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Abstract: The Agri-Food Supply Chain (AFSC) is essential gbobal food supply, economic development, and
employment. However, it faces significant riskstthadermine its efficiency, mainly due to the peaisility of its
products, which complicates risk management. Deststimportance, research on risks in this seaspgcially for
specific agricultural products, remains limitedisTetudy addresses this gap by identifying, evalgaand prioritizing
risks in the first link of the Persian Lime (Citrlaifolia Tanaka) AFSC in the Citrus District ofavtinez de la Torre,
Veracruz, Mexico. Using semi-structured interviemith eleven experts in integrated crop managenthtjsks were
identified and categorized into natural, pest, alise supply, and operational risks. The Decisiokiva Trial and
Evaluation Laboratory (DEMATEL) technique was apglto analyze cause-effect interactions. At theesame, Failure
Mode and Effects Analysis (FMEA) was used to ptipei these risks. The results indicate that peiisicarcity is the
most influential causal risk, while an incidence@ading 5% of trees affected by gummosis (Phytaphthpp.) has the
most excellentmost significant impact. Additionalljgh staff turnover was identified as the modical risk. These
findings give decision-makers a robust foundatmdevelop risk management plans that enhance t&CAResilience.
Such measures will help ensure a continuous fopplgand enable processing and packing compantbe isubsequent
links to meet demand, thus improving the stabdityl sustainability of the agri-food system amicgléerm disruptions.

1 Introduction Germany, Saudi Arabia, the United Kingdom, Japad, a

The Agri-Food Supply Chain (AFSC) is a cornerston&outh Korea. However, in recent years, lime culibra
of food security, economic development, and emplaym has faced a_d.verse naturql events, mc!udlng extreme
on a global scale. However, the perishability of itweathgr conditions, pests, diseases, and wruse@el_aas
products, combined with production variability cadsy Operational and supply challenges. Therefore, ityemy
climatic conditions and biological processes, matgls and assessing these risks is crucial to anticipei
management a complex challenge [1]. Identifyingnitigate their effects. _
evaluating, and prioritizing risks is essentialdeweloping While risk studies in supply chains are abundant,
effective mitigation and control strategies. particularly in the manufacturing sector, reseairchihe

Globally, stakeholders in each link of the suppipia  agri-food sector remains limited, especially foeafic
work proactively to manage these risks, ensuringgricultural products. This article addresses tap by
operational continuity and food security. Agri-foexports  identifying, evaluating, and prioritizing risks the first
play a critical role in the economy. For instaniceMay link (orchard production) of the Persian Lime AFtGhe
2023, Mexico generated USD 2.13 billion in agriasd ~ Citrus District of Martinez de la Torre, Veracridexico.
and fishing exports, ranking as the world’s 11tyést Many. risks [n this sector are _in_terdeper_wdent, which
food producer, 7th-largest agri-food exporter, ahd Makes h|erarch|cal analysis insufficient. While FA{IB
second-largest lime producer [2]. The Persian LARSC, Valuable, it does not account for causal relatigrsh
which primarily targets export markets, is partirly between criteria. DEMATEL provides a cor_nplementary
significant. The United States receives most of ieg ~ approach by identifying cause-effect relationshapsd

production, followed by Canada, France, the Nesimet$, interdependencies. This study employs both teclesigo
prioritize risks based on their likelihood of ocamce,
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detection, and impact, supported by insights fréeven Veracruz, particularly Martinez de la Torre, cdmited

experts in Persian Lime integrated crop management. 31.89% of the 53.04% of Persian lime produced m th
The results provide a robust foundation for decisio state, making it a key player in the industry [3].

makers to anticipate risks and design mitigatiahemtrol

plans that strengthen the resilience of the AFSI&zs€ 2.2 ThePersian lime AFSC

actions will ensure a continuous food supply, mbet Martinez de la Torre, located in northern Veracruz,

demand of processing and packing companies WMWexico, is bordered by municipalities such as Pépan

subsequent links, and enhance the stability artkcolutla, San Rafael, Atzalan, Misantla, Tlapacgyand

sustainability of the agri-food system amid longvte San José Acateno. Its geographical location anl soi

disruptions. climatic conditions make it ideal for Persian lime
production, with the fruit meeting the quality stands for

2 Literaturereview export to Europe and Asia. Known as "The World Gdpi

2.1 Limecultivation in Mexico of Persian Lime" the region exports to countriezhsas the

Mexico’s main lime varieties include Mexican limeUnited States, Canada, France, the Netherlands)a®gy
(Citrus aurantifolig, yellow or Italian lime Citrus lemop, ~ Saudi Arabia, the United Kingdom, Japan, and South
and Persian or seedless lim@it(us latifolia tanaky. Korea. The United States is the primary destinafmm
While Mexican lime is primarily for domestic these exports. .
consumption, ltalian and Persian limes are grown fo The Persian lime AFSC in Martinez de la Torre has
export, with Persian lime dominating in volume andhree main links as shown in Figure 1. The firstolwes
significance. In 2023, Mexico produced 3.2 millioms of ~orchard production (suppliers), the second includes
lime, with Persian lime accounting for 50.4%. OtheProcessing and packing facilities, and the thirdecs
producing states contributing to these figuresJalisco Ccommercialization.

(5.79%), Yucatan (6.58%), and Oaxaca (12.91%).

Technical i Intermediaries. : : l
Advisory i Auction at i | =
: Collection-Buying ' i National
: Points T
Nurseries i 5 : i
(Crop —— iy > ke —+ Distribution Intermediaries —#  Retail Sales
: i (Orchard) and Packers |
Propagation) : : ; i
[ " Oth i :
i < - i International
Other ) Suppliers i i
Suppliers
: st Tl ! Second Link. o
Sub-supplier Persian Lime Production P (it i

i1 Orchards : Tk Commercialization

Figure 1 Subply chain of Persian lime

This supply chain represents a significant econom@ompany or SC and include supply, process, demand,
pillar for the district and the country, as it getes logistics, financial, and collaboration risks. Bxtal risks
numerous direct and indirect jobs across its vargiages. stem from outside the SC and encompass natural4isk
However, in recent years, the cultivation of Paerdime Identifying and managing risks is crucial to redggi
has been adversely affected by climatic events thatilnerability and strengthening the SC's resilierjbé
exacerbate other challenges, such as pests, diseamb Furthermore, it fosters a risk management cultigeaa
viruses, as well as operational issues. These mslst be comprehensive business strategy across the efhidia ¢
identified and assessed proactively to anticipatel a[6].
mitigate their impact.

24 Techniquesfor RiskRisk management
2.3 Risk management SC risk management is typically divided into foeyk

Risk, in general, refers to the possibility of arphases: identification, evaluation, treatment, and
undesirable event occurring that has the potetttishuse monitoring [7,8]. These stages provide a systematic
harm. Within the Supply Chain (SC)pertains to utaer approach taddressing potential threaasd ensuring the
events or conditions that negatively impact theecliyes SC's resilience. The structure of these phasessisly
of businesses across its various stages. Risks a&(@nmarized in Figure.2
categorized aslinternal risks, which arise withire th
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Phase 1 Phase 2 Phase3 Phase4
Yes
Figure 2 Methodology for risk management (basefi7¢8i)
241 Risidentification o 25 FMEA and DEMATEL in risk management
The first phase involves pinpointing potential sskat The FMEA is a systematic method for identifying and

could affect the SC. Techniques such as checkésent assessing product, process, or system failures and
tree analysis, fault tree analysis, Ishikawa causkeffect developing improvement strategies to eliminate itigate
diagrams, and FMEA are commonly employed [8]them. The process involves identifying potentidufas or
Brainstorming sessions and expert interviews as® alrisks, identifying potential failures or risks,caestimating
helpful, though they face the limitation of struggl to their probability of occurrence (O), detection (2nd

anticipate unprecedented events [9]. severity (S). By multiplying these factors (OxDx$)e
Risk Priority Number (RPN) is calculated.
24.2 Risk evaluation Many decision-making problems cannot be structured

Risk evaluation entails determining probabilityhierarchically due to the interaction and depengenc
severity, and prioritization. Various techniquegliuding between elements at different levels. The ANP axidre
the Delphi Method or expert groups, for estimatinguch issues and has been applied in areas sudbkas r
probability and severity [8]. Analytical HierarciBrocess evaluation and supplier selection. However, as chate
(AHP), Data Envelopment Analysis (DEA), Techniqoe f [12], ANP can become complex and slow when dealing
Order of Preference by Similarity to Ideal Solutiorwith multiple elements, potentially leading to casibn.
(TOPSIS), and FMEA for calculating severity weightsl ~ As a result, the DEMATEL method is proposed as &mo
priority indices [10].For dependent risks, the Analytic efficient alternative.

Network Process (ANP) and DEMATEL are preferred The DEMATEL technique is effective for modeling the
[11]. Hybrid models, such as FMEA integrated witHR,  influence between components and analyzing cause-an
have been reported for calculating severity anoritiding ~ effect relationships within complex systems. Itgattages
risks [12]. Similarly, FMEA has been combined wkNP  have garnered significant attention in the pastadec

and DEMATEL for enhanced risk analysis [13]. making it a valuable method for solving complexipemns
and improving decision-making in various settingf3]|
243 Risk treatment Steps for Applying the DEMATEL Technique according
The risk treatment phase involves selecting ari® [15]:
implementing strategies to minimize the likelihoofl 1. Constructing the Influence Matrix

occurrence and mitigate adverse effects, guided by For each expent’,x?, ..., x™, wherem is the number
contingency theory. This phase encompasses praparatof experts,an influence-relation matrix is developed. The
response, and recovery. Strategies include maintpin weights provided by all experts are averaged using
emergency inventory, fostering cooperation betw8én Equation (1). The final matrix X, as shown in EdoRi(2),
members, enhancing flexibility and resilience, angepresents the average weights of all experts.

developing agility to anticipate risks [14].

x14x2 4™

244 Risk monitoring * m @)
Monitoring requires continuous risk-tracking to 7 B e R

evaluate control measures and adjust strategieseaed. o :” . m

Emerging technologies such as the Internet of Tshlng _ o o

(IoT), blockchain, and Artificial Intelligence (ARgnable % =|*it X o XL Lje(lont o (2)

real-time risk monitoring [10]. Key areas to assaskide _ B A

suppliers, regulations, and political/economic Hitstb e

indicators. Predictive analytics and Al techniqums
anticipate chain production, transportation, angpsu Wwhere,x;; represents the influence from thth to thej-th
chains risks [11]. attribute. The influence scale consists of fiveelsv0 (No
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influence), 1 (Low influence), 2 (Medium influence

(High influence), and 4 (Very high influence). The coordinate from Equation (8) reflects the degre
importance of a criterion within a set, the higtrer value,
2. Calculating the Normalized Influence Matrix the greater the importance. On the other hand, titoqua

To determine the value &f the maximum sum of rows (10) represents the relationship of a criteriorhvathers

or columns oK is selected, and Equation (3) is applied: and categorizes them into cause-and-effect groAps.
positive value indicates that the criterion is aseg while
1 1 } 3) a negative value signifies that it is an effeat. Figure 3.
max; X7 myj| " max; B |my;| The Area | includes causal criteria that requirengdiate
action. Areas Il and Il group irrelevant critenighich are

The normalized matrix D is obtained using Equatiomdependent and have limited influence on the syste

K = maxi']-{

(4): Area IV contains problematic criteria that neecaatibn,
D=KxX (4) but not directly, as they represent effect-drivemmeents.

As reported in [16], a formula is provided to measthe

3. Total Influence Matrix importance of each criterion. Equation (11) calmdahe

The total influence matriX is derived using Equation distances, while Equation (12) normalizes the irtgrare.
(5), wherel is the identity matrix. These calculations determine the final weightingdiMhe

criteria for the decision-making process.
T = lim (D' +D?+--+D™)=D(UI—-D)"t (5

m—-oo
(r: ; Ci)
4. Calculating Cause and Effect Values
Ther andc values are calculated to represent the sum 1 |
of the row and column values T respectively, as shown (ri+¢;)
in Equations (6) and (7), tmevalue is considered influence 0< "
andc dependence: m Wi
r = [Ti]nxl = [Z’;’:l tij]nxl;i = 1, e, (6) _v
Figure 3 DEMATEL interrelation diagram (based o7]L
¢ = [¢jlisn = [Z7=1tii]1m‘j =1,..,n (7) .
2 212
o w; = [(Ti +¢) +(r—¢) ]2 (11)
5. Threshold Value and Visualization
Wherec is the transpose, subsequently, subsequently, W, = w; (12)
=

the coordinates are calculated using Equationar(@)(9), max(1sisn,w;)
and the threshold value is determined using Equation
(10). This threshold represents the average @lathents The literature highlights various applications MEA
in the matrixT. in combination with DEMATEL: [17] integrated both
The values in celli(]) of matrix T that exceed the techniques to identify and prioritize the causefad@ires
threshold o indicate thati influencesj; otherwise, no in the photovoltaic cell industry in China. [18] ployed
significant influence exists, and these values ten them to address the root causes of malfunctions in
disregarded in the analysis. The interrelation @iagis production lines, enabling faster and more effectiv
created by plotting the values of Equation (8)lextaxis problem resolution. [19] applied DEMATEL to evaleat
and Equation (9) on theg-axis. This visualization the causal relationships among risk dimensionsinvitie
simplifies causal relationships into a valuablecture for Halal supply chain. In addition, [20] utilized FME#
decision-making. The final criteria ranking is dh&d by assess risks in a machining center and applied DEMA
sorting the values from Equations (8) and (9). dt ito analyze the influences and cause-effect relsiips
recommended that they be arranged in descendirgy ordmong those risks.
based on Equation (8) to facilitate interpretation.

3  Methodology

(rn+¢) (8) 3.1 Description
The proposed methodology consists of two phasss: ri
(rn—¢) (9) identification and risk evaluatiorFigure 4 provides a
schematic representation of the process to benfetio
_ Z?:1Z;‘l:1 tij
== (10)
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1. Identify risks =~ -------------oooo- > 2.Evaluation =~ --mommemememeeeeeeoees * 3. Prioritization
&
‘ 2.1 Probability of

i R
' | occurrence (O)
Expert Panel  -----;

. 2.2 Detection level 3.1 Risk Priority
" (D) "] FMEA Number (RPN)
2.3 Severity-
dependence index
| (S)
i Information 4
| e > e 2.5 WeightsW;
| 2.4 Risk influence 3.2 Cause-effect
————————————————————— > A —_— —>
weighting DEMATEL priority level

Figure 4 Methodology for the case study

The identification of risks, estimation of the padiility  involving small, medium, and large producers. Tk
of occurrence (Q)detection level (D)and weighting of determines fruit the fruit volume and quality and
influence are based on the input of eleven expersynchronizes its flow with the second link, conagptof
specializing in the integrated management of Peigi@e  processing and packing facilities.
cultivation. The severity-dependence level (@) (is The cultivation includes both perennial and sedsona
calculated using DEMATEL following Equation (12)crops, as well as technologically advanced farmth wi
referenced in subsection 2.5. Finally, the RPN isrigation systems. Persian lime is notable forlasger
determined through FMEA, and the cause-effedize, seedlessness, lower acidity, and high vita@in
relationships among risks are evaluated using DEMIAT content. Figure 5 provides a detailed descriptibrihe

Persian lime cultivation process.
3.2 Context of thefirstlink in the Persian lime
supply chain

The first link in the Agro-Food Supply Chain (AFSC)

of Persian lime focuses on its production in ordear

1. Crop propagation

4.Crop

2.Plant sale — 3. Planting —
(Nursery) management
l Traditional
5. Harvesting
External 41 l
Certified 6. Commercialization

Figure 5 Persian lime cultivation process

The propagation of Persian lime involves activities transplanted into the orchard. Subsequently, iategr
reproduce the plant in nurseries. These nursedasbe crop management is conducted, including pest chntro
either internal, owned by producers, or exterradu$ed weed management, nutrition, pruning, and irrigaifdhe
on production and commercialization. External niiese necessary technology is available. Harvestingrifopaed
can be certified, complying with NOM-079-SAG/FITO-manually by a team of workers, who select the fruit
2017, or traditional, which do not follow regulai® according to the quality standards required by mack
Propagation is carried out through grafting ontmistocks facilities. Harvested limes are placed in 25 kgsfda
resistant to pests, diseases, and adverse comdiftiice crates, and after collection, they are transporied
the nursery plant reaches adequate developmeris, itcommercialization.
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3.3 Riskidentification Each expert assessed the probability of occurré@ye
In this initial phase, 11 experts in integrated pcroand the detection level (D) for the FMEA techniqiiae
management, identified as E1 through E11, wemdrect influence matrixX was calculated using Equations
consulted. According to [21], the recommended nurobe (1) and (2), the matri® using (3) and (4), and the total
experts ranges from 7 to 30. A total of 53 poténteks influence matrixT using (5). Calculations were performed

were identified through semi-structured intervie@se to  using GNU Octave.
space constraints, all identified risks are inctlsreAnnex Coordinates were derived using Equations (8) apd (9
1 at the end of the document. Economic thresholds fand the threshold value=0.009 was calculated using
citrus pests and diseases were established usistyittest Equation (10). All values in matriX below the threshold
averages provided by the experts, which may dfftan  were filtered out, resulting in a refined matfix The final
the existing literature. This study focuses execteisi on weights W for each criterion, representing tiseverity
pests and diseases posing significant risks tddPelisme  level (S) for FMEA evaluation, were determined using
cultivation in the Citrus District of Martinez dea Torre, Equation (12). Complete results from FMEA and
which notably impact production and quality, potglhiy DEMATEL are provided in Annex.1
causing severe disruptions in the SC.
4 Resultsand discussion

34 Risk evaluation The results are divided into two sections: Thet firse

For this step, measurement scales were defined asttbws findings obtained through the DEMATEL
adapted from [22]. Risk probability was classifai very technique, while the second focuses on results fiteen
high, high, medium, low, and very low, correspoigdia FMEA analysis.
occurrences on a weekly, monthly, quarterly, semnidal,
and annual or longer basis, with weights of 9,,733,%and 4.1 Resultsfrom DEMATEL
1, respectively. Detection level was stratified as: The 53 evaluated risks form a complex network,
impossible, low, moderate, high, and specific, wihights making a tabular analysis challenging. Therefotes t
of 9, 7, 5, 3, and 1, respectively. These categaa@ge interrelation diagram described in Section 2.5 was
from undetectable to easily detectable withoutiaiffy. employed. Figure 6 presents this diagram, genetetied
Influence was categorized as none, low, moderagh, h R Software, illustrating the final influence netkoas
and very high, with weights of 0, 1, 2, 3, and 4. shown below.

R33>R1> R38>R6>R10>R41>--- > R4>R27> R15> R26 > R21> R22

i R1

o)
(=) 4 II R6 I R33|
- R9p4 R38
0 wn 2
g

R39
RAD RS R34
R47 R35 g

o _| . aefFr R5 R, : R10 (’, +CJ)
o Ré@s R51 @ R37 Ra---- s === e e e --

R209 R30

R19
Fin 16 @ R R11 @ RIS
0 R12
o Redsy fRRe7
: III R2g) Rt v
R22
T T T T
0.0 0.5 1.0 1:5

Figure 6 Final cause-and-effect interrelation map

Areas | and Il encompass the causal risks thateénfte  Although its probability is low, the impact on ceowould
others, while Areas Ill and IV group the effeckaswhich be severe, as pests and diseases cannot be amhtroll

are more influenced than they influence. without pesticides. This issue primarily affects atim
medium, and micro producers who lack the capital fo
411 High-influence causal risks maintaining safety stock. For large producers,shistage

The most influential causal risks are:is more associated with financial policies and piag
R33>R1>R38>R6>R10>R41>R9>R34, most of which artilures, linked to the risk of "Excessive time fesource
operational in nature. The most significant risktli® authorization for purchasing inputs" (R49). The rapgl
"Shortage of pesticides in commercial stores" (R33)
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process, which may take three to five days, allpesisto 4.1.2  Low-influence causal risks
proliferate, worsening crop damage. Section Il of Figure 6 includes low-influence cadusa
The second most influential risk is "Hurricane imoda risks that affect fewer risks but should still lideessed.
(R1). Hurricanes can cause fruit drop in variowsygh and These risks are: R35>R39>R2>R3>R8>R7>R42>R40>
flowering stages, uproot trees, damage plantsauértd, R5>R47>R43>R49>R32>R52>R53>R48>R50.
and interrupt harvest and commercialization ad#igit Risks like R35, R39, R40, R8, R7 and R5 were
They can also destroy transportation infrastructame, previously discussed. The risk of "An earthqualk2)(has
with heavy rains, increase vulnerability to fungah very low probability, as the region is not inesmic
infections, root rot, and waterlogging damage. Tliteic  zone, although seismic waves have been felt. ¢tsding
District is highly vulnerable to such events, asrswith catastrophic effects such as damage to infrasteictod
hurricanes like Janet (1955), Gilberto (1988), $2005), communication routes, injuries, loss of life, opienaal
Karl (2010), and more recently, Grace, which hiame interruptions, and labor absenteeism.

Tecolutla, Veracruz, on August 21, 2021. "Heavy rainfall (>30 mm/h)" (R3) can occur in isi@d,
Similarly, "High employee turnover" (R38) is reldt®®  atypical events, such as tropical storms, or iresevo
decreasing workers willing to perform field actieg. Low extreme conditions, between May and October,

labor supply against high demand drives workers fearticularly from August to October. Intense raias lead
demand better wages and conditions, leading td slwwk to  "Hydrometeorological flooding or hydraulic
periods, high turnover, and potential labor dispuiEhis infrastructure failures" (R4), especially in loneas near
situation is worsened by absenteeism during lastals rivers or rapid-response streams. The Martinea deire

and traditions. Labor is crucial for productiordiog large municipality has declared emergency zones on severa
producers to seek workers from neighboring comnasjit occasions due to these phenomena. Combined with
which raises production costs due to transportafR®8 is humidity, these conditions promote the proliferatiof
linked to other risks such as "Shortage of openafistaff* pests and diseases in citrus crops.

(R34), "Shortage of specialized human resource85)R “Interruption or closure of operations due to non-
"High labor absenteeism" (R39), and "Operationadompliance with regulations" (R42) is a low-probypi
disruptions due to internal conflicts" (R40). risk; however, if it occurs, it could severely ingpa

The warm, humid climate of the Martinez de la Torr@roduction, resulting in reduced yields and ecomomi
Citric District experiences winter temperatured@g as losses due to fines. This risk is linked to th&latpermits
2°C (December 24, 1989) and spring-summer tempesatufor operating deep wells and non-compliance with
reaching up to 43.5°C (April 27, 2011) [23]. Thizates agricultural, labor, and environmental regulations.
risks such as: "High temperatures" (35°C-39°C t6°€) “Insufficient processing capacity for integratedstpe
(R6), "Low temperatures” (<4°C extreme) (R7)and disease management" (R47) affects small antimed
"Temperature shifts" (from 22°C-27°C to 28°C-35fCL¢  sized producers who lack the resources to invest in
2 days) (R9), and "Drought (abnormal to extrem&B5)( machinery and tools. This risk is like "Insufficten
Though the region is not officially at risk of estne technological resources for pest and disease mngto
drought, [23] reports indicate abnormal to moderatR45).

droughts from April to October, occasionally reachi The "Financial impact of crime and insecurity" (iR43
severe to extreme levels. This creates a low hbeld of manifests as fruit theft and assaults, forcing poeds to
"Water scarcity or depletion of supply sources")(R8 increase their security expenses. The "Excesgive for

The "Impact of a pandemic, epidemic, or seasonéihancial resource authorization" (R49) mainly affe
illnesses" (R10) affects the entire supply chaime T large producers; bureaucracy can delay the purcbfse
COVID-19 health emergency, for instance, negativelinputs, exacerbating pest damage. "Acquiring nyrser
impacted the global economy, restricted workeplants carrying diseases" (R32) is a latent riskeeially
movement, altered demand, and caused productiaien buying plants from uncertified nurseries, Whian
shutdowns. These disruptions in supply chains ted propagate undetectable diseases.
shortages of essential products. It is vital focisien- The "Lack of knowledge in integrated crop
makers to design contingency plans to increasenbssi management” (R53) is common among small producers
resilience, considering other events, such as dengwho rely on inherited practices and lack the resesito
outbreaks in the warm, humid zone, leading to labdire specialized technicians. This risk relates to
absenteeism. The "Operational disruptions due tereal "Inadequate nutritional management of the planB2R
socio-organizational conflicts and/or  stakeholderd ack of phytosanitary care after pruning" (R4&hnhd
(protests, demonstrations)" (R41) is a low-prolighilsk, "Operational failures in integrated pest managefnent
although its frequency is increasing. Protests matl (R44). The first is critical since a well-nourishplnt is
closures due to insecurity and political issues balt more resistant to pests; the second arises frorigaage
orchard activities for hours or days, delaying seied that facilitates the entry of diseases, while thiedtstems
operations. from poor planning and organization.
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Finally, "Pesticide restrictions in the market" (R8s a [24]. It leads to shoot necrosis and defoliatiooteptially
low-probability but high-impact risk. Restrictiofemce the spreading to roots and killing the plant. “Greappts
use of more expensive, potentially less effectiradpcts, (R26) primarily affects leaves, causing black spatsl
which can reduce yields. Continued use of banned premature defoliation, reducing fruit yield by 2@6045%
restricted pesticides risks export bans, prodyettiens, [25]. “Anthracnose” (R21) leads to flower and frditop,

or fines for pesticide residue detection. resulting in significant production losses.
Some pests promote the development of other disease
413 Low-effect risks For instance, "Sooty mold" (R29) arises from sugary

The risks classified as low effect are:secretions of pests like the Diaphorina citri (R15)
R46>R45>R51>R20>R28>R13>R24>R44>R30>R18> Mealybug (R19), Snow scale (R17) and the Blackfly
R31>R16>R19>R12>R17>R37>R14>R25>R11>R36> (R20). Diaphorina citri is also the vector for HI(B23), a
R23>R29>R4>R27>R15>R26>R21. In Quadrant Il oflevastating citrus disease that decreases yieldkisd
Figure 6, these risks mostly involve citrus pestsl a trees [25]. This destructive invasive species passs/ere
diseases, influenced by climatic factors and paopc threat to the citrus industry. Another economically
management. impactful disease is the "Citrus tristeza virus"3{R

The group includes "Failures in agricultural maein mainly spread by aphids such as the "brown citplsdd
and equipment" (R46), an independent event, simdar (R30).

"Insufficient technological resources for pest aliskbase Lastly, reference must be made to area IV in Figyre
monitoring" (R45). However, both can be influendgd highlighting high-effect risks that require attemti but
other risks, significantly impacting crops. The saapplies cannot be improved without addressing their cartisks
to "Accidental orchard fire" (R51) and other darsgike first. This group includes "Incidence above 5% rafes
R37, R36, R44andR4. with Gummosis" (R22), a fungal disease respondiie

The topic of citrus pests and diseases is extenbite 10% to 30% of citrus crop losses [26].
only some are briefly described. Most are influehby
natural risks such as hurricanes (R1), heavy réR®, 4.2 Resultsobtained with FMEA
floods (R4), high temperatures (R6), low tempeedur  The Pareto Law was applied to identify the 20%sisk
(R7), abrupt temperature changes (R9), droughts @8 responsible for 80% of the consequences. This gngup
water scarcity (R8)For example, "Sectorial streaking"illustrated in Figure 7, includes risks R38, R227R...,
(R28) is associated with heat stress and wateteghes, R28,and R18. Full FMEA results can be found in Annex 1
causing chlorotic spots and potentially tree deatith at the end of the document. It is important to rib& the
symptoms  like "Huanglongbing (HLB)" (R23), FMEA evaluates the Probability of Occurrence (QJ tire
complicating diagnosis. Other risks influenced lijmatic  Detection Level (D), which can result in high RPN.
factors include Green stink bug (R13), Scab (REA¥ips However, it is essential to determine whether ik is
(R16), Sooty mold or arador (R12), Red spider ifte4), causal or an effect. If a risk is an effect, causis must
Melanosis (R25) and White mite (R11). be identified and prioritized for mitigation basex their

Among fungal diseases associated with high humidif) PN values. Therefore, priority should be given to
are: “Dieback” (R27) which causes annual lossespafo  addressing all causal dangers first.

35% of Persian lime trees, reducing production B%06

Pareto Chart. RPN from FMEA

25.000 100%
90%

20.000 80%
70%
15.000 60%
50%
10.000 40%

30%

Risk Priority Number

5.000 20%
10%

0.000 0%

Figure 7 Pareto diagram, results from FMEA
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The highest-priority risk identified is “High emplee Effect-group risks are primarily those of naturagm,
turnover” (R38) followed by “Incidence of more than 5% such as pests and diseases, which are influencatleby
of trees with Gomosis” (R22). Gomosis, a high-imipask  causal risks mentioned earlier. A total of 27 loffeet
identified through DEMATEL analysis, is influenceég risks were identified, with the most notable beiaijures
causal risks such as R1, R3, R4, R5, R6, R7, R®, &1d in agricultural machinery and equipmennsufficient
R27, which must be addressed first to manage féstsf technological resources, and accidental orchaeg.fifhe
The third priority is “Dieback” (R27)an effect-driven risk remainder pertains to citrus pests and diseasesbNop
linked to natural causes. Similarly, HLB (R23) imther only one risk is classified as having high influena fungal
effect-based risk that requires controlling its teec disease known as Gomosis.

Diaphorina citri (R15) “Anthracnose” (R21) is another = Regarding risk prioritization through FMEA, 25 risk
effect-driven risk caused by natural factors. account for 80% of the consequences. Among thesares

Among causal risks within the critical 80%, thoseconsidered high-influence causes, and two are low-
requiring priority intervention are: “High employeeinfluence causes. These include a high turnover of
turnover” (R38), “Scarcity of pesticides in commatc operational personnel, shortages of pesticidesteshes of
outlets” (R33), “Lack of field workers for diverdasks” operational personnel, abrupt temperature chariggh,
(R34), “Sudden temperature changes” (from 22°C-28°C temperatures, operational interruptions due to reate
28°C-35°C in 1-2 days) (R9), “High temperatures39@- socio-organizational conflicts, shortages,scarcitf
39°C to >45°C) (R6), “Operational disruptions dwe tspecialized human resources, and high labor ateente
social-organizational conflicts (protests, demaigins)” The remaining 17 risks are effect-based and depend
(R41). The low-influence causal risks includ8hortage addressing the causal risks.
of specialized human resources” (R35) and the “High Risks with the lowest RPN include a lack of knovged
absenteeism” (R39), all other risks are effect-baste about integrated crop managementnsufficient
least critical risks include R51, R45, R52, R538Rdnd phytosanitary care after tree pruning, and restgcbr

R50. prohibiting certain pesticides in the target market. This
study involved input and evaluations from elevepegis
4.3 Discussion who assessed risks based on defined scales. Hgowever

This study aimed to identify, evaluate, and pripeit potential ir]dividua.l bias influenced .by persongbesience
risks based on their interdependencies and cateet-ef OF Perceptions of risks that do not directly affibetm could
relationships. Data from eleven experts in integtatrop MpPact the results. Limited openness to disseno als
management were processed using DEMATEL fdpighlights an area for improvement in the quakti
interdependence analysis and FMEA for prioritizatis3 Methodology. o S
risks were assessed and categorized as naturatefed, The lack of comprehenswe literature on _nsks mftl’;t
disease-related, supply-related, and operatiosks ri stage of the Persian lime supply chain complicates

The results were categorized into high- and |0\A;_:ompar|sonSW|t.h previous studies. Neverth_el_essv\thr_k
influence causes and low- and high-impact effettsong ~ Provides essential literature to support decisi@kens in
the high-influence causes, eight risks were idietjfwith designing risk mitigation strategies. A(:_idltlpnaill)/serves
the scarcity of pesticides in commercial outletnding @S an academic reference for validating results and
out. Although its likelihood of occurrence is lovts —techniques in future studies, offering a clearespective
realization could significantly impact the crop.for more effective risk management.

Additionally, the effects of hurricanes, high terrgtares, .

and sudden temperature changes directly influehee 44 Conclusions _

spread of pests and diseases in citrus crops. Merethe ~~ The results obtained are satisfactory. Experts
pandemic, operational disruptions due to socidlighlighted notable consistency between the caases
Organizationa| ConflictS’ workforce Shortages’ d‘ngh effects of the risksand prlorltllzatlon based OnlmlhOOd
employee turnover negatively affect the normaPfoccurrence and the severity of damage, primaslysed
progression of harvest and commercialization diivi by pests and diseases in crops. Currently, thedtitee on

17 risks were classified as low-influence causet) w Pest and disease control is fragmented, comprisoigted
Operationa| risks predominating, followed by naltura Or outdated studies. Therefore, district. This doent
origin risks to a lesser extent. These risks affetimited should update economic thresholds, present the best
number of factors; some are considered independefigatments and practices, and address the risksiatesi
Among them are shortages of specialized persphigi ~ With the crop. . _ o
emp|0yee absenteeism' aseismic eventdNatural riskS, The Persian lime SC is a crucial economic pl"anm
such as intense rainfa“ water Scarcity, and low Martinez de la Torre Citrus DiStriCt, Veracruz, anelxico.
temperatures, are of particular concern due tor thdf generates numerous direct and indirect jobs sacits

significant impact on the proliferation of pestsdan links. The production and commercialization of tfrisit
diseases. have significant economic value for producers and

intermediaries, with payments made immediatelyhat t
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time of sale at auction. Furthermore, as a perécnigp,
Persian lime allows for near-year-round harvests.

May, [Online], Available: http://www.gob.mx/agridul
ura/prensa/crecen-4-9-exportaciones-agropecuafias-y

To meet international market demands, the number of pesqueras-en-mayo [29 Jun 2023], 2023.
planted hectares and packing houses in the regioedases [3] Agricultural and Fisheries Information Servigg-I1S),

annually. In 2020, Mexico ranked as the world'sosee

largest lime producer, with Martinez de la Torre
contributing 31.85% of Veracruz's state production.
[4] SHAHBAZ, M., SOHU, S., KHASKHELLY, F.,

However, in recent years, the crop has faced asefi

natural events related to adverse climatic comitipests,

Statistical Yearbook of Agricultural Production,
[Online], Available: https://nube.siap.gob.mx/ceag
ricola/ [19 Jun 2024], 2024.

BANO, A., SOOMRO, M. A Novel Classification of

diseases, and viruses and operational and supply Supply Chain Risks, A Review,Engineering,

challenges. Consequently, identifying and assegbiese
risks is essential to anticipate their effects.

Technology & Applied Science Researafol. 9, No.
3, pp. 4301-4305, 2019.

Given the significance of the Persian lime SC, https://doi.org/10.48084/etasr.2781

identifying, evaluating, and prioritizing risks the first

link (orchard production) of the supply chain ineth

Martinez de la Torre Citrus District, Veracruz, Max is
of particular interest, as this link ensures supjolythe
second link (processors and packing houses). Tategy

[5] BOGATAJ, D., BOGATAJ, M.: Measuring the supply

chain risk and vulnerability in frequency space,
International Journal of Production Economjcgol.
108, No. 1-2, pp. 291-301, 2007.
https://doi.org/10.1016/].ijpe.2006.12.017

for addressing these risks will depend on individug6] NEL, J., SIMON, H.: Introducing a process fadical
producers and decision-makers. However, the common supply chain risk managememtternational Journal

goal is to mitigate their impact and reduce th&elihood
of occurrence.

This study provides decision-makers with a fourafati

of Business Performance Manageméfdl. 21, No. 1-
2, pp. 149-165, 2020.
https://doi.org/10.1504/1JBPM.2020.106120

for designing risk management plans that strengthen [7] FAN, Y., STEVENSON, M.: A review of supply chrai

supply chain's resilience. These actions will easilne
continuous food supply and enable processing ackinm

risk management: definition, theory, and research
agendanternational Journal of Physical Distribution

companies in the second link to meet demand, thereb & Logistics Managemenvol. 48, No. 3, pp. 205-230,

enhancing the stability and sustainability of tigeoafood
system against long-term disruptions.
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Annexes
Annex 1 DEMATEL and FMEA evaluation results

Legend: "Type" classifies the risk as 1 = intermadl 2 = external. C-E refers to cause-effect:

CBausal with high

influence, CB = Causal with low influence, EB = Leffect, EA = High effect.

. FMEA DEMATEL
2 —
pI REEIS P | D [ swj) | RPN [Rani| ritci | ri-ci |Rani C-E
R1 |Impact of a hurrican 2/1.00C| 3.66€| 0.971: | 3.561 | 298 | 1.3807 | 1.3247 | 2
R2 |Impact of an earthqual 2/1.00(| 7.33%]| 0.4027 | 2.95( | 35 | 0.560f | 0.560f | 11 | CB
R3 |Intense rainfall, exceeding 30 mm/h. 2 |2.666| 3.666| 0.3113| 3.044 | 33 | 0.5396| 0.2916| 12 | CB
R4 _Hydrometeorologlcal flooding or failures in hydrgwul 2| 2000l 5.000! 03037| 3.037 | 34 | 05068 -0.0425 48 | EB
= infrastructure
S| R5 |Abnormal to extreme drought (lack of rainfe 214.33:|3.33%| 0173 | 2.501 | 37 | 0.332( | 0.078« | 17 | CB
G High temperatures, intense heat (35°C-39°C), very|
> ) )
R6 high (40°C-44°C) to extreme (45°C or more). 2 |4.000| 3.333| 0.7391| 9.854 | 10 | 1.0297| 1.0297| 4
Low temperatures, moderate (20°C-15°C), strong
R7 |(14°C-10°C), very strong (9°C-5°C), extreme below 2 | 2.000| 3.333| 0.3693 | 2.462 | 38 | 0.5145| 0.5145| 14 | CB
4°C.
R8 [Water scarcity or depletion of the water supplyrse | 2 | 3.00C | 3.33% | 0.272¢ | 2.72¢ | 36 | 0.535¢ | 0.042: | 13 | CB
~ 465 ~

Copyright © Acta Logistica, www.actalogistica.eu



Acta logistica

Volume:

- International Scientific Journal about Logistics

12 2025 Issue: 3 Pages: 455-467

ISSN 1339-5629

Persian lime in Veracruz

Comprehensive risk management in agricultural supply chains: strategies and approaches - case of

Isaias Julian Sarmiento, Diana Sanchez-Partida, Enrique-Gabriel Baquela, Santiago-Omar Caballero-Morales

Copyright © Acta Logistica, www.actalogistica.eu

Temperature changes in a short period, from cool
R9 |22°C-27°C to heat 28°C-35°C or more within 1to 2 2 | 5.333| 3.000| 0.6610|10.576 | 8 | 0.9209| 0.9209| 7
days
Impact of a pandemic, epidemic, or seasonal diseq
R10 |(can impact labor shortages, absenteeism, andityo| 2 | 1.666| 5.333| 0.4998| 4.443 | 27 | 0.9840| 0.0374| 5
restrictions)
Ry [lncidence greater than 2ufémof White mitg , | 5| 4333| 0.3216| 6.968 | 17 | 0.5209 | -0.3608| 44 | EB
(Polyphagotarsonemus lai)
R12 (Incidence greater than 3u/enf Citrus blackfly 2 | 4.333| 4.333| 0.3049| 5.725 | 20 | 0.4248| -0.4248| 39 | EB
(Phyllocoptruta oleivora
R13 E{ﬁzﬁg)ceOfC'“”Sgreens"”kb@q“emmm“s 2 | 3.333/ 5.000| 0.1961| 3.268 | 31 | 0.2732| -0.2732| 31 | EB
R14 |Incidence greater than 3u/énf Red spidermite on | , | 5 3331 3 666| 0.3587| 7.014 | 16 | 0.4997 | -0.4997| 42 | EB
fruit (Panonychus cit)
al| R15 Presence‘ofAS|ancnruspsylllEDl(aphonnacnn > | 6.666! 4.000! 0.3618| 9647 | 11 | 0.6157 | -0.3591| 50 | EB
2 Kuwayami) on new shoo.
2| R16 L’;ﬁl'gae:ﬁ;greate”ha” 1u/ewf Thrips Pezothrips | 5 | g 3331 4 000| 0.2718| 6.885 | 18 | 0.3787|-0.3787| 37 | EB
R17 |Presence cSnow scal (Unaspis citr) 2 14.33:|4.00(| 0.291¢ | 5.05¢ | 23 | 0.469¢ | -0.331f| 4C | EB
R18 Igfvzfos(ince of leaf miner (Phyllocnistis citrelfa) |, | 5 56| 4 000| 0.2404| 4.809 | 25 | 0.3350| -0.3350| 35 | EB
R1g |Incidence greater than 2 Mealybuganococus Cith | , | 3 3331 4 333| 0.2400| 3.466 | 30 | 0.3905 | -0.2665| 38 | EB
per sampled plant.
Presence of Citrus blackflAleurocanthus woglumi
R20 |(Proposed by E5; it affected citrus cultivatiorttie 2| 2.666| 4.333| 0.1577| 1.822 | 42 | 0.2485|-0.1865| 29 | EB
region in 2004).
Incidence greater than 5% of Anthracnose
R21 |(Colletotrichum gloeosporoidgper sampled tree 2 | 5.666| 5.000| 0.4986| 14.128| 5 | 0.7221|-0.6661| 52 | EB
during flowering.
: 3 = :
R22 Incidence greater than 5% of trees with Gummaosis > | 5666l 5333 06755| 20.416| 2 | 0.98621-0.8939] 53 | EA
(Phytophthora spp.
Incidence greater than 3% of trees showing visible
R23 |signs of damage caused by citrus Greeqisgase 2 | 5.666| 7.000| 0.3846| 15.256| 4 | 0.5698|-0.4996| 46 | EB
(Huanglongbing Candidatus liberibacter asiaticits
: 0 =
R24 Incidence greater than 2% of fruits with citrus ISca > | 3.666! 5.666! 02009| 4361 | 28 | 0.2924| -0.2924] 32 | EB
(Sphaceloma fawce).
: 3 =
R25 |Incidence greater than 3% of rees with melanoma, , | 5 6661 6 333| 0.3686| 8.559 | 13 | 05135 | -0.5135| 43 | EB
(Diaporthe citr).
(%] A 0 =
8| Rop |Incidence greater than 4% of trees with Greasysspq , | 4 333 5.000| 0.4704| 10.193| 9 | 0.6554| -0.6554| 51 | EB
s (Mycosphaerella citji
.toﬁ Incidence greater than 2% of the plantation shows
visible signs of damage caused by Dieback }
R27 (Lasiodiplodia theobromaandFomitopsis meliagthe 2 || 2098 d=8) BALEs) e | Sell| W) 0ailen) 29|
causative fungi)
Incidence greater than 2% of the plantation showin|
R28 |visible signs of damage caused by Sectorial streak| 2 | 4.666| 5.666| 0.1911| 5.052 | 24 | 0.2662| -0.2662| 30 | EB
(wood pocke).
: 3 = :
R2g |Incidence greater than 3% of fruits per tree WS | , | 5 333/ 5 333| 0.4009| 7.127 | 15 | 0.5820 | -0.5340| 47 | EB
mold (Capnodium citr).
: — : > : :
R3g |Incidence of 2-3 unitsem? of the plantation with | 5 | 4 50| 4.000( 0.1885| 3.167 | 32 | 0.3224 | -0.1844| 34 | EB
Brown citrusaphid {Toxoptera citricida.
Incidence greater than 2% of the plantation showin
R31 |visible signs of damage caused by citrus Tristézssy| 2 | 2.666| 8.000| 0.2532| 5.401 | 22 | 0.3527|-0.3527| 36 | EB
(Citrus tristeza viru, severe strain’
Rag [hodusition of nursery plants carrying undetectable| ; | 5 509| 7.666| 0.0446| 1.708 | 43 | 0.0621| 0.0621| 21 | CB
R3Z |Shortage of pesticides in commercial sto 2| 3.337| 3.66€| 1.000( | 12.22: | 6 | 1.704¢ | 0.988: | 1
—; R34 |Shortage of operational staff for various fieldiates.| 2 | 6.66¢ | 4.00( | 0.458: | 12.21% | 7 | 0.866¢ | 0.252° | 8
2 = =
3| Ras Shortage of specialized human resources (techsici 5| a666! 4666! 03589| 7.817 | 14 | 0.6967| 0.1214| 9 CB
tractor operators, prunel
R3e |Shortage of special spare parts for machinery or | , | 4 g66| 4 333| 0.2828| 5.719 | 21 | 0.5572|-0.0032| 45 | EB
agricultural equipmen
.| R37 |Fuel shortages (diesel or gasolir 2 |2.33%| 3.66€| 0.2497 | 2.137 | 4C | 0.485¢{ | -0.075 | 41 | EB
S | R38 [High turnover of personnel. 1] 5.666]5.000] 0.7379] 20.907| 1 | 1.1059] 0.9437| 3 |NCAN
‘g |_R3¢ |High absenteeisn 1/5.00(]|5.00(]| 0.3857 | 9.63z | 12 | 0.681« | 0.334¢ | 1C | CB
o R40 Operatlonal|nterrup'(|0nsdueto|nterna|<’:onﬂ|cts 212333 3.666| 0.2142| 1.832 | 41 | 0.3642| 0.2132| 16 | CB
@) (work stoppages, strikes, protests, sabote
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Operational interruptions due to external socio-
R41 |organizational conflicts and/or stakeholder actions | 2 | 2.333| 4.000| 0.6582| 6.143 | 19 | 0.9507| 0.8821| 6
(protests, demonstration:
Operational interruptions or shutdowns due to non-
R42 |compliance with national and international laws an¢ 2 | 2.000| 3.000| 0.3659| 2.195 | 39 | 0.5098| 0.5098| 15 | CB
regulations
Negative financial impact due to crime and insegur
(theft, kidnapping, additional security costs, el
Operational failures in integrated pest and disease
R44 |management (poor monitoring, delayed interventio| 1 |3.6667 5.666| 0.2312| 4.804 | 26 | 0.3221|-0.3221| 33 | EB
etc.).
Insufficient technological resources are needed to
support pest and disease monitoring and predicii®
well as climatic conditions (systems, software,
technology)
Failures in main agricultural machinery and equiptr]
(tractors, implements, pumps, et
Insufficient capacity for integrated pest and dégea
R47 |management (limited resources, conventional 1|5.333| 2.333| 0.0919| 1.143 | 47 | 0.1280| 0.1280| 18 | CB
machinery, equipment, and tool
R48 |Lack of phytosanitary attention after tree pruning. | 1 | 5.333| 3.333| 0.0000| 0.000 | 52 | 0.0000| 0.0000| 24 | CB
Excessive time is required for financial resource
R49 |approval to purchase pesticides and fertilizers 1| 7.000| 3.666| 0.0495| 1.271 | 45 | 0.0690| 0.0690| 20 | CB
(bureaucracy, extensive paperwork, or hierarchy).
Restriction or prohibition of pesticide moleculeshe
destination market.
Rs1 |AAccidental orchard fire (due to grassland or SU@aec| , | 4 333| 6 000| 0.1101| 0.881 | 48 | 0.2023| -0.0783| 28 | EB
field burning or drought
R52 |Improper nutritional management of plants. 1| 3.666| 5.666| 0.0223| 0.462 | 50 | 0.0310| 0.0310| 22 | CB

rs3 |Lack of knowledge of integrated crop management , | 4 545| 4 333| 0.0201| 0.348 | 51 | 0.0280| 0.0280| 23 | cB
(control of pests, diseases, and nutritic

R43 2| 4.333| 5.000| 0.0574| 1.244 | 46 | 0.0800| 0.0800| 19 | CB

R45 1|7.000|1.666| 0.0527| 0.614 | 49 | 0.0734|-0.0734| 27 | EB

R46 1|6.000| 5.666| 0.0405| 1.376 | 44 | 0.0564|-0.0564| 26 | EB

R50 2| 2.000| 3.000| 0.0000| 0.000 | 53 | 0.0000| 0.0000| 25 | CB
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