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Abstract: The Special Issue “Decision Support to Address Multiple Ecosystem Services in Forest
Management Planning” includes nine research papers, two review papers, and a white paper
presenting highlights of focused research initiatives. The papers provide a comprehensive framework
for the analysis and review of advanced Decision Support Systems (DSS), which are multi-criteria
decision approaches. Their emphasis is on how these methods and tools may contribute to address
the multi-functionality of forests, to support scenario and trade-off analysis of ecosystem services,
and to represent interests and behavior of various stakeholders. In the context of forest ecosystem
management, a need has arisen to consider various dimensions in the design of the planning process.
This calls for the development of appropriate mixes of decision making tools and methods and for
its testing with the support of case studies. In this Special Issue, comments on, and implications
of, the improvement of innovative decision methods and systems to address the provision of a
wide range of ecosystem services and support scenario analysis with the active involvement of
stakeholders are presented.

Keywords: ecosystem services; modeling; multiple-criteria methods; decision support system;
forest management planning

1. Introduction

Increasing demand for various ecosystem services (e.g., conservation of biodiversity,
recreation and provision of timber among others), while addressing the impacts of man-
agement interventions and natural disturbances on future forest conditions and ecosystem
services (ES), poses a major challenge in forest management planning. The challenge can
be met by developing a conceptual framework for ecosystem management that may be
implemented by information systems to help analyze alternative management options
and support a structured participation for responsible action. The framework reflects the
dimensions of the forest management planning problem as well as the relationships of
components of the planning process. An effective information system provides the neces-
sary combination of tools and techniques to formulate complex decision problems, and it
takes advantage of the integrated functionality of spatial database management systems,
simulation tools, and management science techniques to forecast the consequences of vari-
ous courses of actions on forest dynamics and to provide different reporting capabilities for
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visualization and documentation of management decisions. Case studies provide opportu-
nities to test the validity of the theoretical foresight and conceptual design of management
interventions and to assess the results and implications of various management options,
including climate change effects through trade-off or scenario analysis with stakeholder
participation. The literature reports several innovative decision support methods and
tools targeting the increase of the efficiency and the effectiveness of forest management
planning [1–12].

The contribution of the Special Issue to the state-of-the-art lies in its examination
of various frameworks, models, tools, and techniques and on the demonstration of their
functionality in several contexts and case studies. The Special Issue covers various scientific
endeavors and achievements that may be summarized and structured around three main
sections: (i) framework and multifunctionality of forests, (ii) multi-criteria methods and
decision support systems, and (iii) case studies with simulation and scenario analysis.
In the first section, the conceptual development of a framework for forest ecosystem man-
agement is highlighted. The benefits of species mixing for achieving desired levels and
combinations of ecosystem service provision, productivity, diversity, and groundwater
recharge are also addressed to help improve current understanding of forest dynamics
under both natural disturbances and management interventions. In the second section,
the recent developments in decision support approaches in forest management, target-
ing the provision of ecosystem services are reported. In the third section, the integration of
non-wood forest products (NWFP) in forest management is explored providing new scien-
tific contributions to the management of ecosystems. This section also explores approaches
to address concerns about the provision of ecosystem services under climate change and
forest owner behavior scenarios with the support of simulation, and multi-criteria decision
analysis (MCDA).

2. Framework and Multifunctionality of Forests

Moving rapidly from traditional wood-based forest management concepts towards
holistic consideration of multiple ecosystem services has steadily gained prominence in for-
est management over the past 20 years. However, few attempts have been made to design
a framework for forest management that comprehensively accounts for characterizing and
addressing ecosystem services in forest management planning. Baskent [13] has developed
a conceptual framework for characterizing ecosystem services for their integration into
the multiple-use forest management planning process. He reviews various classification
systems and summarized the available quantification methods of prominent ecosystem
services. He highlights that identifying and quantifying ecosystem services in a common
platform with direct or proxy measures before integrating them into a decision making
environment is an important prerequisite to initiate the design of a multiple-use forest
management plan. Similarly, Baskent et al. [12] postulates a design for conceptualizing
key dimensions such as decision making context, compositional context, temporal con-
text, spatial scale, and spatial context of the framework. They emphasize the need for a
multi-level perspective; appropriate spatial resolution, structured involvement of key stake-
holders; harmonization of hierarchical planning processes; the appropriate methods and
tools for encapsulating the ecological, economic, and social complexity of forest ecosystem
management to provide an efficient plan; information about tradeoffs between ecosystem
services; and the sensitivity of the plan to uncertain parameters (e.g., prices, climate change).
Benz et al. [14] analyze the views and experiences of scientists and forest practitioners in
Germany and China in terms of the multi-faceted nature of forest management and the
tools used to analyze various aspects of multifunctionality, including economic evalua-
tions of ES, afforestation, and restoration to address climate change, and participation of
local people for poverty reduction. They have highlighted that multi-functionality is a
central goal of sustainable forest management under dynamic social and environmental
conditions; biodiversity conservation and climate change are the bases, and an integral
part of, the overall planning process; multiple actor-based multi-criteria scenario analysis
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is a requirement for knowledge-based planning; and new silvicultural tools are needed to
balance ecological, economic, and social expectations adapted to local conditions.

Schwaiger et al. [15] propose an approach to regulate proportions of species mix-
tures for achieving desired levels and combinations of ES provision such as productivity,
diversity, and groundwater recharge using a simulation approach with species-specific
development of height, diameter, and crown projection area. Interestingly, they have
demonstrated that a constant 50% basal area share of beech provided the most balanced
supply of ES. Their methodological approach to regulate mixture rate provides a practical
solution to the practitioners, and is suitable for identifying trade-offs between various
ecosystem services in multifunctional forest management by bridging the gap between
science and practice.

Aside from characterization of ES, valuation of ES has also gained prominence in forest
management planning because many forest ES are public goods or positive externalities.
According to Müller et al. [16], the valuation of forest ES can provide important information
for decision making in forest management planning, setting up policies and developing
mechanisms for financial incentives. Based on a literature review, they have explored
opportunities to develop models for economic valuation of forest ES. They indicate that
existing models or estimates and the databases are insufficient, calling for the need to
specify in detail the background conditions of case studies and indicators used for valuation.
In any case, ES should be an integral part of forest management and planning, and their
financial values should be considered in decision-making processes because the economic
valuation of forest ES can help make their value visible and raise awareness in society [16].

3. Multi-Criteria Methods and Decision Support Systems

DSS are indispensable tools in preparing management plans under various scenarios
to achieve management objectives subject to various constraints and come up with an
optimal or near optimal solution. They have been regularly improved by accommodating
new modeling features such as accounting for spatial features, combinatorial optimization
techniques, web-based scenario analysis with Pareto frontiers, integration of multiple
ecosystem services with their financial valuations, and additional display and mapping
capabilities regarding the review of the state-of-art of DSS. Recently, a number of decision
making techniques have been combined to help stakeholders select the best set of ecosys-
tem services (wood production, biodiversity, and carbon sequestration). For example,
Marto et al. [7] have hybridized knowledge-based logic-modeling approaches encapsu-
lated in ecosystem management decision support (EMDS) and a multiple-criteria Pareto
frontier method with SADfLOR DSS to realize the potential of the combination of the deci-
sion approaches to support collaborative forest ecosystem management planning. EMDS
is used to choose the best non-dominated solution among a set of alternatives generated
by the Pareto frontier tool in SADfLOR to strengthen the collaborative planning process,
and to support the negotiation needed to reach a consensus solution.

A freeware web-based system (wSADfLOR) is presented by Marto el al. [17] to support
trade-off analyses between ecosystem services in the form of decision maps and partic-
ipatory and collaborative forest management planning so that users in different remote
locations can negotiate a set of ES for the plan area. They show that the web-based features
of the DSS provide effective access for stakeholders to information about the area and to
decision support tools that may contribute to addressing complex multi-objective contexts
with transparent management planning suitable for use with multiple decision makers.

An interesting study conducted by Chen et al. [18] used machine learning and an
expert system to automatically extract rules for selecting favorable site conditions for
afforestation. The consistency of rules and site index was found to be near 70. They provide
the theoretical basis and technical support for afforestation planning and design.

Furthermore, Merganic et al. [19] analyzed the impact of four forest management
scenarios (clear-cutting, shelter-wood, selection cutting, and no-cutting) on wind stability,
timber production, and biodiversity in stands as management criteria/objectives. They inte-
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grated stand level simulation (SIBYLA) with a MCDA tool (OPTIMUS) to construct Pareto
frontiers for assessing compromises in forest management. They indicated substantial
trade-offs among the three criteria and found that the decision space is very sensitive to
the weighting system.

4. Case Studies with Simulation and Scenario Analysis

Simulation systems have been widely used to project the future provision of goods
and services and analyze the effect of changing forest policies or even the impacts of climate
change. Lodin et al. [20] investigated the extent of increasing wood demands under defined
climate change mitigation scenarios with different management intensities in Sweden
using the Heureka Planwise DSS system. They showed that the achievement of traditional
forest management objectives is truly limited to the projected climate change scenarios.
Specifically, future wood demand could not be met with current management practices
under ambitious mitigation scenario at the intensive extreme of current management
approaches, calling for the redesign of current management policies and strategies to
address climate change effects.

Mozgeris et al. [21] investigated climate change and its impacts on the sustainability of
forest management (forest growth, global timber demands and prices) in a Lithuanian for-
est ecosystem with three climate change scenarios using an in-house forest simulator called
Kupolis. Because the case study area is in the Northern hemisphere, a warmer climate
change effect is found to increase tree size, stand productivity, and growing stock, resulting
in higher profits yet negative dynamics of biodiversity (decrease broadleaf cover and tree
species diversity). Interestingly, they confirmed the geographic context and spatial scale to
be important in dealing with climate change effects, which resulted in spatially clustered
patterns of management options. Specifically, the amount of harvested timber is concen-
trated in the regions with dominating coniferous species, while the same areas are exposed
to stronger negative impacts on dynamics of biodiversity-related attributes. They also
found that decisions on the felling rate due to climate change over time vary according
to local ecological conditions and policy requirement. They finally suggest developing
different forest management strategies for regions with different forest characteristics.

Nyongesa and Vacik [22] developed a methodological approach using the MCDA
approach of the Analytical Hierarchy Process (AHP) with a set of objectives and criteria
to address the complexity of the decision problem in a Forest reserve and National Park
in Kenya. They evaluated seven management strategies focusing on climate change miti-
gation, protection of water catchments, education and research, stakeholder involvement,
biodiversity conservation, timber production, and community interests, and selected the
best management strategy to reduce fire danger and increase the social benefits based on
the preferences of all stakeholder groups. They indicated that MCDA is an appropriate and
useful approach for capturing diverse views, objectives, and perspectives of different stake-
holders, and their approach minimized information gaps between decision-makers, both at
local and national levels, thus facilitating effective participation by diverse professionals,
experts, and interest groups.

Kurttila et al. [23] used MCDA to analyze the synergies and trade-offs between
timber production and different NWFPs, such as different berries, mushrooms, and tree-
based products, by generating a large number of Pareto optimal management plans with
a multi-objective optimization tool. They found that the maximum yields of NWFPs
are achieved with rather high cutting rates; severe trade-offs were only found at near-
maximal production levels, and the joint-production of NWFPs and timber was found to
be more profitable.

5. Discussion and Conclusions

Support for improved forest ecosystem management for multiple ecosystem services
continues to gain prominence in forest research, and there is a need to design a more holistic
framework that may help address the complexity of ecosystem management planning
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processes, namely, its spatial and temporal scales, the range or ecosystem services and
objectives, as well as its participatory dimension. The critical role of information systems
and DSS, consisting of a mix of decision making tools and methods, is still increasing as an
improved approach to determining the best combination of multiple ecosystem services,
helping evaluate appropriate numbers of management scenarios/strategies, and allowing
actors to actively participate in the decision making process in multifunctional forestry.
The various contexts and dimensions of forest planning, considering scale, resolution,
and level of information/data, require a diverse assortment of decision making techniques
to arrive at appropriate solutions for a variety of contexts. There is still a need to charac-
terize ecosystem services comprehensively and practically in a form that better integrates
with forest management planning. Ecosystem management requires dynamic projection of
growth and development of forest ecosystems under changing climate, price, and environ-
mental conditions, with risk and uncertainties considered. Ultimately, accurate decision
making requires extensive coverage of the decision space, understanding forest dynamics
(cause–effect relationships), and wider participation/discussion of informed stakeholders.

This Special Issue highlights that the development of a sound/comprehensive deci-
sion making framework for forest ecosystem management provides the theoretical basis
for realizing multifunctionality through a combination of data acquisition and manage-
ment technologies, decision making tools and methods, and trade-off analysis capability
with the structural participation of stakeholders and actors. Demands for the improved
development and application of versatile DSS are continuing challenges for both scientists
and practitioners to better translate theoretical underpinnings to reality on the ground.
The papers show that versatile and practical DSS are needed that include multi-criteria
decision analysis approaches that support a multi-functional management of the forests
considering the wide variety of ecosystem services provided, namely, NWFP. This is in
concordance with the findings in the literature that reports the importance of NWFP such
as berries, fruits, medicinal herbs, and mushrooms as provisioning ecosystem services [24]
and the development of yield models for different NWFPs and their encapsulation in forest
simulators [25,26]. Utilizing scenario and trade-off analysis in the provision of sometimes
contrasting ecosystem services addressing the interests of various stakeholder groups is
becoming more important and necessary, perhaps more than ever before. They present
some emerging challenges in forest management planning, such as accommodating climate
change impacts in forest planning, machine learning for automatic extraction of rules,
web-based DSS tools supporting wider and distant involvement of users in decision mak-
ing processes, multi-criteria analysis to compare multiple ES, integration of NWFP into
planning, and valuation of ES for better decision making in forest management planning.
Furthermore, it has been stated that multi-functionality is the goal of sustainable forest
management under dynamic social and environmental conditions, regulation of species
mixture proportions is critical for achieving desired levels, and combinations of ecosystem
service and structured participation and policy framework are still the emerging challenges
in decision making process.

A number of DSS-related conferences (Vienna 2003, Edinburgh 2005, Lisbon 2009,
Umea 2013, Prague 2018) have demonstrated various aspects of decision support in for-
est management applications in a wider context [3,27,28]. In fact, development of DSS
frameworks that simultaneously model the three dimensions of forest management prob-
lem (knowledge management; adaptive management; and multi-lateral goals, criteria,
and stakeholders) with scenario analysis is challenging [10]. The system strongly relies on
(i) knowledge management (KM) supported by information technology to deal with the
huge amount of data that describes the territory, silvicultural activities, and production
over time as proposed by McDill [29]; and (ii) adaptive management monitoring processes
that integrate and allow for the comparison of the information used in supporting a deci-
sion with important outcomes. In fact, the potential conflicts that arise between the desire
for conservation and utilization of natural resources make the triple strategy essential.
This Special Issue is in line with the general scope and challenges identified in the last
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decades. The need to focus on targeted audiences for developing successful DSS appli-
cations forces scientists, decision analysts, and IT specialist to tailor the decision support
tools to increasing and widening user needs [8,10,17]. A “toolbox” approach, which allows
one to combine various decision support tools that support different phases of the decision
making process, will become therefore more important in the future [30]. The exchange
of experiences and lessons learned from the development and application of such tools
is a relevant aspect in forest science domain. The working groups of IUFRO [31,32] and
the Community of Practice of Forest Management Decision Support Systems [33] have a
well-established user community, with members from research, public bodies, business,
and non-governmental organizations. The reader is welcome to contribute to the continua-
tion of the network activities in connecting and mobilizing developers and users of DSS to
support the planning and sustainable use of forest resources in a changing world.
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