aging of forests without managing may increase
large-scale different abiotic and biotic damage, thus
forest carbon stocks may decrease (Seidl et al. 2017).
However, others have shown (Kucuker 2019) that,
when total harvest intensity decreases, carbon seques-
tration can increase. These conclusions may be forest-
specific, as we have shown that carbon sequestration
in the forest can be increased or decreased with vari-
ous silvicultural treatments. Therefore, it cannot be
said that in all cases the carbon capture potential can
be increased when forests are not managed. The re-
sults regarding the increase or decrease of carbon cap-
ture potential when a forest is managed can only be
revealed by exploring alternative planning strategies.
As Cook-Patton et al. (2020) state, additional studies
are needed to characterize the climate change mitiga-
tion potential of alternative management strategies.

5. Conclusions

This study employed the future value of ES that a for-
est could provide to help evaluate several different
management scenarios. Ecosystem service values
were estimated using fixed parameters and manage-
ment dependent variables. Fifty potential treatment
schedules were designed for each stand. This informa-
tion was used in an optimization process that maxi-
mized the utility value of ES, using weights related to
SDG, over a 100-year planning horizon. The results
show that our approach can be used to produce the
optimal future ES values for a forested landscape
within a long-term forest planning structure. How-
ever, among the management dependent variables,
standing forest volume and growth increment direct-
ly affect carbon values, while forest age, land use, and
canopy closure affect the value of other ES.
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Among the ES modeled, carbon showed the high-
est fluctuations due to its direct link with scheduled
harvest volume and growth increment. Other ES re-
mained relatively stable because their values were
derived primarily from fixed parameters and were not
dynamically linked to changing variables such as age
or canopy. While forest age can influence certain ES,
it was not functionally connected to those ES in the
model due to the lack of empirical data or established
relationships for such linkages. Future studies could
explore how age-related dynamics might affect addi-
tional ES to enhance model sensitivity.

By integrating ES into a mathematical planning
process, this process can be described as an extended
harvest scheduling problem. In this endeavor, we
found that the development of suitability value-effec-
tive management strategies for securing forest ES val-
ues in future stand developments was possible while
also achieving other goals and while also being con-
strained by operational considerations. This integrat-
ed optimization framework supports forest managers
and policymakers in aligning ecological objectives
with societal priorities, fostering sustainable strategies
for resilient forest landscapes. While our study started
from a local perspective, the flexibility of the proposed
optimization framework holds promise for broader
applications. By adjusting input parameters and crite-
ria, managers worldwide could apply this approach
to their unique ecological and socio-economic con-
texts. Furthermore, by incrementally refining ES valu-
ation methods and incorporating emerging insights
from global research, this approach can evolve to sup-
port more diverse forest management contexts. The
new work presented in this study contributes to ongo-
ing debates on general relationships between com-
modity production benefits and the future value of ES
associated with forest management scenarios. This
study also enables decision-makers to better guide for-
est management strategies in the future.
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