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Abstract

Aim of study: Sustainable management of forest ecosystems requires comprehensive coverage of data to reflect both
the historical legacy and the future development of forests. This study focuses on analyzing the spatio-temporal
dynamics of forests over the past 43 years to help better forecast the future development of forest under various
management strategies.

Area of study: The area is situated in Karaisali district of Adana city in the southeastern corner of Turkey.

Material and methods: The historical pattern from 1969 to 2012 was assessed with digital forest cover type maps,
produced with high resolution aerial photo interpretation using Geographic Information Systems (GIS). The forest
development over the next 120 years was forecasted using ecosystem-based multiple use forest management model
(ETCAP) to understand the cause-effect relationships under various management strategies.

Main results: The result showed that over the past 43 years while total forest areas decreased about 1,194 ha (4%),
the productive forest areas increased about 5,397 ha (18%) with a decrease of degraded forest (5,824 ha, 20%) and
increase of maquis areas (2,212 ha, 7%).The forecast of forest development under traditional management strategy
resulted in an unsustainable forest due to broken initial age class structure, yet generated more total harvest (11%)
due to 88% relaxing of even timber flow constraint. While more volume could be harvested under traditional
management conditions, the sustainability of future forest is significantly jeopardized.

Research highlights: This result trongly implies that it is essential adopting modeling techniques to understand

forest dynamics and forecast the future development comprehensively.
Key words: forest management; simulation; optimization; forest dynamics; land use change.

Introduction

Forest management plans are prepared based on
geographic and attribute data available over the past
and the future. In one hand, the historical legacy of the
forest structure under interventions or natural distur-
bances is important in developing appropriate manage-
ment interventions and understanding the real effects
of interventions on current forest. On the other hand,
the projected forest development into the future under
various management strategies is needed to understand
forest dynamics and justify current implementation of
management actions towards sustainability. In both
cases, the forest cover type maps and their associated
attribute data in the past and present are vital to prepare
a comprehensive forest management plans (Ribeiro et
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al., 2004; Bagkent and Kadiogullari, 2007; Bagkent and
Mumcu-Kucuker, 2010).

Forestry in a broadest sense involves the art, science
and business of managing the forest landscape as a
whole for human benefit. As the demand for wood fibre
outgrew the growing stock obtainable by exploiting the
forest resources, new approaches were developed. The
earliest form of forestry is characterized as custodial,
focusing on protecting the forest from overexploitation
and fire usually followed by sustained yield timber
production. More recently, however, explicit efforts
were made to manage forest for a broad array of re-
sources such as multiple-use forestry. Same forests con-
tinue to be managed extensively, with little investment
other than protection. “Many believe we have entered
an era of ecological forestry, in which maintenance of
ecological integrity will be paramount” (Seymour and
Hunter, 1999). As such, forestry has come to point of
ecosystem management for integrating ecological,
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economic and socio-cultural values of forests ecosystems
with various decision making tools (Borges and Ho-
ganson, 1999; Davis et al., 2005; Bagkent et al., 2008a).

Forest management planning in various jurisdictions
such as in Turkey has gone through such evolution pro-
cess. Management interventions since 1960s have
mainly focused on timber production that created
various forest compositions and configurations. In
addition to the natural disturbances, sporadic illicit
cutting and social pressure due to poor welfare of the
rural areas caused the forest covers to deteriorate (Bas-
kent and Kadiogullari, 2007). The changes in land
use/land cover have important consequences for forest
resources through their impacts on soil and water quali-
ty, biodiversity and climate systems (Houghton, 1994;
Turner et al., 1995). Changes in landscape in the form
of habitat fragmentation and forest loss, as an indica-
tion of biodiversity, have been recognized as a major
threat to ecosystems worldwide (Armenteras et al.,
2003; Laurance, 1999; Noss, 2001) and a challenge in
ecosystem based forest management planning. The
ecological consequences of fragmentation in landscape
structure may differ depending on the spatial configu-
ration imposed on a landscape over time (Ite and
Adams, 1998; Armenteras ef al., 2003; Karahalil et al.,
2009b). Therefore, understanding the spatiotemporal
dynamics between landscape structure and the ecolo-
gical processes is required by forest managers to
provide a basis for making effective land use decisions
in preparing management plans (Turner et al., 2001).

Decision making tools have been developed to
analyze the effects of various management strategies
on the future forest structure and the potential produc-
tion of forest values as they are integrated into forest
management plans (Baskent et al., 2008b; Keles et al.,
2009a). The performance of a model in producing a
forest management plan is measured by a number of
indicators such as age class distribution, basal area,
growing stock and amount of forest values over time
(Kochli and Brang, 2005; Keles et al., 2007; Bagkent
and Keleg, 2009). The quality of model output is in-
fluenced by forest ecosystem characteristics, initial
forest conditions, modeling tools used and the planning
parameters; various combinations of them make up a
management strategy. Here, the forecast of forest deve-
lopment over time and space based on a specific mana-
gement strategy has been a great challenge for the
sustainable management of forest ecosystems.

Some studies have developed forest management
models to incorporate some forest values such as ame-

nity, recreation, soil protection, carbon sequestration
and biodiversity into forest management plans (Kangas
and Kuusipalo, 1993; Pukkala et al., 1995; Hof and
Bevers, 2000; Bertomeu and Romero, 2001; Krcmar
et al., 2001; Diaz-Balteiro and Romero, 2003; Keles
et al., 2007; Baskent et al., 2008a; Karahalil ef al.,
2009a). However, these studies have used current forest
inventory data and generally focused on the broad level
characterization of forest ecosystems such as age class
structure or stand types to predict the interactions among
forest ecosystem values. Most of the previous initiati-
ves either focused on the evaluation of historical pattern
of landscape structure or the projection of future forest
developments. None or very limited number of research
initiatives have used both simulation and optimization
models to present the effects of forest management
strategies on forest ecosystem structure and functions
such as carbon sequestration and water production
based on historical and current spatial data.

This study, first of all, examines the historical
pattern of forest ecosystems with ArcGIS Geographic
Information System (GIS). The future forest develop-
ment is forecasted using both simulation and optimiza-
tion approaches based on the forest inventory and the
historical data. ETC AP forest management models of
ETCAPSimiilasyon and ETCAPOptimization develo-
ped by (Bagkent et al., 2008b; Keles, 2008; Keles et
al., 2009b) are used to assist the preparation of forest
management plans under various planning strategies.
Thus, the research focuses on characterizing the his-
torical pattern of forest resources and examining the
effects of three forest management strategies on future
forest development. The secondary objective of the
research is to predict the long-term effects of these po-
licies on some forest ecosystem values such as timber
production, carbon sequestration, and water production
as forest performance indicators.

Material and methods

Case study area

The study area of Akarca Forest Planning Unit, a ty-
pical Eastern Mediterranean area, is located within the
latitude of 37° 13007, 37° 29° 00” N and longitude of
35°12°007,35°20°00” E in Turkey. The area is situa-
ted in Karaisali district of Adana city in the southeas-
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Figure 1. The initial age class structure.

tern corner of Turkey. The area consists of primarily
high mountain forests and scattered settlements such
as villages and upland shelter lands. The altitude varies
between 400 m and 2,000 m with an average slope of
40%. Naturally, the region is covered by a mix of, Pinus
brutia Ten. (Red pine), Pinus nigra L. (Black pine),
Pinus pinea L. (Stone pine), Abies cilicica Carr. (Cili-
cian fir), Cedrus libani A. Rich (Toros cedar), Quercus
spp. (Oak), Juniperous spp. (Juniper) and thickets. The
study area covers an area of 28,560 ha, of which 20,333 ha
is of forest ecosystems. The total number of stands in
forested areas is 3,156 with an average size of 6.44 ha.
Forest stand types in the study area are grouped accor-
ding to the mixture of tree species, development stage,
crown closure and age class (Fig. 1).

The ETCAP model description

A general purpose forest management planning mo-
del ETCAP (Baskent et al., 2008b) with different sub
models (ETCAPSimulation and ETCAPOptimization)
has been developed to prepare forest management
plans. ETCAPSimiilasyon is a forest-level decision
support tool with traditional simulation technique
based on stand based information for assessing the
effects of forest management practices on forest dy-
namics and functions. ETCAPOptimization is a linear
programming (LP) based optimization model to solve
complex problems involving various management
objectives and constraints. The model is developed accor-
ding to Model I approach (Johnson and Scheurman,
1977) where decision variables are in hectares in a
management unit and the identity of each stand is
maintained through the planning horizon. The mathe-

matical representation of the model is as follows;
Objective:

ns np
Max Y > a,x,;=ETA [1]
i—17-1
Constraints:
(1, pH, —H) =0 and (0, pH,.,—H,)<0 [2]

T
> HzH [3]
=1
T
> CB=CB’ [4]
=1
T
> WF=zWF* [5]
=1
Accounting Variables:
CB=[y(V'=V"'+H)-CE] [6]
WF,=W,— W, [71

where, objective function ETA is the total production
of timber (ns, number of stands, np, number of periods,
xij area of stand i cut at period j, aij yield of stand i cut
at period j) over the planning horizon in equation [1].
Equation [2] from constraints imposes an even flow of
timber volume with p% variation between successive
periods (t, t+1). Equations [3], [4] and [5] indicate
harvest volume (H"), carbon sequestration (CB*) and
water flow (WF") targets over the planning horizon,
respectively. Equations [6] and [7] are accounting
variables used to chase the amount and dynamics of
carbon and water stocks. Equation [6] measures the
sequestration of net carbon in the generic " period,
expressing the difference of timber volume between
consecutive periods (the growth of the timber biomass)
plus the harvest minus the carbon emissions (CE,) for
each period. Equation [7] refers to water flow (WF,,
the differences in water production-W, between conse-
cutive periods) in period z.

Developing a sound management strategy is ne-
cessary before forecasting forest development over
time. A management strategy accommodates manage-
ment objectives, specific constraints and planning pa-
rameters as part of management policy (Baskent and
Jordan, 2002). Each model forecasts forest develop-
ment over time in response to a management strategy.
In ETCAPSimulation model, for example, a mana-
gement strategy consists of a set of rules for queuing
stands for harvest, various limits to constraint actions,
and a set of levels at which these activities will be
carried out in a typical simulation. Forest response to
management actions, as controlled by queuing rules,
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is forecast on an iteration-by-iteration basis. When har-
vesting is completed in a period, the forest is simulated
by aging all the stands one period ahead. Future stands
are assigned to the first age class and follow the deve-
lopment pattern of empirical yield tables. Unharvested
stands are assumed to follow their predecessor yield
curve after breakup and reassigned to the first age class.
The harvesting process is repeated until the requested
time horizon is reached or the available periodic wood
supply is completed. In ETCAPOptimization model, a
management strategy is composed of objectives and
constraints and the model structure and process follow
typical LP procedure with Model I approach.

Developing and assigning prescriptions to each fo-
rest unit is challenging and paramount in a model. The
basic spatial unit represented in both models is a user
defined analysis area. Each analysis area is identified
by each stand or a combination of stands, defined ba-
sed on forest conditions such as sites, species composi-
tions, crown closure and development stages. One or
more silvicultural regimes can be prescribed to an ana-
lysis area. Silvicultural regimes for each analysis area
are designed by a user based on historical pattern of
forest, current inventory data, stand-level defined fo-
rest treatment assumptions.

Projection of growth and yield, carbon
sequestration and water production

A built-in stand simulation model was developed to
project the growth of each existing stand as there was
no growth and yield model for the species of the case
study area. The growth model is a time based, non-sto-
chastic empirical model for simulating the growth of
an even aged stand over time. The stand simulation
model assumes that the growth of a particular stand
will follow the similar definable and predictable deve-
lopment pattern of the empirical yield table. The
current growth of each stand was compiled based on
timber cruising data. The future growth of each stand
is projected by relating the current growth rate of each
stand with the growth rate of the same stand in the yield
table. The regenerated stands follow the trends in the
empirical yield table. Therefore, the models provide
all stand level information related to each stand, such
as basal area, growing stock, increment, and number
of tree associated parameters of a stand.

Carbon sequestration in successive periods was de-
termined by accumulating the amount of timber bio-

mass of the forests and subtracting the biomass remo-
ved from the ecosystem by treatments such as final
felling and thinning, and other actions. The following
equation measuring the net carbon sequestration (Equa-
tion [8]) in the 7 period was used in this study (Diaz-
Balteiro and Romero, 2003).

CSi=ly(V'=V"'+H)-CE] (6]

where v is the proportion of carbon contained in timber
biomass, CS, is the amount of carbon sequestration in
period t, CE, is the amount of carbon emission in period
t, H, is the volume harvested in period 7 and V" is the
volume of forest inventory at the end of #4 period.
Timber biomass of the forest and carbon storage for
each stand was estimated using species-specific bio-
mass conversion factors from the literature (Keles and
Baskent, 2007; Baskent ef al., 2008b; Baskent and
Keles, 2009). The carbon emissions from various forest
timber assortments were also taken into consideration
and estimated in this study based on the lifetime of
each wood product for each stand (Keles and Bagkent,
2007; Bagkent et al., 2008b; Baskent and Keles, 2009).
Decomposition rates were estimated by applying the
methodology proposed by Masera et al. (2003).

Cpmr+1 = C’pmtx(1 _am) [9]

where, Cp,, is the carbon stored in (Equation [9]) a
wood product m at time ¢, a,, is the share of the product
that decomposes each year.

Both the quality and quantity of water in forest eco-
systems have been affected by the characteristics of
forest stands such as tree species, crown closure, basal
area, mean diameter, number of stems, standing timber
volume and leaf area index of trees. The amount of wa-
ter production of forest ecosystems was estimated
according to a few water production functions. The
model equation for the water that runs off is adopted
from Yolasigmaz (2004) as followings;

WP=471.181* exp(-0.0273* BA)* 10  [10]

where, WP: annual water production (ton/ha), BA: re-
sidual stand basal area (m?/ha), and e: 2.71828.

Forest management strategies

Three major forest management strategies were
developed to examine forest dynamics over time. These
include traditional planning strategy (TPS), maximum
wood production strategy (MWPS) and area control
strategy (ACS). The traditional planning strategy attempts
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to extend contemporary management decisions imple-
mented in the first planning period, over 120 years into
the future. The strategy attempted to harvest 491,960
m?, decided by traditional management team, in each
period over 120 years. Failing so, the strategy varies
harvest level up to 88% between successive periods.
The maximum wood production strategy tries to sus-
tain as much even harvest flow as possible over 120
years as a long term sustained yield policy. The area
control strategy, however, focused on the sustainability
of regenerated areas over time (Davis et al., 2005).
Specifically, the strategy regenerates equal area of
forest in each period to create an even age class distri-
bution at the end of a rotation period. The expectation
from these strategies is to understand long term forest
dynamics under various conditions and thus help pre-
pare a sound sustainable forest management plans.

In all strategies, the future forest is forecasted over
120 years of planning horizon with 10 years of period
length. The simulation model used the “oldest first”
rule in both harvesting and thinning operation, whereas
optimization model aimed to maximize wood produc-
tion as an overall objective function. Both models
applied commercial thinning to stands starting from
20, 30 and 40 years with a rate varying from 3% to 9%
level of basal area. All forest stands are subject to har-
vesting unless they are stratified in a conservation area.
Minimum rotation/cutting ages for Calabrian pine is
60 years and for fir-cedar-juniperus and oak stands 140
years in timber management areas. However, the mi-
nimum cutting age for Calabrian pine in conservation
areas is set to 120 years. Maximum cutting age, how-
ever, was set to 120 years in managed Calabrian pine,
140 years in conservation Calabrian pine stands and
160 years in, fir-cedar-juniperus and oak stands. These
age limits define the operability window of the stands
and are reference cases as adopted from the Turkish
Forest Management Guidelines.

Results

Changes in forest resources were analyzed using the
area statistics derived from forest cover type maps of
1969 and 2012. According to these maps, the total fo-
rested area decreases from 20,660.55 ha to 19,465.9
ha during a 43 year period, a net decrease of 1,190 ha
(4%) forest areas. In fact, when degraded maguis areas
are classified as degraded forest then total forest areas
do not seem to decrease. However, the productive fo-

rest areas continually increased from 10,462 ha to
15,859 ha over the last 43 years with a net increase of
5,397 ha (50%). Very little changes (less than 0,5%)
in all open areas such as agriculture and settlement
were observed from 1969 to 2012. There was a net
decline of 370 ha in forest opening areas and net
decrease of 1,250 ha in agricultural areas. An apparent
increase of 4,423 ha was detected on the area of Ca-
labrian pine and a slight increase in Juniperous forest
areas.

Under the simulation model, the traditional planning
strategy generated total volume of 7,144,534 m?,
maximum wood production strategy 5,162,373 m? and
area control strategy 4,730,642 m? (Fig. 2). Under the
optimization model, TPS generated total volume of
8,055,640 m*, MWPS 5,637,212 m?® and ACS
5,022,101 m? (Fig. 2). In both models, TPS produced
the highest amount of total timber volume among
others due mainly to 88% flexibility of even flow
constraint and the broken initial age class structure.
The MWPS maintained 430,000 m? harvest level for
each period in simulation and 469,767 m? in optimiza-
tion model. ACS maintained 360,000 m? to 450,000
m? periodic harvest levels in simulation and 288,502
m? to 448,469 m? in optimization, while both strategies
regenerated 1,300 ha in each period to create even age
class distribution.

With regard to the water production, TPS strategy
produced slightly more amount of water than other two
strategies did (Fig. 3) in both models as the latter two
strategies regenerated or planted open areas over time.
Total water productions of TPS, ACS and MWPS at
the end of the planning horizon were 8,393 million
tons, 8,258 million tons, and 8,179 million tons, res-
pectively, in simulation model. In optimization model,
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Figure 2. The change of timber production over 120 years ba-
sed on simulation and optimization models under three mana-
gement strategies. -Sim: simulation, -Opt: optimization.
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Figure 3. The change of water production over 120 years ba-
sed on simulation and optimization models under three mana-
gement strategies. -Sim: simulation. -Opt: optimization.

total water productions of ACS, TPS and MWPS at the
end of the planning horizon were 8,301 million tons,
8,209 million tons, and 8,108 million tons, respecti-
vely. Three strategies under both models produced a
slightly decreasing amount of water over the planning
horizon. As expected, increasing basal area (Fig. 4)
caused less water production during the forecasting of
forest resources over time.

The periodical flow of carbon sequestration in all
strategies was illustrated in Fig. 5. At the end of the
120 years of planning horizon, MWPS strategy se-
questered slightly more carbon (752,552 ton) than ACS
strategy (675,654 ton) and TPS strategy (524,401 ton)
did in simulation model. In optimization model, MWPS
strategy sequestered slightly more carbon (1,227,043
ton) than ACS strategy (971,913 ton) and TPS strategy
(790,247 ton) did. In general, the amount of carbon se-
questration under three management strategies in both
models gradually decreased over time (Fig. 5). There
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Figure 4. The change of basal area over 120 years based on si-
mulation and optimization models under three management stra-
tegies. -Sim: simulation. -Opt: optimization.
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Figure 5. The change of net carbon sequestration over 120 ye-
ars based on simulation and optimization models under three
management strategies. -Sim: simulation. -Opt: optimization).

was a sharp dip in TPS which is possibly caused by the
highest periodical harvest level in the associated period
of both models. Three strategies under both models
produced an apparent decreasing amount of carbon
over the planning horizon. This result could be explai-
ned with the dynamics of growing stock (Fig. 6) and
basal area (steady increase over time) (Fig. 4), an inver-
sely proportional relationship was then observed.

Discussions

Detecting the changes of forest areas over the his-
tory is important to understand cause and affect rela-
tionships in forest regulation. The slight increase of
forest area over the last 43 years is consequential in
forest management. These positive changes are gene-
rally due to the establishment of sustainable forest ma-
nagement initiatives, increase of forest stewardship
and increase of natural and environmental awareness
over the last couple of decades. There may be the
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Figure 6. The change of growing stock over 120 years based on
simulation and optimization models under three management
strategies. -Sim: simulation. -Opt: optimization.
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effects of the immigration of local people from the
rural areas to urban and sub-urban areas leaving the
countryside for natural forestation. Similar studies
have found the positive change of forest areas in Turkey
using both GIS and remote sensing (Bagkent and
Kadiogullari, 2007; Giinli et al., 2009) reflecting the
comparable reasons for the change of forest in the past.
It is, therefore, quite essential to monitor the change
of forest cover before any crisis such as in tropical fo-
rest cases arises (Turner ef al., 2001; Laurance, 1999).

Forecasting future condition of forests based on va-
rious forest management activities is a great challenge
as well. The forest forecasted by ETCAP model based
on traditional management strategy is unsustainable
over 120 years of projection. Specifically, the sustai-
nability of both forest resources and the wood produc-
tion is jeopardized under the contemporary forest
management philosophy in both simulation and opti-
mization techniques. This is due to the fact that the pe-
riodical flow of annual allowable cut (AAC) and the first
period’s AAC were not maintained over the planning
horizon. The traditional management decision is cer-
tainly made without forward looking thinking about
the forest ecosystems.

When both simulation and optimization model
results were compared, optimization through linear
programming technique outperformed as expected
(Johnson and Scheurman, 1977). However, optimiza-
tion models provide divisibility results and not easy to
spatially locate the harvest scheduling results. Al-
though integer or mixed integer programming techni-
ques as exact models create integer solutions to forest
management problems (Nelson and Brodie, 1990;
Constantino et al., 2008), it takes much longer time to
simulate large scale problem settings let aside the spa-
tial control of the management actions (Hof and Bevers,
2000; Baskent and Jordan, 2002). Thus various metheu-
ristic or combinatorial optimization techniques such as simu-
lated annealing, taboo search and genetic algorithms are
employed in forest management planning (Yashimoto
et al., 1994; Baskent and Jordan, 2002; Bettinger et
al., 2007) as they do not guarantee optimal solutions.

Integration of both water production and carbon se-
questration into the forest management plans is not
straightforward (Hoen and Solberg, 1994; Diaz-
Balteiro and Romero, 2003). The functional relation-
ships between the value of water and carbon and the
forest structure has to be quantified to prepare a multi-
ple use forest management plans (Krcmar ez al., 2001).
This study employed empirical models, representing

the relations with the basal area, to measure the per-
formance of a management strategy. However, the mo-
dels do not exactly represent actual production of water
and balance of carbon in a real forest ecosystem, as
basal area is not the only predictor of those forest va-
lues. Further work is definitely needed to develop better
growth and yield models for various forest values to
understand their interactions with various forest mana-
gement strategies (Baskent and Keleg, 2009).

Conclusions

This study characterized the historical structure of
forest ecosystems over the last 43 years with ArcGIS
GIS and forecasted the forest development over 120
years into future using ETCAP forest management
planning model. The historical pattern from 1969 to
2012 was assessed in a typical Eastern Mediterranean
forest ecosystem in Turkey. Both simulation and opti-
mization techniques are used to forecast forest deve-
lopment for understanding the cause-effect relation-
ships under three distinct management strategies. In
this study, a number of performance indicators such as
the total amount of timber production, water produc-
tion and carbon sequestration as part of forest manage-
ment model were used to assess the performance of
each management strategy.

The study indicated that over the past 43 years while
total forest areas decreased about 1,194 ha (4%), the
productive forest areas increased about 5,397 ha (18%)
with a decrease of degraded forest (5,824 ha, 20%) and
increase of maquis areas (2,212 ha, 7%). The forecast
of forest development under current management stra-
tegy resulted in an unsustainable future forest due to
broken initial age class structure, yet generated more
total harvest (11%) over 120 years due to 88% relaxing
of even timber flow constraint. While more total vo-
lume could be harvested under current management
decisions, the sustainability of future forest is signi-
ficantly jeopardized. The study clearly revealed and
concluded that current management decisions are not
appropriate in creating sustainable future forest con-
ditions. The current structure of forest ecosystem and
the result from historical management regulations may
have certain impacts on various timber and non-timber
forest goods and services. The quality and quantity of
all forest goods and services are influenced by forest
characteristics such as stand structure, spatial distribu-
tion, tree species composition, and developmental sta-
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ges as well as management policies. Thus, the result
strongly implies that it is essential to adopt modeling
techniques to comprehensively forecast the future
development and understand forest dynamics under
various management strategies including various poli-
cy constraints and targets before implementation of any
management activities.

The economical evaluation of each management
strategy is missing here, yet could be evaluated to ana-
lyze the combined effect of management strategies on
various forest values and forest structure. As well, the
spatial configuration or lay-out of future forest structu-
re may also be forecasted using combinatorial mode-
ling approach. Finally, a wider range of silvicultural
prescriptions or possible actions could also be develo-
ped to comprehensively analysis the spatio-temporal
dynamics of forest ecosystems over time.
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