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Sustainable forest management plays a key role for forest biodiversity and the provisioning of ecosystem services (BES), including the important service of carbon sequestration for climate change mitigation. Forest managers, however, find themselves in the increasingly complex planning situation to balance the often conflicting demands in BES. To cope with this situation, a prototype of a decision support system (DSS) for strategic (long-term) planning at the forest enterprise level was developed in the present project. The DSS was applied at three case study enterprises (CSEs) in Northern Switzerland, two lowland and one higher-elevation enterprise, for a 50-year time horizon (2010 to 2060) under present climate and three climate change scenarios (‘wet’, ‘medium’, ‘dry’). BES provisioning (for biodiversity, timber production, recreation, protection against gravitational hazards and carbon sequestration) was evaluated for four management scenarios (no management, current (BAU), lower and higher management intensity) using a utility-based multi-criteria decision analysis. Additionally, four alternative preference scenarios for BES provisioning were investigated to evaluate the robustness of the results to shifting BES preferences. At all CSEs, synergies between carbon sequestration, biodiversity and protection function as well as trade-offs between carbon sequestration and timber production occurred. The BAU management resulted in the highest overall utility in 2060 for different climate and BES preference scenarios, with the exception of one lowland CSE under current BES preference, where a lower intensity management performed best. Although climate change had a relatively small effect on overall utility, individual BES indicators showed a negative climate change impact for the lowland CSEs and a positive effect for the higher elevation CSE. The patterns of overall utility were relatively stable to shifts in BES preferences, with exception of a shift toward a preference for carbon sequestration. Overall, the study demonstrates the potential of the DSS to investigate the development of multiple BES as well as their synergies and trade-offs for a set of lowland and mountainous forest enterprises. The new system incorporates a wide set of BES indicators, a strong empirical foundation and a flexible multi-criteria decision analysis, enabling stakeholders to take scientifically well-founded decisions under changing climatic conditions and political goals.
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INTRODUCTION

Forest ecosystems play a key role for biodiversity and ecosystem services (BES) provisioning (UNCCC 2015; United Nation CBD 2020). Over the past decades, the portfolio of demands for BES has increased considerably, most recently by the rising awareness for the role of forests in climate change (CC) mitigation due to carbon sequestration (Luyssaert et al., 2010). Forest managers therefore find themselves in the difficult position to balance the political demands in biodiversity promotion and ecosystem service provisioning with other socio-economic demands (Borges et al., 2014). Besides the importance of forests for carbon sequestration, timber production and biodiversity, progressive urbanization leads to an increasing demand in recreation value of forests (e.g., Hegetschweiler et al., 2020). Furthermore, many forests offer protection functions, e.g., in mountainous areas where forests play a key role in protecting settlements and infrastructure against gravitational hazards, such as rockfall, avalanches and landslides (Frehner et al., 2005). Since these diverse demands in BES are often at conflict with each other (e.g., Mina et al., 2017), forest managers have to cope with significant trade-offs in planning (e.g., Langner et al., 2017; Blattert et al., 2018; Bont et al., 2019). Further complexity is added to the planning situation by the impacts of climate change on forest ecosystems, which will likely induce profound shifts in forest BES provisioning (Mina et al., 2017; Seidl et al., 2019). In this increasingly complex and diverse planning situation, science-based decision support is thus key for planning the sustainable management of multifunctional forests (Kangas et al., 2015).

For this purpose, various decision support systems (DSS) have been developed in forestry across the globe (Vacik and Lexer, 2014; Nordström et al., 2019) and are increasingly used to explore synergies and trade-offs in BES (e.g., Biber et al., 2020). Although a DSS can in principal be any system that aids decision makers, the term typically refers to model-based software systems which provide a user interface, a ‘knowledge system’ (database, models, etc.) and a ‘problem processing system’ (e.g., for calculating decision analyses) (Borges et al., 2014). Over time, DSS have been developed from systems for a single purpose (e.g., evaluation of sustainable timber production) to systems including multiple criteria (e.g., a wide variety of BES) and a modular construction (i.e., providing an integrative and flexible software framework) (Eriksson and Borges, 2014). A particular challenge is to keep the system easy to handle and to provide results in a condensed and transparent way for the decision maker (Vacik and Lexer, 2014). DSS in forestry are therefore mostly developed for a specific region and particular environmental, social, economic situation at a specific spatial and temporal scale of interest (Eriksson and Borges, 2014). Despite the various DSS existing worldwide, such systems thus need to be tailored toward the specific needs of local forest management and planning tasks (Nordström et al., 2019).

In Switzerland, forests are characterized by a wide variety of forest types, reflecting the large elevational and environmental gradients from lowland to alpine conditions (Rigling and Schaffer, 2015). As in several European countries, forests in Switzerland are managed according to the principle of ‘close-to-nature’ forestry (Hanewinkel and Kammerhofer, 2015), which aims at reaching multiple ecological, economic and social goals in a sustainable way by applying management interventions which follow natural processes in forest ecosystems (Messier et al., 2013). The large variety of forest conditions is also reflected in a number of DSS and tools that have already been developed to aid forest practitioners (Heinimann et al., 2014), such as WIS2 for short- to mid-term silvicultural planning (Rosset et al., 2014). In recent years, a DSS has been introduced by Blattert et al. (2018) that allows combining forest ecosystem simulation and multi-criteria decision analysis (MCDA, see also Wolfslehner and Seidl (2010)) and that focuses on long-term planning (i.e., several decades) at the forest enterprise level. The MCDA approach allows to account for multiple, often conflicting criteria, to integrate explicitly stated stakeholder preferences, and to explore the performance of alternative assumptions, which leads to a rationale and structured decision process that can be communicated in a justified and transparent way (Wolfslehner and Seidl, 2010; Uhde et al., 2015; Schweier et al., 2019). Moreover, the MCDA approach allows to integrate a wide range of BES indicators as well as Swiss-wide relationships between simulated BES supply and the demands of the society (via so-called value functions) (Blattert et al., 2017). The DSS framework of Blattert et al. (2018) furthermore goes beyond previous assessments of BES in Switzerland (e.g., Bircher, 2015) by incorporating also social services (i.e., recreation function) and offering a more holistic perspective on carbon sequestration by assessing not only sequestration within forests (‘in-situ’) but also outside the forest system boundary (‘ex-situ’). Particularly assessments of ‘ex-situ’ carbon sequestrations that are accounting for harvested wood products and substitution effects are highly relevant for future forestry (Nabuurs et al., 2017), but are still rarely included in DSS (Seidl et al., 2007; Blattert et al., 2020). This DSS framework is hence well-suited to explore not only shifts in the long-term BES provisioning, but also to conduct a more detailed analysis of potential shifts in management strategies on carbon sequestration and associated synergies and trade-offs with other BES. However, the DSS of Blattert et al. (2018) was based on a forest growth model developed for Northern Germany and was restricted to applications under present climatic conditions and hence not suited to explore developments under climate change.

In recent years, climate change has increasingly impacted forests in Switzerland (e.g., Brun et al., 2020) and is gaining rising importance in the strategic (long-term) planning of forest management (Streit et al., 2017). While climate change impacts on Swiss forests are predominantly negative at lower elevations (e.g., reduced growth, increased mortality due to drought and heat), the trend toward a prolonged growing seasons has positive effects on forest growth at higher elevations (Bugmann et al., 2014). These large-scale patterns of climate change impacts can however be significantly modified by smaller-scale environmental heterogeneity, e.g., due to the effect of aspect, slope or orographic rainfall (Whiteman, 2000; Zou et al., 2007). Climate change impacts at the forest enterprise level can consequently be complex and site-specific, particularly in mountainous areas (Mina et al., 2017; Thrippleton et al., 2020).

It is therefore important to develop a DSS for Swiss conditions, which: (1) is built on a strong empirical basis reflecting the large gradient of climatic and environmental conditions, (2) is suitable for strategic (long-term) planning at the forest enterprise level under both lowland and mountainous conditions, (3) covers a large variety of BES relevant for Swiss forestry, including the service of carbon sequestration by accounting for ‘in-situ’ as well as ‘ex-situ’ sequestration, and which (4) is able to investigate different climate change trajectories to provide scientific decision support in complex planning situations.

Here, we present a prototype for a new DSS for strategic planning at the forest enterprise level that addresses these aspects. The system is based on the revised MCDA framework of Blattert et al. (2018) and a new climate-sensitive forest growth model developed for Switzerland (SwissStandSim, Zell et al., 2020). The DSS was applied to three representative case study enterprises (CSEs) in Northern Switzerland with different priorities in BES provisioning (two lowland and one mountainous enterprise) for a 50-year time-period (2010 to 2060). Particularly, our research objectives were to: (1) identify and quantify synergies and trade-offs between BES for different management strategies accounting also for the effect of increasing carbon sequestration on other BES, (2) identify the management strategy that best provides multiple BES, and (3) analyze shifts in BES provisioning under climate change (‘dry’, ‘wet’, ‘moderate’ scenarios). Since the implications of shifting demands (i.e., weighting preferences) in BES provisioning is highly relevant for decision making (Langner et al., 2017), we also analyzed (4) four alternative BES demand preferences.



MATERIALS AND METHODS


Case Study Enterprises

Three case study enterprises (CSEs) in Northern Switzerland were selected for the DSS application, with different demands in BES provisioning (Figure 1). Enterprise 1 (‘Wagenrain’, abbreviated as WAG) is located in the Swiss lowland plateau and focuses mainly on timber production. Enterprise 2 (‘Bülach’, abbreviated BUE) is also located in the lowlands of the Swiss plateau, and focuses more on the recreation service due to its close proximity to urban areas. Enterprise 3 (‘Gottschalkenberg’, abbreviated GOT), in contrast, is located in the Northern Pre-Alps at higher elevations and has a specific focus on biodiversity and protection against gravitational hazards (mostly erosion and landslides). The specific environmental conditions (geology, soil, climate, vegetation) of each CSE are summarized in Table 1, an overview of stand structure and tree species composition is provided in the Supplementary Appendix 1.1.


TABLE 1. Environmental conditions, forest composition, and inventory plot information for each case study enterprise.
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FIGURE 1. Location of the selected case study enterprises (CSEs) in Switzerland.




Decision Support System

The DSS aims at providing forest managers with information about BES development in Swiss forest enterprises under changing management and climate conditions, thereby highlighting particularly synergies and trade-offs among BES. At the spatial scale, it is designed for applications at the enterprise level (typically several 100 ha) with the representation of individual stands. At the temporal scale, it provides information at 5- or 10-year intervals and can be used for future projections of several decades. In the present study, a time horizon of 50 years (2010 to 2060) was considered.

The system consists of three core components, which are further described in more detail below: (1) a database (data on climate, soils, stands and management settings), (2) a forest growth model (SwissStandSim, Zell, 2018; Zell et al., 2020) and (3) a multicriteria decision analysis (MCDA) system (Blattert et al., 2018), which evaluates the BES indicators calculated from the simulation results (see Figure 2 for a conceptual figure of the DSS structure). In its current prototype stage (v1.0), the DSS is fully functional, but does not provide an interactive graphical user interface (GUI) yet.
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FIGURE 2. Structure of the decision support system (DSS), consisting of three main components, a database (1), a forest growth model (2) and a problem-processing system, comprising of a set of biodiversity and ecosystem service (BES) indicators calculated from the simulated forest characteristics (3.1) and a multi-criteria decision analysis (MCDA, 3.2).




Database

The datasets required for the application of the forest model comprise (1) environmental data (soil conditions, elevation, slope, aspect, climate, nitrogen deposition), (2) stand-level data of forest structures and composition (diameter, height and species of individual trees) and (3) management settings (defining time, intensity and type of management interventions), see also Zell (2018) and Zell et al. (2020).

For topographic information, a digital terrain model for Switzerland (200 m resolution, Swisstopo, 2010) was used to derive mean elevation, slope and aspects for each stand. Soil conditions (soil depth, water holding capacity, water permeability, nutrient availability) at each stand were derived from the Swiss soil suitability map (FSO, 2012), following the approach of Zell et al. (2020). For the climate data, the Swiss wide climate data of Brunner et al. (2019) were used for the respective location of the forest enterprises, see section ‘climate scenarios’ below for further information. Nitrogen deposition required by the forest growth model was estimated from the Swiss Nitrogen deposition maps (FOEN, 2015b) for each CSE and assumed to remain constant for the considered timeframe.

For the simulation of the forest growth with SwissStandSim, individual tree data (i.e., species, diameter, height) is required at the stand level (Zell et al., 2020). Since individual tree data is typically not available at the level of the entire enterprise, this information was derived from local-scale forest enterprise inventories for WAG (Bont et al., 2020), BUE (‘Kt. Zürich, ALN, Abt. Wald, forest inventory 2016’) and GOT (‘Kt. Zug, Amt für Wald und Wild, forest inventory 2009’). Forest enterprise inventories were conducted using the method of Schmid-Haas et al. (1993), comprising data of individual tree records (e.g., species, diameter) measured within circular plots, which are located along a dense regular grid (see Table 1 for further details). Due to the 5-year resolution of the DSS, it was assumed that the last inventories of the CSEs (which were measured between 2008 and 2016) provide representative datasets for generating stand structure and composition of the year 2010 (i.e., the starting point of the simulation).

For each forest enterprise, the local-scale enterprise level inventory data and information from the Swiss national forest inventory (NFI) were used to predict locally adapted complete stand descriptions using the approach of Mey et al. (2021). The approach consists of four steps: (1) forest enterprise inventory data was used to calculate stand-level summary statistics, (2 and 3) the summary statistics were adjusted to account for young trees (based on NFI-data, since enterprise-level inventories did not measure trees smaller than 12 cm diameter) and were subsequently used to predict stand-level diameter distributions data, and (4) tree species composition was assigned based on the forest enterprise inventory data. A detailed description and an evaluation of the stand initialization approach is provided in Supplementary Appendix 1.1.



Forest Growth Model

The forest model SwissStandSim is an empirical, climate-sensitive forest growth model, which was developed for single- and mixed-species forests in Swiss lowland and mountain forests (Zell, 2018; Zell et al., 2020). The calibration dataset of SwissStandSim covers 374 stands located throughout Switzerland with observation timespans of 15 to 112 years from the experimental forest management network (Forrester et al., 2019). In terms of forest management, the user can select different forest management types (e.g., thinning from below, thinning from above, crop tree selective thinning) and define beginning, end and time intervals as well as intensity of interventions (Zell, 2018).

SwissStandSim represents processes of individual tree demography explicitly via species-specific statistical models for regeneration (ingrowth), growth and mortality. These demographic models consider climatic factors as explanatory variables, i.e., mean annual temperature, precipitation and a moisture index, which feature non-linear effects and contain interactions (Zell, 2016). Changes in climatic conditions thus have species-specific impacts on growth, ingrowth and mortality, which are described in further detail in Zell (2018) and Zell et al. (2020). The forest model considers 11 species and species groups, covering the main tree species in Switzerland, i.e., Fagus sylvatica, Acer sp., Quercus sp., Picea abies, Abies alba, Pinus sylvestris and Larix decidua. Furthermore, douglas fir (Pseudotsuga menziesii) as well as species groups of ‘long-lived broadleaved’, ‘short-lived broadleaved’ and ‘other conifers’ were represented (see Zell, 2016; Zell et al., 2020).

Simulations can be carried out for timespans of several decades with a temporal resolution of 5 years. For the present study, all simulations were carried out for the timeframe of 2010 to 2060, i.e., a time span of 50 years, corresponding to a typical timeframe of several decades for long-term strategic forest management planning (Segura et al., 2014).



Management Strategies

Four management strategies were defined at all CSEs: (1) ‘no management’ (NO), which serves as a baseline scenario, (2) a ‘business as usual’ (BAU, current management strategy), which aims at a multifunctional use of the forest, (3) a ‘higher intensity’ (HIGH) management strategy, aiming at an increased timber use as an essential component for future bio-economy, as well as (4) a ‘lower intensity’ (LOW) management, which can be interpreted as a focus on a more biodiversity conservation-oriented strategy. In respect to carbon sequestration, the management strategies can also be regarded as a gradient from more ‘in-situ carbon storage’ in the forest ecosystem (‘NO’ management strategy), to an increased focus on ‘ex-situ carbon storage’ in wood products and substitution effects for the ‘HIGH’ intensity management strategy.

The BAU strategy (i.e., management type, intervention times and intensity) was defined in collaboration with the respective forest managers of each enterprise (Table 2, see also Supplementary Appendix 1.2). The corresponding ‘LOW’ and ‘HIGH’ management strategies were defined using the same management type as in BAU, but adapted, so that the amount of basal area removed equals −50% (‘LOW’ intensity) and +50% (‘HIGH’ intensity), relative to the BAU strategy (see Table 2). Further details about the management strategies are provided in Supplementary Appendix 1.2.


TABLE 2. Settings for the four alternative management strategies applied at the three case study enterprises WAG, BUE and GOT (NO: no management, LOW: low intensity, HIGH: high intensity, BAU: business as usual, representing current management).
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Climate Scenarios

For the simulation of present and future climate conditions, downscaled climate datasets by Brunner et al. (2019) were used for each CSE and aggregated to 5 year averages (annual mean temperature, precipitation sum and moisture index), as described in Zell (2018). The climate data by Brunner et al. (2019) were based on representative concentration pathways (RCP) and downscaled using a regional down-scaling approach based on quantile mapping (Gudmundsson et al., 2012). For simulations under present (historic) climate conditions, climate data (dataset CC22, see Table 3) from the reference period 1981 to 2010 (CH2018, 2018) was used and expanded to a 50-year climate time series by randomly resampling climate data. When compared with data from nearby climate station for each CSE, the downscaled historic climate datasets showed a good agreement with measured climate data of the same reference period. For the climate change scenarios, three scenarios recommended by Brunner et al. (2019) as representing a typical ‘dry’ (CC1), ‘medium’ (CC22) and ‘wet’ (CC7) future climate were used for the time 2010 to 2060 (see Table 3). An overview over the climate change scenarios is provided in Table 3, for technical details about the datasets, cf. Brunner et al. (2019).


TABLE 3. Selected climate change (CC) scenarios from Brunner et al. (2019) at the different case study enterprises (CSEs).
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BES Indicators

The effect of different management and climate scenarios were analyzed for five selected groups of BES indicators: timber production, biodiversity, recreation value (visual attractiveness), protection against gravitational hazards and carbon sequestration, using the indicator-based analysis framework of Blattert et al. (2017). The framework comprises 21 individual BES indicators applicable for entire Switzerland, which were calculated based on the simulated forest stand structures for each timestep. Below, a short summary of all BES indicators is given, a detailed description can be found in the Supplementary Appendix 1.3.

Timber production indicators included the amount of timber volume harvested (m3 ha–1 year–1), the productivity of the stand (annual net volume increment), the sustainability of timber use (expressed by the ratio between harvest and productivity) and the growing stock of the stands.

Biodiversity indicators comprised species diversity (expressed by the Shannon index, Shannon and Weaver, 1949) and structural diversity (PostHoc index, Staudhammer and LeMay, 2001) at the level of alpha diversity (representing diversity within each stand) and a gamma diversity (representing diversity at the enterprise level, i.e., the landscape scale), see also Jost (2007) and Sebald et al. (2021). Furthermore, the amount of deadwood as well as the number of habitat trees (defined as number trees per ha with a diameter of > 70 cm) were considered, which are particularly important structural attributes for biodiversity conservation (e.g., Bütler et al., 2020; Haeler et al., 2021).

Recreation value was considered in terms of forest visual attractiveness, which can be linked to stand structural attributes (Edwards et al., 2012). Based on the framework of Edwards et al. (2012), the considered indicators were: size of largest trees (m), variation in tree size (PostHoc index), extent of canopy cover (i.e., percentage of ground covered by canopy), visual permeation through stand (expressed via the stand density index, Daniel and Sterba, 1980), variation in tree species (Shannon index), residues from harvest and thinning as well as deadwood from natural mortality (deadwood volume in m3 ha–1).

For carbon sequestration, the amount of carbon in living aboveground and belowground tree biomass was calculated using species-, region- and elevation-specific allometric equations from the Swiss National Forest Inventory (Didion et al., 2019; Herold et al., 2019), as well as deadwood originating from natural mortality and harvest residues. Using an adapted approach of Blattert et al. (2018), furthermore carbon stored in three harvested wood product pools (sawnwood, wood-based panels, paper and paperboard, classification by UNFCCC, see IPCC, 2014a) as well as substitution effects were considered, with energy wood substituting fossil fuel emissions and construction wood substituting emissions by fossil-fuel intensive construction materials (e.g., concrete, steel) (Taverna et al., 2007). Since the developed DSS is intended to be a tool for forest enterprises aiming at the comparison of potential impacts of different forest management strategies on the provision of BES, we define the system boundary at the level of the respective forest enterprises. A detailed description of the carbon sequestration is provided in Supplementary Appendix 1.4.



MCDA Approach

To evaluate the effect of changing management strategies and climatic scenarios, a multi-criteria decision analysis (MCDA) approach was employed in the DSS. It is based on multi-attribute value theory (MAVT), which is particularly suitable for a small number of criteria (in our case five BES) and well-defined decision makers (in our case one decision maker per enterprise, i.e., the forest manager). MAVT aims at quantifying a partial utility value for each individual criterion and helps to identify the best performing management strategy that maximizes multiple BES simultaneously (overall utility) (Kangas et al., 2015; Uhde et al., 2015). Therefore, the relationship between the simulated BES indicators and its provided societal demands were quantified via value functions, which represent human judgements of supply and benefit of BES (Ananda and Herath, 2009). In the present study, the value functions of Blattert et al. (2017) were used to convert the result of the BES indicators into utility scores between 0 and 1 (with 0 indicating the lowest and 1 indicating the best provision of an indicator). MAVT is a compensatory MCDA approach (i.e., a utility decrease of one indicator can be compensated by an increase of another indicator), making it particularly suitable to analyzing trade-off situations (Blagojević et al., 2019).

To obtain the partial utilities for each BES group and overall utility at the enterprise level for each scenario (climate and management), an additive function was applied. In this approach, decision makers can express their preferences by assigning weights (λ) to the different indicators and the BES groups (Kangas et al., 2015).
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Where Va,i (Ya,i) is the normalized utility for each individual indicator (i) per BES group (a) based on the value function, λa are weights of each BES indicator group, λa,i are weights of each individual indicator per BES group, na the number of individual indicators per BES group and m the number of BES groups.

The compensatory nature of the MCDA framework therefore applies to the level of individual indicators as well as to the level of BES groups. Notably, the framework is flexible and allows integrating additional indicators and BES groups, which can become important in further DSS applications.

All weights (λa, λa,i) were defined by the forest managers of each CSE using the simple multi-attribute rating technique (Kangas et al., 2015) and are shown in Table 4 (BES group weights) and Supplementary Appendix 1.5 (individual indicator weights). Further details about the stakeholder preference elicitation approach is provided in Supplementary Appendix 1.6.


TABLE 4. Weights for biodiversity and ecosystem service (BES) group indicators (λa) for four alternative weighing scenarios at three case study enterprises (CSEs).
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Robustness of MCDA to Shifts in Weighting Preferences

Four alternative weighting scenarios were applied for the BES groups (λa) to explore the robustness of the MCDA results to shifting demands in BES provisioning (see Table 4). The weighting scenarios were (1) ‘Current weight’, with stakeholder-defined BES weights representing the current management priorities in the CSE, (2) ‘Equal weight’, a default scenario for comparability, where each BES receives the same weight, (3) ‘Focus weight’, an increase in weight of the priority BES to 0.5 at each CSE (with priority at GOT focusing at biodiversity, see Table 4), (4) ‘Carbon weight’, an increase in the weight of carbon sequestration to 0.5. For ‘Focus weight’ and ‘Carbon weight’, all non-focus BES weights were adjusted to maintain their relative importance as defined in ‘Current weight’ by the stakeholders. All individual indicator weights within the BES groups (λa,i) were maintained as defined by the stakeholders (see Supplementary Appendix 1.5). The detailed BES weights for each scenario are provided in Table 4.



Analysis of BES Development and Trade-Offs

For further analyzing the development of the BES as well as their synergies and trade-offs, partial utilities of each BES group (i.e., timber, biodiversity, recreation, carbon sequestration, protection) were compared for each CSE, management strategy and climate change scenario. To quantify the direction and the strength of trade-offs and synergies between different BES, Spearman’s rank correlation was used, due to it is robustness against outliers.

The trade-off analysis was based on the partial utilities of the respective BES (see Figure 2), including results of all management strategies under present climate conditions (results from future climate scenarios yielded the same patterns and were therefore not shown).

The DSS framework, as well as all analyses and visualizations were conducted with R version 4.0.0 (R Core Team, 2020).



RESULTS


Synergies and Trade-Offs Between BES Under Present Climate Conditions

Under present climate conditions, changing management intensities affected the development of all BES from 2010 to 2060, with strongest effects occurring for the BES carbon sequestration and timber production (Figure 3). An increasing management intensity led to a generally higher timber utility, but decreased the utility of carbon sequestration. Utilities of biodiversity, recreation and protection were less affected by altered management intensities and remained relatively stable over the simulation timespan. Only a minor negative effect of increasing management intensity was evident for biodiversity, as well as on recreation and protection function.
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FIGURE 3. Partial utility of biodiversity and ecosystem service (BES) indicators for four alternative management strategies (No management: ‘NO’; Low intensity: ‘LOW’; business as usual: ‘BAU’; High intensity: ‘HIGH’) at the three case study enterprises (WAG, BUE, GOT) under present climate conditions. Bars display temporal development and colors indicate different BES. Partial utility is scaled between 0 (lowest utility) to 1 (highest utility) for comparability. Note, that the absence of bars indicates a very low partial utility.


When comparing partial utilities of BES with each other, a consistent positive relationship between biodiversity and protection, biodiversity and recreation as well as between recreation and protection was found across all CSEs, indicating a synergy among these ecosystem services (Figure 4 and Supplementary Appendix Figure 2.1). Furthermore, a positive relationship between carbon sequestration and biodiversity occurred (Figure 4). In contrast, negative relationships between carbon sequestration and timber, as well as between timber and protection function (mainly against landslides) were found. Besides, biodiversity and timber utility were negatively correlated, but the degree varied among the CSEs (Supplementary Appendix Figure 2.1). Other relationships between BES were either weak or inconsistent.
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FIGURE 4. Spearman rank-correlation matrix between biodiversity and ecosystem service (BES) indicators for all case study enterprises (mean of partial utilities over simulation timespan for all management strategies under present climate conditions. Results from future climate scenarios were virtually identical and therefore not shown). Negative values (red) indicate a trade-off (negative correlation) and positive values (blue) a synergy (positive relationship) between BES. The strength and direction of the correlation is expressed by Spearman’s rank correlation coefficient (n = 12, with asterisk indicating significance, p < 0.05). Site-specific results are provided in Supplementary Appendix Figure 2.1.




Utility of Management Strategies

Under present climate conditions (‘PC’), the highest overall utility for all BES (based on ‘Current weights’, Table 4) at the year 2060 was found for the ‘BAU’ management strategy for the sites BUE and GOT (Figure 5). For site WAG, the ‘LOW’ strategy resulted in the highest overall utility. The lowest overall utility occurred under the ‘NO’ management strategy for all CSEs.
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FIGURE 5. Overall utility, shown as the sum of weighted partial utilities (based on ‘Current weight’, see Table 4) for all biodiversity and ecosystem service (BES) indicators for four management strategies at the three case study enterprises (WAG, BUE, GOT) under present climate (PC) as well as three future climate change scenarios (CC1: dry, CC7: wet, CC22: moderate) for the year 2060.




Effects of Climate Change on BES Provisioning

Under future climate change scenarios, relatively few changes occurred until 2060 at the level of overall utility (Figure 5, based on ‘Current weight’ of BES, see Table 4). Hence, no marked changes in overall and partial utilities were found for the three CSEs with increasing climate change intensity (i.e., between the ‘wet’ CC7 and the ‘dry’ CC1 scenario). Altogether, highest overall utilities were achieved by the same management strategies for the three climate change scenarios as under present climate conditions. Notably, these patterns remained relatively stable over time, with exception of the CSE WAG, where the BAU strategy performed best for a shorter time horizon (i.e., 2030, see Supplementary Appendix Figure 2.2).

At the level of individual indicators, the effect of climate change was more apparent, leading particularly to changes of basal area (up to −6% for WAG, −10% for BUE and +6% for GOT, Figure 2.4) and productivity (up to −7% for WAG, −19% for BUE and +15% for GOT, Supplementary Appendix Figure 2.4). Furthermore, slight changes occurred for deadwood and visual permeation under the ‘dry’ CC scenario (BUE: more mortality, GOT: less mortality under the ‘dry’ CC scenario, Supplementary Appendix Figure 2.3.3).



Robustness of MCDA to Shifting Weights

Shifting the BES priorities in the MCDA (i.e., BES group weights, see weighting scenarios in Table 4) resulted in changes in overall utility until 2060 (Figure 6). Nevertheless, for the ‘Equal weight’ and ‘Focus weight’ scenarios, the best-performing management strategy remained the same as under the ‘Current weight’, i.e., ‘BAU’ for BUE and GOT as well as ‘LOW’ for WAG (Figure 6), with exception of ‘Focus weight’ for WAG, where ‘BAU’ performed best. For the ‘Carbon weight’ scenario, substantial changes occurred for all CSEs, showing an increasing overall utility with decreasing management intensity.


[image: image]

FIGURE 6. Overall utility for four alternative biodiversity and ecosystem service (BES) weighting preferences (Table 4), for four management strategies at three case study enterprises (WAG, BUE, GOT) under present climate (year 2060). For underlying weighting scheme, see Table 4.




DISCUSSION

Our study demonstrated the capacity of the new DSS prototype to provide enterprise-specific scenario estimates under changing climate and alternative management strategies, enabling stakeholders to take scientifically well-founded decisions for sustainable forest management. In particular, the new DSS offers: (1) a stronger link to inventory data and forest growth conditions in Switzerland by incorporating the new forest model SwissStandSim (Zell et al., 2020), the stand initialization approach by Mey et al. (2021) and the allometric functions for tree biomass and carbon content based on the latest national forest inventory (Didion et al., 2019; Herold et al., 2019), (2) a climate sensitive framework, which is of increasing importance for strategic planning (Mina et al., 2017), (3) a widened portfolio of BES indicators, integrating also the socially important recreation function (e.g., Hegetschweiler et al., 2020), as well as an updated framework for harvested wood products and substitution effects for carbon sequestration (FOEN, 2020), and (4) a revised MCDA framework allowing stakeholders to perform trade-off analyses under different management strategies and weighting preferences. Altogether, the new DSS provides a flexible and dynamic tool for strategic (i.e., long-term) planning of sustainable forest management under changing climatic conditions and political/strategic goals. In the following sections, we discuss the DSS results in view of our research objectives and conclude with an overall discussion of limitations and potentials of the new DSS prototype.


Synergies and Trade-Offs Between BES Under Present Climate Conditions

We found on the one side synergies among BES for carbon sequestration and biodiversity as well as between biodiversity, recreation and protection function, and on the other side trade-offs of timber production with carbon sequestration, biodiversity and protection function for the considered time horizon until 2060. Previous studies found similar synergies and trade-offs in European mountain forests, for instance Mina et al. (2017) and Irauschek et al. (2017), reporting a positive relationship between increasing carbon sequestration and biodiversity indicators (e.g., for the number of habitat trees and deadwood amount), as well as a negative relationship of carbon sequestration with timber use. Similarly, a larger-scale study by Gutsch et al. (2018) found a synergy between carbon sequestration and biodiversity, and a trade-off between timber use and biodiversity conservation in forests of Central-Europe. We furthermore found a synergy between biodiversity and recreation, which varied between the CSEs. These case-study specific effects are related to different tree species settings: while the lower elevation forests enterprises (WAG, BUE) have a relatively high species diversity (mixed-broadleaved stands), the higher elevation enterprise GOT is characterized by a lower species diversity (dominated by Picea abies). Furthermore, the weighting for biodiversity at GOT focused more on the number of habitat trees and deadwood availability, which was overall high and thus led to a high biodiversity utility. These aspects explained the relatively little variation for biodiversity utility at GOT, and hence the absence of a synergy between biodiversity and recreation at this CSE. At both other CSEs, the positive relationship between those services was due to the beneficial effect of a higher natural deadwood amount as well as a high species and structural diversity for both, biodiversity (e.g., Müller and Bütler, 2010; Haeler et al., 2021) and recreation (Edwards et al., 2012). It has to be noted, however, that in case of biodiversity, e.g., including a wider range of indicators with a focus on light-demanding species with habitats in more open forests (e.g., herbaceous and insect species, Hilmers et al., 2018) could significantly change the relationship or even revert a trade-off into a synergy. The reported trade-offs should therefore be considered with care, keeping the case-study specific nature of the results in mind.

A noticeable trade-off between utility of timber use and protection function occurred in our CSEs, although to a relatively small degree. A similar negative effect was found by Mina et al. (2017) in a case study in the western Alps, where protection against rockfall and avalanches are of primary importance. In contrast to their study, protection function in our lowland and pre-Alpine CSEs mainly focused on protection from landslides and erosion. Since the landslide indicator is directly linked to canopy cover (Blattert et al., 2017; Irauschek et al., 2017), an increasing timber use led to a slight decrease in average canopy cover, which explained the negative relationship. Studies focusing on the longer-term relationship between forest development and protection against rockfall or avalanches however emphasize the importance of natural regeneration fostered by close-to-nature management in Swiss mountain forests (Frehner et al., 2005; Thrippleton et al., 2020).

Altogether, our DSS results are in good accordance with other studies investigating BES synergies and trade-offs in Central European and Alpine regions. The case-study specific results and utility-based framework of the DSS can help the forest managers to evaluate particularly the strength of trade-offs occurring in their enterprise under their specifically defined BES weightings.



Carbon Sequestration

In recent years, the role of forests in carbon sequestration and their contribution to comply with the Kyoto Protocol targets have received considerable political interest (Rogiers et al., 2015; Nabuurs et al., 2017). The Swiss forest strategy 2020 defined the goal to mobilize the sustainable harvest potentials and promoted the use of wood for construction purposes or substituting non-wood products and fossil energy carriers and account for its greenhouse gas mitigation potentials (Taverna et al., 2007; FOEN, 2013).

Over the considered time horizon of 50 years, our results implied an increasing utility of carbon sequestration by reducing management intensity, i.e., by storing the carbon ‘in-situ’ in above and belowground biomass of the forest ecosystem. Previous studies considering only ‘in-situ’ carbon sequestration (e.g., Mina et al., 2017; Gutsch et al., 2018) or ‘in-situ’ as well as ‘ex-situ’ carbon sequestration (Seidl et al., 2007) reported similar results in other regions of Central Europe. However, larger-scale assessments (with time spans ≥ 100 years) found that storing carbon in wood products and substitution effects may in fact be the preferable strategy in the long term (e.g., Werner et al., 2010; Weiss et al., 2020). A lower management intensity may lead to a large buildup of carbon in the standing stock in the short to mid-term (e.g., a few decades), which becomes however progressively instable and prone of turning into a large carbon source when stands disintegrate (e.g., due to disturbance impacts, Seidl et al., 2017). Furthermore, the substitution effect accumulates and becomes increasingly important over longer time horizons (Werner et al., 2010). However, it is also important for wood products to consider efficient resource utilization and long life-spans to improve their greenhouse gas footprint (Weiss et al., 2020). In view of the increasing disturbance frequency and intensity under future climate conditions (Seidl et al., 2017) as well as the rising importance of wood as a sustainable resource for bio-economy (Nabuurs et al., 2017), a sustainable use of the harvest potential accounting for trade-offs with other BES appears to be a prudent long-term strategy.

Our study demonstrated how the DSS can be used to evaluate alternative management strategies for carbon sequestration from the perspective of a forest enterprise. Further extensions are however necessary for a more comprehensive evaluation of the soil carbon pool, which is currently not considered, and which stores on average an equal amount of carbon as the living biomass in Switzerland (Thürig and Kaufmann, 2010). Although forest management effects on changes in the soil carbon pools are typically rather low compared to aboveground biomass (Jandl et al., 2007), some studies emphasize the importance of considering soil carbon pools in response to management (e.g., Pukkala, 2014). The DSS could be extended in this respect by coupling it to a dynamic soil carbon model, such as Yasso07 (e.g., Didion et al., 2014) or other soil biochemical models, which could also allow to address the important topic of nutrient removal by forest management (Wilpert et al., 2018).

To upscale the contribution of single forest enterprises to Switzerland and to evaluate the Swiss potential of forest carbon sequestration utility, system boundaries have to be adapted. A more sophisticated approach for the initialization of harvested wood product pool would for example be required (see e.g., Thürig and Kaufmann, 2010; Blattert et al., 2020). For the single forest enterprise, however, the current approach represents an important step toward considering the entire value chain from the forest ecosystem to wood products, energy and substitution effects (Nabuurs et al., 2017). Moreover, our DSS provides a helpful tool to reach the goals of the Swiss Forest Strategy (FOEN, 2013), i.e., assessing the sustainability of different management alternatives and accounting for their carbon sequestration potentials.



Utility of Management Strategies and Robustness to Shifting BES Priorities

The results of our study showed that the BAU management strategy performed best for the lowland site BUE and for the Pre-Alpine site GOT, while the strategy ‘LOW’ was best for WAG. Notably, these results were relatively robust to shifts in the BES weighting priorities, with exception of the ‘Carbon focus’ preference. Studies using a similar MCDA approach to evaluate management strategies in other regions of Europe found partly larger differences in overall utilities between alternative management strategies (e.g., Fürstenau et al., 2007) and in response to shifting weights (e.g., Langner et al., 2017). In comparison to most other European countries, forest conditions and silviculture in Switzerland are special due to the large proportion of mountainous forests and their protection function (FOEN, 2015a) as well as the long history of sustainable forestry and focus on multifunctionality (Forest law of 1874, 1902 and 1965) via a close-to-nature management (Ott et al., 1997). This focus of multifunctional management is also reflected in the close similarity of the ‘Current weight’ and the ‘Equal weight’ scenarios (giving all BES equal importance) in our analysis (see Table 4).

Another aspect emphasized by our results is the importance of management for BES-provisioning. Although less evident at the level of overall utility, this was important for the social service of recreation, which we assessed in terms of visual attractiveness (Edwards et al., 2012). While a high degree of naturalness in forests (high species and size diversity, natural deadwood) is generally perceived as positive for visual attractiveness, a good visual permeation into the forest is frequently noted as very important as well (e.g., Gundersen and Frivold, 2008). In our study, an intermediate management intensity (‘BAU’) was found most suitable to prevent stands from becoming too dense (negative for visual permeation), which caused a decrease of recreation value, e.g., for the ‘NO’ management at WAG over time. On the other hand, a too strong increase in management intensity can impact recreation function negatively again, due to large amounts of harvest residuals and unnatural canopy openings (e.g., Kangas and Niemelainen, 1996). Our study therefore underlines the importance of a continuous management of forest in a sustainable, close-to-nature way, which best promoted multifunctionality in our case study enterprises.



Climate Change Effects on BES Provisioning

We found generally small effects of climate change scenarios on the simulated partial and overall BES utilities. This is at first glance surprising, given that the scenarios included a significantly drier ‘high impact’ (RCP 8.5) scenario (CC1, Brunner et al., 2019), which could be expected to cause substantial changes in forest structure and composition (Bugmann et al., 2014; IPCC, 2014b). However, it is important to differentiate between the level of individual indicators and the more aggregated level of partial and overall utility when considering climate change impacts.

At the level of individual BES indicators, climate change caused an increase in mortality at the low-elevation enterprise BUE for the ‘dry’ (CC1) scenario, which increased deadwood availability and decreased the number of habitat trees. In contrast, the higher-elevation enterprise GOT responded with higher growth rates and less mortality to the CC1 scenario. These elevation-specific results are in line with other studies on climate change impacts on forests in Switzerland (Rigling et al., 2013; Etzold et al., 2019; Huber et al., 2021) and in other European countries (e.g., Mina et al., 2017). Notably, the elevational patterns of climate change in this study are also related to the prevalent tree species, which show a distinctively different response to changes in climate (Zell, 2016). In the longer-term (i.e., time scales exceeding the focus of the present study), it is furthermore possible, that enterprises like the higher-elevation, currently spruce-dominated GOT experience a profound compositional shift from coniferous-dominated to broadleaved-dominated stands, with considerable impacts on forest structure and ecosystem service provisioning (see also Albrich et al., 2020). The aspect of species shifts therefore represents an additional uncertainty which warrants further investigation in long-term applications of the DSS under climate change.

At the level of overall utility, the number of individual indicators and the hierarchical structure of the MCDA approach can however have a buffering effect on the overall results (see also Fürstenau et al., 2007). Our study included a wide set of indicators, many of which were less climate-sensitive at the considered timescale (e.g., tree species diversity), leading to a diminished climate change impact signal. Further, the MCDA approach is compensatory, which means that indicators with opposite developmental trends can cancel each other out (see e.g., Blagojević et al., 2019). This was for instance the case for the CC1 scenario on biodiversity in BUE, where climate change induced mortality led to a decrease of alive habitat trees (e.g., negative for species inhabiting the crown area, Bütler et al., 2020) and an increase in natural deadwood (e.g., positive for saproxylic species, Haeler et al., 2021). Further reasons for the relatively small climate change impacts were: (1) a relatively short time horizon (50 years), whereas most severe climate change impacts are expected by the end of the 21st century for Switzerland (CH2018, 2018); (2) the climate data used in the forest modeling, which was based on 5 year averages (Zell et al., 2020) and does not represent climatic extreme events; and (3) the problem of a lack of observation data regarding warmer and drier climatic conditions in the calibration range of the forest model, which can lead to underestimated climate change impacts under extreme scenarios (Adams et al., 2013). A similarly small effect of climate change was found in a recent DSS study by Lundholm et al. (2020), which was also based on an empirical growth and yield model, while studies using process-based dynamic models typically report more severe climate change impacts on BES provisioning (e.g., Fürstenau et al., 2007; Irauschek et al., 2017; Mina et al., 2017). Nevertheless, the simulated basal area changes found in our study are in good agreement with a recent study on climate change impacts on Swiss forests by Huber et al. (2021) using a process-based model and reporting basal area changes of a similar magnitude for 2070. Furthermore, it has to be noted, that despite recent progress, large uncertainties still surround the modeling of tree mortality under climate change (Adams et al., 2013; Hartmann et al., 2018). This is especially the case, when different disturbance impacts are considered, e.g., by windthrows, wildfires and bark beetles (e.g., Temperli et al., 2013; Thom et al., 2017). The aspect of vulnerability of stands to disturbances is therefore another key point for further developments of the DSS, and approaches like the windthrow and bark beetle vulnerability index by Temperli et al. (2020) could be integrated into the MCDA framework.



Importance, Limitations and Future Potentials of the New DSS

DSS are becoming increasingly essential tools for forest managers to cope with the complexity of the planning situation (Vacik and Lexer, 2014). In recent years, a large number of DSS for forest management worldwide have been reviewed (e.g., Borges et al., 2014). According to a review by Segura et al. (2014), key issues to improve the practical relevance of DSS are to strengthen the link to empirical data underlying the system and to increase multiple criteria for a comprehensive evaluation of forest BES. Our DSS fulfills these claims by providing a strong link to data from forest inventories at the national and enterprise level (Brändli et al., 2020; Mey et al., 2021) and forest growth in Switzerland (Zell et al., 2020), as well as by increasing a wide portfolio of BES indicators and value functions for Switzerland (Blattert et al., 2017), thereby providing a tool for a holistic evaluation of sustainable forest management. With its focus on strategic planning at the enterprise level, it complements other DSS in Switzerland (Heinimann et al., 2014) focusing more on operational planning (e.g., WIS2, Rosset et al., 2014) and model applications at the local to national scale (e.g., Huber et al., 2021). By integrating a utility-based MCDA framework, our DSS provided condensed results to the forest manager, thereby balancing the problem of increasing complexity and the need for simplicity in communication (Vacik and Lexer, 2014).

A limitation of the current prototype version of the DSS is the software implementation, which does not feature a simple user-friendly design yet, and can require adaptations for applications to different regions of Switzerland. Main barriers for a simple applicability of the system are in particular: (1) the differences in input data which partly exist between the cantons, especially in respect to local forest inventory datasets, (2) the rapidly increasing computational time with increasing enterprise size and increasing scenario assessments, which currently prevents a real-time application, (3) the incorporation of additional BES indicators and value functions, which requires programming experience. A further development of the DSS prototype is therefore recommended. Improvements comprise an automatic handling of input data (e.g., inventory datasets), a more efficient software framework for faster computation, and an extension of the indicator framework. Additional indicators could for instance address further aspects of timber production (e.g., sustainability indicators for forest operations, Schweier et al., 2019), forest infrastructure (Bont et al., 2019), biodiversity (e.g., species associated with different successional stages, Hilmers et al., 2018), recreation (e.g., Hegetschweiler et al., 2020) as well as soil- and water related indicators (e.g., groundwater recharge, Schwaiger et al., 2018). Further aspects of key importance for forest managers are information about the uncertainty of the DSS results (Knoke et al., 2016), as well as the monetarization of BES (Gret-Regamey et al., 2017). Fast progress in other scientific fields also offer ample opportunities for DSS (Vacik and Lexer, 2014), such as remote sensing which provides high-resolution data at the level of forest enterprises (e.g., Bont et al., 2020).

The procedure outlined in this study is well suited for evaluating different silvicultural strategies for an entire enterprise. If different management strategies are to be used at the same time, the question arises at which exact locations the respective strategies are to be implemented best. To solve such challenging combinatorial problems, optimization models can be used, as described for example by Knoke et al. (2016) for robust optimization or Pohjanmies et al. (2019) to reconcile economic and conservation objectives. For communication with stakeholders, a furthermore highly promising development are visualization systems at the stand and enterprise scale (e.g., Pretzsch et al., 2008). Due to the increasing level of immersivity of visualization systems, results of DSS can become more intuitive for forest managers (Fabrika et al., 2019), thus helping to shape their vision for strategic planning.



CONCLUSION

In this study, we presented a new multi-criteria DSS prototype for strategic (long-term) planning at the forest enterprise level for Switzerland, which offers various possibilities to explore the effect of alternative management strategies, climate change scenarios and shifts in political focus on multiple BES provisioning. The DSS provides a MCDA evaluation framework, which enables forest managers to assess the consequences of different management strategies and to evaluate synergies and trade-offs among management objectives. The DSS furthermore provides the scientific foundation for a transparent decision making and communication, which is of increasing relevance for forest stakeholder interactions. Due to its strong empirical foundation and flexible architecture, the DSS can be applied in lowland as well as mountain forest enterprises. Consequently, next steps will be the application of the DSS to further enterprises in Switzerland as well as extending the indicator and MCDA framework and improve its user-friendliness for forest planners in Switzerland.
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