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EXECUTIVE SUMMARY 

In Deliverable D5.5, the scientific findings of four years of RESONATE research are 

synthesised. RESONATE adopted complementary research approaches to provide state-of-

the-art decision support on enhancing forest resilience in forests across Europe and their 

associated forest value chains. Here the aim is to synthesise findings from literature reviews, 

method development, empirical research, forest modelling and stakeholder analysis.  

The synthesis report i) introduces the resilience assessment methodology developed in 

RESONATE, ii) summarises the analysis of forest disturbance hotspots and how they are 

projected to change in the future, iii) explores the potential of resilience enhancing measures 

in forest management and forest value chains, iv) analyses regional differences in the 

effectiveness of resilience management based on forest modelling case studies, v) 

investigates how stakeholders perceive the importance of resilience challenges and measures 

across three case study countries and how to manage potential trade-offs, and vi) compares 

findings across different research streams.  

RESONATE carried out extensive reviews of the state-of knowledge related to forest resilience 

assessments and the effectiveness of resilience enhancing measures. The methodology for 

an Operational Resilience Framework, ORF developed in RESONATE represents a major 

step forward towards a harmonised and widely applicable methodology. The ORF has been 

adopted across the project in very different contexts and at varying scales from local to the 

continental level. It has proven very useful and ensured consistency in definitions and 

concepts across the whole project.  

Another important basis for the resilience assessments in RESONATE has been the 

improved disturbance evidence that was gathered from ground based and remote sensing 

derived data. Later it was also used to project disturbance hotspots into the future to generate 

state-of-the art disturbance scenarios. Both the resilience assessment methodology and the 

disturbance maps and scenarios can be considered as cutting-edge developments which will 

likely be widely adopted and referenced in future research on forest resilience.  

RESONATE selected nine case studies to analyse the diversity in forest conditions. These 

conditions, management traditions and societal demands for ecosystem services vary 

considerably across Europe and it is likely that climate change will have different impacts upon 

regional forest growth and disturbance regimes. In most cases, existing and regionally 

validated forest simulation models were applied in the case study resilience assessments. 

In addition, the EFISCEN-space model was applied to project forest resource development 

and wood utilisation for 17 countries in Europe.  

Overall, the project highlighted that enhancing forest resilience requires the need to embrace 

diversity holistically. Forests with varied tree species and functional traits are better 

equipped to withstand and recover from disturbances like storms and pests. Diverse forests 

are also less likely to experience large-scale die-offs, as tree species respond differently to 

stress. Balancing biodiversity with timber production ensures long-term ecological and 

economic benefits. Natural disturbances, such as storms and fires, can boost biodiversity 

when fallen trees and deadwood are retained as habitats. RESONATE findings emphasise 

that tailored management strategies should be region-specific, incorporating measures 

like setting aside forest patches, controlling browsing, and fostering early natural regeneration. 

A diversified approach will help forests to thrive while securing economic opportunities for local 

communities. 
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The analysis of silvicultural options to enhance forest resilience revealed strong evidence, 

e.g. concerning the effectiveness of thinning to reduce drought mortality or the importance of 

selecting climate change adapted species and provenances. The relevance of these 

measures was confirmed by the case study forest model simulations to assess 

management effects on resilience in the future. The projection of future disturbance risks 

showed a drastic increase in wildfire disturbances under the expected changes in climatic 

conditions and extreme events. Disturbance risk prevention thus needs to be emphasised 

more in the future. Such an approach, which fosters cooperation among forest owners for 

collective woodland management, can strengthen the resilience of forest landscapes against 

wildfires, while simultaneously contributing to enhanced economic viability of wood production. 

RESONATE was among the first projects to investigate social-ecological forest resilience 

in European forests with a specific focus also on forest value chain resilience. Forest sector 

stakeholders have identified fewer adaptation pathways for harvest operations and the wood 

industry compared to forest management. With several tasks dedicated to better 

understanding forest value chain resilience, RESONATE clearly advanced the state-of-

knowledge in this field. This included improving the understanding of market responses to 

disturbances and the exploration of wood utilisation under changing climate and management 

as well as identifying factors supporting resilience in forest value chains. 

Climate change and increasing forest disturbance risks require not only changes in forest 

management, but adaptation is equally necessary in forest value chains. Balancing forest 

management, industry, and consumer needs in a changing landscape was identified as a 

major challenge in RESONATE. At a local level, forest disturbances pose major challenges 

for local forest owners, particularly small-scale managers with limited market influence and 

infrastructure, e.g., to transport damaged wood. In parallel, there is a large untapped value 

creation potential in hardwoods, with a large proportion of production being used for 

bioenergy with low economic value.  

The results indicate that the value chain constellation is imbalanced, with forest owners and 

small processors bearing the greatest risks, while larger wood industries remain more 

adaptable. Bridging the risk gap between forest managers and the wood industry requires 

partnerships, knowledge sharing, and risk-sharing agreements like price guarantees. 

RESONATE research suggests investing in efficient technologies to help process diverse 

wood assortments as a crucial step towards more resilient value chains. Flexible harvesting, 

enhanced logistics, and increased storage capacities can mitigate post-disturbance wood 

surges. RESONATE recommends the industry to prioritize high-value, long-life wood 

products while integrating secondary resources and cascading use principles. Another 

aspect to be explored is innovation, e.g. via novel applications based on alternative species. 

A stable market environment across forest management, industry innovation, and consumer 

engagement is key to securing resilient forests, sustainable livelihoods, and bringing economic 

stability in the face of climate change. 

However, there is no one size-fits-all measure to enhance social-ecological resilience in forest 

systems. RESONATE analysis emphasised that there could be multiple trade-offs between 

measures enhancing resilience in forest management and in the wood industry. Generally, 

there has been a notable lack of integrative approaches that encompass both forest 

management and the wood processing industry. As a result, there is a mismatch between 

adaptation capacity at the beginning of the value chain (in forest management) and towards 

the end of the value chain (in the processing industry).  
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Enhancing resilience in forest management requires diversifying forest structures and 

adapting to climate change with higher shares of hardwood species. This leads to higher 

diversity of wood assortments, which strongly conflicts with current preferences in the forest 

industry towards efficient processing of high volumes of softwood supply. The mismatch 

underlines the fact that building value chain resilience requires an improved understanding of 

the network of upstream suppliers and downstream processors and consumers, as well as a 

high level of collaborative work across value chains.  

The results of the multi-criteria assessment with preferences of forest-based industry experts, 

forest owners and forest researchers show that the importance of specific resilience 

challenges and measures varied strongly across three different case study countries. These 

country-specific circumstances raise very different policy implications. Therefore, one 

policy does not fit all countries. Given the fact that the resilience concerns may change over 

time, policies should also be flexible and be able to change their focus points when one 

challenge is addressed and another arises.  

Forests, wood industries and society are interconnected, and the interplay of all drivers, actors, 

risks and potential solutions must be addressed from a systems point of view to enhance 

climate resilience of Europe’s entire forest value chains.   

KEYWORDS 

Resilience assessment, disturbance hotspots, forest management, forest value chain, social-

ecological forest resilience  
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1. Introduction 

The changing climate highlights multiple challenges to the resilience of forest value chains 

within the EU. Forest ecosystem resilience, wood availability as well as techno-systems (for 

wood-based production) are facing many short and long-term risks. The RESONATE project, 

focussed on four main identified resilience challenges within forest value chains: biodiversity 

decline, changes in societal demand, increased risks of forest disturbances and changing tree 

species suitability.  

RESONATE aims to generate the required knowledge and practices for making European 

forests, the services they provide and the related economic activities more resilient to future 

climate change and disturbances. To this extent, WP 5 provides a synthesising analysis of the 

results derived from previous work packages and develops guidance and recommendations 

for policy and practice. In this Deliverable, D 5.5, the scientific findings of four years of 

RESONATE research are synthesised. As forest conditions and use vary across Europe, 

different resilience enhancing measures may not be equally important everywhere. Presenting 

and analysing such regional differences will be an important focus in this deliverable.  

In the related Deliverable D 5.6, the improved scientific evidence from RESONATE will be 

used to inform recommendations to policy and practice on how to improve forest value chain 

resilience across the EU.  

Objective 

RESONATE adopted complementary research approaches to provide state-of-the-art 

decision support on enhancing forest resilience in forests across Europe and their associated 

forest value chains. Here the aim is to synthesise findings from literature reviews, method 

development, empirical research, forest modelling and stakeholder analysis. Most of these 

results have been previously presented in earlier deliverables. However, new results are also 

considered, in cases where the deliverables only reported on preliminary results.  

Our synthesis report will  

• Introduce the resilience assessment methodology developed in RESONATE  

• Summarise the analysis of forest disturbance hotspots and how they are projected to 

change in the future 

• Explore the potential of resilience enhancing measures in forest management and 

forest value chains  

• Analyse regional differences in the effectiveness of resilience management based on 

forest modelling case studies 

• Investigate how stakeholders perceive the importance of resilience challenges and 

measures across three case study countries and how to manage potential trade-offs  
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2. The Operational Resilience Framework – resilience assessment 

methodology developed in RESONATE 

A crucial development steering all RESONATE resilience assessments was the development 

of the Operational Resilience Framework (ORF; Figures 1 and 2), which was presented in 

Deliverables D1.2, D1.4 and (Lloret et al. 2024). Given that the existing literature on forest 

resilience uses multiple concepts and inconsistent terminology (Nikinmaa et al., 2020), ORF 

clarifies the meaning of resilience and presents operational guidance on its assessment in 

social-ecological forest systems.  

 

Figure 1: Steps guiding the operational resilience assessment developed in RESONATE (Lloret et al., 

2024). 

 

Figure 2: Key questions guiding the ORF application (Lloret et al. 2024). 

The ORF provides an operational way to apply resilience as a target in the assessment and 

management of social-ecological systems, in relation to context changes other than base-line 

fluctuations (i.e., disturbances, stressors). The ORF was adopted in RESONATE at varying 

scales from the local to the European level and for different parts of the forest social-ecological 

system. The diversity of applications demonstrated the importance of clear definitions and 
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assessment procedures. This includes clarity on the investigated system and the terminology 

adopted in the assessment procedures, for example regarding how to measure resilience.  

Three categories of indicators are separated in the ORF (Figure 3): 

1) Descriptors of the forest system’s behaviour, which may or not be resilient   

=> (ecological, value chain) system variables (e.g. biomass, timber supply) 

2) Contextual agents of resilience, which are difficult to manage   

=> resilience co-drivers (e.g. topography, climate) 

3) Manageable factors, which can improve resilience   

=> resilience predictors (e.g. tree species diversity, forest structure) 

 

Figure 3: Different types of resilience indicators in the ORF (Lloret et al. 2024). 

RESONATE has identified and explored relevant resilience predictors in different components 

of the forest social-ecological system, from the ecosystem to forest value chains and societal 

demand for ecosystem services. This process underlined the importance of the point of view 

of the agents involved (e.g. a nature-oriented or a human perspective). For instance, within 

forestry, predictors are usually the focus, while in value chains, indicators describing the 

performance of the system are more common.  

Goals of resilience assessments may vary: 

1. to describe recent/current resilience by analysing the behaviour of system variables (e.g. 

timber supply, standing carbon storage) to determine whether a system is currently resilient 

or not. 

2. to forecast future resilience, e.g. using forest models, to explore how to maintain or 

enhance resilience. This may entail identifying operational/manageable solutions by analysing 

scenarios of management alternatives compared to a reference state.  

3. to highlight the importance of context (natural or social interest, local to European, 

biogeographical regions, climate change scenarios) to inform decision-making. For example, 

lack of forest management and land abandonment pose resilience risks. 
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4. to implement key actions to promote forest resilience. For example, biodiversity 

preservation was found to be key for enhancing resilience of several forest ecosystem 

properties (Hurtado et al. 2025). 

In resilience assessments of forest systems, important issues to be considered are:  

- clear definition of the system under consideration e.g. a specific forest enterprise or 

society’s wellbeing.  

- identification of which kind of ecosystem service is examined. 

- incorporation of dynamic descriptors to represent gradual system changes, e.g., 

those related to emerging trends in wildfires, bioeconomy transitions, or impacts of 

land abandonment on ecosystem services. 

- establishment of reference states to which resilience is referred to (e.g., sustainable 

harvest limits). 

- elicitation of stakeholder perceptions, which are crucial to specify the system under 

consideration and to select indicators (system variables, predictors, co-drivers).  

- identification of target users to ensure that clear decisions are made at the appropriate 

scale.  

 

3. Analysis of forest disturbance hotspots and how they are projected to 

change 

3.1 Evolution of forest disturbances in Europe  

RESONATE contributed to two major efforts to improve scientific evidence on the evolution of 

forest disturbances in European forests. An updated compilation of ground-based inventory of 

disturbance data in Europe showed that all major disturbance agents had significantly 

increasing trends from 1950 – 2019 (Patacca et al., 2023a). These trends were presented in 

an EFI Policy brief (Figure 4).  

The remote sensing-based analysis of disturbances across Europe (Senf, C. and Seidl, R. 

2021a), was updated in RESONATE until the year 2020. RESONATE Deliverable D2.1 and 

D2.2 presented an online map for exploring disturbance hotspots in Europe. The map consists 

of seven individual layers depicting different aspects of Europe’s disturbance regimes derived 

from satellite data. The layers are interactive and allow for exploring regional and temporal 

variation in disturbance regimes and thus for the identification of disturbance hot spots (Figure 

5) and subsequent analysis on Europe’s disturbance regimes and their changes over time. 

The map furthermore has an interactive visualization tool that allowed locating the 

RESONATE case studies in relation to Europe’s overall disturbance regimes (Figure 6).  

 

https://efi.int/publications-bank/significant-increase-forest-disturbances-1950s
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Figure 4: Significant increase in forest disturbances since 1950s (Patacca et al., 2023b).  

 

  

Figure 5: Disturbance hotspot map showing the disturbance regime indicator “total disturbance rate” for 

the year 2011. The location of the RESONATE study sites are shown as grey dots. The interactive map 

and several tools for visualization are available at Senf (2021) https://doi.org/10.5281/zenodo.7080016. 

The widget allows for mapping different disturbance regime indicators for all years (1986-2020). 

https://doi.org/10.5281/zenodo.7080016
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Figure 6: Graph showing two disturbance regime indicators (mean disturbance rate and mean 

disturbance patch size) for the year 2020 and the RESONATE case studies overlayed (RESONATE 

Deliverable D2.1). 

The updated and improved remote sensing-based forest disturbance map of Europe was 

utilised to question how planned and unplanned disturbances in Europe’s forests have 

changed since the mid-1980s and if these changes are linked (Seidl R. and Senf C., 2024). 

Disturbances here cover all canopy openings of high severity, with unplanned disturbances 

being those caused by naturally occurring agents (such as windthrow, bark beetles, and 

wildfire), while planned disturbances are those resulting from human activity such as 

harvesting. The main motivation of this work has been the ongoing discussion of which drivers 

are behind the observed increase in canopy openings in Europe. 

It was found that planned disturbances were the dominant cause of canopy openings in 

Europe, amounting to 82.2% of the area disturbed between 1986 and 2020. The dominance 

of planned disturbances was particularly strong in northern and eastern Europe, while 

unplanned disturbances dominated in Central and Southern Europe. Both planned and 

unplanned disturbances have increased since the mid-1980s and the rate of increase was 

similar for both causes (unplanned: +30%, planned: +24% in the early 21st century compared 

to the late 20th century) (Figure 7a). However, particularly the changes in unplanned 

disturbances were highly variable in space, with local increases of up to +1000% in some 

areas. The ten years with the highest overall area disturbed all occurred after 1999. Planned 

and unplanned canopy openings did not change independently of each other, but their 

changes were linked. Specifically, it was found that areas where planned canopy openings 

increased also experienced an increase in unplanned canopy openings, and vice versa 

(Figure 7a). For 68% of the European forest area, planned and unplanned canopy openings 

increased simultaneously (Figure 7b). 
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(a) (b) 

 

 

Figure 7: Changes in unplanned (i.e., natural) and planned (i.e., anthropogenic) disturbances in 

Europe’s forests. (a): Temporal pattern (b) Spatial pattern, contrasting the early 21st century (2001–

2020) to the late 20th century (1986–2000) (Seidl and Senf, 2024).  

The findings highlight that planned and unplanned canopy openings in Europe are not 

changing independently but that these changes are intricately linked. Recognising these 

linkages has important implications: It highlights that disturbance change is not solely an effect 

of climate change but also has a land-use component. It was concluded that forest 

management should aim to break the link between planned and unplanned canopy openings. 

This could for instance be done by incorporating natural disturbances more integrally into 

forest planning and decision making: reducing planned canopy openings used in silviculture 

e.g., to regenerate forests and establish trees that are adapted to future climate conditions as 

well as focusing regeneration and adaptation measures on areas affected by unplanned 

canopy openings could dampen the overall trend of increasing disturbance. Utilising 

unplanned canopy openings as opportunities for management also aligns forest management 

interventions with ecological processes (e.g., in terms of patch size distributions) and is thus 

in line with goals to move towards “closer-to-nature” in forest management. 

3.2 Projecting future disturbances 

In RESONATE Deliverable D 4.3 the Scaling Vegetation Dynamics (SVD) Framework 

(Rammer and Seidl, 2019) was used to create future disturbance scenarios. This framework 

allows simulation of forest dynamics including disturbance events until the end of the 21st 

Century (2100) in response to different climate change scenarios. Within the Scaling 

Vegetation Dynamics Framework, forest development was projected by means of a deep 

neural network trained on local forest simulations across Europe. Disturbance modules for 

fire, wind and bark beetles were developed to simulate disturbance events in the Scaling 

Vegetation Dynamics Framework, informed by historical disturbance records derived from 

remote sensing products (Senf and Seidl, 2019; RESONATE deliverables 2.1 and 2.2). 

Climate change projections with scenarios obtained from three different global circulation 

models under three different Representative Concentration Pathway scenarios (RCP2.6, 
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RCP4.5 and RCP8.5) showed significant disturbance increases under the RCP4.5 and 

RCP8.5 scenarios (Figure 8). 

 

Figure 8: Mean annual area disturbed (excluding planned harvest) for the three RCP scenarios over 

the 21st century. The stacked bars show the total disturbed area across Europe, calculated as the mean 

of all years within the specific time period (n=20) and across all simulations of the focal RCP scenario 

(n=15). Colours indicate the three disturbance agents wind (blue), bark beetle (green) and fire (red). 

Data for the recent years (2000 – 2020) from Senf and Seidl (2021) are shown in grey. 

Even in the best-case scenarios, (whereby climate change is contained at 2° warming, cf. 

RCP2.6 in Figure 8), disturbances will still be higher than they have been historically 

throughout the 21st century. If warming continues on its present course, it is likely there will be 

a further increase in disturbances in the future. Specifically, continental-scale disturbances 

doubled by the end of the century under a scenario of unabated climate change. Wildfire 

contributed most strongly to this increase, and also disturbances from bark beetles increased 

distinctly under warming climate. A dedicated analysis on the climate sensitivity of wildfires 

underlined their strong sensitivity to warmer and drier conditions, with the probability for 

extreme fires more than doubling by the end of the century, and climate becoming more 

conducive to wildfires also in the temperate and boreal biomes (Grünig et al., 2023); see 

Figure 9. Importantly, projected changes in disturbances differed across Europe: Temperate 

and Mediterranean forests were most affected by climate-induced disturbance change in the 

simulations (Figure 9). Hence it is in these areas that measures to adapt to higher disturbance 

rates and to foster disturbance resilience are most needed. The analyses also show that 

changing disturbance regimes substantially affect the structure of Europe’s forests, with 

important implications for forest biodiversity. Old forests, for instance, were projected to 

decrease substantially in the future as a result of increasing forest disturbances (RESONATE 

Deliverable D4.5).  
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Figure 9: The probability of maximum fire sizes exceeding 2500 ha for future climate conditions is 

drastically increasing with continuous climate change (Grünig et al., 2023). 

4. State of knowledge on how to enhance resilience in forest management  

4.1 The network of interactions underlying forest resilience  

From a comprehensive review of 367 scientific articles addressing resilience in forests 

globally, and after identifying the main elements of the Operational Resilience Framework 

(ORF), Hurtado et al. (Hurtado et al., 2025) performed a network analysis based on 5,332 

interactions linking predictors or codrivers with forest attributes’ resilience. The study 

recognised the existence of bundles of predictors and codrivers that determine the resilience 

of distinct sets of system variables in response to diverse disturbances and stressors in forests 

across the world (Figure 10). Among these key resilience predictors, biodiversity plays a 

central role, with mixed, non-planted, or functionally diverse forests promoting resilience 

across spatio-temporal scales and biomes.  

While management also enhanced resilience, the success of specific interventions was highly 

context-dependent, suggesting that its application requires a careful analysis of the trade-offs 

involved. For instance, management actions focused on prioritising non-planted and mixed 

forests with high functional diversity emerged as a sound approach to promote the overall 

resilience of different system variables including those related to productivity, vegetation cover 

and biodiversity. However, other practices such as intensive plantation may also negatively 

affect the resilience of key forest properties such as forest cover or taxonomic diversity. Among 

resilience codrivers, disturbance severity and to a lesser extent drought conditions, threatened 

the resilience of most forest variables. The study revealed that targeted management actions 

focused on a set of key predictors aligned to nature-based solutions have a great potential to 

maximise the promotion of social-ecological forest resilience to global change challenges. 
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Figure 10. Network of interactions linking resilience predictors with the resilience of forest system 

variables, illustrating the existence of bundles of variables (modules) promoting resilience (Hurtado et 

al. 2023, The complex network of forest interactions underlying forest resilience, Oral presentation, XVI 

Asociación Española Ecologia Terrestre Meeting). 

The relationship between resilience predictors and system variables derived from the above-

mentioned literature survey was also assessed according to the perceptions of stakeholders, 

specifically considering the two-dimensional ecological and socioeconomic character of 

European forests. For such purpose, stakeholders with different profiles (forest management, 

forest-based value chain, societal and government and policy actors) from the nine 

RESONATE case studies (Finland, Ireland, United Kingdom, Czech Republic, Germany, 

France, Croatia, Spain (Catalonia and Galicia)) answered a questionnaire addressing the 

relationships between resilience predictors and system variables and the appropriateness of 

predictors to enhance the resilience of forest ecosystem services and value chains. The 

results show that the stakeholders identified relationships between resilience predictors and 

system variables in both ecological and socioeconomic dimensions (Figure 11). This 

underscores the perception by stakeholders of specific sets of manageable predictors that are 

capable of potentially influencing a variety of system variables to enhance the resilience of 

European forests. In agreement with the literature survey, for the ecological dimension, 

biodiversity, forest conservation and management practices were consistently identified as 

important factors promoting the resilience of the main functional and structural forest features. 
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In contrast, for the socioeconomic dimension, the consensus among groups of stakeholders 

was weaker. Regardless of this lower level of agreement, silvicultural practices and forest 

characteristics were considered key predictors to explain and manage the resilience of a set 

of system variables, especially biodiversity. Interestingly, the analysis also showed a gap 

between the perceived theoretical relevance of resilience and the existing capacity to 

implement actions for its promotion, revealing the need for policy guidelines and resources 

aligned with scientific knowledge. 

 

Figure 11: Links established by stakeholders among potential socio-economic resilience predictors and 

system variables (RESONATE Deliverable D1.2). 

4.2 Silvicultural adaptation options to enhance forest resilience 

An extensive literature review was carried out to assess which silvicultural adaptation options 

have been found to enhance forest resilience (Figure 12). Reducing stand density through 

thinning increases resilience by reducing competition and improving resource availability for 

individual trees, especially under drought conditions as assessed in Deliverable 2.4 and Willig 

et al. (2025). While it enhances water access and root development, it can also expose trees 

to additional stress from solar radiation and wind (e.g. del Campo et al., 2022) However, 

thinning effects vary widely depending on site conditions and implementation methods (Sohn 

et al., 2016, Willig et al. 2025).  

Shortening production times is based on the assumption that tree mortality risk increases with 

age or diameter (Holzwarth et al., 2013). This can be achieved through heavier thinning or 

harvesting at lower diameters and is often used in age-class conifer monocultures prone to 

storms or bark beetles (e.g. Zimová et al., 2020). However, while it allows for earlier transitions 

to more resilient, better-adapted forests, it negatively impacts biodiversity by reducing habitats 

for species dependent on older or decaying trees.  

Enhancing tree species diversity is beneficial because weaknesses or failures of one species 

due to drought or other disturbances could be compensated by the other species. In addition, 
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tree species may interact and thereby ameliorate growth conditions for one or more of the 

species in mixture (Forrester & Bauhus, 2016).   

Introducing rare or non-native species is a common adaptation strategy to sustain forests as 

the viability and economic value of forests composed of current species is threatened by 

climate change (Hanewinkel et al., 2013). Assisted migration, using seed material from better-

adapted provenances or species, is one approach to ensuring forest resilience (Chakraborty 

et al., 2024). However, this strategy carries risks such as invasiveness, maladaptation, and 

limited management experience with non-native species in target regions (e.g. Pötzelsberger 

et al., 2020).  

In the debate on passive adaptation, it has been questioned whether unmanaged forests can 

adapt to global change better than forest with active human interventions aimed at increasing 

adaptive capacity (Jandl et al., 2019). Supporters of passive adaptation approaches argue 

that self-regulating ecosystems enhance resilience, while critics claim adaptation is too slow 

to keep pace with rapid climate change. This mismatch is especially concerning as trees are 

long-lived, and species migration lags behind the shifting climate conditions (Aitken et al., 

2008; Seidl et al., 2016).  

 

Figure 12: Silvicultural adaptation options identified based upon the scientific literature.  

4.3 Enhancing tree species diversity in European forests 

Tree species composition is known to influence forest productivity (e.g. Pretzsch et al. (2021), 

yet its effect on forest resilience to some common disturbances, such as storms, remains 

largely unexplored. Moreover, climate is likely to influence forest resilience directly but also 

indirectly through an influence on effects of tree species composition on resilience. Across 

Europe, storm-induced tree mortality is one of the most significant disturbances, making it 

essential to understand the drivers of forest resilience to these disturbances and their 

consistency across different climatic conditions, which is crucial for predicting the 

consequences of climate change for European forests. 
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To investigate forest resilience to storms, extensive simulations were conducted using an 

integral projection model calibrated with National Forest Inventory (NFI) data at the European 

scale (Barrere et al. 2024). Two simulation experiments were carried out: 

(ii) based on tree species assemblages observed in National Forest Inventory data, 

covering a species diversity gradient nested within a climate gradient. 

(ii) based on tree species assemblages observed in RESONATE case studies. 

In both cases, species and functional diversity and the mean position of each species 

assemblage were quantified along two key functional axes: 

• Conservative vs. fast-growing strategies 

• Low vs. high recruitment strategies 

Each species assemblage was disturbed from equilibrium using species-specific storm 

mortality probabilities. Three resilience metrics were then quantified: 

• Resistance: the ratio of basal area immediately after disturbance to the basal area 

before disturbance 

• Recovery: the slope of post-disturbance increase in basal area 

• Resilience: inverse of the cumulative deviation of basal area from the undisturbed state 

 

Figure 13: Effect of species composition metrics - Shannon index (R), functional diversity (FD) and 

mean functional strategy (CWM1 and CWM2) – on forest resistance, recovery and resilience to storm 

along the climatic gradient covering Europe from hot and dry climate to cold and wet climate. The lines 

indicate the fitted models of the metric effects along the climatic gradient. Positive values indicate that 

increased values of species composition metrics lead to higher resistance, recovery, or resilience, 

indicating a positive effect. Conversely, negative values indicate negative effects. For instance, 

functional diversity metrics have a strong positive effect on resistance in hot and dry climates (Barrere 

et al. 2024). 
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Simulations revealed that, on average, species-rich assemblages exhibited higher recovery 

and resilience to storm disturbances, while functional diversity improved both resistance and 

recovery. However, when analysing how these effects varied with climate, it was found that 

diversity significantly increased resistance and resilience only in stressful climatic conditions 

(hot and dry or cold and wet) (Figure 13). Additionally, it was found that storm resilience was 

strongly influenced by the mean position of species assemblages along the functional axes. 

Notably, the conservative–productive axis had an effect 2 to 3 times greater than species 

diversity: forests dominated by conservative species were more resistant and resilient but 

exhibited lower recovery compared to assemblages dominated by fast-growing species. 

These simulations highlight that tree species diversification enhances forest storm resilience, 

but species composition plays a crucial role that should not be neglected. Simply increasing 

diversity without considering species traits is not an optimal strategy—forests composed 

entirely of fast-growing species do not maximize resilience. Instead, diverse forests with a 

substantial share of slow-growing species demonstrate the highest resilience. This finding 

aligns with silvicultural adaptation strategies such as species diversification identified in the 

scientific literature (Jactel et al. 2017, Messier et al. 2021), which shows that tree diversity 

reduces large-scale disturbance risks. Our simulations, however, also stress the importance 

e species-specific strategies, beyond species diversity. Moreover, our results are consistent 

with RESONATE forest owner surveys, which identified diversification as an important 

adaptation strategy while also emphasizing the complexity of maintaining a high species 

diversity. 

4.4 Effectiveness of passive adaptation approaches for enhancing forest resilience  

RESONATE Deliverable D2.4 reviewed the evidence on the effectiveness of cessation of 

management for enhancing forest resilience. The few existing studies on unmanaged forests 

and mortality indicate that cessation of management is not beneficial for adaptation in the 

short term. Correspondingly, participants of the survey in RESONATE deliverable D2.9 

indicated it as a rather ineffective adaptation option and it has not been applied on a wider 

scale in European forests (mostly <10% of forest area).  

Therefore, strict reservation of forest should be principally motivated by biodiversity 

conservation. Areas targeted for reserves should be selected so as to achieve the protection 

goals, also in the longer term under global change, i. e. where the dominant tree species will 

likely cope with projected climatic conditions. 

The meta-analysis of thinned and un-thinned stands in D2.4 did not find evidence for the 

effectiveness of cessation of forest management. There are good reasons to implement set-

aside areas for conservation purposes, but in many situations, they are not a suitable measure 

to support climate change adaptation. It is also important to emphasise that large, protected 

areas, such as national parks, are extremely valuable to study how natural adaptation of 

forests develops. A passive adaptation approach can also be useful following disturbances. 

Some stands which have not been managed after storms such as Lothar, Vivian and Wiebke 

now possess a high degree of compositional and structural diversity and can be regarded as 

good examples of increased resilience.  
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Figure 14. Location of the 9 RESONATE case studies across Europe (orange circles and star). Shading 

areas represent countries where RESONATE investigated forest resilience. Ireland was included in the 

analysis of resilience to past disturbances, and it was one of the 17 countries simulated with EFISCEN-

space (cf. chapter 5.5).   

4.5 Resilience to disturbances in 9 case studies across Europe 

RESONATE investigated forest resilience in 9 case study areas: Bauges, Catalonia, Finland, 

Czech Republic, Germany, Istria, Galicia, Ireland and UK (Figure 14). The period from 1986 

to 2020 was selected to align with the research conducted under Deliverable D2.1 and the 

reference disturbance was chosen to correspond to the largest disturbance event recorded 

during this timeframe. The forest simulation models LANDCLIM, MEDFATE, Landis-II, iLand 

and Prebas were used to determine how forests have responded to disturbances under 

different management regimes (Table 1).  

These spatially explicit models allowed for changes in above ground biomass, the system 

variable and the resilience predictors (growing stock, above ground carbon stock, change in 

carbon stock, tree richness, forest productivity and tree structural diversity) to be examined at 

the level of one hectare pixel. Four management regimes were used: business as usual, 

business as usual with the reference disturbance, business as usual with the reference 

disturbance intensified by 50% and no disturbance no management. Disturbance type and 

initial intensity were representative of the modelled area for each case study and included 

windthrow, fire, drought and bark beetle infestation. More detailed information about the 

disturbances and the management inputs for each case study can be found in Deliverable 

D2.5 and Deliverable D2.8.    
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Table 1: RESONATE case studies, applied forest models and disturbance type during 1986-2020. 

Case study  Model Disturbance Type 

Bauges (FR) LandClim Windthrow 

Catalonia (ES) MEDFATE Drought 

Finland (FI) Prebas Windthrow 

Kostelec (CZ) iLand Windthrow & bark beetle 

Upper Rhine Valley (DE) iLand Windthrow 

Istria (HR) Landis-II Fire 

Galicia (ES2) Landis-II Fire 

Ireland (IR) Landis-II Windthrow 

New Forest (UK) Landis-II Windthrow 

 

For the disturbed pixels, the recovery of all variables, back to pre-disturbance levels, for 34 

years, was assessed under business as usual with the reference disturbance and business 

as usual with the reference disturbance intensified by 50% (Table 2). 

Table 2: Recovery of above ground biomass, growing stock, above ground carbon stock, change in 

carbon stock, tree richness, forest productivity and tree structural diversity within case studies by year 

of simulation 34 (Year 2020) for Business as Usual with the reference disturbance and Business as 

Usual with the reference disturbance intensified by 50% (Pre-disturbance level reached = Y, pre-

disturbance level not reached = N). 

Case Study 
Above 
Ground 
Biomass  

Growing 
Stock  

Above Ground 
Carbon Stock  

Change in 
Carbon Stock 

Tree 
Richness  

Forest 
Productivity  

Tree Structural 
Diversity 

Bauges 

(FR) 
N N N Y N Y N 

Catalonia 
(ES)* 

Y Y Y Y Y Y Y 

Istria (HR) N N N Y Y Y Y 

Kostelec (CZ) N N N N N Y Y 

Finland (FI) N N N N N Y Y 

Galicia (ES2) N N N N N N N 

Upper Rhine 
Valley (DE) 

N N N N N N Y 

Ireland (IR) Y Y Y Y N N N 

New Forest 
(UK) 

Y Y Y N N N Y 

*Catalonia (ES) had a 30-year simulation period. 

Results showed that (i) no variables recovered to pre-disturbance levels in Galicia, whereas 

all variables recovered to pre-disturbance levels in Catalonia. The other case studies showed 

varying levels of recovery; (ii) recovery times of all variables under business as usual with the 

reference disturbance intensified by 50% and business as usual with the reference 

disturbance were the same. This suggests that within the given timeframe, the intensity of the 

disturbance had no effect on whether a variable recovered - only the occurrence of the 

disturbance itself mattered. This data showed that forests within the case studies would 

recover by 2020 under recent events and with events with an increased intensity of 50%; (iii) 
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tree richness was the variable that did not recover in the vast majority of the case studies (7/9), 

followed by above ground biomass, whereas tree structural diversity recovered in the majority 

of the case studies (6/9). This suggests that forest managers will need to adapt their 

management strategies if they aim for tree richness and above ground biomass to recover 

within a 34-year timeframe, as natural processes alone and business as usual are insufficient.     

When considering business as usual only without disturbances, results showed that Catalonia 

and Istria variables all recovered under business as usual conditions for the years of simulation 

9 – 34 (Table 3). All variables except tree structural diversity increased for Ireland under 

business as usual. On the other hand, all variables except forest productivity decreased under 

business as usual. Furthermore, in every other case study (France, Germany, and the United 

Kingdom), there were a mix of variables that either increased or decreased. When comparing 

business as usual with business as usual with the reference disturbance and business as 

usual with the reference disturbance intensified by 50%, it appears that variables may not 

have decreased solely due to disturbance inputs but also as a result of forest management.  

Table 3: Recovery of above ground biomass, growing stock, above ground carbon stock, change in 

carbon stock, tree richness, forest productivity and tree structural diversity within case studies by year 

of simulation 34 (Year 2020) for business as usual (Pre-disturbance level reached = Y, pre-disturbance 

level not reached = N). 

Case Study 
Above 
Ground 

Biomass 

Growing 
Stock 

Above 
Ground 

Carbon Stock 

Change in 
Carbon Stock 

Tree 
Richness 

Forest 
Productivity 

Tree 
Structural 
Diversity 

Bauges, (FR) Y Y Y Y N N Y 

Catalonia (ES)* Y Y Y Y Y Y Y 

Istria, (HR) Y Y Y Y Y Y Y 

Kostelec, (CZ) N N N N N Y N 

Finland, (FI) N N N N N Y Y 

Galicia, (ES2) N N N Y N N Y 

Upper Rhine 

Valley (DE) 
Y Y Y N N N Y 

Ireland, (IR) Y Y Y Y Y Y N 

New Forest (UK) Y Y Y N Y N Y 

*Catalonia (ES) had a 30-year simulation period. 

Although disturbances seemed to drive above ground biomass decline in the Czech Republic 

for example, this reduction may have been influenced by the management strategy itself. 

Therefore, when considering future forest resilience, it is crucial to account not only for the 

disturbance regime but also for the impact of forest management strategies. 

4.6 Management and climate change effects on forest resilience in eight case studies 

across Europe 

With simulation calculations of the years 2031-2100 in eight case studies (cf. Figure 14; all 

except Ireland) RESONATE Task 4.4 investigated four different resilience indicators: net 

annual increment, growing stock stability, disturbed volume and annual harvest under three 

alternative Climate Scenarios: 

• Historical Climate (1950-2000 or similar) 

• Climate Scenario Representative Concentration Pathway (RCP) 4.5 

• Climate Scenario RCP 8.5 
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To explore how to enhance forest resilience, four different forest management scenarios were 

investigated: 

• Current forest management (BAU - Business-as-usual) 

• Bioeconomy Scenario (BIO) with shorter rotation periods and increased timber use 

• Climate adaptation scenario (CCA) with tree species changes and disturbance 

prevention 

• Scenario with more protected areas (IP) in line with the goals of the EU Biodiversity 

Strategy 2030 

 

More detailed explanation on how the calculations where done is available in the Annex I: 

Projecting forest resilience in 8 case studies across Europe.  

 

 

  
 

   

   

Figure 15: Disturbed volume and natural mortality relative to the BAU management under historical 

climate scenario (Hist). The dashed reference line represents BAU under historical climate for each CS. 

Four management scenarios (BAU: business as usual; BIO: bioeconomy; CCA: climate change 

adaptation; IP: increased protection) were simulated under Historical climate (Hist), RCP 4.5 and RCP 

8.5 climate scenarios.  
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Figure 15 shows different mortality rates considering climate change across regions in Europe. 

In most cases, mortality seems to increase under RCP4.5 and RCP8.5 compared to the 

historical climate scenario. When looking at the different management strategies most of them 

result in higher mortality relative to BAU under historical climate. However, CCA and 

Bioeconomy management strategies result in less increase compared to BAU or IP suggesting 

improved resilience under these management scenarios in cases such as Bauges, Catalonia 

and South Finland. New Forest has the most negative values, meaning that the alternative 

management types reduce mortality compared to BAU. However, this might be due to specific 

climate-related factors reducing certain types of disturbances or favouring species with higher 

resilience. Nonetheless, this does not mean forests are thriving—climate change might be 

shifting disturbances rather than eliminating them.  

Growing stock (GS) stability was chosen as the primary predictor of resilience due to its 

universal availability across all models, ensuring comparability across case studies. Given the 

heterogeneity of forest types, model structures and assumptions for each case study, direct 

comparisons of absolute growing stock values would be inappropriate. For example, 

Mediterranean coppice forests in Istria and ancient oaks in New Forest are not directly 

comparable. Instead, stability (measured as 1/CV) provides a standardized metric that 

accounts for variability, allowing for a more robust assessment of resilience under different 

management and climate scenarios. Growing stock stability was assessed over the period 

2031-2100 (Figures 16 and 17) and also separately for short-term (2031-2060) and long-term 

(2071-2100) effects separately (Figure 19).  

 

 

Figure 16: Growing stock stability trends 2031-2100 in eight RESONATE case studies. Growing stock 

stability decreases under climate change (RCP 4.5 and RCP 8.5) compared to historical climate (HIST). 

Management effects (BAU: business as usual; BIO: bioeconomy; CCA: climate change adaptation; IP: 

increased protection) are quite variable across case studies.   
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Figure 16 illustrates the trends in growing stock stability across different management types 

(BAU, Bioeconomy, CCA, and IP) under the three climate scenarios: historical (Hist), RCP 

4.5, and RCP 8.5. Higher values of GS stability indicate greater stability. Some cases (e.g., 

Istria) exhibiting notably high fluctuations under historical conditions. Stability generally 

appears lower under future climate scenarios (RCP 4.5 and RCP 8.5) compared to historical 

conditions, particularly for BAU and Bioeconomy management types. Additionally, IP 

management appears to maintain relatively lower stability across all scenarios. These results 

highlight how different forest management strategies and regions respond to climate change, 

emphasizing the need for adaptive management approaches to maintain growing stock 

stability Large differences across cases should be interpreted on a case-by-case basis. 

However, the average across cases reveals quite distinct management effects (Figure 17).  

 

Figure 17: Average growing stock stability 2031-2100 is strongly influenced by management changes. 

In the Climate change adaptation (CCA) scenario resilience increased more strongly than bioeconomy 

and increased protection (IP) scenarios in eight RESONATE case studies.  

There are interactions between resilience predictors. For example, climate change increases 

mortality under all management scenarios in Istria, which is in line with decreasing growing 

stock stability under these scenarios (Figure 18). Interactions and trade-offs may also occur 

temporarily: Figure 19 illustrates for the Kostelec case study in Czechia that growing stock 

stability may increase in the long term (2071-2100) following short term decreases in this 

resilience predictor (2031-2060). 
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Figure 18: Different resilience predictors respond differently to  climate change. In this example, growing 

stock stability and mortality are shown for four management scenarios in Istria (2031-2100), relative to 

the values under historical climate (hist).  

 

  

Figure 19: Contrasting short-term (2031-2060) and long-term (2071-2100) management effects on 

growing stock stability in the Kostelec case study in Czechia. Bioeconomy and climate change 

adaptation (CCA) scenarios first lead to decreased growing stock stability, but this results in long-term 

increased values towards the end of the century.  
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4.7 Browsing by ungulates as important driver of resilience in the Czech case study 

The research in the Czech Republic case study area addressed the combined effect of climate 

change and forest regeneration browsing by ungulates which, together with bark beetles and 

windthrows, constitute region`s typical compound disturbance regime (Figure 20).  

The impact of different levels of regeneration browsing was evaluated regarding current high 

browsing level, moderate browsing level characterising successful game control, and 

hypothetical browsing exclusion), also considering forest structure, composition, and carbon. 

The general objective was to determine whether game browsing can cause pervasive changes 

in tree species composition and thus disable natural adaptive responses in forest composition 

(i.e., it blocks the transition from planted coniferous forests to climatically better adapted 

broadleaved species).  

It was found that the persistence of the current level of browsing impedes adaptive changes 

in forest composition and sustains the presence of the vulnerable yet less palatable Picea 

abies. On the contrary, reduced browsing pressure initiated a transformation towards the 

naturally dominant broadleaved species that was associated with an increase of forest carbon 

and a considerably reduced future disturbance from wind and bark beetles.  

 

Figure 20: Areas affected by the large-scale bark beetle outbreak in the Czech Republic after 2018 (a, 

b); a herd of fallow deer Dama dama (c, Photo: J. Červený); and a replanted site protected from 

ungulates by a fence (d, Photo: R. Modlinger). 
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The conditions of Representative Concentration Pathway (RCP) 4.5 combined with high and 

moderate browsing levels projected the forest to remain within its historical range of variability. 

The remaining combinations of browsing and climate change led to ecosystem transitions 

characterized by an extended period of erratic forest transformations, with the subsequent 

stabilization in a new equilibrium. Under RCP4.5 with browsing effects excluded, the new 

equilibrium conditions were achieved within 120 years, whereas the stabilization was delayed 

by 50–100 years under RCP8.5 with higher browsing intensities.  

We conclude that forests dominated by P. abies are prone to transitions driven by climate 

change. However, reducing browsing pressure can set the forest on a stable and predictable 

trajectory, whereas sustaining the current browsing levels can lead to heightened disturbance 

activity, extended transition times, and high variability in the target conditions (Dobor et al., 

2024). 

4.8 Joint forest management as a tool to increase forest resilience to wildfires  

The Galicia case study focused upon the question of whether joint forest management can 

enhance forest resilience to wildfires while simultaneously boosting the bioeconomy and 

ensuring the preservation of protected forest areas. This question was explored through a 

region where small family-owned forests are prevalent in the territory. Due to the fragmented 

nature of these plots, implementing wildfire resilience strategies on an individual basis is highly 

complex. A potential solution lies in adopting a joint management system, whereby forest 

owners collaborate to manage their land collectively, optimising both resilience and economic 

benefits. 

Galicia, a region in northwestern Spain covering 29,754 km², has the highest forest harvesting 

rates in Spain, accounting for 50% of the country’s total roundwood production (MITECO, 

2022). It is also among the European regions with the highest harvesting intensities (Levers 

et al., 2014; Suvanto et al., 2023). Private ownership dominates Galician forests, with over 

450,000 forest owners and predominantly small parcels, resulting in a highly fragmented 

landscape (Consellería do Medio Rural, Xunta de Galicia, 2021b). Galicia is also one of the 

Spanish regions most prone to forest fires. An official report (MITECO 2020) covering the 

period from 2006 to 2015 indicates that Galicia accounted for 23% of the total burned area in 

Spain. In recent years, the region has experienced several extreme wildfire events. In 2022, 

the regional government reported 51,642 hectares burned, making it—along with 2017—one 

of the most devastating years in recorded wildfire history (Rincón et al., 2024). 

The study area is located in the municipalities of Outes and Negreira (Province of A Coruña, 

Galicia), covering a total of 2,509 hectares divided into 15,197 plots, with an average plot size 

of 1,700 m². The land is primarily managed for pine production (Figure 21) and includes 

approximately 275 ha of unmanaged broadleaves. 
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Figure 21: Study area under Business-as-Usual management area (left) and under Forest Association 
management (right). 

In the Business-as-Usual scenario, the small plot sizes limit forest management to a very basic 

silvicultural system, with no thinning or pruning. Additionally, 30% of the forested plots remain 

unmanaged due to abandonment. The alternative management regime considered involves a 

Forest Association (FA) collectively managing the same area. This approach includes: 

• A structured silvicultural system with thinning and pruning in 2000 ha covered by Pinus 

pinaster with 100% planned management. 

• Enhanced fire prevention measures. 

• Improved biodiversity conservation, including an increase in broadleaf forest cover 

(470 ha), strategically distributed to support wildfire prevention and nature 

conservation. 

 

A Simulation Framework was used to compare the Business-as-Usual (BAU) and Joint 

Forest Management (FA) approaches under historical climate conditions, as well as future 

climate change scenarios (RCP 4.5 and RCP 8.5), evaluating their effects on both growing 

stock resilience and wildfire impact and resilience over a 120-year period. Results show that 

joint forest management helps to effectively reduce the spread of fire and to consequently 

decrease the overall extent of the affected area (Figure 22). The growing stock equilibrium 

also helps to mitigate the economic impact of wildfires. In addition, management of 

broadleaves for nature conservation objectives can be planned to compliment fire prevention 

objectives, whilst not reducing economic returns in comparison to Business-as-Usual. Similar 

findings are obtained across the range of climate scenarios, regarding the wildfire impact. 
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Figure 22: Modified collective management by the Forest Association (FA; right) can significantly reduce 

the spread of fire and the overall extent of the affected area (fire contour) compared to Business as 

Usual (BAU; left) management across the range of climate scenarios (current climate (CC) and RCP 

4.5 and RCP 8.5 climate change scenarios). 

4.9 Forest owners’ willingness to engage in hazard prevention measures 

Identifying resilience enhancing measures in forest management is a crucial first step, but 

without problem awareness and willingness to change current management, this knowledge 

may not result in improved forestry practice on the ground. Many of the hazards which 

European forests are facing are spatially interconnected, i.e. if it is intended to increase 

resilience, then there is a need to ensure collective actions. But forests are often owned or 

managed by small-scale stakeholders, thereby making collective actions more challenging. 

Two different RESONATE case studies (Galicia and Czech Republic), investigated the 

willingness amongst forest owners to engage in collective measures to prevent bark beetle 

attacks, fire risk management and biodiversity conservation (RESONATE Deliverable D4.7).  

Key findings showed that forest owners are largely aware of the spatial interconnectedness of 

hazards (i.e. it matters what their neighbours do) and yet do not show a greater willingness to 

engage in collective preventive measures more than upon individual preventive measures, 

even if they are more likely to prove effective. Reported barriers to collaborating on hazard 

mitigation included different management objectives, a lack of contact with neighbours, a lack 

of governmental structures for collaboration (in Galicia) and in the Czech Republic a lack of 

belief in the effectiveness of collaboration. 

The reluctance to change current management was mainly due to costs, time constraints, a 

lack of knowledge and uncertainty over how the forest owner might benefit from a 

management change. Forest owners in Galicia showed willingness to engage in biodiversity 
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conservation and fire risk prevention measures if compensated, whilst Czech forest owners 

were willing to engage in bark beetle hazard insurance (including preventive measures), for 

which they were willing to pay 8€/ha/year. This illustrates the perceived significance of the 

problem and a corresponding willingness to engage in mitigation measures. However, the 

willingness to pay is not depending upon engagement of other owners potentially indicating 

lack of collaboration culture. 

Forest ownership structure and motivations can be a barrier for collaboration on collective 

prevention hazards like fire or bark beetles. However, owners are aware of the hazards and 

that the intensity of these may increase in the future. Creating structures through, for example, 

an insurance scheme which includes collective prevention measures, or through collaboration 

networks may be a way to engage forest owners. Such approaches might help to mitigate the 

hazards which could have large impact, both regionally and nationally on the landscape and 

on the value chain. However, incentives supporting such approaches are currently largely 

missing. More research is needed on how to create such structures or incentive schemes 

(RESONATE Deliverable D4.7). 

The results of the survey, along with the refined data from the Galician case study developed 

for WP4, were presented to stakeholders and the regional forest service. These findings are 

now being considered in policy discussions on future measures to promote forest owner 

cooperation. 

5. Potential pathways to enhance forest resilience in forest value chains 

5.1 Assessing the historical impact of disturbances on the wood value chain 

Taking a closer look at how these disturbances affect the wood-based value chain, 

RESONATE T3.1 analysed resilience of the value chain at a national level. The D3.1 and the 

published paper Asada et al. (2023) looked at how forest damage affects the wood industry in 

five European countries: the Czech Republic, Austria, Sweden, Germany, and Finland (Figure 

23). Over the past 20 years, it was found that when forests are hit by storms or bark beetle 

outbreaks, the price of high-quality sawlogs goes up. This is because these events damage 

top-grade wood, causing shortages for sawmills that rely on it. However, in countries that 

export a lot of sawlogs, the price increase is smaller, since high-quality logs are often sent 

abroad rather than processed locally. On the other hand, the price of pulpwood usually drops 

after a supply shock. But the pulpwood market is more stable because it has more raw material 

options, including recycled paper and sawmill residues, making it better at handling 

disruptions. Strategic logging management (reducing planned harvest and increasing salvage 

logging in the case of disturbances) and international trade (increasing export to alleviate 

oversupply and falling prices) are suggested as possible resilience predictors that alleviate the 

effects of forest disturbances on roundwood prices.  



RESONATE – Deliverable 5.5 

 

 

33 

 

 

Figure 23: Forest management objectives influence climate change adaptation efforts and the volume 

of wood entering the value chain. Conversely, the demand from the wood market can influence forest 

management and wood processing through price changes. In this study we looked at four supply-side 

effects (in orange) and two demand-side effects (in blue).  

The study also points out that the countries analysed mainly focus on softwood production 

from coniferous trees. More research is needed to understand how climate change-related 

forest damage will affect hardwood trees and the broader hardwood market. This gap was 

partially filled in RESONATE task 3.2. D3.2 and the published paper García-Jácome et al. 

(2025) looked at the resilience of the value chain at a local level and specifically analysed 

predictors and co-drivers in five European countries in the past 20 years in Kostelec (CZ), 

Upper Rhine Valley (DE), Istria (HR), Finland (FIN), and Galicia (ESP).  

Climate change induced disturbances are increasingly disrupting the ecological, economic, 

and social functions of forests in Europe. These disturbances shake the forest value chain 

(FVC), causing unpredictable shifts in timber supply. The ORF was adopted to assess how 

well FVC systems in five European regions (Czech Republic, Croatia, Germany, Finland, and 

Spain) can withstand and recover from these shocks, focusing on timber supply as a key 

indicator of resilience (García-Jácome et al., 2025). 

The analysis showed that regions with proactive management and strong processing 

capabilities (CZ, HR, ESP) adapted more effectively to disturbances, while others (DE, FIN) 

suffered prolonged instability due to reactive, market-driven practices. Key factors influencing 

resilience included wood production, harvesting systems, and management practices. 

Resilience thresholds were frequently breached, especially during high-volume salvage 

logging after crises like windstorms and bark beetle outbreaks. The findings stress that there 

is an urgent need for adaptive and forward-thinking strategies to safeguard forest ecosystems 

and the industries they support (Figure 24). 
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Figure 24: Resilience assessment in Czechia, Croatia, Germany, Finland and Spain (García-Jácome 

et al., 2025)) Representation of resilience metrics for assessment CZ, HR, DE, FIN and ESP from 2001 

to 2021. The blue line shows the timber supply; the red line represents the disturbances (salvage 

logging volume), and the grey lines indicate the upper and lower thresholds specific for each case study. 

It highlights each case study’s ability to maintain timber supply within these thresholds despite natural 

disturbances (García-Jácome et al., 2025) 

5.2 Wood resource supply affects forest value chain resilience 

Value chain modelling in RESONATE Task 3.3 has taken two directions: Either spatially 

explicit models with low market complexity such as the harvest wood product model (Bozzolan 

et al., 2024) or models with a high market complexity but low spatial complexity (such as the 

FOHOW used in Boiger et al., 2025). Having both market-complex and spatially complex 

models is beneficial because they capture different aspects of the value chain: market-

complex models provide detailed insights into economic dynamics and supply-demand 

interactions, while spatially complex models offer precise representations of resource 

distribution and land-use impacts. Combining both approaches allows for a more 

comprehensive analysis, supporting better decision-making in forestry and resource 

management. 

As demand for wood products grows, it is important to understand if local resources can meet 

this need. In the EU, about 550 million cubic meters of wood are harvested yearly, mostly 

processed by the wood industry. Bozzolan et al. (2024) analysed wood availability with data 

on 4,000 facilities across sawmills, pulp and paper and bioenergy. Overall, industry capacity 

aligned well with wood resources in three European countries - Germany, Norway, and the 

Czech Republic, based upon minimum distance procurement models. They obtained detailed 

insights into the industry’s specific requirements, including potential spatialised wood 

consumption per assortment type. Projected wood utilisation with the forest resource model 

EFISCEN-space revealed regional shortages of coniferous logs and surpluses of broadleaf 

logs (Figure 25).  

Another insight was that pulp mills often need to source wood beyond 100 km. The results 

can support decision-making on sustainable forest resource management and help predict 

how climate change and harvesting affect supply and where the industry needs to adapt to 

changing resources and when. Although the connection to industry is rather simple now with 

an assumed stable forest industry location and capacity, it shows severe challenges of sawmill 
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softwood industry in future. A more dynamic coupling of industry to demand and responsive 

behaviour per mill site are future development needs.  

 

Figure 25: Utilisation of wood resources projected for Norway (A), the Czech Republic (B), and Germany 

(C) with EFISCEN-Space contrasted with industry capacities from the European Forest Industry 

Facilities Database for the average harvest from 2010 to 2020 (Bozzolan et al., 2024). A 100% utilization 

factor means that all harvested wood from the EFISCEN-space forest resource model is taken up by 

the industry within a radius of 100 km. In principle the industry can take up more, and red thus depicts 

a shortage.   

Boiger et al. (2025) used a simulation model for Austria (The FOHOW) to study how forest 

management abandonment following profit losses due to disturbances impacts the Austrian 

wood value chain (Seidl et al., 2024) and demand driven by economic growth (GDP), 

determining equilibria where supply and demand intersect based on price and mill capacity 

(Figure 26). The study identified tipping points in the wood value chain, with escalating 

disturbances increasing their likelihood. Indirect effects, such as forest management 

abandonment influenced by market dynamics and social factors, further reduce system 

resilience. Even under the high-emission climate scenario RCP8.5, disturbance variation 

remains below the tipping point threshold, though the reliance on 10-year average data likely 

underestimates annual variability. 
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Figure 26: Average roundwood price for risk-averse (abandonment limit 10) and risk-affine 

(abandonment limit 30) forest owners for the historical climate scenario. A high abandonment limit 

indicates that forest owners rather accept lower roundwood prices and do not abandon forest 

management (Forest owners only abandon management after a 30% decline in prices) while a low 

abandonment limit indicates that forest owners abandon forest management as soon as the roundwood 

prices decreases slightly (Forest owners already abandon after a 10% decline in prices) (Boiger et al. 

2025). 

5.3 Stakeholder perceptions of climate change adaptation in the wood value chain 

The softwood processing industry, along with some lower-quality hardwood processors, 

benefits from using cheaper, lower-grade timber. However, industries that rely on high-quality 

hardwood, like furniture-making, struggle because this type of wood can't be harvested too 

early (Asada et al., 2023). Despite these challenges, research on how the wood processing 

industry adapts to climate-related forest disturbances was limited before the RESONATE 

project. 

Task 3.4 considered the stakeholder perceptions of climate change adaptation in the wood 

value chain. Deliverable 3.6 led to the publication Hoeben et al. (2025). The feasibility and 

effectiveness of climate adaptation measures, from forest management to processing stages 

was explored in this deliverable. It was found that experts generally expect these measures to 

be easier to implement and more effective in the future than they are now. 

Perceptions varied between softwood and hardwood industries—coniferous forest managers 

were more optimistic about certain measures than those working with non-coniferous trees. 

However, while hardwood processing was seen as more feasible and effective, softwood 

processing scored lower on both counts. 

Another key finding was that as you move further down the wood value chain, from sawmills 

to bioenergy plants, adaptation measures were seen as less feasible and less effective. This 

could be because pulp mills and bioenergy plants benefit from an increased supply of cheaper 

roundwood after disturbances, making it easier for them to use lower-quality wood efficiently. 

In an extra task parallel to RESONATE, storylines were looked at. After all, the resilience of 

the wood value chain doesn’t just depend on the size of disturbances; it also relies on how 

wood resources are managed and used, which is influenced by different storylines. Hoeben 
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et al. (Submitted) looked at media in Austria and found two main approaches to adapting forest 

management: close-to-nature forestry and a wood production-focused model. These 

approaches differ in how much wood is produced and how other forest functions are 

supported. The study also found that people in the forest sector often promote certain 

storylines about climate change and adaptation, which help push their own goals and support 

the wood production model over close-to-nature forestry.  

In Figure 27, it is possible to see the six identified storylines reflecting three thematic 

divergences:  

• "Climate change is not a problem" vs. "We need climate-resilient forests": Early 

scepticism about climate change’s role in forest disturbances shifted towards 

recognising climate change as a driving force, especially after severe events like 

storms and wildfires. 

• "Climate change mitigation through wood utilisation": Direct use vs. cascading 

use: The debate over how to best use wood for climate mitigation evolved from directly 

using wood for energy to promoting its cascading use in materials and energy. 

“Only a managed forest is a healthy forest” vs. “Hands-off forestry”: There has been a 

growing emphasis on actively managing forests for climate adaptation, focusing on increasing 

wood production and using biomass, contrasted with calls for more hands-off forest 

management to preserve biodiversity and carbon sequestration. 

 

 

Figure 27: The six determined storylines in the analyses compared to the total number of newspaper 

articles and the amount of disturbed wood (1000m3) over the period 2002-2022. In the figure, the three 

thematic divergences are represented by green tones, orange tones and blue tones (Hoeben et al. 

2025, manuscript). 
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5.4 Innovation and adaptation in the wood value chain 

Innovation is seen as a silver bullet that can enhance value chain resilience, which is often 

mentioned in academic papers and reflected in the political vision introduced in the New 

European Forest Strategy (European Commission, 2021). This suggests that innovation and 

new product development have the potential to shift the composition of value chain structure, 

enabling it to respond to changes in societal demand and to those related to climate change. 

Similarly, the EU Bioeconomy Strategy (European Commission, 2018) encourages those 

working in the forest-based sector to develop new management strategies, explore new 

markets and develop new business models to leverage wood resources and processes. 

A clear connection between innovation and resilience or enhanced adaptive capacity at the 

individual firm level or within the wood-based industry has not been consistently researched. 

Hoeben et al. (2023) reviewed examples from forestry, bioeconomy, adaptation, and 

innovation research to understand how innovation along the wood value chain affects 

resilience to climate change. In this regard, it makes a concrete link between innovation and 

resilience or strengthened adaptive, which previously has not been consistently made in 

scientific literature.  

The literature review revealed nine innovation pathways along the wood value chain (Figure 

28) that do not definitively or consistently positively contribute to resilience. Furthermore, the 

pathways rarely connect forest management and the processing industry. This creates a 

mismatch, where forest management focuses on diversity and adaptation, while the 

processing industry focuses on efficiency, which can lead to conflicts. 

The results emphasise that to strengthen resilience in the value chain, it’s important to better 

understand the connections between suppliers, processors and consumers and to encourage 

more collaboration across the entire chain. 

 

 

Figure 28: Innovation pathways to enhance resilience of forest value chains under changing conditions 

(Hoeben et al., 2023). 
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5.5 EU level forest and wood value chain resilience 

To explore how the resilience of the European forest and forest value-chain could be 

improved, forest resources dynamics were simulated up to the end of this century (2100) for 

17 EU countries (representing ~143 million ha or 63% of forest in Europe, FOREST EUROPE, 

2020), with the EFISCEN-Space model (D4.9). Building up on previous RESONATE findings 

(i.e. D2.1, D2.2, D2.3, D4.8), different scenarios were explored, assessing the impact that 

climate-change, disturbances (windstorms, wildfires) and adaptive forest management 

alternatives will have on the development of forest resources (see RESONATE D4.9 for 

details). The simulation outcomes were coupled with the industry module of EFISCEN-Space 

(see section 5.1 or D3.8, D3.9) to assess how different scenarios will affect the sawnwood 

value-chain. The analysis assessed i) the impact of natural disturbances (windstorms, 

wildfires) on forest growing stock dynamics and wood supply, ii) explored how increasing 

species and structural diversity affect growing stock dynamics and wood supply and iii) 

evaluated the impacts that those management changes would have on the forest value-chain. 

 

Figure 29: Projected growing stock (m³/ha) for all the countries and scenarios included in EFISCEN-

Space simulations (RESONATE Deliverable D4.9). The scenarios included a climate change adaptation 

scenario (ALT_cc_dist) and three Business-as-usual management scenarios under current climate 

(BAU), with a RCP 4.5 climate change scenario (BAU_cc) and with both climate change and 

disturbances (BAU_cc_dist). The y-scale of all the panels differ across countries to improve the 

visualisation. Please note all volume data are overbark and initial data are according to each country’s 

minimum diameter threshold. Also note that trends may deviate from own national projections and initial 

growing stock volume may slightly deviate from official statistics; e.g., Finland runs are based on older 

sets of Fundiv_Europe data and thus its initial growing stock is lower than in national statistics. 

It was found that growing stock, harvest and increment dynamics will have highly diverse 

trends across countries. However, they do so differently across regions and management 

regimes. Disturbances were predicted to have high impact on the growing stock development 

across the century (Figure 29) by prompting pulses of mortality that caused fluctuations of 

regional harvest levels. At these 17 countries level this reduces the total growing stock from 

almost 24 billion m3 to 21 billion m3 (cf. BAU and BAU_cc_dist scenarios in Figure 30).  
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Figure 30: Average growing stock (m3/ha, left y-axis) and total standing stock (Billion m3, right y-axis) 

for all the 17 countries together (EU scale; 143 million ha). The business-as-usual (BAU) scenario 

shows slightly higher values at the first time-step because in the 2025 re-initialisation from the BAU run 

for the other scenarios the first 2 dbh classes were not considered (i.e. dbh threshold = 5 cm). The 

alternative management (ALT_cc_dist) considering climate change adaptation significantly increases 

projected growing stock in the second half of the 21st century.  

The alternative management was a climate change adaptation scenario aimed at increasing 

structural and species diversity (see D4.9). At EU scale this allowed to increase the standing 

growing stock in the forest by packing more trees in the stands (Figure. 30, ALT_cc_dist line). 

Substituting disturbance-prone with disturbance-resistant spp. and increasing structural 

diversity was beneficial especially in regions exposed to high windstorm risk. In those regions 

(e.g. Atlantic coast forests with homogeneous structure), after an initial higher damage during 

the conversion, the forest was more resilient to windstorms, ensuring less salvage logging and 

more stable harvest levels (e.g. Sweden, Ireland or Czech Republic). The alternative 

management was less effective in fire-prone regions (e.g. Mediterranean), where increasing 

structural diversity and growing stock increased fire damage (e.g. Italy, sub-regionally Spain, 

Croatia).   

The value-chain analysis in RESONATE Deliverable D4.9 focused on 3 key regions for 

sawnwood production in Europe: Central Europe (France, Germany, Czech Republic, 

Switzerland and BeNeLux), Scandinavian peninsula (Sweden and Norway) and Ireland 

(Figure. 31). The disturbances in those regions were prevalently driven by wind damage and 

had a big influence on the wood availability for the industry, determining unexpected over or 

under-supply of wood. Assuming constant demand from the mills, the projection showed how 

under Business-as-Usual management the industry will run short of soft-wood supply by ~30% 

at the end of the century in Central Europe and Ireland. In Scandinavia the available softwood 

was stable but showed signs of shifts at sub-regional level (shift towards the north). Hardwood 

availability always increased across regions at the end of the century.  
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Figure 31 shows the average wood Utilization Factor UF (%) in the first decade of the 

simulation (2025-2035) across the studied countries. Where all the wood available for 

harvesting was transported to a sawmill the UF = 100 % (red). Where the wood available for 

harvesting did not reach the sawmill the UF = 0 % (blue). The zoom-in panels show how the 

regional allocation from the simulated stands to the mills (assuming stable mills capacity until 

2035) allows them to fulfil their processing capacities. The red-coloured areas in Figure 31 

indicate areas of the countries where all the harvested sawlogs (according to the regional 

harvest rates) can be utilised by the sawmill industry, using a maximum transport distance of 

100 km. This may mean the mills in these areas have an undersupply, or match exactly their 

capacity. The blue-coloured areas indicate areas where more sawlogs were harvested than 

could be taken up by the sawmills, respecting a maximum transport distance of 100 km and 

given the supply of other plots within hauling distance of the mills. Notably pulp-and-paper 

mills, energy mills and the panel industry are not included in the modelling exercise. Import 

and export from the regions are also not included.  

 

Figure 31: The main figure shows the average wood utilisation factor (UF, %), between 2025-2035, 

under Business as Usual and climate change. Red is 100% UF, blue is 0% UF. The numbered panels 

(1-5) zoom in to regions with the details of the procurement distances of the regional mills. The lines 

show the distance between mills and forest plots where the wood sourced by the mill was harvested. 

Dark green lines represent softwood procurements, light green lines represent hardwood procurements. 

Notes: the wood utilisation factor is equal to 100 when all the harvested wood under that management 

regime (from a plot, a grid cell, a region or a country) is allocated to a facility, i.e. a red colour does not 

mean that all forests are clearcut. Intensifying the harvest will change the colour palette (RESONATE 

Deliverable D4.9).    
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With alternative management in place softwood supply decreased only by ~10% at the end of 

century in central Europe although the stock of softwood in forest decreased. The softwood 

supply was stable in Ireland and even increased in Scandinavia, although also facing 

decreasing stocks of softwoods in the forest. Salvage logging (and hence harvest fluctuations) 

decreased by ~40% in central Europe, ~33% in Ireland and halved in Sweden, highlighting 

how increasing forest resilience to disturbances have positive effects on the value-chain 

resilience.  

6. Societal resilience to respond to changing ecosystem service provisioning – 

“the demand resilience ladder” 

The demand resilience was analysed in RESONATE as a measure that complements forest 

and forest value chain resilience with a broader perspective (RESONATE Deliverable D4.6). 

By emphasising demand, the focus is upon society’s resilience and the forest’s role in 

providing that, rather than the resilience of the forest itself.  

A theoretical model of demand resilience has been developed which has been inspired by the 

ORF (cf. chapter 2) and also with consideration of how resilience has been treated in 

economics. It was then empirically investigated using case study surveys and empirical 

findings in the literature, targeting both marketed and non-marketed services. The selected 

indicators of demand resilience were 1) the substitution possibilities (within and between 

products and services, and 2) the quantity of the good/service provided. Substitution 

possibilities can be measured by price elasticity and for non-marketed goods by income 

elasticity of willingness to pay (WTP). Quantity can be measured by e.g. percentage of GDP, 

or of genuine savings. Based upon these, a demand resilience ladder has been developed, 

showing that the regulating services and the very local specific ones are the least resilient 

from a demand resilience perspective, whereas provisioning and cultural services like timber, 

non-timber forest products and outdoor recreation are the most resilient (Figure 32). 

The ecosystem services (ES) which are the most vulnerable (or least resilient) are the 

regulating ones. These are also the ones that are often not marketed and which are often 

common or public in nature. While the literature has long indicated the societal value of non-

marketed goods as a reason for regulating these, the building of a resilient society further 

emphasises the importance of regulating services. 

The scale (whether local, national, EU, global) matters from the perspective of resilience. 

Many of the ecosystem services which have a high resilience (i.e. are the least vulnerable) 

are so, as a result of the substitution possibilities abroad. Locally, imports and exports may 

help significantly in increasing resilience. However, it is important to note that during times of 

geopolitical uncertainty, options based upon substitution with goods and services abroad may 

be more limited than indicated by current market conditions. In this context it is important not 

only to look at the substitution (elasticity) potential but also the quantity of the goods/services 

themselves. If these are large, society will have more difficulties adapting to changes than if 

demand is limited. 

Significantly, the substitution potential for society is not the same as the substitution potential 

as income for forest owners (who are usually only paid for timber production). So, from the 

demand-side and the supply-side there might be certain trade-offs. Flexibility and willingness 

to pay always depend on the societal context and the time. We may consider demand as a 

part of the value chain, recognising that there are trade-offs between supply and demand 

resilience (depending upon the actors involved). 
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Figure 32: The demand resilience ladder illustrates how flexible societal demand is under fast-changing 

circumstances. Services received high resilience scores, for example if they can be easily substituted 

(RESONATE Deliverable D4.6).  

Importantly, resilience for one ecosystem service may come at the expense of another one, 

i.e. just as there is a trade-off between ecosystem service provision, there is also a trade-off 

in securing their demand resilience. Likewise, when a system is stressed and it is handled by 

import/export, it may come at the expense of ecosystem service provision elsewhere (e.g. 

carbon leakage or overharvesting elsewhere). In terms of future research, there is a need for 

empirical investigation of estimating elasticities for forest ecosystem services. More details 

can be found in RESONATE Deliverable D4.6. 

7. Aggregated stakeholders’ priorities on resilience challenges and measures in 

three case study countries 

Based on the assumption, that the importance of the same resilience measures varies based 

on the country/region specific circumstances, prioritisations were tested across selected 

expert groups. For this purpose, multi-criteria assessment was applied and allocated to an 

expert panel, consisting of forest-based industry representatives, forest owners and forest 

bioeconomy or ecology researchers, interest group or other similar experts. Multi-criteria 

decision analysis was adopted to investigate expert values in support of support decision 

taking (Huang et al., 2011; Hummel et al., 2014). The prioritisation tools (survey and analysis 

framework) were reported in RESONATE Deliverable D 5.3. (Integrated assessment of 

resilience across forest systems and forest-wood value chains, Schmid et al. 2024). The 

analysis was carried out for three different regions or countries: Finland, Bavaria (Germany) 

and Galicia (Spain). In the following we refer for simplicity to the three countries. A more 
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detailed explanation on the prioritization process is shown in Annex II: Analysis of 

stakeholders’ priorities on resilience challenges in three case study countries. 

The primary objective was to facilitate the prioritisation of concrete resilience measures and 

challenges. Thus, we aimed to uncover the perceived value and associated trade-offs 

prevalent amongst different expert groups along the value chain. This provided a foundation 

for the development of regionally specific management and policy options.  

Synthesising and comparing the overall results including all expert groups, each of the three 

countries had a different resilience challenge which was considered the most important. The 

higher the priority weighting, the higher the importance of the resilience challenge in question. 

According to Figure 33, in Finland, biodiversity decline was perceived as being the most 

important with a priority weighting of 0.36, whereas in Spain and Germany, it was perceived 

to be only the second most important with priority weightings of 0.27. In Spain, the risk of forest 

disturbances was assigned the highest importance (0.37), whereas in Germany and Finland 

it was only the third most important with priority weightings of 0.26 and 0.19. Tree species 

suitability received the highest importance (0.36) in Germany and in addition, it was 

considered relatively important in Finland and Spain with weightings of 0.29 and 0.27. 

Changes in societal demand (increasing raw material demand for the needs of bioeconomy) 

was considered the least important in all three countries with priority weightings of 0.09-0.15. 

 

Figure 33: Priority weights of resilience challenges including responses of all participants in each case 

study country 

When comparing the opinions of different expert groups regarding importance of resilience 

challenges in Finland, Spain and Germany, more varied opinions between countries were 

detected. In the group of forest-based industry experts (Figure 34), tree species suitability 

received the highest importance rating in Finland (0.35) and in Germany (0.41). In Spain the 

highest importance was given for risk of forest disturbances (0.38). The importance of change 

in societal demand was perceived to be relatively low in all three countries among industry 

experts with priority weight range of 0.12-0.18. The expert group of forest owners contains 

respondents from other groups (Figure 35).  
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Figure 34: Priority weights of resilience challenges including responses of all forest-based industry 

experts in each country (region). 

 

Figure 35: Priority weights of resilience challenges including responses of all forest-owners in each 

country (region). 

The group of researchers/NGO experts had quite varying opinions in each country (Figure 

36). In Finland, the highest priority weight was given to Biodiversity decline (0.41) whereas in 

Germany it was given to tree species suitability (0.38) and in Spain to risk of forest 

disturbances (0.38). Researchers/NGOs in all countries considered change in societal 

demand the least important resilience challenge. 
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Figure 36: Priority weights of resilience challenges including responses of all forest-researcher/NGO 

experts in each country (region). 

 

Figure 37: Aggregated priority weights of resilience measures including responses of all participants in 

each country (region). 

Comparing the importance of resilience measures in three countries within all stakeholder 

groups, we can notice that increasing the percentage of forest where clearcutting is performed 

was considered the least important with the priority weights between 0.04 and 0.06 (Figure 

37). The second lowest priority weighting in all countries was given to increasing forest road 

density (0.07-0.08). Increasing the share of mixed species forests was considered highly 

important in all countries, with priority weights between 0.26 and 0.20. The forest-based 

industry experts produced varying responses depending on the country. 
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Comparative insights on resilience challenges and priorities of addressing them: The 

analysis highlights the varying priorities assigned to the different resilience challenges of 

biodiversity decline, risk of forest disturbances, and tree species suitability. For instance, 

biodiversity decline was deemed most critical in Finland, while forest disturbances were 

prioritized in Spain, and tree species suitability in Germany. These differences reflect recent 

societal debates (e.g. need for enhanced biodiversity protection in Finland) or regional context 

(spruce dieback in Germany and high wildfire risk in Spain). Furthermore, the importance 

attributed to the different resilience measures of increasing the share of mixed species forests, 

forest road network density, and tightening forest certification criteria varied significantly 

among the countries and expert groups.  

8. Discussion 

RESONATE carried out extensive reviews of the state-of knowledge related to forest resilience 

assessments and the effectiveness of resilience enhancing measures. The newly developed 

methodology for an Operational Resilience Assessment, ORF (Lloret et al., 2024) 

represents a major step forward towards a harmonised and widely applicable methodology. 

The ORF has been adopted across the project in very different contexts and at varying scales 

from local to the continental level. It has proven very useful and ensured consistency in 

definitions and concepts across the whole project.  

Another important basis for the resilience assessments in RESONATE was the improved 

disturbance evidence that was gathered from ground based (Patacca et al. 2023) and 

remote sensing derived data (Seidl and Senf, 2024). The disturbance hotspot mapping 

approach of (Senf and Seidl, 2021) was temporally expanded to cover data until 2020. Later 

it was also used to project disturbance hotspots into the future to generate state-of-the art 

disturbance scenarios ((Grünig et al., 2023) and RESONATE Deliverable D4.5).   

Both the resilience assessment methodology and the disturbance maps and scenarios can be 

considered as cutting-edge developments which will likely be widely adopted and referenced 

in future research on forest resilience.  

Forest conditions, management traditions and societal demands for ecosystem services are 

found to be very diverse across Europe, and climate change will impact differently on regional 

forest growth and disturbance regimes. RESONATE selected nine case studies to analyse 

this diversity in forest conditions. In most cases, existing and regionally validated forest 

simulation models were applied in the case study resilience assessments. In addition, the 

EFISCEN-space model was applied to project forest resource development and wood 

utilization for 17 countries in Europe. Due to differences in model concepts, but also because 

regional disturbance regimes are not captured well in all models, case study comparisons 

should be interpreted with care. The resilience assessment in and across case studies 

therefore focussed on results that compare scenarios with a specific reference situation – 

either comparing future climate change scenario projections with simulations using the 

historical climate or comparing different management scenarios with the business-as-usual 

forest management. This analysis against a reference highlights the effectiveness of 

management options to enhance resilience in either forest management or in the forest-wood 

value chain. In most case studies, the bioeconomy and climate change adaptation scenarios 

enhanced resilience as they reduced disturbance volume and increased growing stock 

stability. Also, the European scale resource modelling demonstrated the advantages of 

climate change adaptation compared to business-as-usual forest management.   
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Methodologically, RESONATE adopted a range of research approaches, including literature 

reviews, simulation modelling, analysis of empirical experiments on species mixture effects 

and surveys of forest owners and value chain stakeholders. Each of these methods comes 

with specific assumptions and limitations. The diversity of approaches is certainly a strength 

of the project, as it allows to compare results contrast findings related to the main project topic 

of how to enhance resilience in forest management and forest value chains.  

Evidence on measures to enhance forest resilience 

Forest owners and other value chain stakeholders see great potential to enhance forest 

resilience through conversion of softwood monocultures to more diverse mixed stands 

(Hoeben et al., 2023). The review of the scientific literature on the effectiveness of diversifying 

species mixtures found positive mixture effects, but the evidence is not uniform, as the type of 

species in mixed stands is important (RESONATE Deliverable D2.4). Simulation experiments 

provided further insights on the importance of diverse species traits in the mixed stands, which 

facilitates the increased forest resilience (Barrere et al. 2024). 

Enhancing forest resilience requires embracing diversity holistically. Forests with varied 

tree species and functional traits are better equipped to withstand and recover from 

disturbances like storms and pests. Diverse forests are less likely to experience large-scale 

die-offs, as different tree species respond differently to stress. Balancing biodiversity with 

timber production ensures long-term ecological and economic benefits. Natural disturbances, 

such as storms and fires, can boost biodiversity when fallen trees and deadwood are retained 

as habitats. RESONATE findings emphasise that tailored management strategies should 

be region-specific, incorporating measures like setting aside forest patches, controlling 

browsing, and fostering early natural regeneration. A diversified approach helps forests thrive 

while securing economic opportunities for local communities. 

Overall, biodiversity emerges as a holistic property of forest ecosystems with general 

benefits for forest resilience (Hurtado et al. 2025), considering a variety of their properties (i.e., 

variables) and can cascade their influence towards the social part of the forest system. 

Importantly, functional diversity appears as more comprehensive driver of resilient behaviour 

in response to, e.g., drought or biotic disturbances, than mere taxonomic diversity (but species 

identity is often a necessary predictor of resilience). Therefore, resilience of biodiversity 

components merits special attention. This is supported from empirical literature reviews and 

meta-analyses, from different modelling approaches, but also from the perception of relevant 

stakeholders, all of them developed in RESONATE. 

The analysis of silvicultural options to enhance forest resilience revealed strong evidence, 

e.g. concerning the effectiveness of thinning to reduce drought mortality (Willig et al. 2025) or 

the importance of selecting climate change adapted species and provenances (Chakraborty 

et al. 2024). The relevance of these measures was confirmed by the case study forest model 

simulations to assess management effects on resilience in the future.  

Proactive forest disturbance management 

The projection of future disturbance risks showed a drastic increase in wildfire disturbances 

under the expected changes in climatic conditions and extreme events. Disturbance risk 

prevention thus needs to be emphasised even more in the future. The case study analysis 

from Galicia highlighted that fostering cooperation among forest owners for collective 

woodland management could not only enhance the economic viability of timber production but 
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also strengthen the resilience of forest stands against wildfires. However, forest owners did 

not show great willingness to engage in collective preventive measures.  

Proactive forest management balances short-term costs with long-term benefits by reducing 

future damage. Tree species diversity (≥3 species) can buffer large scale mortality events. 

Our research suggests that disturbed patches should be leveraged as opportunities for climate 

adaptation, using canopy openings to transition to mixed, resilient forests. Post-disturbance 

structures, such as deadwood, should be integrated into sustainable management rather than 

removed. High-risk and potentially vulnerable stands require proactive measures, including 

advanced regeneration, lower stand density, and shortened rotation periods. Moreover, 

effective browsing control is critical for post-disturbance recovery, which was demonstrated in 

RESONATE’s case study in Czechia (Dobor et al. 2024). 

Our research outputs suggests that forest planning must integrate emerging data on climate 

risks, employing remote sensing and advanced modelling to guide decision-making. 

Continuous monitoring and targeted interventions are crucial for successful restoration. By 

mainstreaming climate- and biodiversity smart approaches, forest management can 

effectively address disturbances and foster resilient, sustainable landscapes. 

In several case studies, forest owners and managers were aware of the pressing issue of 

climate change adaptation in forest management, but several factors (e.g. lack of knowledge, 

regulatory restrictions, lack of social acceptance or economic shortcomings) acted as barriers 

to implementing adaptation (RESONATE Deliverable D2.9). They often see adaptation as 

something to address in the future rather than today. Proactive measures, such as promoting 

diverse and climate-adapted tree species, are generally accepted but not widely applied. This 

underlines the importance of extension services who could advocate adaptive forest 

management with disturbance prevention. But examples, e.g. from Finland, suggest that forest 

advisors, who are trusted by owners, often advocate very traditional management. Also in 

Czechia, a region with recent large bark beetle disturbances, business as usual management 

continues to be practiced despite of increased awareness of climate change.  

Enhancing forest value chain resilience 

RESONATE was among the first projects to investigate social-ecological forest resilience 

in European forests with a specific focus also on forest value chain resilience. Forest sector 

stakeholders have identified fewer adaptation pathways for harvest operations and the wood 

industry compared to forest management (Hoeben et al., 2023). With several tasks dedicated 

to better understanding forest value chain resilience, RESONATE clearly advanced the state-

of-knowledge in this field. This included improving the understanding of market responses to 

disturbances (Asada et al., 2023) and the exploration of wood utilization under changing 

climate and management (Bozzolan et al., 2024; RESONATE Deliverable D4.9) as well as 

identifying factors supporting resilience in forest value chains (García-Jácome et al., 2025). 
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Figure 38: Forest owners and wood industry jointly bridging the risk gap to transform from disturbance-

affected coniferous forests to more climate-resilient mixed forests. Figure: Annechien Hoeben, 

Universität Graz; Uwe Kies, InnovaWood; Gabriela Rueda, European Forest Institute. 

Climate change and increasing forest disturbance risks require not only changes in forest 

management, but adaptation is equally necessary in the forest value chains. Balancing forest 

management, industry, and consumer needs in a changing landscape was identified as a 

major challenge in RESONATE.  

Forest disturbances pose major challenges for local forest owners, particularly small-scale 

managers with limited market influence and infrastructure, e.g., to transport damaged wood. 

A growing concern is the uncertain future of mixed forests - owners must decide which tree 

species to plant while facing uncertainty about whether the wood industry will utilize them. 

Hardwoods, for instance, remain underutilized, with large shares used for bioenergy with low 

economic value. RESONATE research suggests that this imbalance places forest owners at 

high financial risk, while larger wood industries, operating on broader markets, can adapt more 

flexibly. Weak economic resilience may lead to reduced forest management or abandonment, 

especially as compensation for premature harvesting remains inadequate. Ensuring seed 

availability from climate-adapted sources and improving nursery capacities is crucial to 

enhance restoration efforts after damages, but the available infrastructure for these 

requirements is rather an exception than a given. 
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The wood processing industry has also recently struggled more with market fluctuations 

caused by natural disturbances, e.g. after salvage logging of spruce trees affected by bark 

beetle damage. Sudden surges in low-quality wood supply often exceed domestic processing 

capacity, leading to increased exports and lost economic value. While large industries can 

invest in innovation and explore hardwood processing for new products, smaller companies 

face more financial and technological barriers. Solutions can include increasing storage and 

processing capacity for salvage wood and diversifying into high-quality wood products that 

match changing forest compositions. 

Consumer demand further influences forest resilience. While consumers can switch to 

alternative materials when wood supply fluctuates, this bears the risk that there is less long-

term investment in forests. While substitutes exist for many wood-based products, crucial 

forest ecosystem services like biodiversity and water regulation cannot be replaced.  

Our results indicate that the value chain constellation is imbalanced, with forest owners and 

small processors bearing most risks, while larger wood industries remain more adaptable. 

Bridging the risk gap between forest managers and the wood industry requires partnerships, 

knowledge sharing, and risk-sharing agreements like price guarantees (Figure 38). The wood 

industry has not yet acknowledged the increasing risk of softwood shortages. Expanding 

forest adaptation knowledge is not only identified as crucial for forest owners, but also amongst 

value chain actors. RESONATE research suggests investing in efficient technologies to help 

process diverse wood assortments as a crucial step towards more resilient value chains. 

Flexible harvesting, enhanced logistics, and increased storage capacities can mitigate post-

disturbance wood surges. RESONATE recommends the industry to prioritize high-value, 

long-life wood products while integrating secondary resources and cascading use 

principles. Another aspect to be explored is innovation, e.g. via novel applications for 

alternative species. Ensuring a stable balance between forest management, industry 

innovation, and consumer engagement is key to securing resilient forests, sustainable 

livelihoods, and economic stability in the face of climate change. 

Stakeholder evaluation of measures for enhancing forest resilience  

The results indicate that case study countries have very different key concerns regarding 

resilience. Change in societal demand was generally perceived as the least important 

resilience challenge in three studied case countries. Only German forest-based industry 

experts considered it a more important challenge than biodiversity decline. In Finland, 

amongst all respondents, biodiversity decline was generally considered the most important 

resilience challenge, apart from within the group of forest-based industry experts who 

considered tree species suitability to adapt to climate change to be more important. Tree 

species suitability was considered the most important challenge in Germany within all expert 

groups, whilst risk of forest disturbances was considered the most important challenge in 

Spain within all expert groups.  

Clear-cutting expansion and road network density received low priority across countries. 

Finnish and Spanish experts ranked uneven-aged forests lower, while Spanish forest owners 

valued stricter certification. Finnish experts prioritized protection, likely due to research 

backgrounds of the owners interviewed. 

Increasing the share of mixed species forests was generally perceived to be highly relevant in 

all case study countries, which have a strong connection to all four studied resilience 

challenges. Asada et al. (2023) found that abrupt forest disturbances have a linkage to 

increased prices of high-quality sawnwood because of the increased shares of pulpwood and 
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fuelwood and limited availability of high-quality sawn wood. The main barrier to increasing 

hard wood utilisation is the current product portfolio in the EU and the processing technologies 

that are mainly focused on softwood. 

Possible resilience trade-offs and policy implications  

There is no one size-fits-all measure to enhance social-ecological resilience in forest systems. 

RESONATE analysis emphasised that there could be multiple trade-offs between measures 

enhancing resilience in forest management and in the wood industry. Generally, there has 

been a notable lack of integrative approaches that encompass both forest management and 

the wood processing industry. As a result, there is a mismatch between adaptation at the 

beginning of the value chain (in forest management) and adaptation towards the end of the 

value chain (in the processing industry). Enhancing resilience in forest management requires 

diversifying forest structures and adapting to climate change with higher shares of hardwood 

species. This leads to higher diversity of wood assortments, which strongly conflicts with 

current preferences in the forest industry towards efficient processing of high volumes of 

softwood supply. The mismatch underlines the fact that building value chain resilience requires 

an improved understanding of the network of upstream suppliers and downstream processors 

and consumers, as well as a high level of collaborative work across value chains.  

The results of the multi-criteria assessment with preferences of forest-based industry experts, 

forest owners and forest researchers show that the importance of specific resilience 

challenges and measures varied strongly across three different case study countries. These 

country-specific circumstances raise very different policy implications. Therefore, from a 

policy perspective, it is clear that one policy does not fit all countries. Given the fact that the 

resilience concerns may change over time, policies should also be flexible and be able to 

change their focus points when one challenge is addressed and another arises. The results 

on stakeholder prioritization show only indicatively which resilience challenges and measures 

are currently considered less important across case study countries, and which could thus be 

given lesser emphasis when planning resilience-improving policies.  

Enhancing resilience in one ecosystem service can sometimes come at the cost of another. 

Similarly, when a system faces stress and relies on imports or exports to manage it, this may 

lead to a decline in ecosystem service availability in other regions. Another trade-off was 

identified in the case study analysis, contrasting short-term and long-term impacts of 

management changes on forest resilience as demonstrated in the Czech case study.  

Future research should expand knowledge to explore further trade-offs of resilience enhancing 

measures on various ecosystem services and ecological, social or economic resilience 

indicators. We need investments in long-term, integrated resilience research. Forests, 

wood industries and society are interconnected, and the interplay of all drivers, actors, risks 

and potential solutions must be addressed from a systems point of view to enhance climate 

resilience of Europe’s entire forest value chains. There are also many other topics that 

RESONATE identified as relevant for resilience of social-ecological forest system and which 

deserve more investigation. Further research needs are presented in the RESONATE 

Deliverable D 5.6 along with recommendations for policy and practice (Lindner et al. 2025).  
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10. ANNEX 

Annex I: Projecting forest resilience in 8 case studies across Europe - Methods 

Model application and modelling framework 

Table A.1.Overview of forest simulation models applied in eight CS regions for projections 2031-2100. 

Case Study Country Model Source 

Bauges (FR) France LandClim https://ites-fe.ethz.ch/openaccess/products/landclim 

Catalonia (ES) Spain MEDFATE 
https://doi.org/10.5194/gmd-16-3165-2023 

https://emf-creaf.github.io/medfate/ 

Finland (FI) Finland PREBAS https://github.com/ForModLabUHel/Rprebasso 

Kostelec (CZ) 
Czech 

Republic 
I-Land https://iland-model.org/ 

Upper Rhine 
Valley (DE) 

Germany I-Land https://iland-model.org/startpage 

Istria (HR) Croatia Biome-BGCMuSo 
https://nimbus.elte.hu/bbgc/download.html 

 

Galicia (ES2) Spain 
FlamMap 6.2. (local 
production models) 

https://www.frames.gov/catalog/67085 

The New Forest 
(UK) 

United 
Kingdom 

Landis-II https://www.landis-ii.org/ 

 

Selected resilience predictors  

Growing stock stability (GS stability) 

Due to the different nature of the model procedures used to extract the variables for each case 

study, a direct comparison of the growing stock variable was not possible. For that reason, the 

inverse of the coefficient of variation of the growing stock was calculated for normalizing the 

stability measure that makes it easier to compare across different scales of growing stock.  

But, before calculating the GS stability, detrending process was firstly applied to the time 

series data. This process is essential to ensure long-term trends in the data do not influence 

the standard deviation, and thus, the coefficient of variation. By detrending, we focus on the 

variability around the average rather than changes caused by long-term dynamics.  

The detrending approach was calculated by applying the spline-based approach. The data 

were grouped based on three categorical variables: Case Studies; Management scenarios, 

and Climate scenarios. This way we could ensure the detrending was applied separately for 

each unique group to maintain scenario-specific trends.  

Firstly, variability, understood as the coefficient of variation, was calculated. This statistic 

allowed us to compare the degree of variation from one data series of one model to another: 

CV=σ/μ 

Where: σ = Standard deviation and μ = mean  

The stability was measured as the inverse of the coefficient of variation to provide a measure 

of how stable the growing stock is over time:  

Stability=1/CV=μ/σ 

https://ites-fe.ethz.ch/openaccess/products/landclim
https://doi.org/10.5194/gmd-16-3165-2023
https://emf-creaf.github.io/medfate/
https://github.com/ForModLabUHel/Rprebasso
https://iland-model.org/
https://iland-model.org/startpage
https://nimbus.elte.hu/bbgc/download.html
https://www.frames.gov/catalog/67085
https://www.landis-ii.org/
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Disturbed volume (DV) 

The disturbed volume was calculated as the sum of “disturbed mortality” and “natural mortality” 

in m3/ha/year. The representation of it was calculated as the average of the sum of these two 

variables for each type of management and climate scenario.  

High values of disturbed volume mean more trees are dying due to disturbances or natural 

causes, suggesting a more dynamic or unstable system. Oppositely, a lower disturbed volume 

suggests a more stable forest with less frequent or intense mortality events. 

Comparison Across Case Studies: If one case study has a higher disturbed volume than 

another, it may indicate that it is more exposed to disturbances (e.g., frequent fires, 

windstorms) or has a higher natural tree turnover. A lower value may indicate a more resilient 

forest or a system with fewer disturbances. 

Annual harvest (AH) 

The timeseries average of the annual harvest (m3/ha/year) per management type and climate 

scenario was calculated and represented. This value represents the average volume of wood 

(m3) extracted per hectare and year from each case study.  

Higher annual harvest values suggest a more intensively managed or commercially exploited 

forest. A lower annual harvest may indicate a forest with minimal human intervention or one 

with restricted logging activities. 

Net annual increment (NAI) 

Net annual increment (m³/ha/year) was represented in a line chart as averaged over 5-year 

intervals from 2031 to 2100. It shows how the forest’s growth rate is expected to evolve over 

time.  

NAI represents the net growth of the forest per hectare per year after accounting for natural 

mortality. It reflects the tree growth (biomass accumulation) and the survival rate of trees (after 

natural mortality). A higher NAI means the forest is growing quickly, while a lower NAI 

suggests slower growth or declining productivity. 

 

Analysis approach 

Time series 

To assess the evolution of the variables (GS stability, DV and AH) over time, we conducted 

calculations across the entire time series (2031–2100). This provided a comprehensive 

understanding of full-term trends under different case study conditions, management 

strategies, and climate scenarios. 

However, to better capture variations at different temporal scales, we performed additional 

analyses by dividing the study period into: (1) Short-term analysis (2031–2060) and (2) Long-

term analysis (2071–2100). The short-term analysis allows for a more detailed examination of 

early trends and potential short-term fluctuations in the studied variables and also allows the 

understanding of possible initial impacts of changing climatic conditions and forest 

management strategies. The focus on the long-term analysis provides insight into the 

sustainability of current and potential type of management approaches and their long-term 

effects under climate change on forest productivity. 
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By comparing these different time frames, we aimed to identify both immediate changes and 

long-term trajectories, allowing for a more nuanced interpretation of forest growth dynamics 

under future scenarios. 

Case references 

After performing the calculations for the time series periods (2031–2100; 2031–2060; and 

2071–2100), we established a reference framework to facilitate meaningful comparisons 

across scenarios. Business as usual (BAU) management under the historical climate scenario 

was selected as the main reference. This allowed us to assess deviations in forest dynamics 

due to different climate projections and management strategies. Additionally, we performed 

two other studies: (1) Climate Scenario Comparisons within BAU Management, i.e., for each 

climate scenario (historical, RCP 4.5, and RCP 8.5), we used the BAU management as the 

reference point. This enabled an evaluation of how climate change alone influences the 

studied variables (GS, DV, AH). (2) The historical climate scenario as the reference state. This 

approach allowed us to isolate the impact of forest management choices without the 

confounding effects of climate change. 

 

Annex II: Analysis of stakeholders’ priorities on resilience challenges in three case study 

countries - Methods   

To evaluate stakeholder priorities on forest value chain challenges and measures, the pairwise 

comparison methodology was used as presented in detail in RESONATE Deliverable 5.3.  

General resilience challenges relevant for all countries were selected, based on four criteria 

defined within RESONATE: i) Biodiversity decline in forest ecosystems, ii) Changing raw 

material demand for society, iii) Increased risk of forest disturbances and iv) Tree species 

suitability to adapt to climate change. Measures to respond to these resilience challenges 

were identified by utilising the modelling study indicators (resilience affecting parameters, here 

measures) from the RESONATE case study work. The list of measures was restricted to 

unambiguous ones which can be easily understood in a quantitative manner. Since these 

measures are expected to favour resilience and are suitable for implementation, they 

correspond to resilience predictors as proposed in the ORF developed in WP1 (Lloret et al., 

2023). 

The selected resilience measures were: 

• Increasing the proportion of mixed species forests 

• Tightening the criteria for forest certificates 

• Increasing the density of the road network 

• Increasing the number of people employed within forest value chains 

• Increasing the proportion of the forest area under protection 

• Increasing the share of uneven-aged forests 

• Increasing the share of forest area where clearcutting is used 

• Increasing felling volume 

 



RESONATE – Deliverable 5.5 

 

 

62 

 

Pairwise comparison (Thurstone (1927) and Analytical Hierarchy Process (AHP) (Saaty, 

2001), are commonly used in multi-criteria decision methods. The relative priority value of 

each indicator using a cardinal ranking system was quantified. Each alternative was compared 

pair-wise against each other to define importance in quantified matter (Mendoza & Prabhu, 

2000).  

Countries were selected with unique and varying forest-value chain systems as case study 

representatives. Therefore, there was a focus upon specific regions in Germany (Bavaria) and 

Spain (Galicia) instead of the whole country. In Finland, it was decided to focus upon a whole 

country instead of upon a specific region since forest value chains function at a national level 

there, although forest systems vary especially between Northern and Southern Finland. In 

addition to this, Finnish forest experts typically operate at a country-level.   

It should be noted, that the resilience measures in the survey setting mainly focus on forest 

ecosystems and less on production stages and end-use markets of wood products. One 

reason for this was to focus on measures that are easily understood and unified enough in all 

selected case study countries. The inclusion of more market-oriented measures would have 

required recruiting a larger pool of experts, who on the other hand, might have lacked 

knowledge about forest management. This would have rendered the priority weightings of 

individual respondents unequal.  

In pairwise comparisons, experts assess the relative importance of two elements on a ratio 

scale that ranges from equality in importance (represented by a numerical value of one) to 

complete preference for one element over the other (indicated by a numerical value of nine) 

(Table 1). The question for each pairwise comparison is how much more important an element 

is than others. 

Table A2. Scale of relative importance (Saaty, 2005) 

1 Equally important 

3 Slightly more/less important 

5 Strongly more/less important 

7 Very strongly more/less important 

9 Extremely more/less important 

2,4,6,8 

Intermediate values for intermediate 

judgements 

 

Del. 5.3 presented the framework for resilience challenge and measure prioritisation in figure 

1 (Kunnttu et al., 2024, p.10). In total there were six pairwise comparisons for the resilience 

challenges and 28 pairwise comparisons for the resilience measures that each expert had to 

answer. Challenges and measures have been compared separately from one another, 

because resilience measures within forest ecosystems and wood value chains could not be 

easily linked to specific challenges. This is due to their tendency to address multiple 

challenges simultaneously, rather than to individual ones. 
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DATA COMPILATION FROM CASE STUDY COUNTRIES 

Altogether 30 expert responses were collected from Finland, 25 from Spain, and 28 from 

Germany. The respondents were classified into different stakeholder groups based upon their 

background. In Finland there were 7 forest-based industry experts and 20 forest 

researchers/NGO experts, and altogether 14 forest owners of whom 6 belonged to the 

research expert group and 4 to the forest-based industry expert group at the same time. 

Therefore, the forest owner responses share more similarities with the researcher expert 

group than with the industry group. In Spain, there were 10 forest-based industry experts and 

17 forest researchers/NGO experts, and 10 forest owners of which 5 were equally forest 

owners and 5 forest-based industry experts. In Germany 9 of the respondents were forest-

based industry experts and 15 forest researcher/NGO experts, and 12 forest owners of which 

5 were forest-based industry experts and only 2 forest research/NGO experts. Thus, German 

forest owners’ responses share more similarities with the overall responses of forest industry 

experts than researchers. A summary of the respondents is shown in Table 2.  

Table A3. Respondents in different expert groups  

Country Forest-based industry Forest owners Forest researchers/NGO experts 

Finland 7 14 20 

Spain 10 10 17 

Germany 9 12 15 

 

DATA ANALYSIS  

Expert responses from each case study country were compiled into pairwise comparison 

matrices that served as the input data into R. We conducted an analysis using the “ahpsurvey” 

package in R to derive priority weightings for various identified challenges and measures. The 

full code is attached to this deliverable as supplementary material. 

Individual preference weightings were computed using arithmetic mean aggregation to 

capture experts' judgments. The aggregation of individual preference weights has been 

derived through by normalising individual matrices to ensure that the aggregated assessments 

add up to one. Visualisation techniques, including bar plots and box plots, were employed to 

illustrate the prioritisation of resilience measures and highlight any discrepancies among 

experts' judgments. 

 



   

 

   

 

Figure A1. QUESTIONNAIRE 

Forest ecosystem and forest value-chain resilience assessment/survey/questionnaire 

 

             
 

Participant´s name:   Participant´s email:   Institution:   
 

 

             
 

Welcome to the RESONATE survey aimed at shaping the resilient future of Finland's forest ecosystems and wood-value chain. Resilience, the 

cornerstone of thriving ecosystems and industries when facing future uncertainties, can be measured in many different areas. In RESONATE, our 

primary focus is on addressing pivotal resilience challenges prevalent in the forest value chains.  

 

While recognising the regional diversity within Finland, our survey centers on the entire nation as a holistic entity. Though certain challenges might 

exhibit varying relevance across regions, we urge you to deliberate on the overall context of Finland when expressing your insights. 

 

In the initial phase of this survey, we invite you to engage in a vital exercise of pairwise comparison. Your unique perspective will help us assess the 

relative significance of the identified resilience challenges. By systematically ranking these challenges against each other, drawing from your personal 

opinions, you contribute to a more nuanced understanding of their importance towards integrated resilience of forest ecosystems and the wood-value 

chain in Finland.  

 

Moving forward, the second segment of the survey extends the principle of pairwise comparison. Here, we kindly request you to evaluate different 

resilience measures within the context of Finland's forest value chains.  

 

Your participation in this survey plays an important role in co-creating resilience blueprints for Finland's forests and wood-value chain. Your opinions, 

forming the basis for multi-criteria analysis, will help policymakers, industry representatives and researchers to guide decisions that safeguard the 

sustainability and vitality of forests as invaluable ecosystems and economic drivers. 

 

Thank you for dedicating your time and insights to the RESONATE initiative. Together, we pave the way for a more resilient and thriving future for 

Finland's forests and the entire wood-value chain. 
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Figure A2.2 Pairwise comparisons between resilience challenges 
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Figure A3.3 Pairwise comparisons between resilience measures 

 


