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Abstract

:

Sustainability and the optimal provision of the various ecosystem services is an essential task in forest management. In this study, we deal with the optimization of forest tending to achieve the maximal long-term provision of financial incomes from wood at a minimal level of ecological risks for selected small ownership unit. The methods of interactive decision maps and reasonable goals (IDM/RGM) were connected with a modern forest growth simulator to investigate the four-dimensional optimization space and to produce the complete set of Pareto optimal solutions. The four different types of forest owners as potential decision-makers were simulated, and precise management goals in multidimensional target space were defined. Then, the optimal tending system for each forest owner in three stands, differing by the degree of the naturalness of the species composition, was detected. The multi-criteria analysis suggests that predominantly economically oriented forest management still prevails in the Czech and Slovak Republics, which can be as a source of conflicts among forest owners and other stakeholders. The existence of trade-offs between biodiversity, ecological stability and wood production and different owners’ demands must be taken into account. The possibility of balancing the management risks and wood provision according to the owner’s and other stakeholders’ demands with the aid of the easy-to-apply IDM/RGM methods (and the careful assistance of a specialist experienced in multi-criteria optimization) was introduced. At the same time, the application of real integrative management in small forest areas was demonstrated in practice. After the change of paradigm in forest management, the applied methods should prevent increasing conflicts among owners and society in former socialist countries, which have undergone a fundamental transformation in terms of forest ownership in recent decades.
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1. Introduction


Forest management in Central and Eastern European countries (CEE) has evolved differently to that in Western countries located in the same biogeographic zones [1]. Before the market economy introduction in the last decade of the 20th century, most of the forest land was owned by the state, and forest management was strictly, hierarchically, top-down organized [2,3]. The overall approach to forest utilization had a strong influence on the reduction of forest fragmentation. It led to a change in the original tree species composition in favour of economically more profitable species [4,5]. As a result, centrally planned, economically oriented forestry with an emphasis on the high production of valuable timber was established based on classic age-class forest management.



Although significant changes have emerged within forest management in many countries [6,7], most CEE countries still have technically oriented forestry practices aimed primarily at wood and timber production, with relatively long rotation periods [8]. Several common problems are characteristic, such as inherited management structures or many regulations arising from forest law for forest owners and managers. The strong orientation to wood frequently causes a severe reduction in the biodiversity and ecological stability of forests negatively affected by rapid climate change. The unprecedented decline in biodiversity in Europe urges multi-objective forest management. At present, the need for a multifunctional understanding of forest management arises from different EU documents and action plans for the protection of biodiversity and the prevention of ecosystem degradation [9,10,11,12].



Multifunctional management in Czech or Slovak forestry is not a new idea, but despite the topic having been dealt with theoretically in the past at a very high scientific level (see [13,14,15,16]), it is still more of an abstract idea than a reality. All the forests in Czech and Slovak Republics are managed according to forest management plans (FMPs) elaborated by authorized planning specialists/agencies. FMPs are obligatory for all owners irrespective of the ownership type (state, private, municipal, church, communal or cooperative). The list of mandatory components and exact approaches of elaboration are defined in particular Acts and Decrees related to forests and forest management [17].



The elaboration process results in a single FMP, which is considered to be optimal. There are several sources of the optimality confidence: (i) a very sophisticated phytocoenological classification of forest sites [18,19]; (ii) high-quality classic growth and yield tables [20,21]; or (iii) a large amount of experience from practical silviculture, forest management and protection dating back to the 18th century [22]. Formally, the main goal is sustainable forest management with the maximum feasible economic yield, regulated by the state [13].



The key idea behind the currently used planning system is that the natural conditions, site quality and present stand state fully determine feasible management goals and their importance order. Therefore, the used planning procedure is assumed to correctly account for all possible owner and public demands on forests. Besides, it is assumed that if the site conditions and corresponding stand state do not dramatically change over time, the management goals and their importance will not change either.



Hence, the planning concept claims that management goals are almost independent of the individual needs of the forest owner and the changing economic conditions [17,23]. In practice, multifunctional management is applied in a spatially segregative way through land zoning. The forest stands oriented to wood production are separated from regulative and culturally oriented ones. Classification is done by planning specialists according to the site or habitat conditions and state of forest stands.



However, in order to achieve actual spatially integrative multifunctional management in permanently changing conditions, it is necessary to (i) change the perception that the provision of the regulating and cultural ecosystem services (ES) is only an externality in addition to timber production [17,24]; (ii) adjust contemporary forestry legislation, in which no clear structure has yet been established to support the provision of several ESs and biodiversity at once [25,26,27]; (iii) to create a framework that would allow the formulation of adaptive management strategies based on an exact quantification of the fundamental trade-offs and synergies among the various ESs [5,28]; (iv) to accept participatory decision-making processes that would allow the expression of the preferences of all the stakeholder groups involved in forest management and find the most appropriate compromise that would reflect the defined requirements as much as possible [29,30].



Thus, real multi-objective management must be scientifically sound and formulated as a multi-criteria decision problem [5,31]. The optimization of several ESs and biodiversity through the identification of optimal management alternatives that can meet different social and political requirements for forests [32,33,34,35] is an ideal case for the application of multicriteria decision methods (MCDM). In combination with a new generation of forest growth models [36] and with the involvement of various stakeholders in the decision-making process [37,38], MCDM methods appear to be very suitable for solutions for complex tasks related to forest management [31,33,34,39]. In this regard, the multi-criteria method of interactive decision maps and reasonable goals IDM/RGM [40,41,42] has been successfully applied for the solution of several forestry planning problems [39,43,44] and in several EU projects [45,46]. The method appears to be a very promising and user-friendly means for the interactive solution of multi-criteria optimization problems [47].



An example of a combination of the tree growth simulator SIBYLA [48] and the method of interactive decision maps [40,42] was applied in work in the search for an optimal tending strategy for forest stands differing in ecological stability. Optimization aims to find the optimal balance between the financial incomes from wood harvests and the ecological stability and biodiversity according to the demands of the simulated types of decision-makers/forest owners, which we commonly encounter in forestry practice.



The main goal of the work is to present a planning approach that is fundamentally different in comparison to current practice in the Czech and Slovak Republics, having the potential to put functionally integrated management at the stand level into operational practice. The topic of the integrated management of small forest areas is a relatively hot contemporary topic that can attract attention not only in the mentioned countries but also across Europe or worldwide. Additionally, the work will show the extent to which the results of optimization depend on the simulated type of forest owner and ecological stability of the forest, to demonstrate their importance in the process and facilitate the application of participatory planning in the future.



Overall, the analysis of the trade-offs between financial incomes from provisioning services and ecological risk under various circumstances is one of the most frequently studied problems today [49,50,51,52]. Ensuring the ecological integrity of the forest in addition to the use of wood as a renewable raw material allows us to minimize the risk associated with long-term returns on financial investment and to promote the sustainability of forest ecosystems. The presented case study thus deals with an essential task, and the obtained results can enrich the knowledge base regarding the central problem of today’s forest management.




2. Materials and Methods


2.1. Case Study Area


The investigated private ownership unit (2 owners) defining the case study area (CSA) has an area of 332 ha. It is located in the Central Bohemian Region in the Czech Republic near the town Rakovník (Figure 1).



The altitude of the area ranges from 196 m to 693 m. The predominant part of the area consists of uplands with an altitude of 300 m to 500 m. It belongs to the moderately warm and dry areas with a mild winter. Depending on the altitude, the average annual temperatures ranges from 7.0 °C to 8.2 °C, and the sums of the average annual precipitation range from 463 mm to 569 mm; the growing season lasts about 162 to 147 days. In general, the case study area is below average or average in terms of site quality in the Czech Republic.



Regarding the current species composition, the territory is dominated by conifers (73.7%). The most represented species are spruce (50.6%), oak (12.7%) and pine (11.5%). The share of deciduous trees in artificial regeneration is increased to 31%, which is a reflection of owners’ efforts to introduce a consolidating admixture into mostly spruce stands.



Natural vegetation formations corresponding to the given environmental conditions in the Czech Republic are oak-beech or beech-oak formations, so the majority of forest stand should be oak-or beech-dominated or may comprise mixtures of both species. Thus, Norway spruce is clearly outside its natural distribution, and it forms secondary plantations. Spruce was artificially spread over the area to improve the economic parameters of management. The transformation of an artificial species composition has become a very urgent task in recent years in the considered area because the frequency and severity of the random wind and bark beetle disturbances have increased.




2.2. Overall Approach


The research involves case study analysis. At selected small ownership units, three representative forest stands (RSTs) differing in the degree of naturalness of the species composition (original, partly modified or entirely modified) were defined based on information from the forest management plan. It was assumed that the degree of naturalness in each RST corresponded to the degree of its ecological stability. In each stand, the multi-criteria optimization of forest tending was performed to determine the optimal system guaranteeing the maximization of the financial incomes from wood harvests at an acceptable level of the ecological risks in even-aged stands with different ecological stability. Concerning the primary goal, a set of alternative tending systems was proposed, and the suitable indicators for the defined management goals were selected. Subsequently, the effects of various tending systems on indicator values within a typical rotation period under given conditions were investigated with the aid of a growth simulation model, SIBYLA [17,48].



After the simulation phase, the method of IDM/RGM [40,42] was used for the selection of the optimal tending strategy in each representative stand. The main optimization steps consisted of (i) the exploration of the trade-offs between the financial incomes from wood harvests and ecological stability and biodiversity for various tending systems, (ii) the separation of the non-optimal (dominated) tending systems from optimal (non-dominated) ones and (iii) the identification of the final optimal tending system within the subset of non-dominated solutions.



The final optimization step cannot be done unless the goal preferences are defined. From a multi-criteria optimization point of view, all non-dominated tending systems and combinations of indicator values forming Pareto frontiers in multidimensional goal space can be considered as equivalent ones until higher-level information is involved in deciding. To overcome this problem, the authors, as forestry experts, defined four types of potential forest owners/stakeholders representing the different thinking of various people encountered in forestry practice.



For each type of potential forest owner, we assumed some distribution of the relative weights assigned to each indicator based on our expert expectations. Thus, we simulated the behavior of different types of potential owners, allowing us to select the optimal tending system for each representative stand. Subsequently, we could study the influence of different demands on the balance between the financial incomes and risks (as decisions of different risk-to-reward investors) and the influence of different ecological stability of managed forests on the attributes of an optimal tending system.



2.2.1. Definition of Representative Forest Stands


In the first step, an exhaustive survey of the stand species compositions of all the forest stands in the defined CSA and their classifications according to the degree of correspondence to natural species composition was done. The native species composition was derived from phytocoenological site characteristics included in the forest management plan. Three stand classes were defined: (i) stands with natural species composition and (ii) stands with partly or (iii) completely changed compositions (in favor of Norway spruce).



Subsequently, the representative species compositions, site indices, relative stocking, stand diameter, height and volumes per hectare were calculated for each naturalness class. The site indices and growth and yield tables [21] were used to generate the realistic initial stand structure in the simulator environment [48] at the age of 30 years (Table 1).



The initial age of 30 years is the age at which tending usually starts in the given management and site conditions.




2.2.2. Forest Growth Simulator SIBYLA


The SIBYLA growth simulator [48] was used to model the impact of different tending systems on wood production, stability and biodiversity from the initial age of 30 years to the age of 90 years in each RST. The age of 90 years is the age at which the final cuttings usually start in the given conditions. SIBYLA is an individual-tree, distance-dependent model (Figure 2).



The core growth sub-model was initially designed by [53]. It is an empirical model that was parameterized and validated using national forest inventory data from Slovakia and Germany and also calibrated for the Czech Republic. The most characteristic features are (i) the ability to generate a realistic 3D structure of a forest stand; (ii) the ability to take into account the influence of stand density, and inter- and intra-specific competition among individual trees on their growth; (iii) the ecological evaluation of site fertility; (iv) the ability to simulate natural tree mortality and practically any type of forest stand silviculture treatment; (v) the possibility to provide a vast spectrum of output information about the wood production, and economic and ecological characteristics of the stand.



Therefore, the model is very flexible and is capable of simulating the growth of any stand type (even- or uneven-aged, unmixed or mixed, with various horizontal and vertical structures) under different site conditions in the Czech or Slovak Republic.




2.2.3. Tending Systems


Tending alternatives are characterized as a schedule of specified thinning actions. Three basic thinning methods were applied: (i) thinning from below with a negative selection of individual trees, (ii) thinning from above with negative selection, and (iii) a target tree method based on positive selection. Both thinning methods based on negative selection were applied in seventy-five intensity variants when fifteen variants of time arrangement (Table 2) and five variants of thinning volumes were combined. The volume of the individual intervention in these cases was defined by the target stocking (relative stand density) after the intervention—levels of 0.6, 0.7, 0.8, 0.9 and 1.0 were explored. For example, the target level 0.6 means that the stand volume after the intervention will represent 60% of the maximal volume at full stocking/occupation of growth space (defined in classic growth and yield tables [21]).



In the target tree method, the same time arrangement variants as in previous cases were present (Table 2), but the strength of the intervention was defined differently. The thinning volume was defined by the spacing of the target crop trees and the degree of aid to the future crop tree defined by the number of individuals removed from the vicinity of the crop trees. In this thinning method, twelve strength variants were examined, which consisted of four variants of future crop tree spacing (7, 8, 9 and 10 m) and three degrees of aid level (1, 2 and 3 trees harvested with each intervention to support the target tree). Finally, 180 different alternatives were examined, consisting of fifteen schedules of thinning (Table 2) applied in 12 strength variants.




2.2.4. Indicators of Management Goals


The optimal tending system was multi-criteria selected based on selected indicators at the end of rotation at the age of 90 years. As already stated, the tending variants were assessed simultaneously from two different perspectives—maximizing the financial yields from wood and minimizing the ecological risks of wood production (Figure 3).



The evaluation of the wood provision was based on two indicators. The first indicator was the revenues from final cuttings estimated from the financial value of the standing volume at the age of 90 years, which served as an indicator of the long-term financial efficiency of the tending. The financial value of the standing volume was determined by the multiplication of the assortment volumes and their average prices for the period 2015–2019. The second indicator was the cumulative financial income from thinning as an important indicator of the cash flows, which is important mainly for small owners preferring smaller regular incomes instead of a one-time high revenue at the rotation end. Again, the value of individual thinning harvest was determined by multiplication of the assortment volumes and their average prices for the period 2015–2019. The cumulative value at the age of 90 years was obtained by summing the values of the individual harvests for the period from age 30 to age 90 years.



The risk assessment was based on an evaluation of the ecological stability of the stand according to the H/D ratio and the selected biodiversity index. The H/D indicator is the simple ratio of the mean stand height in meters to the mean stand diameter in centimeters. The H/D ratio serves as an indicator of the mechanical stability of the stand and its resistance to wind disturbances [54,55,56,57]. H/D values above one are considered to be generally inappropriate and indicate bad resistance of the stand against the wind, snow or icing. Conversely, values below 0.8 indicate good resistance of the stand against mechanically acting abiotic factors.



The second indicator of ecological stability was the biodiversity index B of the stand according to Jaehne and Dohrenbusch [58], consisting of the sub-indices of tree species diversity S, the diversity of the horizontal and vertical structures H and V, and crown diversity C. The sub-indices S, H, V and C are calculated as:


  S = ln  ( m )   (  1.5 −  Z  m a x   −  Z  m i n    )   



(1)






  H = 1 −  h  m i n   /  h  m a x    



(2)






  V = 1 −  r  m i n   /  r  m a x    



(3)






  C =  [  1 − log  (  K  A  m i n    )   ]  +  (  1 − K  D  m i n   / K  D  m a x    )   



(4)




where m is the number of tree species in a stand; Zmin and Zmax are the minimal and maximal shares of individual species; hmin and hmax are the minimal and maximal heights of an individual tree; rmax and rmin are the minimal and maximal distances between two nearest neighbors; KAmin is the minimum height of the tree crown base; and KDmin and KDmax are the minimal and maximal crown widths of the individual tree. The total tree biodiversity was calculated as:


  B = 4 S + 3 H + V + C  



(5)







Indicator values above nine indicate extremely diverse stands (e.g., mixed uneven-aged stands with high spatial and structural diversity of trees). Values below four indicate monotonic stand structures (e.g., even-aged less variable single-species plantations with a regular distribution of trees). This indicator was selected based on the knowledge that species-rich stands with high vertical and spatial variability of trees are more resistant and resilient to harmful factors and therefore minimize management risks.




2.2.5. Interactive Decision Maps and Reasonable Goals Method


After the obtaining of sets of indicator values for each representative stand and tending variant from the growth simulations, multi-criteria optimization itself was performed by the method of interactive decision maps (IDM) combined with the method of reasonable goals (RGM) using the VisAn software [40,43,59]. The IDM/RGM methods support decision-making for multi-criteria problems with more than three criteria and, at the same time, facilitate the entry of decision-makers (DMs) into the decision-making process. In our application, the potential forest owner acts as the decision-maker and end-user of the optimization results.



In the first step, the methods approximated a set of feasible solutions (here, a set of indicator objective vectors at the age of 90 years obtained by simulation for various tending systems) within the defined optimization constraints (e.g., the site and management conditions, and ecological state of the forest in the CSA). Then, they defined all non-dominated solutions denoted as Pareto optimal. Non-dominated solutions are solutions in which the value of any indicator forming an objective vector cannot be improved without deteriorating the value of another. That means the multi-criteria optimal tending system is a system for which no alternative tending system in a considered set can be found in which all the indicators would simultaneously be better.



After rendering the maps of the target space, the results are available to the forest owner for review. In the second step, the potential forest owner expresses the preferences for optimization goals/indicators and selects a non-dominated tending system that best meets those preferences. In this step, the RGM method is used, which allows the easy identification of a small number of tending alternatives that best reflect the desired objectives. The selection of the optimal alternative is made by simply marking the position in the drawn map of the target space (defining the desired values of indicators). Then, the software tries to find all the real tending alternatives that are close to the selected point using the RGM method. The alternatives found are provided to the forest owners in the form of a list in which they are sorted by distance from the selected (ideal) goal-point selected at the Pareto frontier.



Four types of forest owners as potential decision-makers selecting goal-points in the second optimization step were characterized:




	
The balanced forest owner demands balanced multi-criteria optimization—the goal will be to maximize the growing volume value and cumulative thinning revenues at the rotation end while minimizing the H/D values and maximizing the biodiversity index, with no decisive preference for any indicator. In this case, he/she would be a neutrally oriented DM, who strives for the simultaneous and balanced performance of all the considered indicators at once. Such a forest owner can be denoted as fully integrative or truly multifunctional.



	
The economically oriented risk-seeking owner prefers the maximization of financial incomes from wood over risk minimization—the overall aim of the economically oriented decision-maker is to achieve the highest production of logs and timber and to trade them, over and at the end of rotations, the other aspects including taking ecological risks into account only marginally.



	
The economically oriented risk-avoiding forest owner is worried about the ecological stability of his/her forest over the financial revenues from wood harvests—this decision-maker is focused on strengthening the static stability and sustainability of the forest and primarily tries to minimize the values of the H/D ratios.



	
The nature-oriented decision-maker is focused on nature conservation and landscape protection—the main interest is the maximization of non-economic criteria, namely the preservation and promotion of biodiversity; thus, maximizing the values of the B index is a priority.











3. Results


The first and second optimization steps require the creation of an IDM in the VisAn software environment and the selection of a target end-point by the defined decision-maker. Figure 4a is an exemplary illustration of four-dimensional IDMs created in a VisAn environment for a representative stand with a fully changed species composition (unmixed spruce stand). The graphs in Figure 4b–e are individual graphs selected from the complex four-dimensional matrix in which the goal end-points were defined by a particular simulated forest owner (crosses in Figure 4b–e).



Figure 4a is a four-dimensional matrix created from the rows and columns of two-dimensional graphs, where the individual graphs inside the matrix display the relationship between the standing volume revenues at the age of 90 years (x-axis of individual graphs) and the sum of the cumulative revenues from thinning (y-axis of individual graphs). The rows of the graphs correspond to different levels of biodiversity, and the columns are graded according to the predefined H/D ratio levels.



The relationship between the standing volume revenues at the end of the rotation and the sum of the revenues from the cumulative thinning showed clear trade-offs within a set of Pareto optimal solutions lying at the Pareto frontier. At the same time, the different sizes of the blue areas in Figure 4a illustrate the increases or decreases in the economic yields from wood according to the predefined levels of forest biodiversity and ecological stability. Here, once again, we can directly control the decrease in financial incomes when the biodiversity and ecological stability of the forest increase. The sizes of the blue areas decrease with an increase in the biodiversity values and decrease in the H/D values, indicating improving static stability.



The constructed maps define the feasible combinations of indicators. The borders separate dominated from non-dominated solutions. Maps can be presented to potential forest owners as the main simulation result obtained by experienced planning/optimization experts. They can serve for the definition of management goals by interaction with the forest owner. The end-points representing the desired combinations of indicator values define the particular management goals. Thus, the definition of the optimization goals (reasonable target levels/values of indicators) in the considered four-dimensional goal space is done in two steps: (i) the selection of a 2D graph lying in the row and column of the matrix that best correspond to our preferences for risk minimization objectives and (ii) the subsequent placement of the target end-point on the Pareto boundary of the selected graph corresponding to the selection of the Pareto optimal combination of the financial revenues from the growing stock and the cumulative thinning yields determining the expected economic efficiency.



Figure 4b–e are the individual graphs selected from the larger matrix corresponding to the expected preferences and behaviors of the different potential types of forest owners as decision-makers. We simulated an economically oriented risk-seeking decision-maker by choosing Figure 4b. It is the graph with the largest gray area, representing high economic returns from cumulative thinning and standing volume values at the age f 90 years. At the same time, it is the graph with an extremely low level of biodiversity and a high H/D, indicating an expected acceptance of high risk. Subsequently, we simulated the forest owner’s selection of the position of the target point (vector) on the Pareto boundary in the selected 2D graph. The target point is marked with a red cross in the graphs. By this selection, the simulated owner type determines which combination of revenues from final felling and revenues from thinning he/she prefers at an accepted level of H/D and biodiversity. Here, it was expected that an economically oriented risk-seeking owner would prefer slightly higher continuous revenues from thinning (y-axis) over revenues from final cuttings of the standing volume (x-axis), due to the small area of the considered CSA.



The same simulation procedure for selecting a goal vector was repeated for other types of forest owners. It is expected that Figure 4c will select an economically oriented risk-avoiding owner who focuses on the static stability of the forest stands and considers the economic yields and biodiversity to be less critical. This type of potential owner will probably choose a graph with a low H/D value, which indicates high static stability of the stand, and with higher cumulative revenues from thinning to ensure the profitability of management but with a low value of less preferable biodiversity.



The nature-oriented DM (Figure 4d), aiming to maximize biodiversity, does not consider economic returns to be necessary; after securing biodiversity, he/she tries to maximize the ecological stability of the stand. The last neutral, fully balanced decision-maker (Figure 4e), who puts the same emphasis on all the indicators, would probably choose a graph from the center of the matrix. Additionally, it is expected that the final goal point will be situated in the middle of the Pareto frontier, where the provision of all the services reaches an average value.



After the selection of the goal vectors by the potential forest owner in the IDM graphs (see, also, Figures S1 and S2), it is possible to find the best (existing) tending strategy located closest to the selected goal point using the RGM incorporated in VisAn (Figure 5). The main optimization results are given in Table 3. Here, we can see how the type of stand and simulated behavior of potential forest owner influence the choice of the optimal tending alternative.



The optimal variants of tending do not differ only based on the type of FO that chose them but also based on the type of stand in which they were applied. At the same time, we can also draw more general conclusions from Table 3. For example, if we prefer neutral management goals with the simultaneous maximization of all the considered indicators, it is better to use weaker thinning with a higher frequency. When primarily strengthening the static stability of the stand, it is more appropriate to use stronger interventions with lower frequency.



The optimization of tending in case study area with less fertile and relatively dry soils and lower site indices revealed several interesting facts:




	
If we prefer economic optimization criteria at higher risk levels, the slight-to-average thinning applied once per decade is suggested.



	
If we concentrate on static/ecological stability, various thinning methods can be applied, but the application must be relatively frequent, and the strength must approach the optimal stocking levels defined by Assman [60]. Moreover, in spruce-dominated stands, intensive pre-commercial thinning is the main measure for reducing the risk of damage (mainly by snow). Thinning should be done before a stand top height of 10 m is reached [61,62].



	
If the promotion of biodiversity is at the center of our attention, the conversion of species composition is the first choice (the biodiversity indicator values are lowest in spruce monocultures). A stronger overstory or future crop tree thinning applied less frequently (once per decade) is an additional option.








Fully balanced management can be achieved in given natural conditions by the application of slighter overstorey thinning once per decade. The species composition and degree of naturalness have a fundamental influence on the optimal tending variant. More intensive thinning from below is suggested in artificial monospecific (spruce) stands. However, with an increased share of native broadleaves, the overstorey and target crop tree approaches are more suitable (following expectations). A more detailed assessment of species composition averaged across different FOs suggests applying:




	
Slighter or medium interventions once per decade in spruce-dominated stands.



	
Slighter overstorey interventions with the higher frequency of two times per decade until the age of 50 years and once per decade beyond 50 years for partly changed species composition with the enlarged representation of broadleaves.



	
The overstorey method with intervention once per decade to achieve optimal stocking for native broadleaf-dominated stands.








As a general tendency, lower frequencies of thinning interventions (even at young ages) are characteristic of optimal tending variants, which is probably explainable by the low productivity of sites in the selected case study area.




4. Discussion


As mentioned in the introduction, forestry in former Czechoslovakia has developed differently to that in Western European countries, with strong impacts on the current approaches to forest management. One of the most important results of the case study is the possibility of taking into account the views of the decision-maker in the choice of the optimal educational alternative. The study suggests that the tending procedures used to date in practice correspond most closely to the type of the economically oriented decision-maker. Monofunctional, predominantly economically oriented forest management still prevails [63]. Orientation toward wood production results in relatively uniform tending differentiated only according to stand species composition. This fact can be, and often already is, a source of conflict with other stakeholders under very rapidly changing ecological, economic and social conditions characteristic of many post-socialist European countries.



The transition to multi-objective management should be based on the knowledge that non-provisioning services are not only an externality in addition to the production of wood. Additionally, the recognition of undesirable trade-offs among demanded ESs is necessary. The shift requires both legislative changes and the application of proper schemes of payments for provided ESs [64]. If we want forest managers and owners to produce all the ESs required by society, it is necessary to provide them with positive incentives and compensation for lost profits. Many useful examples of best practices in this area exist [5,26,27,35,65]. The practical implementation of multi-objective management is dependent on the existence of a reliable system for decision support [66]. The exact quantification of the ES provision is needed for proper optimization according to multiple objectives. A participative approach would determine objectives in conflict areas.



In the presented article, we tried to demonstrate the application of modern, user-friendly MCDM methods utilizable in a complex system for decision-making support in the future. Regarding the change in the understanding of multifunctional management, the study demonstrated trade-offs between the biodiversity and ecological stability of the even-aged forest and the overall amounts of financial incomes from thinning or final cuttings. This central trade-off in contemporary forestry is intensively studied across Europe and globally [11,67,68,69]. Even with small changes in the values of ecological stability, it can be seen how its improvement negatively affects the sum of cumulative incomes from thinning and final growing stock value. Eggers et al. [5] and Lafond et al. [70] obtained similar results.



In this regard, the biggest problem for (financial) ES evaluation is still the demands of economists to link evaluation to benefits and end-to-end services for society as well as the ambiguity in the scales and details of the determination of individual services [71]. A study by Schröter et al. [65] addresses the issue at the European level to create a harmonized ES evaluation system for all countries. For the standardization and possibilities of comparison and evaluation produced by the ESs across the European Union, the CICES scheme [10] has been created, which seeks a clear economic evaluation of the EC in connection with environmental accounting.



Our work provides a small clear example of how the state-of-art simulation and optimization tools can solve the described global problems at the forest stand level. Given the extreme complexity of the outlined problems in evaluating the entire ES basket, we focused in this pilot work on a group of provisioning ESs, which are precisely valued by the timber trade. Simultaneously, we focused on the ecological integrity of the forest, which was used as a measure of the risk associated with the management of natural resources. Pasalodos-Tato et al. [72] and Uhde et al. [73] presented the need to calculate risk and uncertainty in the search for optimal management strategies. If uncertainty is not incorporated into the optimization process, non-optimal solutions can be falsely accepted. The non-optimal strategies could lead to a loss of the usefulness of the decision, such as a loss of economic return or irreversible damage to the ecosystem [72,74,75].



Here, the management risks and indicators were directly incorporated into the optimization problem itself. The study leads us to an interesting idea of the two-stage optimization of any basket of conflicting ESs: (i) the study and the optimization of trade-offs among a set of ES indicators against the indicators of ecological stability and biodiversity as measures of the ecological risks at first, and (ii) then, after the associated risks have been set to an acceptable level, the detailed optimization of the provisioning and other non-provisioning services should be done.



Within the described methodology, we also presented the practical applicability of partial components of a complex decision support system, which would be based on the principles of MCDM methods and enable participatory decision-making processes. The widespread use of MCDM methods and their suitability for optimizing the use of natural resources, including forestry, has been confirmed by many studies, e.g., Kangas et al. [76]. At the same time, these methods form the basic framework for linking expertise with practice [33,35], which necessarily makes implementation decisions regarding the management of natural resources complex [36,43].



Here, the method of IDMs provides a forest owner with all the optimal alternatives in an easy-to-understand form. The relationships between the individual optimization goals—how they interact and where the breakpoints or the permissible levels of trade-offs are—are presented. IDMs do not require a priori defined preferences from the decision-maker over the required optimization goals. The DM expresses their requirements only after reviewing all the acceptable (optimal) solutions, which allows the prevention of the intractability of the optimization problem. The advantage of IDM/RGM method is the production of a whole set of Pareto optimal solutions. The method creates an information and communication base for understanding the complexity in the management of specific natural resources [77]. IDM/RGM makes it possible to make interactive decisions, learn about a given problem, think about several dimensions of a decision problem and, at the same time, reduce conflicts in the optimization structure [38].



IDM/RGM offers the possibility to easily and quickly display the relationships between individual goal indicators in an acceptable form, which allows individual or participatory decision-making processes [40]. The whole procedure is very flexible and can be applied in an adaptive setting. At any time when the state of the forest substantially changes, the tending measures can be promptly re-planned for adjusted optimization goals. If necessary, the whole management plan can be completely redrawn. Therefore, if a comprehensive DSS for solving multi-criteria forestry problems will be constructed in Czech or Slovak republic, we recommend the investigated method as very suitable.



Graphically based IDM/RGM allows the intuitive assessment of indicators at absolute scale and greatly facilitates the determination of multiple management goals in multidimensional space. For example, the presented study showed that the graphical presentation of the target optimization space opens up the possibility for a user to control the solution of a complicated silviculture task easily. The graphical method is easy to use and implement, especially in comparison to other approaches serving for the determination of multiple targets in multidimensional spaces [47,78]. The visualization of results increases efficiency and transparency in multi-stakeholder decision-making [28,39,41,79,80]. Still, the assistance of experienced experts in MCDM is inevitable during the possible interactive process. Participatory MCDM methods currently appear to be the most effective in the sustainable management of natural resources [30,35]. At the same time, participatory multi-criteria decision-making processes always generate knowledge about the decision-making problem, which may lead to a reduction in prejudice against the forest sector. This is important at a time when the public is gradually increasing its interest in the management and use of natural resources [30].




5. Conclusions


The study focused on the multi-criteria optimization of forest stand tending in a selected ownership unit in terms of maximizing financial returns and minimizing risk. The simulated growth responses to various tending practices make it possible to indicate and quantify the provision of financial incomes from wood production, and the ecological stability and biodiversity of the representative forest stands differed by the degree of species composition naturalness.



The multi-criteria analysis proved that monofunctional, predominantly economically oriented forest management still prevails in the Czech and Slovak Republics. Orientation toward wood production and relatively unified tending can be a source of conflicts with other stakeholders in the changing ecological, economic and social conditions in many post-socialist European countries. The demonstrated approach based on the application of the visualization optimization method IDM/RGM and the direct involvement of the decision-maker in the optimization procedure showed possibilities for changing the current understanding of the multifunctional management of forests in the Czech and Slovak Republics.



The study proved that the whole procedure is intuitive, complex and easy to implement because the potential forest owner/stakeholder expresses their preferences about ecosystem services on an absolute scale. The graphical display of the optimization results simplifies the problem of choosing an optimal tending alternative and allows the decision-maker to enter into the decision-making process interactively. The method offers complex information in an acceptable and easy-to-understand form.



The most important study finding is confirmation of the existence of trade-offs among biodiversity, ecological stability and wood production. The performed analysis indicates the possibility of directly incorporating the indicators of management risks into the optimization problem itself. It leads to the idea of two-phase optimization in which the acceptable risk levels are defined at first and the detailed optimization of the demanded ESs then performed.



The implementation of multi-objective management in practice will bring, with high probability, a reduction in the financial incomes of forest owners. This loss requires a real paradigm shift in forestry. The supply of non-provisioning services and maintenance of the biodiversity and sustainability of forests must be perceived as a service provided to society by the forest owners and therefore should be adequately valued. Alternatively, there should be some positive incentives from the state for the provision of a broad set of services other than wood production.



However, such an approach first requires solving the problem of ES evaluation and subsequent legislative changes regarding highly regulated Czech and Slovak forest management. The implementation of multi-objective management must be actively addressed because the 60% loss of biodiversity and worsening ability of forests to regulate climate change have been registered in many European regions in recent years.
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Figure 1. Forest regions of the Czech Republic; (a) Region 9 Rakovnik-Kladno’s upland; (b) Location of case study area (CSA) (gray parts represent forest area distribution). 
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Figure 2. Information flow and modular structure of growth simulator SIBYLA [48]. 
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Figure 3. Goals of optimization and their indicators. 
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Figure 4. (a) Interactive decision maps (IDM) are representing a trade-off between the value of the standing volume and cumulative revenues from thinning at a specific level of H/D and B index for a representative forest stand (RST) with a changed species composition. Blue areas represent the set of the feasible solutions that contain Pareto optimal solutions on the hull frontier. (b) IDM that will be probably chosen by the economically oriented risk-seeking owner, (c) IDM probably selected by economically oriented risk-avoiding owner, (d) IDM suitable for nature-oriented decision-maker (DM) and (e) IDM that is likely to be chosen by the balanced owner. 
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Figure 5. Example of a selection of candidates for an optimal tending system with the shortest distance to the target point determined in the VisAn software environment. 
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Table 1. The essential characteristics of the representative forest stands used to generate the virtual stand structure in the forest growth simulator SIBYLA at the age of 30 years.
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Composition

	
Tree Species

	
Q

	
Vtable

	
Rep.

	
DBH

	
H

	
Vactual




	

	

	

	
(m3ha−1)

	
(%)

	
(cm)

	
(m)

	
(m3ha−1)






	
Changed

	
spruce

	
24

	
79

	
100

	
9.2

	
9.0

	
79.0




	
Partly changed

	
spruce

	
24

	
79

	
60

	
9.2

	
9.0

	
47.4




	

	
beech

	
26

	
85

	
30

	
7.4

	
10.1

	
25.5




	

	
oak

	
22

	
71

	
10

	
8.3

	
10.1

	
7.1




	
Natural

	
beech

	
26

	
85

	
60

	
7.4

	
10.1

	
51.0




	

	
oak

	
22

	
71

	
30

	
8.3

	
10.1

	
21.3




	

	
fir

	
22

	
59

	
10

	
8.6

	
8.0

	
5.9








Q –site index, Vtable—standing volume for 100% species share and full stocking estimated from growth tables; Rep.—Share of tree species; DBH—Mean diameter at breast height; H—Mean height; Vactual—Standing volume calculated as table volume × species share × mean stocking determined from stand descriptions for each naturalness class.
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Table 2. Tending systems—timing and number of interventions.
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System

	
Age of Forest Stands at the Time of the Intervention

	
N






	
I 1

	
30

	
35

	
40

	
45

	
50

	
55

	
60

	
65

	
70

	
75

	
80

	
85

	
90

	
15




	
II

	
30

	
35

	
40

	
45

	
50

	
55

	
60

	
65

	
70

	
75

	
80

	

	
90

	
14




	
III 2

	
30

	
35

	
40

	
45

	
50

	
55

	
60

	
65

	
70

	

	
80

	

	
90

	
13




	
IV

	
30

	
35

	
40

	
45

	
50

	
55

	
60

	

	
70

	

	
80

	

	
90

	
12




	
V 3

	
30

	
35

	
40

	
45

	
50

	

	
60

	

	
70

	

	
80

	

	
90

	
11




	
VI

	
30

	
35

	
40

	

	
50

	

	
60

	

	
70

	

	
80

	

	
90

	
10




	
VII

	
30

	

	
40

	

	
50

	

	
60

	

	
70

	

	
80

	

	
90

	
9




	
VIII

	
30

	

	
40

	

	
50

	

	
60

	

	
70

	

	
80

	

	
90

	
8




	
IX

	
30

	

	
40

	

	
50

	

	
60

	

	
70

	

	
80

	

	

	
7




	
X

	
30

	

	
40

	

	
50

	

	
60

	

	

	

	
80

	

	

	
6




	
XI 4

	
30

	

	
40

	

	

	

	
60

	

	

	

	
80

	

	

	
5




	
XII

	
30

	

	
40

	

	

	

	
60

	

	

	

	
80

	

	

	
4




	
XIII 5

	
30

	

	
40

	

	

	

	
60

	

	

	

	

	

	

	
3




	
XIV

	
30

	

	
40

	

	

	

	

	

	

	

	

	

	

	
2




	
XV

	
30

	

	

	

	

	

	

	

	

	

	

	

	

	
1








N—Number of interventions; Classes of tending systems: 1 Extremely heavy, 2 Heavy, 3 Moderate, 4 Light, and 5 Extremely light variants of tending treatments.
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Table 3. Optimal alternatives of tending treatments for representative forest stands.
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	SC
	FO
	T
	S
	TS
	SD
	DA
	Description and Recommendations





	Changed
	Ec-Rs
	B
	VII
	1
	-
	-
	Slight B, 1x per decade, maintain full canopy cover



	
	Ec-Ra
	B
	II
	0.8
	-
	-
	P, 2x per decade until 80 years; later, 1x per decade, maintain optimal stocking



	
	Nr
	A
	XII
	0.8
	-
	-
	A, 1x per 20 years, optimal stocking



	
	Ba
	A
	VII
	1
	-
	-
	Slight A, 1x per decade, full canopy cover



	Partly changed
	Ec
	B
	VI
	1
	-
	-
	Slight B, 2x per decade until 50 years; later, 1x per decade, full canopy cover



	
	En
	A
	VI
	1
	-
	-
	Slight A, 2x per decade until 50 years; later, 1x per decade



	
	Nr
	T
	XII
	-
	9
	1
	T, 1x per 20 years, low target tree number—aid 1



	
	Ba
	A
	VI
	1
	-
	-
	Slight A, 2x per decade until 50 years; later, 1x per decade, full canopy cover



	Natural
	Ec
	A
	VII
	0.8
	-
	-
	A, 1x per decade, optimal stocking



	
	En
	T
	XII
	-
	9
	2
	T, 1x per 20 years, low target tree number—aid 2



	
	Nr
	A
	XII
	0.7
	-
	-
	A, 1x per 20 years, stronger interventions up to critical stocking level



	
	Ba
	A
	VII
	0.8
	-
	-
	A, 1x per decade, optimal stocking







SC—Species composition; FO—Forest owner; T—Thinning method; S—Tending system; TS—Target stocking after the intervention; SD—Spacing distance of future crop trees in meters; DA—Degree of future crop tree aid (1-2-3); A—Thinning from above (overstory); B—Thinning from below (understory); T—Future crop trees method; Ec—Economically oriented risk-seeking FO; En—Economically oriented risk-avoiding FO; Nr—Nature-oriented FO; Ba—Balanced FO.
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