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Abstract

It is crucial to address the significant role of the supply chain in economic activity and its vulnerable areas. This
research focuses on the forestry industry, where obtaining and maintaining the primary raw material source is
notably more challenging than other supply chains. The primary objective of this study is to analyze vulnerability
factors specific to the forestry supply chain (FSC) by modeling their interactions and potential influences on each
other. Initially, relevant factors were defined through a comprehensive literature review, encompassing
vulnerabilities both in the general supply chain and pertinent to the forestry industry, such as natural disruptions.
Then, the relationships between these factors were modeled and simulated using an input-sensitive fuzzy cognitive
map (FCM). A cognitive map was constructed based on expert opinions, facilitated by triangular fuzzy numbers
to express expert judgments accurately. FCM simulations using a new reasoning mechanism were conducted to
analyze the effects of FSC vulnerability factors on one another across three sustainability-themed scenarios:
economically related vulnerabilities, socially related vulnerabilities, and environmentally related vulnerabilities.
Supply chain structure, government support, and source availability were the main vulnerability factors influencing
the overall resilience of the FSC. Environmental stressors such as natural disturbances and climate change, and
economic shocks, were found to significantly impact FSC dynamics, highlighting the need for adaptive strategies
and robust contingency planning. This research is significant for stakeholders in the forestry industry as it
elucidates the vulnerability factors within the FSC and demonstrates how different vulnerabilities can influence
one another.
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1. Introduction

The forestry supply chain (FSC) encompasses the
entire process of transforming raw materials from forests
into finished wood and paper products, involving a
complex network of stakeholders and activities from
forest management and harvesting to the final
distribution and consumption of forest products
(Gavrilut et al., 2016; Scholz et al., 2018). FSCs integrate
various operations, such as transportation, processing,
storage, and logistics management, ensuring an efficient
and sustainable flow of forest resources (Luo et al.,
2021). Effective management of FSCs is essential for
balancing economic development with environmental
conservation, as forests play a vital role in providing
ecosystem services such as carbon sequestration,
biodiversity preservation, and water regulation (Wang
and Tian, 2022). Optimizing FSC operations does not
only improve the economic sustainability of forestry but
also supports global trade, promotes economic growth in
rural communities reliant on forest resources, and
contributes to sustainable development goals by

reducing environmental impacts (Chen et al., 2020; He
and Turner, 2021).

However, FSCs face environmental, economic, and
social challenges that complicate their management.
From an environmental perspective, climate change
modifies growth patterns (Lee et al., 2022), increases
susceptibility to pests and diseases (Torresan et al.,
2021), and intensifies the frequency and severity of
natural disasters. Also, deforestation and degradation due
to illegal logging and unsustainable harvesting practices
contribute to biodiversity loss, soil erosion, and water
depletion (Kumar et al., 2022). These environmental
issues threaten the overall health of forests and their
ecosystem services, undermining the long-terms
sustainability of the forestry industry. On the economic
front, FSCs are vulnerable to market fluctuations that
cause price volatility for forest raw materials and
products (Palander et al., 2024). High operational costs
arise from transportation, labor, and regulatory
compliance. Infrastructure constraints and trade barriers
hinder efficient operations and market access, while
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investment risks introduce uncertainty for long-term
forestry projects. Socially, FSCs encounter labor
shortages, especially in remote and rural regions, as well
as conflicts over land use and resource rights that can
negatively affect local communities. Additional social
challenges include health and safety risks, equity and
access concerns regarding forest resources, and
disruption to traditional lifestyles and cultural heritage
due to changes in land use patterns.

Addressing these interconnected issues requires a
comprehensive approach that balances environmental
health, economic viability, and social equity in
sustainable FSC management. Emerging trends and
practices aim to mitigate these challenges. Erratic
weather patterns, prolonged droughts, severe storms, and
rising temperatures disrupt forest growth cycles, increase
wildfire risks, and alter pest and disease dynamics (Seidl
et al., 2017). In parallel, the loss of forest cover due to
agricultural expansion, illegal logging, and urbanization
diminishes forest resource availability (Curtis et al.,
2018). In response, growing consumer awareness of
deforestation and environmental degradation drives a
major shift toward sustainable forestry practices, with
certified wood products gaining preference. Demand for
engineered wood products, such as cross-laminated
timber, is increasing due to their superior strength,
durability, and environmental benefits (Ramage et al.,
2017). Moreover, the circular economy concept, which
promotes the reuse, recycling, or repurposing of wood
products, minimizes waste and encourages the
sustainable use of resources (Korhonen et al., 2018).
Effective monitoring of these trends is vital for ensuring
a sustainable future for forest resources and the
communities reliant on them.

Despite these positive trends, FSCs remain
vulnerable to numerous disruptions that can compromise
their ability to meet operational goals. Various factors,
such as labor shortages, inefficient processes, policy
failures, equipment malfunctions, natural hazards,
pandemic outbreaks, power outages, and economic
crises, can impede the smooth flow of products and
services along the supply chain (Pandit et al., 2021). The
complexity and interdependence of the various stages of
FSCs make them particularly vulnerable to these risks.
When vulnerabilities in supply chains are unaddressed,
operational efficiency can be compromised, leading to
delays, increased costs, and resource waste. These
inefficiencies hinder the effectiveness of FSCs in
meeting market demands and maintaining a steady
supply. Additionally, vulnerabilities threaten the
sustainability of FSCs by exacerbating environmental
degradation, reducing the resilience of forest
ecosystems, and hindering the implementation of
sustainable management practices.

Beyond these broader insights on supply chains,
FSCs are significantly influenced by advanced
technologies and Industry 4.0 (He and Turner, 2021).
Forest biomass utilization is key to renewable energy
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production and product development (Zhang et al.,
2020). Transportation plays a critical role in reducing
CO2 emissions, with the choice of road, rail, or
waterway, depending on distance and cost considerations
(Wolfsmayr and Rauch, 2014). Consequently, managing
risks within FSCs 1is essential for maintaining
competitive advantages and promoting sustainable
forestry (Wang et al., 2023). The mobilization levels of
FSCs vary widely across countries, influenced by policy,
market, and technological factors (Thiffault et al., 2016).
Natural disruptions, including storms, wildfires, and
insect infestations, also impact timber supply and
properties, posing significant challenges (Roos, 2023).
Furthermore, adopting digital technologies and Industry
4.0 concepts in the forest sector, often called Forestry
4.0, has optimized FSC operations (Feng and Audy,
2021). Establishing forest-based bio-refineries for bio-
energy production offers potential for new revenue
streams and environmental benefits (Cambero and
Sowlati, 2016).

In recent studies, researchers have focused on
addressing specific supplychain challenges. For instance,
Elias et al. (2021) conducted a holistic analysis of the
complex interactions among barriers affecting the
adoption of sustainable wood supply chain management,
identifying bureaucracy, regulatory requirements, and
distribution challenges as the most significant obstacles.
Sharma et al. (2024; 2023) examined factors causing
vulnerability in manufacturing supply chains. They
distinguished between supply chain risk and
vulnerability, identifying supply chain complexity as the
most significant factor. They also highlighted key
influencing factors such as “risk not being a boardroom
agenda,” “nonalignment of performance measures and
rewards,” and “lack of a risk dashboard.” Their
integrative model linking these factors underscores the
need to address factor interactions, a gap our study fills
using a Fuzzy Cognitive Map (FCM). Similarly, Roos
(2023) reviewed the impact of forest damage caused by
biophysical factors, such as insect infestation, wildfires,
climate change, and storms, on FSCs and how to manage
these disturbances. They found that climate change is the
underlying cause of supply disruptions. Wang et al.
(2023) focused on supply chain risks in the forestry
industry as an obstacle to sustainable forestry,
categorizing risks into supply/source, manufacturing,
logistic/transport, demand/market, and environmental
risks. Lanfredi et al. (2023) analyzed the outcomes of
increased woodland areas, which were perceived as
beneficial but incompatible with sectoral policies. They
concluded that this expansion increases vulnerability to
wildfires and other forms of degradation, resulting in
economic and quality losses.

Supply chain vulnerability is a critical aspect of risk
management and is closely related to resilience (Elleuch
et al., 2016; Gomes, 2022). Resilience, flexibility, and
agility are interconnected with vulnerability, with
resilience playing a pivotal role in mitigating it (Liu et
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al., 2015; Radhakrishnan et al., 2018). Evaluating supply
chain vulnerability is essential for developing strategies
to reduce risks and strengthen resilience (Deshpande et
al., 2023; Sharma et al, 2022). Supply chain
vulnerability stems from decisions that heighten
exposure to potential disruptions, acting as a precursor to
supply chain risks (Ivanov and Sokolov, 2019). Rather
than focusing solely on specific disruptive events,
vulnerability underscores susceptibility to these
disruptions and their impact on economic viability
(Dechprom and Jermsittiparsert, 2019; Mensah et al.,
2015). Structuring supply chain vulnerability into
measurable criteria enables managers to identify clear
starting points for mitigation. It is crucial to assign
specific weights to each criterion to pinpoint the most
critical factors and enable a focused strategy to reduce
supply chain vulnerability (Sharma et al., 2023).

Despite extensive research on supply chain
vulnerability, notable gaps remain in understanding and
addressing the relationships between vulnerability
factors in FSCs. Many studies tend to isolate specific
aspects that can hinder effective vulnerability
management. For example, Wolfsmayr and Rauch
(2014) argue for more integrated approaches within
forest fuel supply chains, emphasizing that neglecting
the interconnectedness of various elements can hinder
effective vulnerability management. Acuna et al. (2019)
emphize addressing risks across all supply chain
segments, especially in sustainable biomass production.
Dashtpeyma and Ghodsi (2021) highlight gaps in
integrating economic, environmental, and social factors,
while He and Turner (2021) note the fragmented
adoption of digitization and Industry 4.0, leaving
vulnerabilities unaddressed. Roos (2023) identifies the
need for better integrating biophysical disruptions (i.e.,
wildfires) into broader assessments. These studies
emphasize the need for comprehensive methodologies
that address the diverse factors contributing to FSC
vulnerabilities. Also, exploring their dynamic nature
under changing environmental and technological
conditions underscores the importance of a holistic
approach that offers actionable insights for supply chain
managers.

There has been a growing interest in leveraging
advanced methodologies to address the complexities of
supply chain management, particularly in enhancing
resilience and mitigating risks. This context would set
the stage for discussing the role of FCMs in this context.
FCMs have been used to enhance supply chain resilience
by analyzing the interrelationships between key
variables that influence resilience (Sabahi and Stanfield,
2019). Soyer et al. (2023) proposed a hesitant approach
to classical FCM to examine sustainable supply chain
risks and their impact on performance, demonstrating
FCM’s capability to capture uncertainty in complex
systems. A literature review reveals a growing number of
publications using FCMs, particularly for multi-criterion
decision-making (MCDM) support, underlining FCM’s
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relevance in supply chain decision-making (Zanon and

Carpinetti, 2018). Additionally, FCM methodology has

been employed to understand relationships among

supply chain integration, strategies, risk factors, and
performance criteria in an automobile manufacturer,
demonstrating its effectiveness in considering
interrelations between criteria in supply chain

management (Dursun et al., 2019).

There is a limited application of advanced analytical
tools, such as FCMs, for modeling and analyzing the
intricate web of interactions among vulnerability factors
in FSC. FCM offers several advantages that justify its use
in assessing vulnerabilities in FSCs. First, FCM provides
a systematic framework for modeling complex systems
by capturing the causal relationships and feedback loops
among various factors influencing FSCs (Ozesmi and
Ozesmi, 2004). Unlike traditional modeling approaches,
FCM can accommodate uncertainty and fuzziness in
data, making it suitable for the dynamic and
interconnected nature of FSCs where precise quantitative
data may be limited or uncertain (Papageorgiou and
Salmeron, 2013). FCM generates a visual map of causal
relationships between factors influencing FSC
vulnerability. This visual representation enhances the
understanding and communication of the complex
dynamics, making the findings more accessible to
stakeholders. Fuzzy logic, a mathematical approach that
deals with uncertainty and vagueness, has also been
underutilized in FSC wvulnerability assessments. This
study demonstrates the potential of FCM, incorporating
fuzzy logic, to model the uncertainties and ambiguities
inherent in such assessments. These gaps underscore the
motivation of this study: to provide a holistic assessment
of FSC vulnerabilities using FCM. This approach
bridges existing knowledge gaps, offers new insights into
the interdependencies among FSCs, and informs
strategies for improving their resilience and
sustainability.

The main research objectives of this study are as
follows:

e To identify and categorize key vulnerabilities
affecting FSCs.

e To develop an FCM model representing causal
relationships and interdependencies among these
vulnerability factors.

e To contribute to the existing knowledge on FSCs by
providing a comprehensive and integrated
assessment of vulnerabilities using an advanced
analytical tool like FCM.

2. Material and Methods

This study used a decision-making approach to reveal
the factors associated with FSC vulnerability using FCM
based on expert opinions enhanced with triangular fuzzy
numbers (TFNs). The approach was implemented as
described below (Figure 1):
e Step 1. Engage experts to determine and evaluate

factors.
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Step 2. Determine the factors
vulnerability.

Step 3: Request experts to evaluate factors. Experts
are encouraged to use the linguistic terms in Table 1
to assess relationship magnitude and specify
direction as “positive” or “negative.” The linguistic
scale in the table is adapted and simplified from the
work of Sun (2010).

causing FSC

Experts
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Step 4. Aggregate the individual evaluations to
acquire a single fuzzy evaluation matrix.

Step 5. Defuzzify the evaluation matrix to transform
the fuzzy evaluation matrix into a crips evaluation
matrix.

Step 6. Perform FCM simulations to analyze
vulnerability-driving  situations across various
scenarios.

Figure 1. An overview of the steps involved in the proposed approach

Table 1. Linguistic terms to evaluate relationships

Linguistic term

Triangular fuzzy number (I, m, u)

High (0.7,0.8,0,9)
Medium (0.4,0.5, 0.6)
Low (0.1,0.2,0.3)

2.1. Preliminaries of Triangular Fuzzy Numbers

This section briefly reviews some basic definitions of
fuzzy sets and numbers used throughout this paper unless
otherwise noted. A fuzzy set A is defined by a
membership function pz(x), which assigns a real
number within the range of [0, 1] to each element x in
the universe of discourse X. A fuzzy set 4 is convex if
and only if inequality (Equation 1) holds for all x4, x, in
X and A €[0,1] (Yesil et al., 2014).

pa(Axy + (1= Dxz) = Min(#ﬁ(’ﬁ)' .“A(xz)) (1)

A fuzzy number is a fuzzy subset of X that is
characterized by being both convex and normal.
According to fuzzy set theory, classical sets are
encompassed within a broader category of fuzzy sets;
thus, crisp numbers are a specific instance of fuzzy
numbers because they share all the same properties. A
crisp number X can be represented by a fuzzy number p
defined by the membership function in Equation 2. Crisp
numbers that are interpreted as fuzzy numbers are
commonly referred to as fuzzy singletons.

0, x<x
up(0) =11, x=x )
0, x>x

A triangular fuzzy number (TFN) @ can be described
by a triplet (al,a,aV). The membership function

Ug (x) is defined as given in Equation 3 (van Laarhoven
and Pedrycz, 1983):

0, x < ab
L
-, adt<x<aM
_ )JaM-qa
o) = { ) ®)
M_gu @ =x=a
0, x=aY

where al<aM<aV, with al and aV representing the
lower and upper bounds of the support of @, respectively,
and a™ denoting the modal value.

The basic mathematical operations of summation,
multiplication, and scalar multiplication related to
positive TFNs, & and b, are given by Equations 4, 5, and
6, respectively.

d @ E = (aLl aM! aU) @ (bleMlbU) (4)
= (al + bE,a™ + bM,aV + bY)

a®b = (at,a", a") ® (b",b™,bY) 5
— (aLbL,aMbM,anU) ( )
AQ®d=1Q (a*, a",a") (6)
= (Aat, 2aM,1a¥),2 >0

2.2. Fuzzy Cognitive Map
Fuzzy Cognitive Map (FCM) is a soft computing tool
that enables the creation of a structural model of
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interactions among system concepts and modeling the
consequences of these interactions on the system. FCM
was introduced into the literature by Kosko (1986), who
further developed cognitive maps by quantifying
interactions and system concepts to address system
dynamics. FCM allows individuals to visually present
the relationships they intuitively know exist between
system concepts (Podvesovskii and Isaev, 2018). The
fundamental building keystone of an FCM is a map
composed of nodes representing the system’s concepts
and edges depicting interactions among these concepts.
This map transforms the conceptual understanding of
system concepts and their relationships into a visual
representation. A mathematical depiction of the FCM
model is also necessary to concretize the system
dynamics resulting from these interactions.

For a system with n different concepts, a concept is
represented by C;, i=1,2,...,n. The attribute
represented by the C; node is quantified by numerical
value 4;, i =1,2,...,n, which denotes its activation
level. The A; values typically range between [0,1]; where
0 indicates that the attribute is completely inactive, 1
indicates that the attribute is fully active, and other values
denote partial activation (Papageorgiou and Salmeron,
2013). The degrees to which C; concept influence others,
i.e., causal relationships are denoted by wy;, i=
1,2,...,nandj =1,2,...,n.

To model the behavior of the system, it is necessary
to mathematically depict the map through its matrix
representation, as shown in Equation 9. This matrix is
referred to as the adjacency matrix.

W11 Win
W= [ ] o)

WTL 1 Wnn

Wij

In the classical approach, the causal relationships in
the matrix take values within the range [-1,1], and it is
assumed that a system concept does not have an effect on
itself, i.e., w;; = 0 (Parsopoulos et al., 2003). A positive
w;; value signifies a causal increase, meaning that when
A; increases, A; also increases, and vice versa. A negative
w;; signifies a causal decrease, meaning that when A;
increases, A; decreases, and vice versa. If there is no
causal relationship between A; and 4;, then w;; = 0.

Dynamic analysis using FCM is feasible through
simulations that execute these causal relationships. Thus,
by examining the activation levels of all concepts at a
given time t, the state of the system can be represented
as A = [A;%, A, ... A,"]. During the simulation, the
activation value of concept C; at time t, A4;, is determined
as shown in Equation 10.

Af=f <Ait_1 + Yz wji * Ajt> (10)

J#i
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Here, A;* ! is the activation value of concept C; at the
previous step, and w;; is the magnitude of the causal
relationship between concept C; and concept C;. In
summary, the activation level of C; at time t is
determined by applying a threshold function f to the sum
of its current activation level and the change induced by
other concepts. f normalizes the values of the concepts
to a particular range at each step to facilitate comparisons
among the concepts. The sigmoid and hyperbolic
sigmoid functions are commonly used threshold
functions (Bueno and Salmeron, 2009).

After sufficient iterations, the long-term behavior of
the system can be obtained. These behaviors typically
include convergence to a fixed point, cycle, or chaotic
behavior. Repeated simulations from initial states Ag
allow for the interpretation of the effects of initial states
based on the resulting states of the simulation
(Papageorgiou and Salmeron, 2013).

However, FCM has been criticized for producing the
same final vector regardless of changes in the initial state
vectors. Asan and Kadaif¢i (2020) propose an approach
for obtaining the final vector through a reasoning
mechanism that accounts for both direct and indirect
relationships, in contrast to the classical FCM, which
only considers direct relationships during simulation.
This study extends the reachability matrix calculation
method introduced by Asan and Kadaif¢i (2020). The
reachability matrix calculation is further developed as
shown in Equation 11. The proposed approach
normalizes the matrices, which have been raised to their
respective powers, according to the maximum weight
Wpnayx© in WK and then sums the normalized matrices.

R= Yp 0 (11)
where w¥ is the normalized form of W¥, as specified in
Equation 12:

Wk
wk = -
Wmax

(12)

It continues by simulating the system starting from an
initial state, by multiplying the initial state A, and R.
Thus, the final state of the system is acquired as Ay X R.
To interpret this final state vector, a final step that
involves normalizing this vector by its maximum value
is performed. Equation 13 gives the normalized final
state vector. This revised calculation provides the final
state based on a one-step simulation to draw inferences
on the system’s behavior originating from a specific
initial state.

_ Ay X R
Ap =70 /maX(AO X R) (13)

2.3. Application
The application section of this study focuses on the
complexities of FSC by identifying critical vulnerability
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factors through a rigorous literature review. This study
employs FCM as a robust analytical tool by recognizing
the interconnected nature of these factors and their
potential for diverse impacts. FCM is instrumental in
visualizing and quantifying the intricate relationships
among these vulnerabilities and their subsequent effects
on the FSC system.
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2.4. Determining Criteria Set

The literature review identified the factors in Table 2
as the causal areas of vulnerability. It has been
established that FSC operates in a complex and dynamic

environment influenced by several interconnected
factors. These factors can be categorized into
environmental, economic, social, and operational
dimensions.

Table 2. Factors causing vulnerability in FSC

Factor Category  Factors Source
. Natural disturbance (C1) (Roos, 2023; Yang and Liu, 2018)
Environmental .
Climate change (C2) (Roos, 2023)
. Market demand (C3) (Yang and Liu, 2018)
Economic . . .
Economic downturns (C4) (Liu and Ning, 2023)
Social Workforce availability (C5) (Hoffmann et al., 2018)
ocia
Community acceptance (C6) (Barnett, 2018)
Technological advancement (C7) (Pandirwar et al., 2023)
Environmental regulations (C8) (Garrett et al., 2021)
Trade policies (C9) (Zhang et al., 2021)
) Resource availability (C10) (Wang et al., 2023)
Operational

Contingency planning awareness (C11)

Government support (C12)
Collaboration (C13)

Supply chain structure convenience (C14)

Expert view

(Vermeulen and Kok, 2012)
(Sharma et al., 2023)
(Greenslade et al., 2021)

2.4.1. Environmental Factors

Natural disturbances (C1): Wildfires, insect
infestations, and extreme weather events can
significantly disrupt forest ecosystems, leading to timber
shortages, infrastructure damage, and increased
harvesting costs. For instance, large-scale wildfires can
destroy vast areas of forests, reducing timber availability
for years and disrupting transportation routes. Climate
change (C2): Rising temperatures, changing rainfall
patterns, and increased frequency of extreme weather
events pose long-term threats to forest health and
productivity. These can result in reduced timber growth,
increased pest and disease outbreaks, and altered forest
composition, affecting overall supply chain stability.

2.4.2. Economic Factors

Market demand (C3): Fluctuations in demand for
forest products driven by economic cycles, construction
activity, and consumer preferences can lead to price
volatility, overstocking, and shortages. Sudden increases
in demand may strain resources and lead to bottlenecks,
whereas decreases can result in reduced revenues and
potential  closures. Economic downturns (C4):
Recessions and economic crises can significantly impact
the forestry industry. Decreased consumer spending
reduces demand for forest products, lower timber prices,
and potential job losses throughout the supply chain. In
addition, financial constraints may limit forest
management and infrastructure investments.

2.4.3. Social Factors

Workforce availability (C5): Shortages in skilled
labor, particularly in specialized areas (i.e., forestry and
logging), can hinder operations, increase costs, and
impact the overall efficiency of the supply chain. Aging
workforces and competition from other industries can
intensify this issue. Community acceptance (C6): Social
conflicts, environmental concerns, and perceptions of the
industry’s impact on local communities can create
challenges for forest operations. Maintaining a positive
social license to operate is essential to secure long-term
access to resources and minimize disruptions.

2.4.4. Operational Factors

Technological advancements (C7): Adopting new
technologies can enhance efficiency, reduce costs, and
improve sustainability, but it also requires significant
investments and workforce training. The pace of
technological change can create challenges for smaller
companies with limited resources. Environmental
regulations (C8): Compliance with environmental
regulations is essential for sustainable operations, but it
can increase costs and operational complexity. Stringent
regulations may restrict forest resources access and
require investments in pollution control and monitoring
technologies. Trade policies (C9): Tariffs, quotas, and
trade agreements significantly impact market access,
prices, and competition for forest products. Changes in
trade policies can create uncertainty and require
adjustments to supply chain strategies. Resource
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availability (C10): Limited access to forest resources due
to land-use changes, competition from other sectors, and
depletion can constrain production and increase costs.
Fluctuations in timber quality and quantity can also
affect product quality and processing efficiency.
Contingency planning awareness (C11): Developing and
implementing effective contingency plans to address
potential disruptions, such as natural disasters, supply
chain breakdowns, or economic shocks, is crucial for
business continuity and resilience. Government support
(C12): Government policies, regulations, and financial
incentives significantly influence the forestry industry’s
competitiveness and sustainability. Supportive policies
can facilitate investments, promote innovation, and
create a favorable business environment. Collaboration
(C13): Effective collaboration among forest landowners,
loggers, processors, and other supply chain partners can
improve efficiency, reduce costs, and enhance overall
performance. Information sharing, joint planning, and
risk management can mitigate disruptions and strengthen
supply chains. Supply chain structure convenience

(C14): The complexity of a supply chain, including the
number of intermediaries, transportation distances, and
inventory levels, influences its vulnerability to
disruptions. A highly complex and interconnected supply
chain may be more susceptible to shocks than a simpler,
more integrated structure. Understanding the interplay
among these factors is crucial for developing resilient
FSCs. In addition, industry stakeholders can enhance
long-term sustainability and profitability by proactively
identifying and addressing potential challenges.

2.5. Building FCM

After determining the factors associated with FSC
vulnerability, four domain experts were engaged in
constructing the FCM model by evaluating the
relationships  between them. All experts are
knowledgeable about forestry and the supply chain.
Employing the structured linguistic scale in Table 1, the
experts qualitatively assessed the strength and direction
of these relationships.

Table 3. Relationships between the FSC vulnerability factors

C1L c2 a3 ca c5 C6
c1 0.094 0.138
c2 0275
3 0.063 0.106 0.063
c4 -0.650 -0.031 -0.138
C5
C6 0.213 0.319
c7 0.256
C8 -0169  -0.244
9 0319 -0.213
C10 0213
C11 0.063
C12 0.244 0.213 0.288
C13 0.094

C14 0.275

The qualitative expert judgments were then
transformed into quantifiable data using TFNs, enabling
the subsequent aggregation of multiple expert opinions
using Equation 1 into a consolidated relationship matrix.
Relationships with two or more expert opinions were
directly incorporated into the matrix, whereas solitary
opinions were considered negligible. The aggregated
matrix was subsequently defuzzified using Equation 8
and transformed into the crisp relationship matrix shown
in Table 3, thereby facilitating a clearer representation of
factor interactions. The derived relationship matrix in
Table 3 is the foundation for constructing the map shown
in Figure 2.

Figure 2. FCM model for FSC vulnerability

cs8 (o] C10 C11 C12 C13 C14
-0469  0.138
-0.319
-0.244 0213
0138 -0.138 0.213 -0.213
0.213 0.319
0.138 0.169
0.063 0.425
0.138 0.063 0.138 0.138
0.138 0.138

0.213
0394 0319 0.138 0.244
0.063 0.575
0.288 0.394

3. Results and Discussion
The map in Figure 2 graphically depicts the intricate
connections among the vulnerability factors within the
FSC. According to the map, the most central factor, with
a centrality value of 2.306, indicating the sum of the
absolute magnitudes of its direct interactions, is the
convenience of the Supply Chain Structure (C14). This
finding aligns with previous studies that emphasize the
importance of a well-structured supply chain in
mitigating vulnerabilities (He and Turner, 2021; Ivanov,
2017). Government support (C12), market demand (C3),
and source availability (C10) are, respectively, the
following most central factors. These are significantly
influenced by or have a substantial impact on others
through their associated interactions. Dubey et al. (2023)
highlighted how government interventions can shape
market dynamics and supply chain effectiveness. The
factor most influenced and altered by other factors is
Source Availability (C10), with an in-degree value of
1.794, indicating the sum of the absolute magnitudes of
the relationships affecting it. It means that any change in
FSC could significantly impact the raw material sources
that sustain the system. Raulier et al. (2014) expressed
concern regarding the impact of natural disruptions on
timber supply. It reinforces the need for effective risk
management strategies that address the vulnerabilities of
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resource availability in FSCs (Jiittner et al., 2003). The
otherfactors with high centrality values are market
demand (C3) and Supply Chain Structure (C14). Finally,
Government support (C12) and Economic downturns
(C4), with out-degree values of 1.837 and 1.519
respectively, which is the opposite of in-degree, are the
factors with the highest potential to cause changes in the
FSC system dynamics. This observation is consistent
with findings from Pettit et al. (2019), who argued that
government policies and economic conditions are pivotal
in shaping the resilience and adaptability of supply
chains.

To understand the dynamic behavior of the FSC under
varying conditions, analyses were conducted based on
the simulation of cause—effect relationships in the map
using Equation 13. A sustainability-centric approach was
adopted, with three distinct scenarios formulated, each
targeting a specific sustainability dimension. Each
scenario is characterized by a unique initial state vector
encompassing actions relevant to its sustainability
objectives.

The first scenario, which considers environmental
impacts, was initialized with an initial state vector of
[1,1,0,0,0,0,0,0,0,0,0,0,0,0]. This scenario assumes that
initially, only the factors of natural disturbance (C1) and
climate change (C2) are active, meaning that FSC is
vulnerable to only these two factors. Therefore, by
simulating the system under the influence of these two
factors, changes in the FSC dynamics, including
environmental factors and others, were observed.
Accordingly, FSC dynamics with direct and indirect
relationships directed the system to a state of [0.792,
0.860, 0.316, 1.000, 0.571, 0.700, 0.426, 0.793, 0.376,

Factor Changes Over Time
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0.000, 0.850, 0.638, 0.225, 0.082]. The system behavior
in terms of the initial and final states is illustrated in
Figure 3(a).

The initial state vector for the second scenario,
focusing on economic factors, was set to
[0,0,1,1,0,0,0,0,0,0,0,0,0,0] to determine how economic-
oriented vulnerabilities impact other vulnerability-
causing factors in FSC. Such an initial state triggers most
sources in the FSC, as indicated by the final state vector
[0.921, 0.881, 0.333, 1.000, 0.646, 0.777, 0.461, 0.872,
0.398, 0.954, 0.806, 0.765, 0.186, 0.000], except for a
few. For instance, while changes in demand that support
the flow within the supply chain can encourage the
enrichment of resources for the forestry industry,
economic slowdowns may cause forest areas to shrink as
investors redirect their resources to more profitable
ventures. It is also clear from Figure 3(b) that Demand-
driven vulnerabilities have a weaker impact when other
vulnerabilities come into play.

Finally, the third scenario addresses vulnerabilities
related to social factors. Here, the initial state vector was
set to [0,0,0,0,1,1,0,0,0,0,0,0,0,0]. The result of this
scenario, [0.082, 0.075, 0.487, 0.000, 0.383, 0.232,
0.502, 0.199, 0.582, 0.175, 0.229, 0.245, 0.9, 1.000],
social vulnerabilities, except for two factors, do not show
high potential for causing vulnerabilities in other factors
as seen in Figure 3(c). Due to the direct correlation of
workforce availability (C5) and community acceptance
(C6) with the adoption of FSC activities, their
vulnerabilities can only trigger vulnerabilities within the
supply chain structure convenience (C14), and

collaboration (C13).

7 (o) -

Figure 3. Emerging of vulnerability causing factors in terms of scenarios

By simulating each scenario using its corresponding
initial state vector, this study explored the potential
trajectories of the FSC system under different conditions.
The resulting system states provide valuable insights into
the vulnerabilities that may emerge and their potential
impacts on the FSC’s overall performance and resilience.

4. Conclusion

FSC plays a significant role in sustainable forest
management and global economic stability. However, its
complex and interconnected nature exposes it to various
vulnerabilities, ranging from environmental disruptions
to economic fluctuations and social challenges. This
study employed FCM as a novel approach to
comprehensively assess these vulnerabilities.

This study identified key factors affecting FSC
vulnerability across environmental, economic, social,
and operational dimensions through a detailed review
and analysis. Factors such as climate change, market
demand volatility, workforce shortages, and regulatory
complexities emerged as critical influencers. FCM
provided a structured framework to model the intricate
relationships and feedback loops among these factors,
offering insights into their combined impacts on FSC
resilience.

The application of FCM highlighted the centrality of
factors, including supply chain structure, government
support, and resource availability, in shaping FSC
dynamics. Visualizing these interdependencies allows
administrators to understand better and prioritize
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strategies to mitigate risks and enhance sustainability.
The simulation scenarios underscore the sensitivity of
FSCs to environmental stressors and economic shocks,
emphasizing the need for adaptive strategies and robust
contingency planning.

Furthermore, this study identified gaps in current
research, particularly in integrating diverse vulnerability
factors and leveraging advanced analytical tools like
FCM with the ease of evaluation offered to experts with
the help of TFNs. A key limitation of this study is the
lack of a comprehensive sensitivity analysis that
considers how the qualifications and backgrounds of
various expert groups may influence the assessment of
factors in forest sector supply chains. Specifically, the
study does not account for the differing perspectives of
sectors such as environmental activists, industry
professionals, or policymakers. It does not compare the
impact of different forest management systems on factor
weightings, like state-managed versus privately
managed forestry.

Future research should address these gaps by
conducting a thorough sensitivity analysis to evaluate
how diverse expert opinions might affect factor
assessments and potentially alter results. Additionally,
comparative studies are needed to examine the influence
of different forest management systems on these
weightings, offering more profound insights into how
management practices affect vulnerability assessments.
Expanding research in these areas would enhance the
model’s robustness and versatility for decision-makers
across various forestry contexts.

In conclusion, comprehending FSC vulnerability
requires a holistic approach that addresses environmental
sustainability, economic stability, and social equity. By
adopting innovative methodologies such as FCM,
stakeholders can navigate uncertainties, foster
sustainable practices, and ensure the long-term viability
of forest resources and communities that depend on
them.

Ethics Committee Approval: N/A.
Peer-review: Externally peer-reviewed.

Author Contributions: Concept: M.M., E.A., U.A,;
Design: M.M., E.A.; Supervision: E.A., U.A;
Resources: M.M., E.A., U.A.; Data Collection: M.M.,
E.A., U.A.; Analysis: M.M., E.A., U.A.; Literature
Search: M.M., E.A.; Writing Manuscript: M.M., E.A.;
Critical Review: U.A.

Conflict of Interest: The authors have no conflicts of
interest to declare.

Financial Disclosure: The authors declared that this
study has received no financial support.

EJEE
K

Cite this paper as: Murat, M., Ayyiidiz, E., Asan, U.
2025. Evaluating the vulnerability of forestry supply
chains through fuzzy cognitive map, European Journal
of Forest Engineering, 11(1):30-41.

References

Acuna, M., Sessions, J., Zamora, R., Boston, K., Brown,
M., Ghaffariyan, M.R. 2019. Methods to Manage and
Optimize Forest Biomass Supply Chains: a Review.
Current Forestry Reports, 5(3):124-141. https://
doi.org/10.1007/s40725-019-00093-4.

Asan, U., Kadaif¢i, C. 2020. A new product positioning
approach based on fuzzy cognitive mapping. Journal
of the Faculty of Engineering and Architecture of
Gazi University, 35(2):1047-1061.

Barnett, J. 2018. Addressing policy challenges to woody
biopower production: Social acceptance, biomass
certification and limited policy support. Open Access
Dissertation, Michigan Technological University,
Department of Social Sciences, Michigan.

Bueno, S., Salmeron, J.L. 2009. Benchmarking main
activation functions in fuzzy cognitive maps. Expert
Systems — with  Applications,  36(3):5221-5229.
https://doi.org/10.1016/j.eswa.2008.06.072.

Cambero, C., Sowlati, T. 2016. Incorporating social
benefits in multi-objective optimization of forest-
based bioenergy and biofuel supply chains. Applied
Energy, 178:721-735. https://doi.org/10.1016/j.apen
ergy. 2016.06.079.

Chen, J., Wang, L., Li, L., Magalhaes, J., Song, W., Lu,
W., Xiong, L., Chang, W.Y., Sun, Y. 2020. Effect of
forest certification on international trade in forest
products. Forests, 11(12):1270. https://doi.org/10.
3390/ £11121270.

Curtis, P.G., Slay, C.M., Harris, N.L., Tyukavina, A.,
Hansen, M.C. 2018. Classifying drivers of global
forest loss. Science, 361(6407). https://doi.org/
10.1126/science.aau3445.

Dashtpeyma, M., Ghodsi, R. 2021. Forest Biomass and
Bioenergy Supply Chain Resilience: A Systematic
Literature Review on the Barriers and Enablers.
Sustainability, 3(12):6964. https://doi.org/10.3390/
SU13126964.

Dechprom, S., Jermsittiparsert, K. 2019. Sustainability
Related Supply Chain Risks: A Case of Multiple
Organizational Strategic Networks. International
Journal of Innovation, Creativity and Change,
5(2):769-785.

Deshpande, S., Hudnurkar, M., Rathod, U. 2023. An
exploratory study into manufacturing supply chain

vulnerability and its drivers. Benchmarking,
30(1):23-49.  https://doi.org/10.1108/B1J-04-2021-
0233/FULL/PDF.

Dubey, R., Bryde, D.J., Dwivedi, Y.K., Graham, G.,
Foropon, C., Papadopoulos, T. 2023. Dynamic digital
capabilities and supply chain resilience: The role of
government effectiveness. International Journal of

38



Murat et al.

Production Economics, 258:108790. https://doi.org/
10.1016/J.1JPE.2023.108790.

Dursun, M., Goker, N., Gumus, G. 2019. Evaluation of
supply chain configuration criteria using fuzzy
cognitive map, in: AIP Conference Proceedings.
American Institute of Physics Inc., Rhodes, p. 2116.
https://doi.org/10.1063/1.5114530/754221.

Elias, A.A., Donadelli, F., Paiva, E.L., Bacic Araujo, P.P.
2021. Analysing the complexities of sustainable
wood supply chain in the Amazon: a systems thinking
approach. International Journal of Logistics
Management, 32(4):1481-1505. https://doi.org/10.
1108/1IJLM-07-20200276/FULL/PDF.

Elleuch, H., Dafaoui, E., ElImhamedi, A., Chabchoub, H.
2016. Resilience and Vulnerability in Supply Chain:
Literature review. IFAC-PapersOnLine,
49(12):1448-1453. https://doi.org/10.1016/J.IFACO
L .2016.07. 775.

Feng, Y., Audy, J.F.,2021. Forestry 4.0: A framework for
the forest supply chain toward industry 4.0. Gestao e
Producao, 27(4).  https://doi.org/10.1590/0104-
530X5677-20.

Frias, M., Filiberto, Y., Napoles, G., Garcia-Socarras, Y.,
Vanhoof, K., Bello, R. 2018. Fuzzy cognitive maps
reasoning with words based on triangular fuzzy
numbers, in: Castro, F., Miranda-Jiménez, S.,
Gonzalez-Mendoza, M. (Eds.), Lecture Notes in
Computer Science (Including Subseries Lecture
Notes in Artificial Intelligence and Lecture Notes in
Bioinformatics). Springer Verlag, pp. 197-207.
https://doi.org/10.1007/978-3-030-02837-4_16/FIG
URES/s.

Garrett, R.D., Levy, S.A., Gollnow, F., Hodel, L., Rueda,
X. 2021. Have food supply chain policies improved
forest conservation and rural livelihoods? A
systematic review. Environmental Research Letters,
16(3):033002.  https://doi.org/10.1088/1748-9326/
abeled.

Gavrilut, 1., Halalisan, A F., Giurca, A., Sotirov, M. 2016.
The interaction between FSC certification and the
implementation of the EU timber regulation in
Romania. Forests, 7(1):3. https://doi.org/10.3390/
£7010003.

Gomes, L. de C. 2022. Mitigation of Supply Chain

Vulnerability Through Collaborative Planning,
Forecasting, and Replenishment (CPFR), in:
Khojasteh, Y., Xu, H., Zolfaghari, S. (Eds.),

International Series in Operations Research and
Management Science. Springer, Cham. https:/
doi.org/10.1007/978-3-031-09183-4 5.

Greenslade, C., Murphy, R.J., Morse, S., Griffiths, G.H.
2021. Breaking Down the Barriers: Exploring the
Role of Collaboration in the Forestry Sector of South
East England.  Sustainability,  13(18):10258.
https://doi.org/10.3390/SU131810258.

He, Z., Turner, P. 2021. A Systematic Review on
Technologies and Industry 4.0 in the Forest Supply
Chain: A Framework Identifying Challenges and

EJEE
N

Opportunities. Logistics, 5(4):88. https://doi.org/
10.3390/1ogistics5040088.

Hoffmann, S., Jaeger, D., Shuirong, W. 2018. Adapting
chinese forest operations to socio-economic
developments: What is the potential of plantations for
strengthening domestic wood supply? Sustainability,
10(4):1042. https://doi.org/10.3390/su10041042.

Irvanizam, 1., Rusdiana, S., Amrusi, A., Arifah, P.,
Usman, T. 2018. An application of fuzzy multiple-
attribute decision making model based onsimple
additive weighting with triangular fuzzy numbers to
distribute the decenthomes for impoverished families.
Journal of Physics: Conference Series, 1116(2):
022016. https://doi.org/10.1088/1742-6596/1116/2/
022016.

Ivanov, D. 2017. Simulation-based single vs. dual
sourcing analysis in the supply chain with
consideration of capacity disruptions, big data and
demand patterns. International Journal of Integrated
Supply Management, 11(1):24-43. https://doi.org/
10.1504/1JISM.2017.083005.

Ivanov, D., Sokolov, B. 2019. Simultaneous structural—
operational control of supply chain dynamics and
resilience. Annals of Operations Research, 283(1-2).
https://doi.org/10.1007/s10479-019-03231-0.

Jiittner, U., Peck, H., Christopher, M. 2003. Supply chain
risk management: outlining an agenda for future
research. International Journal of Logistics:
Research and Applications, 6(4):197-210. https://
doi.org/ 10.1080/13675560310001627016.

Korhonen, J., Honkasalo, A., Seppild, J. 2018. Circular
Economy: The Concept and its Limitations.
Ecological Economics, 143. https://doi.org/10.1016/
j.ecolecon.2017.06.041.

Kosko, B. 1986. Fuzzy cognitive maps. International
Journal of Man-Machine Studies, 24(1):65-75.
https://doi.org/10.1016/S0020-7373(86)80040-2.

Kumar, R., Kumar, A., Saikia, P. 2022. Deforestation and
Forests Degradation Impacts on the Environment. In:
Singh, V.P., Yadav, S., Yadav, K.K., Yadava, R.N.
(eds) Environmental Degradation: Challenges and
Strategies for Mitigation. Water Science and
Technology Library, vol 104. Springer, Cham.
https://doi.org/10.1007/978-3-030-95542-7 2.

Lanfredi, M., Coluzzi, R., Imbrenda, V., Nosova, B.,
Giacalone, M., Turco, R., Prokopova, M., Salvati, L.
2023. In-between Environmental Sustainability and
Economic Viability: An Analysis of the State,
Regulations, and Future of Italian Forestry Sector.
Land, 12(5):1001. https://doi.org/10.3390/LAND
12051001.

Lee, S.J., Lee, Y.J., Ryu, J.Y., Kwon, C.G., Seo, K.W.,
Kim, S.Y. 2022. Prediction of Wildfire Fuel Load for
Pinus densiflora Stands in South Korea Based on the
Forest-Growth Model. Forests, 13(9). https://doi.org/
10.3390/£13091372.

Liu, J., Zhou, Y., Lu, B., Zhao, J. 2015. The reduction
mechanism of supply chain vulnerability based on

39



EJEE
N

Eur J Forest Eng 2025, 11(1):30-41

supply chain disruption risk. Systems Engineering -
Theory & Practice, 35(3):556-566. https://doi.org/
10.12011/1000-6788(2015)3-556.

Liu, Q., Ning, Z. 2023. Impact of Global Supply Chain
Crisis on Chinese Forest Product Enterprises: Trade
Trends and Literature Review. Forests, 14(6):1247.
https://doi.org/10.3390/F14061247.

Luo, L., O’Hehir, J., Regan, C.M., Meng, L., Connor,
J.D., Chow, C.WK. 2021. An integrated strategic and
tactical optimization model for forest supply chain
planning. Forest Policy and Economics, 131:102571.
https://doi.org/10.1016/J. FORPOL.2021.102571.

Mensah, P., Merkuryev, Y., Longo, F. 2015. Using ICT in
Developing a Resilient Supply Chain Strategy.
Procedia Computer Science, 43:101-108. https://
doi.org/10.1016/J.PROCS.2014.12.014.

Ozesmi, U., Ozesmi, S.L. 2004. Ecological models based
on people’s knowledge: A multi-step fuzzy cognitive
mapping approach. Ecological Modelling, 176(1—
2):43-64.
https://doi.org/10.1016/j.ecolmodel.2003.10.027.

Palander, T., Tokola, T., Borz, S.A., Rauch, P. 2024.
Forest Supply Chains During Digitalization: Current
Implementations and Prospects in Near Future.
Current Forestry Reports, 10(3):223-238. https://
doi.org/10.1007/S40725-024-00218-4/FIGURES/4.

Pandirwar, A.P., Khadatkar, A., Mehta, C.R., Majumdar,
G., Idapuganti, R., Mageshwaran, V., Shirale, A.O.
2023. Technological Advancement in Harvesting of
Cotton Stalks to Establish Sustainable Raw Material
Supply Chain for Industrial Applications: A Review.
Bioenergy Research, 16(2):741-760. https://doi.org/
10.1007/s12155-022-10520-3.

Pandit, P., Earthperson, A., Tezbasaran, A., Diaconeasa,
M.A. 2021. A quantitative approach to assess the
likelihood of supply chain shortages, in: ASME
International Mechanical Engineering Congress and
Exposition, Proceedings (IMECE). https://doi.org/
10.1115/IMECE2021-73696.

Papageorgiou, E.I., Salmeron, J.L. 2013. A review of
fuzzy cognitive maps research during the last decade.
IEEE Transactions on Fuzzy Systems, 21(1):66-79.
https://doi.org/10.1109/TFUZZ.2012.2201727.

Parsopoulos, K.E., Papageorgiou, E.I., Groumpos, P.P.,
Vrahatis, M.N. 2003. A first study of fuzzy cognitive
maps learning using particle swarm optimization.
2003 Congress on Evolutionary Computation, CEC
2003 — Proceedings, 2:1440—1447. https://doi.org/
10.1109/CEC.2003.1299840.

Pettit, T.J., Croxton, K.L., Fiksel, J. 2019. The Evolution
of Resilience in Supply Chain Management: A
Retrospective on Ensuring Supply Chain Resilience.
Journal of Business Logistics, 40(1):56—65.
https://doi.org/10.1111/JBL.12202.

Podvesovskii, A.G., Isaev, R.A. 2018. Visualization
metaphors for fuzzy cognitive maps. Scientific
Visualization, 10(4):13-29. https://doi.org/10.26583/
sv.10.4.02.

Radhakrishnan, S., Harris, B., Kamarthi, S. 2018. Supply
chain resiliency: A review, in: Khojasteh, Y. (Ed.),
Supply Chain Risk Management: Advanced Tools,
Models, and Developments. Springer, Singapore, pp.
215-235. https://doi.org/10.1007/978-981-10-4106-
8 13/TABLES/3.

Ramage, M.H., Burridge, H., Busse-Wicher, M.,
Fereday, G., Reynolds, T., Shah, D.U., Wu, G., Yu, L.,
Fleming, P., Densley-Tingley, D., Allwood, J.,
Dupree, P., Linden, P.F., Scherman, O. 2017. The
wood from the trees: The use of timber in
construction. Renewable and Sustainable Energy
Reviews,  68:333-359.  https://doi.org/10.1016/
j.rser.2016.09.107.

Raulier, F., Dhital, N., Racine, P., Tittler, R., Fall, A.
2014. Increasing resilience of timber supply: How a
variable buffer stock of timber can efficiently reduce
exposure to shortfalls caused by wildfires. Forest
Policy and Economics, 46:47-55. https://doi.org/
10.1016/J.FORPOL.2014.06.007.

Roos, A. 2023. Forest damage and forest supply chains:
a literature review and reflections. International
Journal of Forest Engineering, 34(3):330-339.
https://doi.org/10.1080/14942119.2023.2240607.

Sabahi, S., Stanfield, PM. 2019. Understanding the
impact of supply chain resilience antecedents through
FCM, in: IISE Annual Conference and Expo 2019.
Florida.

Scholz, J., De Meyer, A., Marques, A.S., Pinho, T.M.,
Boaventura-Cunha, J., Van Orshoven, J., Rosset, C.,
Kiinzi, J., Kaarle, J., Nummila, K. 2018. Digital
Technologies for Forest Supply Chain Optimization:
Existing Solutions and Future Trends. Environmental
Management,  62(6):1108—1133.  https://doi.org/
10.1007/s00267-018-1095-5.

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D.,
Peltoniemi, M., Vacchiano, G., Wild, J., Ascoli, D.,
Petr, M., Honkaniemi, J., Lexer, M.J., Trotsiuk, V.,
Mairota, P., Svoboda, M., Fabrika, M., Nagel, T.A.,
Reyer, C.P.O. 2017. Forest disturbances under
climate change. Nature Climate Change, 7(6):395—
402. https://doi.org/10.1038/nclimate3303.

Sharma, S.K., Routroy, S., Singh, R.K., Nag, U. 2022.
Analysis of supply chain vulnerability factors in
manufacturing enterprises: a fuzzy DEMATEL
approach. International Journal of Logistics
Research  and  Applications,  27(5):814-841.
https://doi.org/10.1080/13675567.2022.2083590.

Sharma, S.K., Sharma, R., Jindal, A. 2024. An integrated
structural model for supply chain vulnerability
influencing factors in manufacturing enterprises.
Journal of Modelling in Management, https://
doi.org/10.1108/JM2-10-2023-0227/FULL /PDF.

Sharma, S.K., Srivastava, P.R., Kumar, A., Jindal, A.,
Gupta, S. 2023. Supply chain vulnerability
assessment for manufacturing industry. Annals of
Operations  Research, 326(2):653—683. https://
doi.org/10.1007/S10479-021-04155-4/FIGURES/S.

40



B4

EJEE
A
Murat et al.
Soyer, A., Bozdag, E., Kadaifci, C., Asan, U.,, Wang, S., Tian, X. 2022. Research on Sustainable

Serdarasan, S. 2023. A hesitant approach to
sustainable supply chain risk assessment. Journal of
Cleaner Production, 418:138103. https://doi.org/
10.1016/j.jclepro.2023.138103.

Sun, C.C. 2010. A performance evaluation model by
integrating fuzzy AHP and fuzzy TOPSIS methods.
Expert Systems with Applications, 37(12):7745—
7754. https://doi.org/10.1016/j.eswa.2010.04.066.

Thiffault, E., Berndes, G., Junginger, M., Saddler, J.N.,
Smith, C.T. 2016. Mobilisation of Forest Bioenergy
in the Boreal and Temperate Biomes: Challenges,
Opportunities and Case Studies, Mobilisation of
Forest Bioenergy in the Boreal and Temperate
Biomes: Challenges, Opportunities and Case Studies.

Torresan, C., Garzon, M.B., O’grady, M., Robson, T.M.,
Picchi, G., Panzacchi, P., Tomelleri, E., Smith, M.,
Marshall, J., Wingate, L., Tognetti, R., Rustad, L.E.,
Kneeshaw, D. 2021. A new generation of sensors and
monitoring tools to support climate-smart forestry
practices. Canadian Journal of Forest Research,
51(12):1751-1765. https://doi.org/10.1139/cjfr-
2020-0295.

van Laarhoven, PJ.M., Pedrycz, W. 1983. A fuzzy
extension of Saaty’s priority theory. Fuzzy Sets and
Systems, 11(1-3):229-241. https://doi.org/10.1016/
S0165-0114(83)80082-7.

Vermeulen, W.J.V., Kok, M.T.J. 2012. Government
interventions in sustainable supply chain governance:
Experience in Dutch front-running cases. Ecological
Economics, 83:183-196. https://doi.org/10.1016/
j-ecolecon.2012.04.006.

Wang, M., Radics, R., Islam, S., Hwang, K.S. 2023.
Towards Forest Supply Chain Risks. Operations and
Supply Chain Management: An International
Journal, 16(1):97-108. https://doi.org/10.31387/0S
CMO0520375.

Closed-Loop Supply Chain Synergy in Forest
Industry Based on High-Quality Development: A
Case Study in Northeast China. Forests, 13(10).
https://doi.org/10.3390/f13101587.

Wolfsmayr, U.J., Rauch, P. 2014. The primary forest fuel
supply chain: A literature review. Biomass and
Bioenergy, 60:203-221.  https://doi.org/10.1016/
j.biombioe.2013.10.025.

Yang, J., Liu, H. 2018. Research of Vulnerability for
Fresh Agricultural-Food Supply Chain Based on
Bayesian Network. Mathematical Problems in
Engineering,  2018(1):6874013.  https://doi.org/
10.1155/2018/6874013.

Yesil, E., Dodurka, M.F., Urbas, L. 2014. Triangular
fuzzy number representation of relations in Fuzzy
Cognitive Maps, in: IEEE International Conference
on Fuzzy Systems. Beijing, pp. 1021-1028.
https://doi.org/10.1109/FUZZ-IEEE.2014.6891653.

Zanon, L.G., Carpinetti, L.C.R. 2018. Fuzzy cognitive
maps and grey systems theory in the supply chain
management context: A literature review and a
research proposal, in: IEEE International Conference
on Fuzzy Systems. Rio de Janeiro, pp. 1-8.
https://doi.org/10.1109/FUZZ-IEEE.2018.8491473.

Zhang, X., Sun, C., Munn, [.A., Gordon, J. 2021. How to
protect the U.S. forest products industry from the
perspective of trade? A comparison of policies within
the forest supply chain. Forest Policy and Economics,
133:102616. https://doi.org/10.1016/J. FORPOL.
2021.102616.

Zhang, X., Wang, J., Vance, J., Wang, Y., Wu, J., Hartley,
D. 2020. Data Analytics for Enhancement of Forest
and Biomass Supply Chain Management. Current
Forestry Reports, 6(2):129-142. https://doi.org/
10.1007/s40725-020-00111-w.

41



