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Abstract: Recent disruptions have led to a growing interest in studying the social dimension
of sustainability and its relationship to resilience within supply chains. Social sustainability
is characterized as complex, often offering anomalous data and confounding variables that
are impossible to categorically define as true or false axioms. This work starts from an
epistemological premise, in which non-parametric statistical methodologies and mathematical
analytics are complementary perspectives to comprehensively understand the same social
phenomenon. Second-generation predictive statistics, such as the PLS-SEM algorithm, have
demonstrated robustness in treating multivariate social information, making it feasible to
prepare data for knowledge transfer with mathematical techniques specialized for fuzzy data.
This research aimed to analyze evolutionary fuzzy knowledge transfer pre-, during-, and post-
pandemic COVID-19, and its effect on the relationship between social sustainability and supply
chain resilience in representative cases from Mexico. Based on empirical data collected from
supply chain managers in 2019 (n = 153), 2021 (n = 159), and 2023 (1 = 119), the methodological
technique involved three phases: (1) PLS-SEM modeling, (2) fuzzy-evolutionary predictive
evaluation based on knowledge transfer between latent data, and (3) comparative analysis of
the predictive effects of social attributes (labor rights, health and safety, inclusion, and social
responsibility) on supply chain resilience. The results found a moderate significant variance
in the pre-in-post-COVID-19 effect of social dimensions on supply chain resilience. Social and
management implications are presented.

Keywords: social sustainability; pre-post-pandemic COVID-19; supply chain resilience;
Mexico; PLS-SEM; evolutionary fuzzy knowledge transfer

1. Introduction

The COVID-19 pandemic generated an unprecedented global crisis in economic,
business, and community dynamics [1-4]. These economic disruptions co-occurred with
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logistical disruptions, as the effects cascaded through supply chains, highlighting the need
for logistics companies to develop innovative strategies and leverage their resources to
improve resilience and adaptability [5]. From a multi-layered perspective [6], the crisis
caused a multi-level disruption, where resilience was affected in the different links of the
value chain, from the suppliers of raw materials, to manufacturing suppliers, distribution,
retail, and even the end customer.

However, the crisis not only affected demand, supply, production, and consumption,
but also affected the sustainability structure in its three pillars (economic, environmental,
and social), increasing the risk to the stability of global value chain supply chains [6-8]
and significantly affecting people’s individual and community well-being [2,9]. Before the
pandemic, the focused on firms in emerging economies had shown concern and a need to
monitor the social sustainability of suppliers in emerging economies [10]. In addition to
the effects generated by the disruption of business management, certain risks were already
foreseen during the pandemic for people in the business environment [11].

In pre-crisis times, regulatory and civil pressures allowed focal firms to require emerg-
ing suppliers to address the social aspects of their companies [12]. While there have been
formal models of voluntary monitoring (e.g., compliance approaches), they have proven to
be highly ineffective, as they do not address the root causes of the problem in managing
suppliers’ internal social issues, such as, for example, poor working conditions [13]. In
the time of the COVID-19 crisis, the internal society of the firms was violated, since audits to
take care of issues such as labor rights and safety could no longer be carried out. The social
threat of supply chains becoming scenarios of modern labor slavery became likely [11] as
vulnerable contexts emerged for workers, where employers opted for the survival of their
business at the expense of the job security of their employees [14].

The academic literature has demonstrated that supply chains that adopt sustainabil-
ity principles improve their economic and environmental efficiency and exhibit greater
resilience to shocks [15]. Along with other global disruptions, studies have highlighted
the need for companies to adopt resilient and social sustainability criteria in logistics
outsourcing, to overcome uncertainty and improve responsiveness and business competi-
tiveness [16]. The COVID-19 crisis demonstrated how resilience, along with sustainability,
contributes to the viability in supply chains, demonstrating the ability to mitigate and
effectively respond to the "domino effect’ caused by disruptions to any of the links [17,18].
Among the multiple relationships explored between resilience and sustainability, several
studies have underlined the importance and requirement to pay special attention to the
social dimension of sustainability [13,19,20].

The COVID-19 pandemic devastated supply chains in Latin America, mainly affecting
key sectors such as apparel and the automotive industry. In 2020, the regional employment
rate fell ten percentage points, representing the loss of 47 million jobs. In Brazil, 98% of
garment companies reduced their production, and in Paraguay, microenterprises in this
sector faced order cancellations and a lack of income. In addition, the automotive industry
in Argentina registered a 10.5% drop in GDP, while in Paraguay, exports of auto parts
under the maquila regime fell by 35.6%, affecting social aspects, such as a serious loss of
employment [21]. The hardest hit sectors were those linked to manufacturing and exports,
where factory closures and logistical restrictions generated serious disruptions. In Paraguay,
auto part exports fell by up to 99.2% in April 2020, while in Chile and Brazil, clothing
chains suffered an almost total paralysis of production. SMEs, located at the weakest links
in these chains, were the most affected, which deepened job insecurity and increased the
gap between large companies and small suppliers [21].

Within the evolution of a crisis such as COVID-19, to establish a robust risk manage-
ment process during the resumption of production, factory managers had to prioritize the
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safety of workers if they sought an effective resumption of activities [22]. The context of the
pandemic maximized the importance of social aspects as a factor in resilience of the supply
chain. Employee health care was crucial by providing life-saving food, medicine, masks,
and other essential items in places severely affected by the pandemic. Therefore, aspects
related to social issues and well-being call for research to face the challenges of future
disruptions in the post-pandemic period [5] Therefore, research on resilience and social
sustainability in supply chains has become a critical and growing field of study, especially
during and after the disruptions caused by the COVID-19 pandemic.

Various studies have highlighted the importance of social sustainability for resilience
in supply chains in the pandemic context. For example, in Jordan, fair pay, work-life
balance, occupational health and safety, and dialogue with workers’ representatives
are essential to reduce operational risk in the garment sector [13]. Motivation, stress
reduction, training, and workers’ compensation in the aerospace industry improve re-
silience in lean-manufacturing-based chains [6]. During the pandemic, fair wages, low
layoffs, health and safety, and health training were key to maintaining resilience [4,23].
In India, healthcare and social distancing reduced risks in multi-sector chains during
COVID-19 [24]. In Latin America, solidarity and commitment improved resilience in
short food supply chains [25]. In the post-pandemic era, aspects such as social develop-
ment, equality, social innovation, and employment growth are essential for supply chain
adaptability [19,26,27]. In India’s manufacturing sector, logistics outsourcing must incor-
porate social sustainability criteria that ensure respect for breaks during the working day,
weekly rest, and a safe working environment when selecting service providers, to overcome
uncertainty and improve order fulfillment, responsiveness, sustainability, and competi-
tiveness [16]. As can be seen, social sustainability is critical to supply chain resilience in
various contexts and sectors.

A key aspect is the epistemologies and methodological techniques chosen for ad-
dressing social issues. Our review of the literature shows (Table 1) that studies have
used Structural Equation Modeling techniques, both covariance-based (CBSEM) [2,28] and
variance-based (PLS-SEM) [13,19] to relate social sustainability factors to chain resilience.
Likewise, various simple or hybrid empirical techniques have been used, involving mathe-
matical approaches such as Multi-Echelon Bayesian [29], TrIFTOPSIS [30], fuzzy BWM [27],
fuzzy Kano [1], and fuzzy MCDM [31]. Our PLS-Fuzzy technique differs in that it uses an
explored hybrid that combines PLS-SEM and a Fuzzy Inference System [32] (FIS), which is
a great tool due to its polynomial complexity [33,34] and universal approximation proper-
ties [35-37], as well as a Genetic Algorithm Analysis [38] (GA) that offers a bridge between
regularly non-parametric complex social reality and artificial machine intelligence. Both
statistical techniques focus on prediction instead of local optimization. The Genetic Al-
gorithm (GA) makes producing a set of fuzzy rules possible. It is a system that has been
widely applied over time, but initially, its application was in studies related to supply
chains [39-41]. It has not been practically applied in studies where the chain is linked to
sustainability and resilience.



Logistics 2025, 9, 50 4 0f 32

Table 1. Social sustainability factors (SSFs) associated with pre-during-post-pandemic supply chain
resilience (SCR).

Pandemic
Time/Research (1)

Method/Technique (2)

Association SSF and SCR

Approach to Association

I. PRE-PANDEMIC.
Plateau and Contraction.
3rd quarter of 2018 to the

4th quarter of 2019.

Alghababsheh et al. [13].

Empirical statistical

Internal social performance
is negatively related to

(Data collection October . supplier operational risk in SSFs as a cause of SCR.
2018 and July 2019). non-parametric/PLS-SEM. ppthe a}fparel sector
in Jordan.
Sustainable social
. . . Empirical mathemati- performance as an effect of
L(()lgez a}nd dRzu;Z_l?egléig [6] cal/Interpretative resilience based on lean SSFs as an effect of SCR.
ecetve July ) Structural Modeling (ISM).  practices in the aerospace
supply chain.
ELA . . Optimizing sustainable
mrani et al. [29] Empirical social resilience
(Received 20 mathematical /Multi management in the Optimization of SSFs.
December 2019). Echelon Bayesian. bi & Iv chai
iomass supply chain.
II. IN-PANDEMIC. Crisis
Global Trade.
1st quarter to 3rd
quarter 2020.
Aspects of resilience
positively and directly
. . . - impacted social
Rai et ztéi]sgg%l)ved 15 _sgfgziics;éggstgﬁ sustainability factors in SSFs as an effect of SCR.
’ ’ Indian multi-sector supply
chain cases during the
COVID-19 crisis.
Socially sustainable
performance coexists with
. Conceptual resilient performance in
H.ervaru et al. .[ZO] analytical/ Ie‘l)bductive supply CI;lains from the .SSFS and SCR as
(Received 30 April 2021). . simultaneous effect.
approach. perspective of

environmental asset
valuation.

Reyna-Castillo et al. [3]
(Received 22 June 2022).

Empirical statistical and
mathematical /PLS-SEM
and fuzzy genetics.

Social sustainability had
predictive power for
supply chain resilience
performance in the
COVID-19 pandemic,
with representative cases
from Mexico and Chile.

SSFs as the cause of SCR.

Silva et al. [4] (Data
collection October
2020—April 2021).

Empirical case
studies/Hermeneutics.

Social sustainability
(supplier inclusion)
favored supply chain
resilience in a cosmetics
industry case during
COVID-19.

SSFs as the cause of SCR.
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Table 1. Cont.

Pandemic

Time/Research (1) Method/Technique (2)

Association of SSFs and
SCR

Approach to Association

Michel-Villarreal [25] (Data
collection July to
December 2020).

Empirical case
studies/Hermeneutics.

Social sustainability
practices, such as solidarity
and commitment,
impacted resilience
capacities in short food
supply chains in the cases
of Mexico in COVID-19.

SSFs as the cause of SCR.

Rajak et al. [24] (Received 1
December 2020).

Empirical
mathematical/BWM-QFD.

Healthcare through social
distancing was a critical
success factor that
decreased risk in a
multi-sector supply chain
case during COVID-19.

SSFs as the cause of SCR.

Silva et al. [23] (Data
collection April 2020 and
March 2022).

Empirical case
studies/Hermeneutics

Micro-foundations of
supplier sustainability
were capabilities that
developed anticipatory
capacity in the supply
chain of the coffee sector in
Brazil during the

COVID-19 pandemic.

SSFs as the cause of SCR.

III. POST-PANDEMIC.

Recovery.
4th quarter 2020 to 4th
quarter 2022.
Majumdar et al. [30] Empirical statistical and
(Received 10 mathemati-
September 2021). cal/ TrIFTOPSIS.

Primary social
sustainability compliance
has relevant attributes to

optimize resilience.

Optimization of SSFs.

Empirical and
mathematical/Interpretive
Structural Modeling (ISM).

Ghobakhloo et al. [26]
(Received 14 April 2022).

Industry 5.0 objectives
favor human centricity and,
in turn, supply chain
adaptability.

SSFs as a cause of SCR.

Singh et al. [27] (Received 5
June 2022).

Empirical statistical and
mathematical /fuzzy BWM.

Supply chain resilience
strategies significantly
impact social sustainability
attributes in the Indian
automotive manufacturing
sector.

SSFs as an effect of SCR.

Liu et al. [1] (Received 30
April 2022).

Empirical statistical and
mathematical/fuzzy Kano.

The execution of social
resilience and
sustainability strategies is
sensitive to budgetary
constraints within
sustainable supply chains
in the post-COVID-19 era.

SSFs and SCR with
simultaneous coexistence.
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Table 1. Cont.

Pandemic
Time/Research (1)

Method/Technique (2)

Association of SSFs and
SCR

Approach to Association

Boz et al. [31] (Received 24

Empirical statistical and

Social factors are a
roadmap for developing
sustainable and resilient

September 2022). mathel\rr/}?:tgle\l/l[/fuzzy healthcare supply chains in Optimization of FSS.
’ the post-COVID-19
context.
Resilience directly and
positively affects social
Zhu et al. [28] (Data Empirical statistical sustainability and plays a
collection 15 March to 31 ) arfme tric/CBSEM mediating role in the SSFs as an effect of SCR.
March 2022). p ’ relationship between
resilience and supply chain
performance.
Social sustainability
El Baz et al. [19] (Data Empirical significantly and positively
collection March to statis ticaBPLS—SEM influences supply chain SSFs as a cause of SCR.
May 2022). ' resilience in France during-
and post-pandemic.
Evolutionary fuzzy
knowledge transfer
Empirical statistical and bi%e;f;s}:;;n itﬁgf_’
. . mathematical /PLS-SEM
This work (Data collection and evolutionary fuzzy COVID-19 affected the SSFs as a cause of SCR.

2019, 2021, and 2023).

knowledge transfer
approach.

relationship between social
sustainability and supply
chain resilience in

representative cases
from Mexico.

Note. Selection and analysis from results on Web of Science using the following Boolean code: social near/0
sustainability or social near/0 sustainable (Topic) AND resilience (Topic) AND supply chain or suppliers (Topic)
and 2023 or 2022 or 2021 or 2020 (Publication Years). (1) The pandemic time classification was based on available
information on the date the article was received for peer review and the date of research data collection. (2) The
classification of types of methodologies was based on Wacker [42].

The literature, therefore, has shown the relevance of hybrid fuzzy techniques in ad-
dressing the issues of sustainability and resilience in supply chains [15]. In this work,
we use fuzzy logic in hybridization with evolutionary algorithms to discover knowledge
(evolutionary fuzzy approach), which allows the elaboration of models to obtain sharp nu-
merical values from the concept of fuzzy linguistic variables [43]. Using a Fuzzy Inference
System (FIS) based on the Genetic Algorithms (GA) allows us to go beyond optimization
with local solutions that seem best in their surrounding search region, to obtain global
optimization values and use artificial intelligence (GA) to automatically set up the FIS
knowledge base, without bias and with the best possibilities [44].

1.1. Contributions

The novelty of this manuscript lies in the use of knowledge transfer within the specific
application of social sustainability in the supply chain. Knowledge transfer is a subfield
of study within machine learning, which has been relevant for obtaining better results
and shorter computation times. From the point of view of machine learning, the result is
relevant; it is possible to improve a solution, which in mathematical global optimization is



Logistics 2025, 9, 50

7 of 32

relevant and known as escaping from the local optimum. Without the use of knowledge
transfer, the genetic algorithm cannot escape from this local optimum. A common problem
for fuzzy machine artificial intelligence is bias when working with the statistical normality
of input data [45]. For this aspect, the PLS technique has the benefit of offering robust data
processing by dealing with data abnormalities with processes such as bootstrapping [46].

The contribution of this work focuses on exploring the lessons learned from the pan-
demic regarding the implications of sustainable social footprint for resilient supply chain
management in a post-pandemic world. Within the social considerations of sustainability,
it seeks to answer the question: How was the resilience of supplier companies affected by
workforce welfare conditions before, during, and after the COVID-19 pandemic? This work
is distinguished in four main aspects: (1) theoretical understanding of the social impacts
on the resilience of supply chains (equity, employee protection and well-being, and labor
issues) [47]; (2) contributing to the contextual gap of studies on social sustainability in the
supply chains of an emerging Latin economy that has been little studied regarding these
aspects (Mexico) [3,48]; (3) contributing a hybrid methodology that focuses on prediction
(PLS-SEM and fuzzy evolutionary genetics) [3,49] to address the non-parametric complexity
of empirical data as a preliminary phase for the mathematical treatment of fuzzy data,
such as the social aspects of sustainability; (4) providing a framework for the analysis
of management policies, to contribute to resilient supply chains based on strengthening
social sustainability; (5) within our literature review, we did not find any studies that
previously explored the hybrid use of PLS-SEM and GA through knowledge transfer in two
aspects: statistical preparation of anomalous data for mathematical machine techniques,
and predictive confirmation between a technique typically of the social sciences (PLS) and
the exact sciences (AG). (7) Our literature review did not find comparative studies of the
impact of the COVID-19 pandemic during three periods: pre-, during, and post.

1.2. Research Approach and Objective

In this work, we explore the effect of variables compared to three periods of data
(before, during, and after the pandemic), and we perform a hybrid approach that combines
the non-parametric PLS-SEM technique and knowledge transfer based on a Fuzzy Inference
System (FIS) and genetic algorithms. Our work aimed to analyze the evolutionary transfer
of fuzzy knowledge before, during, and after the COVID-19 pandemic regarding the effect
of social sustainability on Mexican supply chain resilience cases. Based on empirical data
collected from supply chain managers in 2019 (n = 153), 2021 (n = 159), and 2023 (n = 119),
our research design involved three phases: (1) validation of the latent data and structural
model using the PLS-SEM algorithm; (2) generation of fuzzy evolutionary knowledge
transfer between independent cross-sectional data before, during, and after the pandemic;
(3) evaluation and comparison of the results of an analysis using a Fuzzy Inference System
(FIS) and Genetic Algorithm (GA) on the effects of social aspects (labor rights, health and
safety, inclusion and social responsibility) on the resilience of the chain. A literature review
is presented in Section 2, the theoretical support is presented in Section 3, the method is
presented in Section 4, the results in Section 5, a discussion is given in Section 6, and, finally,
the implications are presented in Section 7.

2. Literature Review

According to data from the Inter-American Development Bank [50], in retrospect,
the global crisis due to the COVID-19 pandemic can be located within at least four signifi-
cant moments: (1) Plateau: pre-pandemic, until the third quarter of 2018, as a relatively
stable world trade plateau; (2) Contraction: from the fourth quarter of 2018 to the fourth
quarter of 2019, even before the pandemic, the economy was experiencing a moment of
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stagnation; (3) Global pandemic crisis: from the first to the third quarter of 2020, the world
economy faced the peak of the pandemic; (4) Recovery: What can be considered post-
pandemic? From the last quarter of 2020 to the last quarter of 2022, global commercial
markets experienced the so-called recovery period. Itis also true that the crisis and recovery
were different for all economies in the world. For example, despite emerging contexts,
such as Latin America and the Caribbean, having experienced post-pandemic trade growth
above the global average, this was growth with essential biases. On the one hand, this
has mainly been supported by the two leading Latin economies, Mexico and Brazil, while
many Latin countries are still amid a pre-crisis economic collapse [50]. A critical factor in
the global economic downturn during the pandemic was the disruption of the operations
of local and global supply chains [2,9]. This analysis of the literature is based on these
economic moments before, during, and after the pandemic. Table 1 shows studies related to
social sustainability and resilience in the chain, located on the Web of Science, and carried
out within the period from 2018 to 2023.

2.1. Factors of Social Sustainability and Resilience in the Pre-Pandemic Supply Chain

During the pre-pandemic period (third quarter of 2018 to the fourth quarter of 2019),
supply chain resilience was associated with various social aspects internal to supplier
companies, such as worker motivation, stress management, training, diversity, and non-
discrimination. In addition, aspects related to social responsibility towards the external
community were addressed, including the dissemination of information and business ethics
towards consumers [6,13,29].

A study of the garment industry in Jordan, an emerging market, evaluated social
factors focused on labor rights and the health of the internal community. These included
the right to fair remuneration, labor rights in general, occupational health, work-life balance,
occupational safety, and health, as well as fostering dialogue with workers’ representatives
to improve organizational health [13].

In the biomass supply chain sector, a structured approach was implemented to as-
sess and improve social sustainability, which directly impacted the resilience of supply
networks. Indicators such as increased employee motivation and participation, reduction
in work stress to promote mental health, increased safety and physical health at work,
and improvements in skills through job training and the right to fair remuneration were
considered [6].

In the aerospace industry, supply chain resilience was associated with social aspects of
sustainability, including labor rights and ethics based on social responsibility. This covered
information disclosure, business ethics, consumer issues, and internal labor rights. Other
key aspects were inclusion and gender equity, such as diversity and non-discrimination
in the workplace. Health and safety factors, such as accident anticipation through staff
training, incident monitoring, and implementation of standard health and safety practices,
were also highlighted [29].

2.2. Factors of Social Sustainability and Resilience in Supply Chains During the Pandemic

During the height of the COVID-19 pandemic (Q1 to Q3 2020), there was a compelling
need for organizations to address supply chain resilience, transcending traditional envi-
ronmental and social concerns. Implementing a performance measurement framework
based on sustainability and resilience became essential for assessing key aspects such as
internal human resources, the external community, stakeholder engagement, and macro
social indicators [20]. In India, social factors related to organizational resilience in the
industrial sector during the pandemic were assessed, including labor rights such as layoffs
and wage reductions, and health and safety aspects such as social distancing and hygiene.
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In addition, social responsibility practices in compliance with government regulations, and
the generation of employment for local communities were highlighted [2].

In Latin America, representative studies in Mexico and Chile demonstrated that social
sustainability, comprising labor rights, health and safety, social responsibility, and inclusion,
had a significant predictive effect on supply chain resilience [3]. Similarly, in Brazil, a study
on a multinational in the cosmetics sector showed that inclusion, as a key aspect of social
sustainability, improved supply chain resilience through inclusive purchasing practices,
favoring preparedness and recovery from crises such as the COVID-19 pandemic [4].

Likewise, social responsibility practices within the social sustainability approach—such
as solidarity, trust, commitment, social justice, inclusion, food sovereignty, and shared
responsibility—proved to be key factors in strengthening resilience in short food supply
chains in Mexico during the pandemic [25]. In India, labor rights linked to health and
safety, emphasizing social distancing, were identified as critical success factors in reducing
risk in a multisectoral supply chain during the pandemic [24]. Similarly, in Brazil, in the
coffee sector, the micro-foundations of social sustainability were explored, where health,
safety, and hygiene were key capabilities for anticipating and managing resilience in the
supply chain [23].

2.3. Social Sustainability Factors (FSSs) and Resilience in the Supply Chain (SCR) During the
Post-Pandemic Period

During the post-pandemic period (fourth quarter of 2020 to fourth quarter of 2022),
compliance with primary factors of social sustainability, such as actions against child labor
and forced labor, and labor rights—including the eradication of practices such as excessive
overtime, physical abuse, and threats—along with the implementation of workplace safety
conditions that prevent violations of safety standards and promote hygiene, avoiding
unhealthy work environments, were identified as key factors to optimize the selection of
resilient suppliers in the garment manufacturing sector in India [30].

In Europe, in the context of Industry 5.0 proposed by the European Commission, it was
highlighted how technical assistance, focused on a human approach, benefits labor rights
and operational productivity, automating tedious tasks, providing real-time information
to improve decision-making, and elevating employees’ competencies in interacting with
digital systems [26].

Implementing resilience strategies and managing risks linked to social sustainability,
such as labor informality, proved to be sensitive to budgetary constraints in sustainable
supply chains during the post-COVID-19 era. This situation weakened the fulfillment
of labor rights, affecting the workforce and exposing it to risks in terms of information
exchange [1].

Supply chain resilience strategies also showed a significant impact on social sustain-
ability attributes within the automotive manufacturing sector in India, with a particular
emphasis on social responsibility towards the company’s external community. Social well-
being, development, cohesion, ethical behavior, information disclosure, and community
support were crucial. Likewise, concerning the labor rights and health of the company’s
internal community, the importance of labor practices, occupational safety, health, and em-
ployee education and training [27] was highlighted.

2.4. Approaches Related to SSFs in SCR

The analysis of the reviewed research allowed us to find four approaches in studies
that associated social sustainability factors (SSFs) and supply chain resilience (SCR) factors:
(i) studies that analyzed SSFs as a cause of SCR [3,4], (ii) research that studied SSFs as an
effect of SCR [27,28], (iii) as SSF optimization in a resilient (social) chain [29,30], and (iv) SSFs
and SCR coexisting simultaneously without correlation with each other [1,20] (Table 1).
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Our systematic literature review found that pre-pandemic, during, and post-pandemic
studies addressed different aspects of social sustainability associated with chain resilience.
In the pre-pandemic period (third quarter of 2018 to fourth quarter of 2019), social aspects
of the internal society of supplier companies were studied, such as fair remuneration, labor
rights, work-life balance, health and safety, dialogue with representatives, motivation,
stress management, training, diversity, and non-discrimination, as well as aspects related
to external society, such as the dissemination of information and business ethics towards
the consumer [6,13,29].

3. Theoretical and Empirical Support for the Hypotheses

In the analysis carried out so far, it can be seen that the framework of the COVID-19
crisis turned the global economic sector into an involuntary laboratory of learning, anal-
ysis, and reflection, where global supply chains identified vulnerabilities in their re-
silience but also in their social capacities to sustain themselves in the long term in
the face of future disruptive changes [47]. Although the test was not desired or vol-
untary, the learning that can be had in the face of a crisis is. The transfer of prior
knowledge [51-53] to current industry learning in supply chains [54,55] is critical for
predicting valuable capabilities to prevent future disruptions. The post-pandemic crisis
makes it urgent to capitalize on learning from the resources and capacities that enabled
resilience at the height of the crisis in key Latin American countries, such as Mexico, consid-
ered one of the two emerging economies in the region [56]. Immediately after the pandemic,
evidence from Handfield et al. [57] showed, from the perspective of a developed company
in the US, how good social conditions in emerging supply chains reduced the level of risk in
the supply of the focus company. From a strategic point of view, the perspective of Barney’s
Resource-Based Theory [58,59] has helped to demonstrate that social sustainability aspects
are strategic internal capabilities for companies [60]; therefore, forming socially sustainable
chains brings real effects in terms of improving operational and social performance [48],
as well as economic performance [61]. This is considered an opportune moment for analysis
through knowledge transfer with data from three different moments of the global crisis,
and thus determining the different predictive effects of social sustainability on supply chain
resilience in Mexico before, during, and after the peak of the pandemic crisis.

3.1. Capability Theory and Resource-Based Vision

It is observed in the literature that, although the aspects of social sustainability are not
unequivocal, there is consensus on specific aspects of social welfare. To face the ontological
and epistemological challenges of social sustainability, this article establishes a position
based on the philosophy of moderate realism for the capabilities approach [62,63], where it
is possible to reconcile the subjective accidental contextuality and the objective essential
universality of social aspects. This approach values the subjective aspects of well-being,
but also argues that essential aspects of well-being are not limited in time for each person
or context (e.g., health is a condition of human well-being not limited by context or time). It
also recognizes that not all types of social assistance, altruism, and social responsibility can
be considered a factor in long-term social empowerment if they are not accompanied by
essential factors that allow the self-management of the sustained well-being of an individual
or a community, such as education, gender equity, health, and fair wages [64]. Therefore,
this paper considers social sustainability in the supply chain as the promotion of social
empowerment by different companies that favor a reduction in their social footprint.
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3.2. Rights, Occupational Health, and Resilience in the Supply Chain

The reviewed studies suggest that aspects related to labor rights and occupational
health not only contribute to a fairer and safer work environment but also play a critical
role in improving the resilience of supply chains, enabling companies to successfully face
and overcome global disruptions [3,27].

Studies have shown that respect for labor rights and occupational health are key to
ensuring greater resilience in supply chains. For example, in sectors such as the garment
industry in Jordan, the implementation of policies that favor fair pay, work-life balance,
and dialogue with workers’ representatives have been found to help reduce operational
risks and improve the ability of companies to cope with crises [13]. This same pattern
has been observed in other sectors and regions, such as aerospace, where factors such as
employee motivation and training, and proper management of work-related stress are
essential for resilience in lean-manufacturing-based industrial environments [6].

In addition, the COVID-19 pandemic highlighted the importance of labor rights and
health in the workplace, as key elements in maintaining the resilience of supply chains.
During the pandemic, practices focused on ensuring fair wages, maintaining low layoffs,
and promoting health and safety through health training proved crucial for companies to
maintain their operational capacity and adapt to global challenges [4,23].

In the context of India, health care, the implementation of social distancing measures,
and the provision of healthcare in industrial sectors were determining factors in reducing
risk and ensuring continuity of operations during the pandemic [24]. These practices
mitigated the crisis’s immediate effects and strengthened the structural resilience of supply
chains in the long term.

Finally, social commitment and solidarity were identified in Latin America as elements
that improved resilience in food supply chains. In particular, the adoption of responsible
labor practices, together with the strengthening of relationships with communities, allowed
for greater adaptability in highly volatile environments [25]. Based on the above, the first
hypothesis of this work is as follows:

Hil. Corporate occupational health and rights attributes predict resilience in represen-
tative cases of the supply chain in Mexico.

3.3. Inclusion, Gender Equity, and Resilience in the Supply Chain

Inclusion and gender equity have proven to be key factors in strengthening the re-
silience of supply chains, especially in times of crisis. During the COVID-19 pandemic,
supply chain studies across various sectors showed that gender equity and inclusion pro-
moted a more cohesive work environment, improving companies’ ability to adapt to abrupt
changes. In Brazil, for example, inclusive practices in supplier selection in the cosmetics
supply chain helped recovery and preparedness for crises, strengthening resilience [4]. This
highlights how social inclusion practices reduce inequalities within the production chain
and allow for a greater capacity to respond to disruptions.

Inclusion and gender equity aspects such as diversity and non-discrimination in the
workplace were also key in the aerospace sector [29]. In Latin America, representative
studies in Mexico and Chile showed that social sustainability, including inclusion, had a
significant predictive effect on supply chain resilience [3]. Gender inclusion and equity,
where gender discrimination is avoided, were identified as a relevant factor in optimiz-
ing the selection of resilient suppliers in the garment manufacturing sector in India [30].
From the perspective of society outside the company, social inclusion was significant for
promoting chain resilience in the context of the pandemic in the food sector in Mexico [25].
Based on the above, the second hypothesis of this work is given:
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Hi2. The attributes of inclusion and gender equity predict resilience in representative
cases of the supply chain in Mexico.

3.4. Social Responsibility and Resilience in the Supply Chain

Empirical and theoretical evidence supports the hypothesis that corporate social re-
sponsibility attributes predict resilience in the supply chain. In the context of the COVID-19
pandemic, it was evident how corporate social responsibility (CSR), manifested in prac-
tices such as employee well-being, social inclusion, and business ethics, contributed to
strengthening the resilience of supply chains by reducing operational risk and improving
adaptability. Studies in Latin America have shown that CSR, in aspects such as social
justice and solidarity, was fundamental for the resilience of food supply chains during the
pandemic, which is also applicable to other emerging Latin American contexts [3,4,25].

In addition, business resilience during and after the pandemic has been influenced
by social responsibility policies in various sectors. In the manufacturing sector in India,
it was observed that the inclusion of CSR criteria, such as respect for labor rights and the
creation of safe work environments, improved the responsiveness and competitiveness
of companies [27]. This evidence suggests that, where similar industrial development
dynamics are shared in Mexico, CSR will also predict supply chain resilience by addressing
essential social and labor factors.

On the other hand, implementing CSR strategies, such as information disclosure,
ethical behavior, and engagement with external communities, has been proven to improve
both resilience and the operational and social performance of companies [16]. This per-
formance improvement has been observed in various industries, reinforcing the idea that
companies in Mexico, by applying corporate social responsibility policies, can optimize
their resilience in the face of disruptions. Finally, studies such as those carried out in the
cosmetics sector in Brazil have shown that inclusive practices, derived from social responsi-
bility, improved preparedness and recovery from crises such as the pandemic, confirming
that CSR attributes are key predictors of resilience [4]. Therefore, it is reasonable to assume
that representative supply chain cases in Mexico that incorporate robust corporate social
responsibility practices will also exhibit greater resilience to disruptions. Based on the
above, the third hypothesis of this work is formulated:

Hi3. The attributes of Corporate Social Responsibility predict resilience in representa-
tive cases of the supply chain in Mexico.

4. Materials and Methods

This work starts from the epistemological basis of Wacker [42], which states that
different methodologies, rather than antagonistic, are complementary and necessary to
understand different facets of the same study phenomenon. This study is based on two
techniques: empirical statistical sampling, and mathematical analysis. As Wacker [42]
stated, empirical statistical sampling techniques are of great importance, since they allow
us to test the assumptions of theoretical relationships, to verify their validity in larger
populations. On the other hand, mathematical analytical techniques allow us to explore
the mathematical conditions underlying the relationships used in the theoretical construct.
In this work, we use a hybrid combination of two robust statistical techniques focused on
prediction: Structural Equation Modeling based on Partial Least Squares (PLS-SEM) and a
Fuzzy Inference System (FIS) based on a Genetic Algorithm (GA). Such a hybrid has been
little used, but has been shown to be valuable and compatible [3,49] in dealing with the
complexity of non-parametric, fuzzy, and hard-to-delineate empirical data, as regularly
found for the social aspects of sustainability.
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4.1. Participants

An electronic survey was adapted as a form hosted on docs.google.com for data collection.
Responses to this structured instrument were recorded on a seven-point Likert scale, where
one represents “very low” and seven indicates “very high”. Following the methodology
proposed by [65], given the “infinite” nature of the number of supply-chain-related managers,
purposive sampling was applied to obtain relevant information from the sample group.

The technique of convenience sampling, also called judgment sampling, consists of
the deliberate selection of participants based on their characteristics and knowledge about
the phenomenon studied. It is a non-probabilistic method that does not require underlying
theories or a specific sample size for its implementation. Its use is common in qualitative
research focused on the analysis of perceptions, since it allows identifying and selecting
cases with a high degree of relevant information, thus optimizing the available resources [66].
However, although intentional and convenience sampling can provide high internal validity,
it is important to note that its results can only be generalized to the subpopulation from which
the sample was drawn, and not to the population as a whole [67].

On the other hand, the Likert scale is widely used in the management of subjective
knowledge in business systems, being applied with scales of 5, 7, or 9 points [68]. Its recur-
rent use in studies on sustainable supply chains reinforces its validity within this field of
research [27,69-71]. To ensure the rigor of the measurements based on perception the PLS-SEM
technique offers, it favors the reduction of bias and is supported by rigorous statistical proce-
dures to evaluate the robustness of the measurement model, both the individual reliability of
the indicators and the reliability and validity of the constructs [72]

Data were collected from a sampling frame comprising companies from various sec-
tors in Mexico. A specific search was carried out using the advanced search engine of the
network using keywords, in order to guarantee the profile of interest, using terms such as
“Purchasing Manager”, “Supply Chain Manager”, “Supply Manager”, and “Mexico”. Once
the managers were located and verified as experts in the field, they were sent a personalized
message inviting them to complete the form. The result was a 23% response rate, translating
into 431 valuable responses. The survey was administered at three time points, resulting in
three independent samples corresponding to the years 2019 (pre-pandemic, n = 153), 2021
(during-pandemic, n = 159), and 2023 (post-pandemic, n = 119). For detailed information
on the sample characteristics, see Table 2. On the other hand, purposive sampling ensured
that respondents (supply chain managers) were relevant experts in the field. By focus-
ing on individuals directly involved in supply chain decision-making, the sample was
highly specialized and provided meaningful insights into the constructs of interest (social
sustainability and resilience) [3].

Table 2. Sample characteristics.

Characteristic Cases

Pandemic Time

Pre-COVID19 (2019) 153
In-COVID19 (2021) 159
Post-COVID19 (2023) 119
Market Coverage
Global 90
LATAM 103
National 168

Local/regional 70
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Table 2. Cont.

Characteristic Cases
Sex
Female 219
Male 212
Experience (years)
0-5 148
6to 10 97
11 to 20 110
More than 20 76
Sector
Commerce 54
Industry 210
Services 167

4.2. Sample Adequacy and Common Method Bias

The Structural Equation Modeling Partial Least Squares (PLS-SEM) technique has
robust statistical power when using large and small samples. However, in both cases,
it is necessary to consider the primary conditions for correct sampling. It is necessary
to consider the nature of the population and determine the situations in which sample
sizes are acceptable [73], e.g., homogeneity in sampling conditions. In the case of PLS-
SEM, Hair et al. [72] recommended determining the required sample size from a power
analysis that considers the model structure, anticipated significance level, and expected
effect sizes [74]. In this regard, the present work is based on the sampling adequacy of
the minimum R method based on a power table [75]. The documented power table uses
a significance level of 0.05 and assumes a power of 0.80. This is based on three elements:
(i) the maximum number of arrows pointing to a construct in the model, (ii) the significance
level used; (iii) the minimum R? in the model.

In the present case, following the literature on the conditions for a reliable sample
for the PLS-SEM technique, we started from the principle of homogeneous conditions for
sampling: managers linked to a supply chain belonging to a company in Mexico. The latent
variable with the most connections had three arrows in all cases. Therefore, under the
criteria of the minimum R method, the sample required according to the aforementioned
parameters was a minimum of 59 observations in each case, so it was concluded that we
had a group of reliable samples.

To deal with data abnormality and common PLS-SEM method bias, in addition to the
measurement quality criteria for item rescaling and discarding (reliability and construct
validity, discriminant validity, and collinearity statistics), Hair et al. [72] suggested that
bootstrap-based confidence intervals provide additional information on the stability of
the coefficients of the estimates made. Bootstrapping is a non-parametric process to test
the significance of results. It consists of drawing many samples, with replacements from
the original sample. Each time a random observation is drawn from the population, it is
returned to the sampling population. The recommended number of bootstrap samples is
between 5000 and 10,000. In this work, the bootstrapping run that produced the confidence
intervals that supported our t-statistics consisted of 10,000 subsamples, a bootstrap per-
centile confidence interval method, a one-tailed test, a significance of 0.05, and a fixed-seed
random number generator.

In structural equation modeling using the partial least squares method (PLS-SEM),
a practical approach for identifying common method bias is based on variance inflation factors
(VIFs) generated through a full collinearity test. A VIF greater than 3.3 indicates that a model
may be affected by common method bias. Therefore, if all FIVs in the internal model resulting
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from a complete collinearity test are equal to or less than 3.3, the model can be considered free
of common method bias [76]. Analysis of the structural model was carried out using SmartPLS
4 [77], and it was v verified that there were no collinearity problems, with variance inflation
factors (V IF) below 3.3, in compliance with the criterion of Hair et al. [72]. As Pedrycz [45]
warns, the normal distribution of data is a challenge that must be kept in mind when making
use of fuzzy sets. This work’s proposal overcame this challenge through previous use of the
non-parametric PLS algorithm.

4.3. Measures

Social sustainability measures were drawn from validated approaches, constructs,
and items relevant to supply chain resilience related to the COVID-19 pandemic. From the
capabilities approach of our theoretical framework, aspects considered universal essentials
and a necessary condition for fostering social empowerment were considered. Health was
a crucial factor in the face of the health crisis [1-3,23,27]. Labor rights were a crucial aspect,
due to the high risk of vulnerability to the economic crisis for companies, and the decrease
in audits due to the pandemic [2,3,19]. Inclusion and gender equity were also fundamental
aspects of social sustainability, with a high risk of vulnerability [4,25,29]. Finally, social
responsibility is a factor of social sustainability that concerns the links of the supply chain
with the external community [2,3,19,20]. The factorial grouping of constructs related to
social sustainability in the supply chain was based on results from studies conducted in the
emerging context of Latin America, specifically in Mexico [3,48]. Finally, the items were
regrouped into three dimensions: labor rights and health, gender inclusion and equity,
and social responsibility.

As a step within the PLS-SEM technique, we used the second-order variable approach,
which did not allow us to focus on the path effects of the model, favoring parsimony and
non-collinearity between constructs related to the social dimension of sustainability [78,79].
This work is based on the epistemic premise of Wacker [42], where simplification and
parsimony are a virtue of theoretical models. Previous studies have used second-order
variables as a resource to measure social sustainability and the standardized latent values
obtained in the first-order model for the fuzzy analysis, and we also followed the literature
to determine if the dimensions of social sustainability better explained the resilience of the
supply chain as a whole. Studies have used second-order constructs with dimensions of so-
cial sustainability, such as the work of [80], who, with a hybrid SEM-Fuzzy technique, used
an evaluation to improve the implementation of construction contract administration with
a sustainability focus in Qatar. On the other hand, U.S. companies [81], using a PLS-SEM
technique, examined social sustainability in business organizations by unifying dimensions
such as autonomous motivation, commitment, and job satisfaction. In Latin America, the
authors of Ref. [82], using PLS-SEM modeling, analyzed the drivers of sustainability in a
representative case of the dairy sector in Brazil, unifying second-order construct dimensions
of sustainability such as quality of life, well-being, mental health, housing conditions, and
socialization. Our research follows the studies of [3], where measures of social sustain-
ability in higher-order constructs were validated in Mexico, Colombia, and Chile using a
PLS-SEM technique and a hybrid fuzzy genetic-PLS-SEM technique. In these studies, the
authors validated constructs by taking into account the dimensions considered here: labor
rights and health, inclusion and gender equity, and social responsibility.

For the supply chain resilience construct, measures validated in the emerging Indian
context were used [83]. This construct and measures were also validated in the emerging
context of Mexico [3]. At this point, the surveys were distributed to a group of eight experts:
two academics, to provide methodological perspectives, and two supply chain profession-
als, to evaluate the relevance of the items. These experts suggested minor modifications to
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improve the questionnaire items, which were subsequently implemented. After making
editorial corrections and improving the terms’ clarity, an assessment of the validity and
readability of the items was carried out, following the methodology proposed by [84].
In addition to the general information questions, we formed an instrument (Appendix A)
with 19 items and 4 constructs (Figure 1).

‘ 1.1 Against child labor ‘

M

‘ 1.2 Labor audits

‘ 1.3 Labor rights

‘ 1.4 Health & safaty

- 1. Labor rights and health
1.5 Hygiene ’/

e

1.6 Occupational health ‘

4.1 Return quickly |

‘ 2.1 Employment opportunities

ad

4.2 Maintain internal connection

2.2 Gender equality

4.3 Maintain structure and function|

‘ 2.3 Employes equality

4.4 Knowledge to recover |

/ 2. Inclusion and gender equity

2.4 Equal employmente
opportunity

4. Supply chain resilience
4.5 Finance to recover |

S

3.1 Philanthropic

| 4.6 Infrastructure to recover |

3.2 Health pregrams

‘ 3.3 Employment programs ‘ 3. Social Responsibility

Figure 1. Measures and constructs used in the study.

4.4. Research Design and Statistical Analysis

In the methodology of this work, seven stages were carried out: (i) A database of
independent samples obtained through a survey applied to supply chain managers in
Mexico at three points in time: 2019 (n = 153), 2021 (n = 159), and 2023 (n = 119) was
processed. (ii) According to the literature, the data collected were unified and validated,
transforming them into second-order constructs by applying a Structural Equation Mod-
eling by Partial Least Squares (PLS-SEM) method using SmartPLS 4.1.1.1 software [77].
(iii) The structural model was assessed for the size and non-parametric significance of the
effects of social sustainability aspects on supply chain resilience. (iv) The latent values of
the variables were categorized in three different databases, corresponding to the years 2019
(pre-pandemic), 2021 (during pandemic), and 2023 (post-pandemic). Integers were used to
represent nominal values. (v) A Genetic Algorithm (GA) was used to define the fuzzy rules
of the Fuzzy Inference System (FIS), eliminating the need for expert knowledge. The 2019
(pre-pandemic) and 2021 (during the pandemic) database was used complete as training
data. (vi) From the training learning with the 2019 and 2021 the best fuzzy rules, knowledge
was transferred to the GA generating the post-pandemic (2023) rules to evaluate the FIS
using evolutionary fuzzy knowledge transfer. To evaluate the FIS of the evolutionary fuzzy
knowledge transfer between pre-, during-, and post-pandemic COVID-19 and its effect on
the relationship of social sustainability and supply chain resilience, machine intelligence
three trainings are perform (i) A first representative cases of pre-pandemic Mexico for rule
generation. (ii) A second training was performed with the data during the pandemic for
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rule adjustment. (iii) As a third step, a final learning training was executed for the post-
pandemic year database using a ratio of 60/40 for training and testing data. Each period
provided a snapshot of the system at a particular point in time, and the three-year span
was ideal for analyzing the persistence and changes in the impact of social sustainability
on resilience across the different stages of the pandemic. Figure 2 shows the specific phases
for transferring “"old” knowledge to predict “new” knowledge.

TRAINING

Database post-pandemic

(2023)
Pre-pandemic rules In-pandemic rules J.
T T Post-pandemic rules
TRAINING TRAINING J_
FISIEEST
Database pre-pandemic Database pre-pandemic
(2019, n=153) (2021, n=159) (% Prediction)

Figure 2. Knowledge transfer process through the genetic algorithm.

4.5. The Fuzzy Inference System

In this work, we implemented a Mamdani fuzzy inference system, as in [3,85], to
predict resilience with our available database. According to [86], when triangular mem-
bership functions overlap in a sum of their height’s intersection by % (half of the possible
membership), they have some relevant properties: (i) inputs categorized with a complete
membership (100% membership) exhibit a complete membership exclusion (0% member-
ship) from the other categories. (ii) When their probability density function is uniform,
activations have a balanced entropy. (iii) Triangular membership functions are error-free
transformations in the defuzzification process. Therefore, we used three linguistic granu-
larity levels, low, mid, and high, with overlapping triangular shapes in their intersection
of sum of heights in a % The fuzzy sets were the ones used in [3], using the following
equation to compute the triangular membership function:

pa(x) =0 if x<a (1)
x—a
= ] <x<
pa(x) i if a<x<b
c—x
= ] <x<
pa(x) " if b<x<c

pa(x) =0 if c<x

where 4, b, ¢ are the initial, central, and final point of the triangular shapes, for the low
(a=-04,b=0.0,c=04), mid (¢ =0.1,b =05,c = 0.9), and high (« = 0.6,b = 1.0,
c = 1.4) fuzzy sets. The memberships of the fuzzy input sets use the inference rules to
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“slice” their fuzzy output using defined operators. This work used the min operator for
AND rules, as in the following equation:

min(a, b) (2)

a is the membership of the first input, and b is the membership of the second input.
The value from the above equation (when not equal to 1.0) reduces the area of the fuzzy
output, using the minimum membership input as the maximum high (membership) of
the fuzzy output. To produce a crisp output from a computed fuzzy output, a widely
used method to compute the value of a fuzzy set is the centroid method, as stated in [87].
The centroid method in the continuous case is defined as

S pa(x)xdx 3)
S na(x)dx
The above can be defined in the discrete case as
Yooq palxi)x; )

Y2 palx)

In other words, the individual areas are multiplied by their central points, then
summed, and later divided by the total area of the fuzzy output. The above is the fuzzy
inference process, followed by our implemented Mamdani fuzzy system. However, this pro-
cess does not define how to set the knowledge base, i.e., the linguistic rules. The total
number of AND linguistic rules is the number of combinations with repetition of possible
granularity levels in the inputs, equal to k", where k is the number of inputs. After ana-
lyzing the relevant characteristics, we took four inputs for implementing an FIS: (i) Labor
rights and health, (ii) Inclusion and gender equity, and (iii) Social responsibility. Thus,
n is the number of granularity levels (three). The above calculation provided 27 AND
rules to be tuned by expert knowledge and, as a dependent value (output), the supply
chain resilience. Although the inference system seems to have few rules to determine, this
is challenging for human experts in practice. For 27 rules and three granularity levels,
the combination of possible ways to determine the rule outputs equaled 3%/, giving a total
of 7,625,597,484,987 different configurations of outputs, and evaluating them looking for
the best accuracy would be unfeasible for humans. In this work, we addressed a learning
problem. Mathematically, it has been shown that the learning problem belongs to the
NP-HArd class, the most challenging class of problems to be solved, for which there are
no computational algorithms that can solve them in polynomial time in an optimal way.
Therefore, studying the problem with approximate methods such as genetic algorithms
was justified, see the following manuscript by Camastra et al. [88]. A genetic algorithm
was more suitable for exploring the vast search space of outputs in the knowledge base.
The idea was to discover a knowledge base that minimized errors between the FIS’s crisp
output and the training example’s numerical values, to be within the domain and range of
the triangular membership functions. Candidate solutions, also known as individuals in
Genetic Algorithms, represented the 27 rules for the output configurations.

[3,3,3,2,2,2,1,3,3,2,1,1,3,1,2,1,1,3,1,1,1,1,1,2,1,2,2] (5)

Equation (5) represents an individual from our Genetic Algorithm, where the first
discrete number represents the granularity level of the first rule output, one for low, two
for mid, and three for high. The second discrete number represents the granularity level of
the second rule output, and so on. Individuals evolve using the evolutionary operators of
crossover (recombination) and mutation (perturbation). The crossover operator recombines
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the genetic material of two individuals; in our work, we used the one-point crossover,
which divides the individuals into two segments by selecting a stochastic point, producing
two new individuals, known as their offspring. The idea of recombining solutions comes
from the intelligent optimization field, where optimal solutions are closer to the best
quality solutions found during the search. The fitness of the individuals is the quality
criteria, which, in our particular case, was the FIS error produced by the individuals. In
addition, in the intelligent optimization field, stagnation in the search can occur when
genetic diversity is lost (i.e., all the genes in the individuals are equal or very similar),
producing the same outputs. To avoid diversity loss, the implemented mutation operator
changed a small proportion (5%) of the variables in the offspring in a stochastic manner
to one of the feasible granularity levels (1, 2, or 3). Figure 3 presents the general Genetic
Algorithm framework used in our work.

while ! Stop condition do

Parent < Selection(Pop)

of fSpring < Crossover(Parent)

Mutation(of fSpring)

Pop < PopUoffSpring

EnviromentalSelection(Pop)
end while

Figure 3. Genetic algorithm framework.

In detail, our genetic algorithm used a binary tournament for parent selection, single-
point crossover for recombination, boundary mutation, survival of the fitness individuals
for environmental selection, a population size of 100, and 50 generations (iterations of the
main loop).

4.6. Experimental Setup

This section describes the experimental setup and how the data were validated.
The pre-pandemic and in-pandemic datasets were used in full as training examples for two
different FIS, one pre-pandemic and one in-pandemic. The FIS with the lesser error was
selected from 30 independent runs of the Genetic Algorithm (GA). The knowledge from
the best pre-pandemic and in-pandemic training was used to seed a genetic algorithm [89],
so it subsequently produced better knowledge for the post-pandemic predictions. The post-
pandemic dataset was split into training and validation sets with respective percentages of
60% and 40%. The experimental results were assessed using a GA, without seeding it with
previous knowledge, and using a GA seeded with the knowledge discovered from pre-
pandemic and in-pandemic data. The global percentage error of an FIS can be computed as

n PRp— A<
Error = 721:1}1% il -100 (6)

i=1Yi
where y; are the real outputs, and fj; are the FIS outputs produced for n samples. In the
same manner, the accuracy percentage of the FIS can be computed as follows

100 — Error (7)

5. Results

To achieve this study’s purpose, the PLS-SEM technique was used in the first instance,
which is considered a second-generation statistic, with robust tests to evaluate measures in
little-explored contexts. PLS-SEM is helpful for theoretical tests in social sciences focused
on prediction in a robust manner, where the conditions of structural complexity, small
samples, and abnormality in the sample distribution are shared and where it is necessary
to generate latent variable scores for subsequent analysis. This is in addition to offering a
high statistical power within the samples in social sciences; i.e., PLS-SEM is more likely



Logistics 2025, 9, 50

20 of 32

to identify significant relationships when they are present in the population [72,90,91].
A second-order construct is used for the social sustainability variable within the PLS-SEM
statistical technique. As stated by Sarstedt et al. [78], multidimensional or second-order
constructs give us advantages such as a more parsimonious PLS monogram, and help to
improve the balance between bandwidth and fidelity, making better predictions of variables;
likewise, they are a means to reduce collinearity between indicators (recurrent case among
reflective or type A constructs). The nature of second-order constructs is to present a
general concept manifested through its dimensions, where each construct is manifested
through its dimensions. This is useful when one is only interested in the common variance
shared by each dimension [79]. Among the approaches recommended for the treatment of
second-order variables is the two-step integrated approach recommended by [92]: Stage
1—the latent scores of all the constructs of the model are validated and obtained, and
added as new variables from the new database. Stage 2—-the construct scores are used
as indicators of the higher-order construct measurement model. Based on the PLS-SEM
technique, the validity of the first-order measurement model was evaluated to address the
first phase of our hybrid technique, which required the fulfillment of five fundamental
criteria [72]: (i) the reliability of the indicators; (ii) the internal consistency of the construct;
(iii) the reliability of the construct; (iv) the convergent validity of the construct; and (v) the
discriminant validity between constructs. Figure 3 shows the results of the evaluation
values for the first-order measurement model.

5.1. Validation of the Measurement Model and Structural Model: PLS-SEM

In the results of Figure 3, it can be seen that the indicators of the four constructs
were reliable, with external loads above the required thresholds of A > 0.400. Likewise,
the reliability of internal consistency and convergent validity in the constructs required
a rhoA > 0.708, an RC > 0.700, and an AVE > 0.500. On the other hand, discriminant
validity was assessed utilizing the heterotrait-monotrait test (HTMT), which confirmed
that the constructs were different from each other. As can be seen, the threshold value
HTMT of <0.800, suggested by Henseler et al.’s methodology [93], was not met. However,
it was within the limits suggested by Hair et al. [72]. Within the quality parameters, it
should be noted that, although the beta values complied with the relevant minimum effect
values B > 0.100, the values of f2 were shallow in the cases of variables 2 and 3. Given
the nature of the type A (reflective) first-order constructs used in this research to measure
social sustainability, where aspects of human well-being are often linked, the alternative of
using second-order constructs decreased the risk of collinearity within the model.

Figure 3 shows the results of the evaluation of the second-order measurement model,
where the external loadings (A) were calculated and the thresholds of A > 0.400 were
met, guaranteeing the items’ individual reliability. To evaluate the internal consistency
of each construct, the composite reliability indicator was applied, achieving values above
CR > 0.700, as required. The Dijkstra-Henseler indicator (rhoA) was used to assess the
construct reliability, and values exceeding the minimum thresholds were obtained, with
rhoA > 0.708. To assess the convergent validity, the Average Variance Extracted (AVE)
was used, where values were also found to exceed the required minimum threshold of
AVE > 0.500[72,90,91]. On the other hand, the discriminant validity test, the heterotrait—
monotrait test (HTMT), allowed us to assess the discriminant validity, which ensured that
the constructs of the model were distinct from each other. As can be seen, the threshold
value HTMT of <0.800 was met, following the methodology of Henseler et al. [93,94].
After ensuring that a reliable measurement model was available, we evaluated the structural
model in four steps: (i) assess collinearity; (ii) assess the significance and relevance of the
relationships; (iii) assess the level of f 2. and (iv) assess the effect size f 2,
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I 1.1 Against child labor I

~

I 1.2 Labor audits

Figure 4 also shows that the model run in SmartPLS 4 [77] passed the collinearity
test with VIF values of 1.000, according to the established criterion of VIF < 3.300 and not
<0.200. In step two, we assessed the significance and quality of the path coefficients (8),
which allowed us to estimate the relevance of the relationships of the structural model.
The path (B) had standardized values between —1 and +1, where values closer to 1 rep-
resented strong positive relationships. On the other hand, the assessment of R? turned
out to be relevant, since the statistical epistemology of PLS-SEM, unlike other structural
techniques, was focused on exploring the explained variance. The values of the explained
variance indicator R? allowed us to determine the model’s predictive power concerning the
exogenous variables. According to Falk and Miller [95], a relevant R? is a value > 0.100.
The higher the value, the greater the predictive power of the model. In general, in the social
sciences, values of 0.750 (important), 0.500 (moderate), and 0.250 (weak) have been used
as relevance criteria for R? [96]. For its part, the f2 value allows assessing the contribu-
tion of the independent variable to the R? value of the dependent variable, where 0.02 is
considered a small effect, 0.15 moderate, and 0.35 large [72,90,91].
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Figure 4. Graphical output of the evaluation of the first-order measurement model.

Figure 4 shows the significance and relevance of the relationships of the path coefficient
phat (B) and the level of variance explained (R?). Table 3 shows the significant assessment
of the relationship between Social Sustainability (SS) and Supply Chain Resilience (SCR)
by pandemic period. As can be seen, the predictive power of the phat effect (), as well
as that of f2, was significantly improved. Likewise, the second-order model improved
the boundary conditions in discriminant validity and collinearity values. It is implied,
therefore, as the literature on second-order modeling and the empirical evidence suggests,
that the dimensions of social sustainability were better explained. As seen in Table 3, low p
values and t-statistics indicated that the parameters significantly differed from zero in all
cases. The narrowness of the confidence intervals suggests high to moderate precision in
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the parameter estimates. Overall, these results support the robustness and reliability of the
estimates in the PLS-SEM model.

Table 3. Significance testing of the SS vs. CSR relationship by pandemic period.

Sample Groups Interaction B M  STDEV t 5.0-95.0% p
1. Complete group (2019, 2021, 2023) SS-CSR  0.670** 0.671 0.0380 17.669 0.604-0.731 0.000
2. Pre-COVID-19 group (2019) SS-CSR  0.724** 0.729  0.050 14514 0.605-0.794 0.000
3. Group in COVID-19 (2021) SS-CSR 0563 ** 0.571  0.074 7.584  0.437-0.686 0.000
4. Post-COVID-19 group (2023) SS-CSR  0.693** 0.696  0.060 11.485 0.437-0.686 0.000

t value > 3.310 (p < 0) ***.

As can be seen for the full group (2019, 2021, 2023), where the pre-, in-, and post-
pandemic samples were used as a whole, the second-order variable of social sustainability
had a direct, positive, and significant effect of moderate size and a significant effect on the
supply chain resilience construct (8 = 0.670, R? = 0.449, f2 = 0.816, p = 0.000) (Figure 5).
The comparative analysis of the significance assessment of the relationship of variables by
pandemic period can be better appreciated in Figure 6. The comparison that distinguishes
pandemic period and the effect of social sustainability on supply chain resilience graphically
shows the consistent behavior in the prediction carried out with the data. The assessment
of the model distinguished by group indicates a direct, positive, and significant effect of
moderate size and a significant effect on the supply chain resilience construct.
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Figure 5. Graphical output of the evaluation of the second-order measurement model.
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Figure 6. Effect values R?, fz, and 8 by pandemic time (2019, 2021, 2023).
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5.2. Fuzzy Rules for Knowledge Transfer

The best fuzzy rules discovered with and without knowledge transfer are listed in Table 4.

Table 4. The 27 rules of the fuzzy knowledge bases.

AND Antecedents (Pre-in-Post-Pandemic) Consequent
1. Labor 2. Inclusion . 4. Supply
Rules Rights and and Gender : iﬁ;i;lilli{t‘; Chain
Health Equity P Resilience
Pre-Pandemic  In-Pandemic Post- .
Pandemic
Non-Transfer =~ With Transfer
1 Low Low Low Mid Low Mid Mid
2 Low Low Mid Mid High Low Mid
3 Low Low High Mid Low Low Low
4 Low Mid Low Mid Low High Low
5 Low Mid Mid High High High High
6 Low Mid High High High Low Low
7 Low High Low Low Mid High High
8 Low High Mid Low High Mid Mid
9 Low High High High Mid Mid High
10 Mid Low Low Low Mid Low Mid
11 Mid Low Mid Mid Low Mid High
12 Mid Low High High High Low Mid
13 Mid Mid Low Mid High Mid Mid
14 Mid Mid Mid High High Mid Mid
15 Mid Mid High Low Mid Mid Mid
16 Mid High Low Mid Mid Low Mid
17 Mid High Mid Mid High High High
18 Mid High High High Mid Mid High
19 High Low Low Low High High Low
20 High Low Mid Mid Mid High Low
21 High Low High High Low High Low
22 High Mid Low High Low Mid High
23 High Mid Mid High High Mid Mid
24 High Mid High Mid Mid Mid High
25 High High Low High High Low Low
26 High High Mid High High High High
27 High High High High High High High

Finally, with the fuzzy knowledge in Table 4, we calculated a classification accuracy of
81.9% for the FIS without knowledge transfer and an accuracy of 82.4% for the FIS with
knowledge transfer.

6. Discussion

This research analyzed the evolutionary fuzzy knowledge transfer between pre-,
during-, and post-pandemic COVID-19 and its effect on social sustainability and supply
chain resilience in representative cases in Mexico. The work had two major methodological
phases to meet this objective, with data collected from supply chain managers in 2019,
2021, and 2023. Firstly, a PLS-SEM structural validation and evaluation was carried out to
determine the pre-, during-, and post-pandemic predictive powers from a non-parametric
perspective and obtain standardized latent values for the fuzzy mathematical analytical
test. In a second step, based on a Fuzzy Inference System (FIS) and Genetic Algorithm (GA)
analysis, the predictive power was evaluated, focusing on the generation of evolutionary
fuzzy knowledge transfer between pre-, during-, and post-pandemic data of social sustain-
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ability on supply chain resilience. The experimental results showed an improvement of
about half a percentage point in the accuracy of the FIS using knowledge transfer.

The non-parametric structural PLS-SEM comparative evaluation of our measurement
model yielded two valid and reliable constructs in the Mexican context: social sustainability
as a higher-order predictor variable, and supply chain resilience as a first-order explained
variable. The second-order independent variable, related to social sustainability, grouped the
indicators of labor rights and health, inclusion and gender equity, and social responsibility.
This explanatory construct obtained an intra-sample predictive potential of almost 45% for
the independent variable of supply chain resilience, whose indicators were related to the
reactive capacity of Mexican supplier companies in the face of disruption to return quickly,
maintain internal connections, and maintain functional structure, as well as their knowledge
to recover, finances to recover, and infrastructure. The validity and predictive potential of
social sustainability on chain resilience, based on the established indicators, was consistent
with previous work based on structural statistical, empirical modeling [3,13,19].

In turn, the structural model evaluation output data that considered the three databases
together (2019, 2021, and 2023) confirmed the statistical significance of the predictor effect of
social sustainability on supply chain resilience, with 44.9%. In the results of the evaluation
of the structural model by subgroups, it was obtained that the pre-pandemic data (2019)
explained a positive, significant, and direct relation of the social aspects of sustainability on
resilience in the cases of suppliers in Mexico in 52.4%, with values = 0.724 and a signifi-
cance of p = 0.000. These results are consistent with the study by Alghababsheh et al. [13]
carried out in a pre-pandemic context where, based on structural modeling, they proved
that internal social performance (fair remuneration, work-life balance, health and safety,
and listening with union representatives) were significant factors for the decrease in opera-
tional risk in supplier companies in the apparel sector in Jordan.

The confirmation of the predictive effect of social sustainability on resilience during
the three periods analyzed suggests that adopting sustainable practices strengthened the
companies’ capacities to face global disruptions. The results of this study are consistent
with previous research arguing that supply chains that adopt sustainability principles
improve their efficiency and show greater resilience to global shocks [4,47]. The positive
and significant effects in the pre-pandemic period analysis reinforce the hypothesis that
commitments to labor rights and inclusion were already strengthening before the health
crisis, providing a solid foundation for future resilience.

Regarding the results of the evaluation of the structural model of the data subgroup
during the pandemic (2021), the evaluation explained a significant, direct, and positive
relation between the social aspects of sustainability and the resilience of the supplier cases
in Mexico for 31.2%, with values § = 0.563 and a significance of p = 0.000. The results
align with those found in the statistical structural study of Reyna-Castillo et al. [3], who,
in the context of the pandemic, demonstrated the predictive power of labor rights, health
and safety, social responsibility, and inclusion for supply chain resilience performance
in cases from Mexico and Chile. In addition, they align with the qualitative empirical
approaches of the research carried out during the pandemic by Silva and Ruel [4] in Brazil
and Michel-Villarreal [25], where aspects of external social sustainability, such as inclusion
of disadvantaged suppliers, solidarity, social justice, trust, and shared responsibility, were
found to be relevant as a cause of chain resilience.

During the pandemic, the study identified a slight decrease in the impact of social sus-
tainability on chain resilience, reflecting the operational pressures companies faced to balance
employee social protection and continuity of operations. However, it is essential to highlight that,
despite this decline, social sustainability attributes remained significant in predicting resilience.
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This aligns with the literature, highlighting the importance of ensuring safe and fair working
conditions during global crises to maintain the functionality of supply chains [3].

Regarding the results of the evaluation of the structural model of the post-pandemic
data subgroup (2023), the evaluation explained a significant, direct, and positive predictive
power of the social aspects of sustainability on resilience in the cases of suppliers in Mexico
for 48%, with values B = 0.693 and a significance of p = 0.000. The findings are consistent
with the results of the post-pandemic research of Ghobakhloo et al. [26], who, with a
structural interpretative approach, showed that the objectives of Industry 5.0 favor human
centricity, and this, in turn, affects the adaptability of the supply chain. Likewise, the results
found by Baz, Ruel, and Jebli [19] showed that good labor practices (safety and health,
working conditions, human rights) towards employees and the community (community
involvement, diversity, customer interests) significantly and positively influenced the
resilience of the supply chain in France during and post-pandemic.

As evidenced in the post-pandemic stage, the results show a recovery in the impact
of social sustainability, indicating that companies that invested in socially sustainable
practices during the crisis were able to capitalize on those investments in their recovery
process. This reinforces the importance of social sustainability as a strategic factor to
mitigate disruptions and accelerate post-crisis recovery. The works of Silva et al. (2023) and
Ghobakhloo et al. [23] and [26] provided additional support, suggesting that the adoption of
sustainable practices in supply chain management has been vital to maintaining operational
stability in the context of the global economic recovery.

From the fuzzy evolutionary perspective, we faced a relevant challenge during our
experimental phase. In our first experiments, we dealt with a relevant over-fitting problem.
Over-fitting [97] is a well-known issue in machine learning; it occurs when a model learns
the exact patterns in the training phase, but can not generalize to unknown data. Over-fitting
occurred when using the same experimental settings as in Reyna-Castillo et al. [3]; as an
empirical discovery, we observed that training with a lower number of generations in the
Genetic Algorithm (50 contrary to the 250 in Reyna-Castillo et al. [3]) best generalized the
knowledge before using the transfer knowledge in the post-pandemic phase. The above
is explained by the FIS being less adjusted to the data in previous periods, learning the
generalities and not the exact particularities of the datasets. A second empirical discovery
was to use the mean square error [98,99] (MSE) as an error fitness function to train the genetic
algorithms, because we achieved less over-fitting with this, as in the following equation:

1 n
MSE = — Z%(J/i — ) ®)

i=
where 7 is the number of samples, and y;, J; are the desired and FIS-produced outputs, respec-
tively. The above is explained by, contrary to the error function in Reyna-Castillo et al. [3]),
the MSE error was harder to minimize, producing better generalities. Once we had dealt
with the over-fitting problem, the computed results showed that knowledge transfer was
able to improve the final accuracy of the FIS by about half a percentage point. The slight
improvement could be explained by the fact that the FIS with knowledge transfer had even
greater generalization capabilities, contrary to the FIS only being trained with the training
examples of the post-pandemic period. The improvement of a half percent error in the FIS
validated that transfer knowledge has benefits. Moreover, minimizing the error in the FIS was

more challenging when the error was near the global optimal unknown error.

In summary, this study has offered a robust perspective on the evolutionary transfer
of fuzzy knowledge between the pre-, during-, and post-pandemic stages of COVID-19
and its impact on social sustainability and supply chain resilience in representative cases
of Mexico. The findings obtained allow us to affirm that social sustainability attributes
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are significant predictors of supply chain resilience, validating the relevance of labor
rights, occupational health and safety, inclusion, and social responsibility as critical factors
in the risk management and recovery of supply chains. This work contributes to the
literature by providing a solid foundation for future research on the interaction between
social sustainability and resilience in emerging contexts. As global disruptions impact
supply chains, it is crucial to explore how social attributes can be effectively integrated into
resilience strategies, to ensure long-term operational viability and social well-being.

7. Theoretical Implications

Both Sen [63] Capability Theory and Barney’s Resource-Based Theory [58,59] were a
fundamental part of the hypothetical support of this work. On the one hand, the theory of
capabilities allows conceptual support for the relevance and selection of variables related
to sustained social development, where the perspective of social empowerment implies
a predictive causal relationship of independent variables related to social development.
Therefore, this work considered social sustainability in the supply chain as the promotion
of social empowerment by the different companies that favored a reduction in their social
footprint. On the other hand, the Resource Theory also implies a predictive causal relation-
ship of different kinds of aspects that influence business performance; in this case, we refer
to the social aspects that predict performance in the supply chain resilience.

In this sense, the hybrid PLS-SEM and fuzzy AG technique based on knowledge trans-
fer, given its essentially causal-predictive nature, was relevant to this research’s objective
and theoretical contrast. This approach is particularly relevant for research that seeks
to understand intrinsically diffuse and non-parametric social phenomena, such as social
sustainability, demonstrating that these methods are capable of capturing the evolutionary
nature of knowledge in disruptive periods such as the COVID-19 pandemic [3,49]. The re-
sults confirmed the validity of these methods to model complex relationships between
social constructs and their impact on supply chain resilience, providing a methodological
framework that can be replicated in future studies in different contexts and sectors [44].

Within the sample framework analyzed, the findings support the growing evidence
suggesting that social sustainability is a complementary dimension to economic and envi-
ronmental sustainability, and a critical component for resilience in times of crisis. The ability
of companies to maintain labor rights, ensure occupational health and safety, and promote
inclusion and gender equity not only improves employee well-being but also reinforces the
operational stability and resilience of the supply chain as a whole [2,27,30].

8. Managerial Implications

This study provides empirical evidence of the importance of social sustainability as
a strategic pillar in supply chain resilience, highlighting its role in operational decision-
making and supplier selection. Companies that prioritize job security, gender equity,
and inclusion strengthen their corporate reputation and develop key internal capabilities
to respond to future crises [13,23]. The pandemic showed that organizations that imple-
mented health and wellness protocols managed to maintain their operational continuity
more effectively [24,25], suggesting that social sustainability is an ethical obligation and a
competitive advantage for risk management.

The results extracted from the PLS-SEM and the fuzzy evolutionary approach allowed
the formulation of rules applicable to various crisis scenarios. Implementing human capital
protection policies in health emergencies has improved organizational responses [16,27].
Corporate social responsibility (CSR) in economic crises translates into better job stability,
as observed in vulnerable sectors in Mexico [14]. Likewise, companies that strengthen their
relationship with socially responsible suppliers in extreme weather events present a more
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agile recovery [30]. In digital transformation processes, social sustainability facilitates the
adaptation of human talent to new technologies [26].

While this study focused on Mexico, its methodology and findings can be extrapolated
to other emerging economies and industry sectors with similar supply chain management
dynamics. The combination of PLS-SEM with fuzzy inference models offers a framework
that can be replicated in different crisis contexts, providing predictive tools for strategic
decision-making in environments of high uncertainty. Consequently, companies must
integrate social sustainability into their operational planning, as a determining factor to
strengthen their capacity to respond to future disruptions.

9. Limitations

This work is aware of some limitations in the research, which are considered a call
for future lines of inquiry. One limitation is that this work’s sampling was multi-sector,
multi-commercial coverage, and multi-level. This research did not analyze the differentiated
multi-group effects that may have existed by sector, coverage, and level in the supply chain.
Although this work presents an approach to a region that has been little explored in Latin
America, this research also recognizes limits in terms of the impartiality that could exist in
terms of the region, since it is the same as that of the authors, as well as in terms of the scope
of the sample. This could created a non-self-perceived bias by being judge and jury in the
study for the unit of analysis, as well as implying the need to continue replicating the study
within the region to continue contrasting the predictive capacity between constructs. A further
limitation is the selection of reflective indicators to measure social sustainability. Although the
literature considers the indicators and dimensions essential in social sustainability, they are
necessary but not determinant to explain the constructs. It is necessary to further explore the
social aspects that impact supply chain’s resilience, especially in the Latin region. Finally, we
perceived a methodological and contextual limitation, in that the research attempted to explore
a new technical hybridization of a non-parametric resource and a mathematical technique
within an atypical crisis context that is very difficult to replicate, such as the COVID-19
pandemic. Given the nature of the sample, it is impossible to generalize the results beyond the
limits of the sampling frame. The above limits us contextually and does not provide a data
treatment of an aspect of reality, nor a parametric aspect. The use of parametric and fuzzy
hybridization is left to other lines of research.
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Appendix A

Table Al. Survey dimensions and items.

1. Labor rights and health. [3,48]

1.1. Our suppliers maintained a strict policy prohibiting forced child labor.

1.2. Our suppliers receive regular labor audits from customers

1.3. Our suppliers have a strict watch on violations of labor rights.

1.4. Our suppliers have a strict workplace health and safety policy.

1.5. Our suppliers ensure occupational health and hygiene.

1.6. Our suppliers receive guidance for implementing occupational health and
safety measures.

2. Inclusion and gender equity. [3,48]

2.1. Our suppliers generated employment for locals, women, people with disabilities,
marginalized and minorities in their external society

2.2. Our suppliers have gender equality and non-discrimination policies.

2.3. Our suppliers give each employee equal opportunity for growth based on merit.
2.4. Our suppliers do not deny employees any rights or privileges because of their age,
sex, race, community, religion, or nationality.

3. Social Responsibility. [3,48]

3.1. Our suppliers engage in philanthropic/selfless aid.

3.2. Our suppliers conducted health camps and awareness programs.

3.3. Our suppliers carried out skills development programs for unemployed young people.

4. Supply chain resilience. [3,83]

4.1. Our CS can quickly return to its original state after being discontinued.

4.2. Our CS can maintain a desired level of connection between its members during
the outage.

4.3. Our CS can maintain a desired level of control over structure and function dur-
ing disruption.

4.4. Our CS had the necessary knowledge to recover from interruptions and unex-
pected events.

4.5. Our SC has the financial capacity to deal with the economic consequences of
the disturbance.

4.6. Our CS has the infrastructure capable of responding quickly to disturbances.
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