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Climate change-associated disturbances such as storms, wildfires, and pest

outbreaks increasingly destabilize forest systems, threatening their ecological,

economic, and social functions. These disruptions impact the forest value chain

(FVC) by causing fluctuations in timber supply, from a quantity and quality

perspective. This study employed the operational resilience framework (ORF)

to assess FVC resilience in five European case studies (CZ, HR, DE, FIN, and ESP),

focusing on timber supply as a key system variable. A resilience assessment

was conducted using resilience thresholds, considering sustainability from

both ecological and economic perspectives. Principal component analysis

(PCA) identified three predictor groups that influenced FVC resilience: wood

production (WP), harvesting systems (HS), and management and silviculture

(MS). Findings revealed that regions with proactive management and sufficient

processing capacities (CZ, HR, and ESP) maintained relative stability despite

natural disturbances, while others (DE and FIN) experienced prolonged instability

due to market-driven logging practices and limited adaptive measures. The

study highlighted the frequent breaching of resilience thresholds, particularly

during high-volume salvage logging following disturbances such as bark beetle

outbreaks, windstorms, and wildfires. The results emphasized the importance

of integrating adaptive and proactive strategies to mitigate these impacts. The

ORF demonstrated potential for operationalizing FVC resilience and provided

guidance for improving preparedness against future disturbances.
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disturbances, timber supply, social-ecological systems, forest management, thresholds,
wood production
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1 Introduction

Climate change increasingly threatens the stability of forest
social-ecological systems, as the frequency and severity of natural
disturbances such as storms, wildfires, and pest outbreaks
intensify across broader regions (Seidl and Senf, 2024). The
changes alter forest dynamics, decreasing forest health, and
weakening ecosystem resilience, with cascading effects on the
forest value chain (FVC; Patacca et al., 2023; Nikinmaa et al.,
2024). Issues such as inconsistent timber supply, fluctuating
wood quality, and market instability challenge stakeholders in
maintaining steady operations. While substantial research exists
on resilience frameworks at national and international levels
(Seidl et al., 2017; Messier et al., 2019; Asada et al., 2023),
local-scale operations need context-specific strategies to optimally
adapt to disruptions and ensure long-term sustainability of their
FVCs, which is an under-researched outlook on value chain
resilience.

According to Porter (1985) a value chain “is a series of
activities that create value at each step, with the total value being
the sum of all contributions throughout the company.” In the
context of forest social-ecological systems (forest systems), the FVC
refers to a sequence of activities that use forest-based resources
as inputs for processing and production of goods and services
that are delivered to final consumers and ultimately disposed.
Primary activities include harvesting, logistics, and packaging while
supporting activities include marketing, planning, and managing
(Kaplinsky and Morris, 2000; D’Amours et al., 2017). The FVC
is vital for sustainable resource management, economic growth,
and ecosystem service provisioning. Besides the usefulness of
the value chain approach in optimizing the systems for their
performance or efficiency of resource use, FVCs can be used
to provide useful insights into the resilience of the forest-based
industries and their constituent parts. Resilience of European
FVCs needs to be considered for a diverse set of stressors, e.g.,
the disturbances in Central Europe, such as prolonged droughts,
are causing widespread tree mortality, partly due to bark beetle
outbreaks (Schuldt et al., 2020). These outbreaks have led to
extensive salvage logging of spruce forests in the Czechia and
Germany, saturating wood markets and collapsing sawlog prices
(Hlásny et al., 2021; Sommerfeld et al., 2021). Coniferous species,
which dominate the region, are more vulnerable to climate-
induced disturbances than broadleaf and mixed forests (Seidl
et al., 2017; Steckel et al., 2020). Moreover, in the Mediterranean
region, wildfires are becoming larger and more severe, causing
direct damage to the existing forest stock (De Rigo et al., 2017;
López-Rodríguez et al., 2021). These challenges underscore the
importance of improving resilience, not only in forest ecosystems
but also across the FVC, to sustain operations and minimize
cascading impacts.

Ensuring adaptability in forest systems depends on proactive
measures that synergistically enhance their resilience, enabling
them to withstand and recover from disturbances (Pingoud and
Wagner, 2006). The widespread use of resilience has led to
various definitions and approaches in the context of the forest
system, and three key levels can be distinguished: engineering,
ecological, and social-ecological resilience (SER) (Nikinmaa et al.,
2020, Lindner et al., 2020). Engineering resilience refers to a

system’s ability to return to its equilibrium state after a disturbance
(Holling, 1996; Pimm, 1984). Ecological resilience, on the other
hand, is defined as a system’s ability to withstand disturbances
from its equilibrium state (Holling, 1996; Scheffer et al., 2015).
Finally, SER represents the capacity of the system to continue
providing ecosystem services while undergoing disturbances
(Biggs et al., 2015).

Based on the concept of SER, Lloret et al. (2024) proposed
a novel approach for operationalizing the resilience of forest
systems, termed the operational resilience framework (ORF). This
approach incorporates various system boundaries, disturbances
or stressors, resilience descriptors (so-called system variables)
and resilience indicators in the form of predictors or co-drivers
to quantitatively assess the resilience levels of forest systems at
different scales. Specifically, in this context, operationalization
involves analyzing the performance of system variables (i.e.,
characteristics of ecosystem services or the FVC) and describing
the state of a system in response to disturbances, relative to
some reference state (Lloret et al., 2024). The performance of the
system variable considered, along with the relevant disturbances,
is observed over a specific period relative to a reference state (i.e.,
which may correspond to the hypothetical absence of stressors
or to a desired state of the system variable) and pertinent
environmental, climatic or management changes, thus enabling
the comparison of resilience across various contexts such as
regions, management practices, and policies (Cantarello et al.,
2024). Following this, the relationships between system variables,
resilience predictors (i.e., variables that can be manipulated), and
co-drivers (i.e., variables that cannot be manipulated meaningfully,
but provide valuable information about the context) are observed,
thus enabling an operational assessment of the system’s resilience
(Lloret et al., 2024).

The system variable that reflects resilience in both forest as
ecosystem and their related FVCs is timber supply—the volume of
harvested timber available for supply to the market (Prestemon and
Wear, 1999). Timber supply depends on market and nonmarket
factors, including the merchantable stock of standing timber and
stakeholder-specific circumstances (Tian et al., 2017; Hurmekoski
et al., 2018). In literature, various resilience predictors and co-
drivers can be found that impact FVCs, some of which apply to
international or national levels, while others are region-specific
(e.g., harvesting technologies, processing capacities, tree species
composition, etc.). Moreover, strengthening local forestry networks
can enhance resilience by reducing costs, improving resource
access, and adapting to market trends (Macqueen, 2010), so
variables connected to network structure, performance or efficiency
can work as effective resilience predictors or co-drivers.

Value chain actors need concrete, operational decision-making
support to enhance FVC resilience. However, there is a lack of
integrated operational assessment strategies tailored to regional-
level actors. This study aims to fill this gap with two main objectives,
(1) integrate an operational resilience assessment to natural
disturbances based on quantitative analysis which could help
regional-level actors in mitigating and adapting their operations
to the changing disturbance regimes, and (2) provide a (non-
exhaustive) list of resilience predictors and co-drivers based on
their relationship with the supply of timber to the market,
considered as system variable.
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2 Materials and methods

The research focused on the assessment of FVC resilience based
on historical, regional data. Because we researched resilience from
a regional perspective, the study was conducted using a case study
approach (which encompasses the entire region, including other
actors within it), covering five introducing European countries:
Kostelec, Czechia (CZ), Upper Rhine Valley, Germany (DE), Istria,
Croatia (HR), Kainuu, Finland (FIN), and Galicia, Spain (ESP;
Figure 1). These case studies were selected to cover major bio-
geographic regions and exemplars (the specific company which we
are studying in each region) were chosen to represent diverse forest
management systems and FVC setups across Europe. For instance,
CZ, DE, and HR had mid-scale wood processing industries, in
which the use of timber and forest products was mostly confined
to the regional level due to the limited export capabilities of the
forest-based industries. In contrast, FIN and ESP had more diverse
processing industries with broad access to international markets,
though in the case of FIN, the industry was driven by large
companies while in ESP, the industry consisted of a large number
of small-scale community driven companies. Given these regional
differences, the species composition varied across the studied
regions. In CZ, the forests were predominantly composed of
Norway spruce, with overall low species diversity. In HR, the forests
exhibited high diversity, with broadleaved species dominating,
followed by beech, oaks, and conifers. Then in DE, forests managed
by the case study featured primarily beech, along with fir and
Norway spruce; however, conifer dominance has declined due
to repeated disturbances. In FIN, forests were predominantly
coniferous, mainly pines, with a preference for harvesting softwood
species. Finally, in ESP, broadleaved species dominated, particularly
eucalyptus, followed by pine and other softwoods. Also, the main
disturbances during the study period varied across countries, with
bark beetle outbreaks playing a prominent role in CZ, windstorms
in DE and FIN, ice storms and windstorms in HR, and wildfires in
ESP.

Within each country, a forest enterprise was selected as an
exemplar (Figure 2). To ensure comparability between the case
studies, exemplars were selected based on the spatial range of
forests they managed—between 500 and 5,000 ha. The spatial range
allowed the integration of smaller case studies characterized by
lower processing capacities while incorporating larger enterprises
with greater economic capacities, all representing key aspects of
the forest-based industries. If an exemplar that fit the spatial
range could not be found within a case study, a suitable and
cooperative exemplar enterprise was selected and the spatial range
of its operation was scaled up or down by multiplying the original
size of forests managed by an exemplar by the ratio of the lower or
upper bound of the spatial range to the original size of the area of
the forests managed by said exemplar. The case studies which did
not need readjustments were CZ and DE while HR, FIN, and ESP
needed a downscaling in their data.

Two formats for primary data collection were used: a
standardized dataset template and a survey. To streamline the data
collection process, we began by establishing a common dataset
structure. Working closely with case study representatives, we
developed a standardized dataset template, containing a unified list
of variables to be gathered, thus ensuring consistency and reliability

of collected data (Supplementary Annex I). Additionally, each topic
was further elaborated into specific questions, case study reports,
related to resilience predictors and co-drivers to accompany the
gathered data and provide context. These case study reports were
specifically tailored to the unique conditions and characteristics of
each case study, ensuring filling information gaps and ensured that
the collected data remained relevant and informative. Primary data
collection included gathering operational data from the exemplar
and operational and industrial data from stakeholders through case
study reports. If primary data was not sufficient to satisfy data
needs, secondary data was obtained through reviews of literature,
databases, and gray literature.

Annual data were collected for the period from 2001 to 2021,
the following topics we covered: regulatory frameworks, forest
management practices, business models, resource availabilities,
technologies, harvesting and storage capacities, network properties,
particularly wood processing capabilities (such as sawmilling,
wood-based panels, pulp and paper, downstream industries,
and bioenergy production) of the exemplars or their networks.
Additionally, we gathered data on disturbances, expressed as
annual volumes of salvage logging (m3 year−1) and disturbance
agents, such as wildfires, windstorms, and insect outbreaks, which
impacted the volume and quality of salvaged timber.

We chose the annual supply of timber to the market
(henceforth timber supply) as the system variable. The system
variable was formulated as the sum of the annual provisioning
of timber (i.e., voluntary and salvage logging) by the forest
enterprise to other value chain actors involved in the timber
processing, i.e., lumber and other sawmill producers, pulp and
paper producers, and heat and power producers (Supplementary
Annex II, correspondence of the components of the assessment of
the FVC with the ORF).

2.1 Resilience assessment

In our study, we defined a forest enterprise as sustainable and
resilient when it was able to maintain operations without depleting
the forest it managed—establishing an upper resilience threshold
(UTH)—while also generating stable revenues that exceed costs,
thereby setting a lower resilience threshold (LTH). Resilience in
this context aligned with sustainability but emphasized the impact
of disturbances, such as bark beetle outbreaks in Central Europe
(quantified in our case through salvage logging, Figure 3), as
potential disruptors of system functioning. To support regional
value chain actors, we developed a resilience assessment.

Resilience was assessed by comparing the observed
development of the system variable, timber supply, over time
against a reference state framed by upper (Eq. 1), and lower (Eq. 2)
thresholds. That meant that the enterprise–based system was
considered to be fully resilient if its related timber supply remained
within these thresholds defined by sustainable timber extraction
from the forest (UTH) and sustainable enterprise operation (LTH).

UTH =
∑n

1 Prescribed Logging Volume
Number of years

(1)

Where, UTH is the upper resilience threshold, defined as the mean
annual logging prescriptions according to forest management plan
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FIGURE 1

Five European case studies: Kostelec, Czechia (CZ), Upper Rhine Valley, Germany (DE), Istria, Croatia (HR), Kainuu, Finland (FIN), and Galicia, Spain
(ESP). Illustration by Gabriela Rueda, EFI (adapted by Rueda, 2022).

FIGURE 2

Workflow of the data gathering and analysis as outlined in the methodology of this study.

Frontiers in Forests and Global Change 04 frontiersin.org

https://doi.org/10.3389/ffgc.2024.1461932
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-07-1461932 December 31, 2024 Time: 16:36 # 5

García-Jácome et al. 10.3389/ffgc.2024.1461932

TABLE 1 Profitability and LTH per case study.

Country Profitability
of forest
enterprises
(X%)

LTH per case
study

Reference

CZ 14.05% 86% MZe, 2021

HR 4.11% 96% Motik et al.,
2005; Posavec
et al., 2021

DE 10% 90% Kovalčík, 2011;
Eurostat, 2023

FIN 77.46% 23% Saramäki, 2012;
Luke, 2021

ESP 10% 90% Instituto Galego
de Estatística,
2021; Eurostat,
2023; Picos,
2023

from year 1 (2001) to year n (2021) of the observed period; and n is
the number of years within the observed period.

LTH = Minimum of TS for the observed period × (x%) (2)

Where, LTH is the lower resilience threshold, defined as the
minimal annual timber supply by the exemplar, expressed as the
profitability of forest enterprises (x%) in particular case study
country based on literature, since empirical data on the profitability
of the exemplars were not available.

The LTH was defined in terms of the exemplar’s capacity to
generate profit (Table 1). So, the LTH then considers the exemplar’s
financial performance in relation to its lowest level of timber
supply.

The calculation of the system variable referred to the annual
values of the timber supply during the observed period. We devised
a resilience metric, given by the vertical distance between timber
supply and the UTH or LTH in a given year. The measure of the
resilience of the exemplar was then assessed based on both the
vertical distance between timber supply and UTH/LTH as well as
the time lapse between the year when the system variable breached
the reference state (i.e., UTH or LTH) and the year when it returned
to the reference state. If a exemplar was able to promptly return the
system variable to its reference state, it likely demonstrated greater
resilience compared to a situation when the exemplar continuously
operated so that its system variable was outside of its reference state,
as exemplified in Figure 3.

2.2 Data analysis

An exploratory overview of all variables collected
(Supplementary Annex I) in the standardized data set took
place to select meaningful variables for quantitative analysis and
to ensure applicability across all countries (Table 2). We identified
11 variables explaining the resilience dynamics of timber supply in
each case study (resilience predictors, which correspond to actions
suitable to be implemented, and co-drivers, which correspond
to contextual variables, sensu Lloret et al., 2024). It is important
to note that due to the challenges they posed from an analytical
point of view, binary variables were omitted from analyses (e.g.,
species presence). Variables with minimal variation or limited data
availability throughout the observed period were also omitted.
Nonetheless, excluded variables were leveraged to contextualize
the selected variables, contributing to the holistic narrative for each
case study.

FIGURE 3

Representation of resilience metrics and measurement for resilience assessment. The blue line represents the System variable (a), which in this case
is timber supply, the red line represents the Disturbance (b), summarized as salvage logging in this study, and the gray straight lines are upper (UTH)
and lower thresholds (LTH). The time series from 1 to n, corresponds to a selected number of time intervals (e.g., years). In this example, the dotted
gray rectangles highlight periods where the system exhibits a lack of resilience, i.e., when timber supply exceeds both UTH and LTH. A vertical
double arrow (black) is used to depict the resilience metric, and horizontal double arrows (orange) represent the resilience measure, illustrating the
system’s ability to stay within thresholds despite disturbances.
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TABLE 2 List of resilience predictors and co-drivers.

Variable cluster Variables Code P/C Units

Harvesting system (HS)

Annual volume of prescribed logging HS.PL P

(m3 year−1)

Annual volume of salvage logging HS.SL P

Usage of cut-to-length harvesting systems HS.CTL P

Usage of skidders for timber extraction HS.S P

Usage of motor-manual (chain saw) logging HS.CS P

Usage of animals for timber extraction HS.A P

Management and silviculture (MS)
Harvestable timber stocka MS.HTS C

(m3 ha−1)
Total resource availabilityb MS.TRA C

Timber production (TP)

Volume of sawlogs TP.SP P

(m3)Volume of pulpwood TP.PP P

Volume of wood for energy production TP.EP P

C, resilience co-driver; P, resilience predictor. aIndicate the amount of timber in the exemplar’s forests eligible for harvesting. bIndicate the total amount of timber in the exemplar’s forests.

First, descriptive statistics were computed to provide a
summary of the main aspects of the dataset. Spearman correlation
analyses were conducted to assess the strength of the associations
between the timber supply and the resilience predictors and co-
drivers in the different case studies. These correlations were used
to interpret timber supply resilience, according to its dynamics
referred to UTH and LTH boundaries.

Following the correlation analysis, we employed a biplot
principal component analysis (PCA), as a dimensionality reduction
technique (Gower et al., 2011) adopted in several analytical settings
in forestry (Liubachyna et al., 2017; Ficko et al., 2019; Riccioli
et al., 2020). The PCA enabled the identification of factors driving
variation in each case study, revealing patterns and correlations
within the dataset by showing the tendencies of variables to move in
similar directions. Importantly, PCA facilitated the visualization of
temporal impacts by observing data points representing different
periods, tracking shifts over time, and identifying trends. An
integrated vision of the various predictors created a multivariate
space, allowing us to visualize their characteristics and patterns
of change over time, thus helping to understand the temporal
sequence and interactions among the predictors. The PCAs were
conducted using R Studio, with R version 4.3.1 utilized for the
analyses (RStudio Team, 2020).

3 Results

The findings showed notable trends concerning harvesting
systems across different case studies. Cases such as CZ
and DE showed higher volumes in both HS-PL (54,195
and 7,310 m3 year−1, respectively) and HS-SL (24,483 and
4,580 m3 year−1, respectively). The CZ demonstrated the highest
mean volume of harvested timber using the cut-to-length (CTL)
logging method (16,789 m3 year−1), while HR was the only country
where animals were used in forest harvesting (1,283 m3 year−1). On
the other hand, FIN and ESP, with their complex forest industries,
showed high production volumes, especially evident from the
mean volumes of produced sawlogs (2,942 and 11,928 m3 year−1),
pulpwood (44,773 and 3,561 m3 year−1, respectively) and

energy wood (2,794 m3 year−1 in ESP). These significant
production volumes likely contributed substantially to the output
of the forest-based sectors of these countries. Further details
of the descriptive statistics of each case study can be found in
Supplementary Annex III.

3.1 Relationship between timber supply
and resilience predictors

To uncover the relationships between timber supply and the
11 predictors and co-drivers, a Spearman correlation analysis
was performed for each case study (Table 3). Timber supply was
significantly positively correlated with salvage logging (HS-SL)
in all case studies except for the CZ. The use of cut-to-length
harvesting systems (HS.CTL) showed a strong positive correlation
with timber supply in CZ, DE, and ESP. In contrast, only HR
exhibited a significant positive correlation between timber supply
and the management and silviculture co-drivers (MS.HTS and
MS.TRA). Timber production (including sawlogs, pulpwood, and
energy wood) showed moderate to strong significant correlations
with timber supply across all case studies.

3.2 Resilience assessment

Figure 4 illustrates the outcomes of resilience assessments for
case studies. Beginning with the first block of countries, CZ, HR,
and DE were categorized within the mid-scale wood processing
industry. In the CZ (Figure 4, CZ), timber supply remained
mostly within resilience thresholds during the first decade of
the study. In 2015, salvage logging increased to about 50% of
total felling (50,051 mł year−1), rising to 99% between 2018 and
2021 due to a large-scale bark beetle outbreak. This peak reached
72,000 mł year−1, exceeding resilience thresholds and signaling
unsustainable operational mode if continued. Under the Forestry
Act of 1995, salvage logging is mandatory and reforestation must
occur within 2 years. Thus, regulation, coupled with market
pressure often required rapid timber sales to avoid fines and
degradation of timber.
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Similar to CZ, HR stayed within its thresholds in years with low
disturbance occurrence, due to its adherence to forest management
plans (Figure 4, HR). However, disturbances in 2016 and 2020
caused timber supply to exceed thresholds, with salvage logging
reaching 1,590 and 2,021 mł year−1, respectively. Sustained high
salvage logging volumes, similar to those in CZ, could pose risks to
long-term sustainability.

The German case study (DE) frequently exceeded its UTH
throughout the observed period, reflecting high logging activity
driven by frequent disturbances (Figure 2, DE). Notably, salvage
logging accounted for 99% of timber supply in 2001 after the
Lothar windstorm. From 2009 to 2021, timber supply consistently
exceeded thresholds, with reductions only to compensate for earlier
overharvesting. This underscores a reactive rather than preventive
approach to forest management.

Then FIN and ESP were characterized by a diverse industry.
Finland (FIN) exhibited a distinct trend, with a dramatic spike
in timber supply in 2018 driven by a large-scale disturbance.
During said year, salvage logging exceeded 100% of timber supply
(Figure 4, FIN), which means that the exemplar was able to store the
surplus salvaged timber and supply it to the market in later years.
While historically affected by windstorms and snow damage, the
impacts of these disturbances were relatively limited. Nevertheless,
timber supply consistently exceeded UTH since 2006, likely due to
increased timber supply driven by market demand. Notably, FIN
provided indirect data, but national disturbance trends reflected the
case study’s performance.

In ESP, timber supply showed a sharp increase from 2018
onward, with a peak at 22,134 mł year−1, corresponding
to wildfire-driven logging in Galicia (Figure 4, ESP). With
the exception of 2007, the earlier increases in timber supply
(2000–2010) were likely driven by market demand rather than
disturbances, though the 2006 fire season was particularly
severe. In the Spanish region of Galicia (ESP), the Forestry
Act of 2012 introduced Forest Management Plans to enhance
sustainable forestry practices. However, due to the predominance
of communal-private ownership and fragmented family forests, by
2022, only 20.6% of the forest area was covered by such plans.
Moreover, most of these plans were advisory in nature, significantly
limiting their impact on forest management practices.

Overall, CZ and HR demonstrated effective disturbance
management, enabling them to maintain a resilient timber supply
within their resources. In contrast, DE and FIN faced challenges
due to disturbance-driven logging, which undermined long-
term stability. Finally, ESP appeared resilient, but additional
context is needed to confirm whether its situation was primarily
driven by market demand rather than disturbances. Thus, these
insights provide a broader understanding of resilience of forest
systems over time.

3.3 Multivariate analysis of resilience
predictors and co-drivers through time

The PCA for the case studies highlighted similarities and
differences in forestry practices, temporal trends, and responses
to disturbances across the regions (CZ, HR, DE, FIN, and ESP).
Dim1 represented the most significant patterns in the data. The
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FIGURE 4

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 disturbance (salvage logging volume), and the gray lines indicate the upper (UTH) and lower thresholds (LTH) specific for each case
study. It highlights each case study’s ability to maintain timber supply within these thresholds despite natural disturbances.

FIGURE 5

In principal component analysis (PCA) biplot, variables per case study – CZ, HR, DE, FIN, and ESP – are represented by arrows within dimension 1
(Dim1) and dimension 2 (Dim2). These arrows illustrate the direction and the magnitude of each variable’s influence. The respective contributions of
these variables to the timber supply (TS) are indicated by a color gradient. The observations, depicted as dots, correspond to different time periods,
where “1” signifies the year 2001 and “21” represents 2021. The complete names of the variable abbreviations are provided in Table 2 of the section “2
Materials and methods.”

distribution of dots (observed years) across the quadrants (Figure 5)
reflected temporal trends, highlighting shifts in forestry practices
and resource usage over time.

First, temporal trends aligned with the resilience assessment
graphs and revealed two distinct periods, each lasting around
10 years, consistent with the typical duration of forest management
plans. These changes reflected modifications in voluntary logging,
harvesting systems, and timber production practices. However,
deviations in specific years are evident, likely caused by external
market disturbances or other contextual factors.

Second, the explained variance reflected a substantial portion
of the variability in the data, ranging from 72.7% in FIN (Figure 5,
FIN) to 87.5% in DE and ESP (Figure 5, DE and ESP). Dim1
consistently captured the dominant trends in forestry practices and

resource usage, while Dim2 explained additional variability. In CZ,
HR, DE, and ESP (Figure 5), the PCA explained over 84% of the
variance, reflecting well-defined patterns in forest operations and
responses to disturbances. While for FIN, with 72.7%, Dim1 and
2 explained slightly less variance, suggesting that additional factors
(not captured in the PCA) may have played a more significant role
in this case study.

About key predictors (Dim1 Drivers), a consistent pattern
was observed across all case studies: TP.SP (Volume of Sawlogs
Produced) was a common contributor to Dim1. However,
additional predictors varied among region, reflecting differences in
management priorities and regional contexts. For instance, CZ, DE,
and ESP emphasized mechanized operations and market demand,
with HS.CTL (cut-to-length harvesting) playing a key role. HS.SL
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(salvage logging) contributed either positively or negatively to
Dim1 and 2 across all case studies, but FIN stood out with a negative
loading, suggesting challenges related to overexploitation during
periods of disturbance. In ESP, HS.PL likely reflected an increase
in logging operations over time due to market demand. Lastly,
in HR, MS.TRA (total resource availability) contributed positively
to Dim1, indicating that sustainable resource management was a
central strategy.

The PCAs revealed consistent patterns of adaptation and
change in forestry practices over the studied period. Later years
were characterized by increased mechanization, salvage logging,
and market-driven shifts in timber production, while earlier
years reflected a combination of less-intensive practices, species
composition, and external factors not fully captured by the PCA.

4 Discussion

Based on our observation, the frequency and severity of natural
disturbances increased in all case studies over the observed period,
which is in line with reporting in the literature (Bauhus et al.,
2017; Johnstone et al., 2016; Patacca et al., 2023). Figure 4 showed
that case study representatives reacted to the occurrence of natural
disturbances by increasing the amount of salvage logging and
consequently the amount of timber supply to the market (Table 2),
though the changes in total timber supply were relatively small
in most cases. On the other hand, we observed several instances
of substantial natural disturbances across all case studies, which
caused swings in timber supply beyond the resilience thresholds.
For example, DE and CZ experienced significant disruptions to
normal operation from windstorms like Lothar and Kyrill, both
followed by secondary biotic disturbances, especially in the case
of CZ. Also, FIN dealt with windstorms coupled with snow damage,
HR faced challenges from ice storms and drought, while in Spain,
wildfire activity was rising over the observed period.

Besides their quantitative effects, disturbances also influence
the quality grades of timber harvested and supplied to the market,
with timber downgrading varying based on the type and severity
of the disturbances (Gunnarsson et al., 2004; Hlásny et al., 2019).
Moreover, excess salvage logging involves hiring more people,
increasing harvests, and reestablishing forest stands thus incurring
excessive costs on the exemplars. The joint effects of oversupply and
degraded quality of salvaged timber likely caused the enterprises to
operate with lower profit margins per unit of timber sold (Fuchs
et al., 2022; Greenwood et al., 2023). The combined effects of
natural disturbances, therefore, posed a substantial challenge to the
resilience of the operations of the case studies.

The resilience assessment (Figures 3, 4) showed that CZ and HR
largely operated within resilience boundaries, only breaching the
UTH under severe disturbances occurring toward the end of the
observed period. In ESP, the timber supply had a relatively stable
increasing trend throughout the observed period as can be seen
in Figure 4. In ESP, however, the lack of peaks in timber supply
when disturbances occurred was likely due to the nature of the
disturbance agent (wildfire), which limits the amount of timber
available for salvage logging (De Rigo et al., 2017). In the DE and
FIN cases the UTHs were consistently exceeded by the companies,
the breach was spanning 12 and 13 years, respectively. The duration

of the breach hints at the lower ability of these exemplars to mitigate
the effects of windthrow by decreasing voluntary logging (Kärhä
et al., 2018; Sanginés de Cárcer et al., 2021).

In addition to the disturbance agent, factors such as exemplar
size, its processing capacities and network size can substantially
influence the ability to absorb disturbances through decreasing
the amount of voluntary logging, as demonstrated by CZ, HR
and to some extent, ESP. For instance, CZ leveraged its sawmill
to efficiently process timber in-house and sell finished lumber
products instead of supplying timber to the market. Similarly,
the acquisition of a sawmill in 2020 in HR marks a step toward
enhancing local processing capacity. In the case of ESP, even
if the community-oriented forest sector relied on small-scale
processing within the region, having a complex network of small
players promoted the regional capacity to process excess timber.
Conversely, DE’s limited processing capabilities hindered its ability
to stabilize timber supply during disturbances. Indeed, the data
showed that being able to process timber and having a well-
developed network played a role in mitigating disturbance impacts
and maintaining supply stability.

To further investigate relationships between timber supply,
disturbances and the mode of operation of particular exemplars,
we used a PCA-based procedure, which led to the identification
of three clusters of variables that could serve as predictors or
co-drivers of FVC resilience: timber production (TP), harvesting
systems (HS), and management and silviculture (MS). The TP
cluster, encompassing sawlogs, pulpwood, and energy wood,
underscores the dual importance of monitoring routine timber
production and the system’s responses to disturbances (Pettenella
and Maso, 2011; Badini et al., 2018). In line with these findings,
our study showed (Figure 5) that increased salvage logging goes
hand in hand with a change of assortment structure (the share of
pulpwood and energy wood produced). Therefore, the companies
can increase their preparedness for disturbances by adapting their
network structures and sawmill capacities.

In synergy with the adaptation of the customer base,
companies can also increase their preparedness by introducing
high productivity harvesting systems either by expanding their
network of harvesting contractors or by increasing their own
capacity to harvest more efficiently. For example, using a CTL
system in favor of conventional logging systems can enhance
extraction efficiency in regions with favorable terrain and species
composition (Mederski et al., 2022; Udali et al., 2022). Still, fully
mechanized harvesting systems are less common in more complex
landscapes, such as Croatia (Vuletić et al., 2014) or countries where
forestry is undercapitalized such as the Central and Eastern Europe
region (Dvoøák et al., 2020). Rapid salvage logging operations
can substantially limit the deterioration of the quality of timber
supplied to the market in the case of disturbance and coupled
with other recovery techniques—such as debarking, treatment and
adequate storage—are essential for maintaining FVC resilience
(Pischedda, 2004; Hlásny et al., 2019; Greenwood et al., 2023).

Finally, variables within the MS cluster, i.e., Harvestable
timber stock (MS.HTS) and Total resource availability (MS.TRA)
connected to forest growth and as such their change was gradual.
Their sudden change would point toward a devastating extent of
a disturbance event (or substantial malpractice); therefore, they
were considered co-drivers. We observed no such instances in
the data, and the behavior of MS.HTS and MS.TRA showed that
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they had a small immediate effect on timber supply. Even so,
Braatz (2012) and Hörl et al. (2020) state that proactive and
adaptive management strategies enhance long-term sustainability.
Another important co-driver connected to the resource base (the
resilience of forest ecosystems) is the tree species composition or
biodiversity in general. Mixed-species stands have demonstrated
better resilience to natural disturbances (Muñoz-Gálvez et al., 2021;
Jactel et al., 2017; Pukkala, 2018) through the reduced susceptibility
to windthrow and pest infestations (Thom et al., 2017; Romeiro
et al., 2022). The challenges in improving FVC resilience lie also
in the coordination of tactical to operational level measures with
strategic level measures related to forest ecosystems and their
resilience.

Indeed, diversifying forest structure and species composition is
widely recognized as a key strategy for enhancing the ecological
resilience of forests to climate change and related stressors
(Pretzsch et al., 2021; Messier et al., 2022). Forest owners are
often hesitant to implement measures such as replacing vulnerable
species with more resilient variants or introducing alternative
management systems due to perceived economic trade-offs of
these measures (Knoke et al., 2017; Zamora-Pereira et al., 2021).
While these approaches can strengthen forest resilience, many
forest owners perceive that downstream industries are not yet
adequately prepared to take the timber in quantities sufficient
for the sustainable operation of timber producers (Lawrence,
2020; Mazziotta et al., 2023). Adopting a participatory networking
structure integrating diverse expertise and stakeholder input can
foster better information-sharing (Nikinmaa et al., 2023) and goal
alignment along the FVC. Additionally, promoting innovation
can support diversification, enhance efficiency, and improve
flexibility in forest management and the processing industry
while strengthening communication between these stakeholders
(Hoeben et al., 2023). Furthermore, providing economic incentives
(Juutinen et al., 2022; Haeler et al., 2023) can address forest
owners’ short-term financial concerns, enabling them to sustain
operations while markets for alternative timber species continue
to develop, thus promoting long-term ecological and value chain
resilience. The predictors and co-drivers of resilience identified
within this study are tied within the broader scope of the ORF
(Lloret et al., 2024) which provides a comprehensive multiscale
resilience assessment of forest social-ecological systems. Literature
provides insights into FVC resilience at national and international
levels (Fuchs et al., 2022; Loeffler and Anderson, 2018; Seidl et al.,
2017), methods focusing on resilience assessment on a local level
are scarce and do not cover the variability of how companies
operate in different world regions. For example, European FVCs
are much more industry-driven and frequently companies are
connected to well-integrated markets (Toivonen et al., 2002;
Toppinen and Kuuluvainen, 2010; Dzian et al., 2019). In contrast,
the more community-oriented approaches observed in Asia and
Latin America create an environment where small- and medium-
sized enterprises can grow and compete with larger enterprises
through policy setting. These approaches often prioritize long-
term resource management, balancing the goals of generating
employment with conserving the diverse services provided by
forests that sustain local communities and ecosystems (Molnar
et al., 2007; Hajjar et al., 2013; Baynes et al., 2015). Understanding
these structural differences highlights opportunities for developing

context-specific strategies that align with economic, social, and
operational needs.

This study focused on the local-level resilience assessment of
five European case studies. Aside from its geographical focus, it
also focused on the interface between forest management and first-
stage timber processing of the FVC. Furthermore, the observed
period was limited from the point of view of our ability to observe
long-term trends connected mainly to forest management and
silvicultural data. However, this was a trade-off necessitated by
the use of exemplar operational records. Despite these limitations,
our findings emphasize that by integrating adaptive management
practices and strategies, the FVC can become more sustainable and
better equipped to address evolving environmental challenges.

5 Conclusion

This study provides a methodical framework for the
operationalization of FVC resilience. We proposed using timber
supply as a system variable because, on the one hand, it relates to an
essential provisioning ecosystem service, and on the other hand, it
provides information about the amount of timber available as input
material for value chain actors. We also proposed thresholds of
resilience based on the sustainability of exemplar operations, from
both ecological and economic perspectives. The resilience metric
was defined by the system’s ability to remain within thresholds,
while its measurement focused on the magnitude of breaches and
the time required for recovery to the reference state set by the
thresholds. Since this study represents an initial step in developing
this type of resilience assessment, we chose not to establish specific
criteria for evaluating resilience levels and instead provided a
qualitative, verbal assessment. Aside from the resilience assessment
itself, we identified key predictors and co-drivers based on our
analysis. These findings support companies in enhancing their
preparedness for future disturbances by connecting key operations
to adaptive and proactive management strategies. Literature
suggests additional potential predictors and co-drivers, however,
testing their viability requires adapting data-gathering methods
and extending observation periods, which poses a challenge due to
the limited availability of past operational records of companies.

Future studies of local-level FVC resilience should incorporate
additional predictors, such as tree species composition and storage
capacity, and examine later stages of the value chain. Moreover,
the ORF approach developed within the RESONATE project and
first used here in this setting, has the potential for broader global
application and can be adapted to assess resilience across different
regions and systems. In this sense, future research should test its
applicability across scales and explore its integration into other
social-ecological systems.
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