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Abstract

Aflatoxin M1 (AFM)) is a carcinogenic milk contaminant and a persistent food safety con-
cern in Serbia, especially under changing climate conditions that exacerbate contamina-
tion risks. This review synthesizes national research conducted between 2012 and 2024,
covering more than thirty thousand analyzed milk and dairy samples, to evaluate AFM1
contamination, public health risks, and the need for structured risk ranking and prioriti-
zation frameworks recommended by the Food and Agriculture Organization (FAO) and
the European Food Safety Authority (EFSA). A systematic analysis of Serbian studies ex-
plored AFM1 occurrence, dietary exposure, and health risk estimates across population
groups. The evidence reveals persistent AFM1 contamination with pronounced seasonal
peaks during drought years and winter months, frequently exceeding the EU maximum
limit of 0.05 pg/kg. Recent multi-year studies confirm that climate-driven AFB1 contami-
nation in maize and compound feed remains a significant and recurring source of AFM1
in milk, highlighting the necessity of structured risk prioritization frameworks. Exposure
assessments highlight children and students as the most vulnerable groups, displaying
the highest estimated daily intake. Although current margin of exposure (MOE) values
remain within acceptable limits, the persistence of contamination underscores a need for
proactive risk management. Adoption of FAO and EFSA risk-ranking methodologies
would enhance monitoring efficiency, protect high-risk populations, and support align-
ment with EU standards. Implementing structured risk prioritization is crucial for
strengthening Serbia’s food safety governance, guiding policy decisions, and reducing the
health burden of AFM: in the dairy sector.

Keywords: aflatoxin M1; milk; food safety; risk ranking; risk prioritisation; predictive
modeling; climate change

Key Contribution: This paper emphasizes the importance of risk ranking and prioritiza-
tion of aflatoxin M1 in the dairy production chain, based on FAO and EFSA methodolo-
gies. By applying these principles, it supports the development of risk-based monitoring,
control, and inspection systems, thereby strengthening national food safety and public
health programs.
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1. Introduction

Mycotoxins such as aflatoxins (AFs) represent a serious food safety concern world-
wide. AFs are toxic secondary metabolites produced predominantly by Aspergillus fungi
(especially A. flavus and A. parasiticus) that commonly contaminate crops like maize, pea-
nuts, and other feeds [1]. Among these toxins, aflatoxin B1 (AFB1) is the most potent, clas-
sified as a Group 1 carcinogen by the International Agency for Research on Cancer (IARC)
[2]. When dairy cattle ingest AFB1-contaminated feed, the toxin is metabolized in the liver
to aflatoxin M1 (AFM1) and excreted into the milk. Although AFM1 is a hydroxylated de-
rivative and less acutely toxic (10%) than AFBjy, it retains significant genotoxic and hepa-
totoxic potential [3]. Notably, AFM1 is also thermally stable, meaning typical heat treat-
ments (pasteurization or boiling) do not effectively destroy it [4]. This combination of car-
cinogenicity and thermal resistance makes AFM1 contamination of milk a critical food
safety issue, particularly given milk’s dietary importance for infants and children.

The carcinogenicity of AFs, particularly their role in liver cancer, has been well estab-
lished for more than six decades, with epidemiological and molecular evidence consist-
ently demonstrating that exposure to AFs contributes to the development of hepatocellu-
lar carcinoma [5]. Global burden assessments indicate that exposure to AFs accounts for
an estimated 5-28% of hepatocellular carcinoma cases, representing over 100,000 new
cases annually, with the greatest impact observed in sub-Saharan Africa, Southeast Asia,
and China, where high HBV prevalence coincides with widespread dietary contamination
[6]. Beyond carcinogenesis, accumulating evidence links chronic AFs exposure to immune
suppression [7] and impaired growth in children [8,9]. Because milk and dairy products
are widely consumed across all age groups, and children in particular ingest milk fre-
quently relative to their body weight, they are especially vulnerable to the chronic health
risks of AFM1 exposure [10,11]. Evidence from a global 32-year review shows that AFM:
contamination of milk is widespread and recurrent, underscoring its significance as a per-
sistent worldwide food safety challenge and emphasizing the need for strong preventive
measures to limit its entry into the dairy food chain [12,13].

In the past two decades, climate changes have introduced prolonged hot and dry
periods not typical of Serbia’s earlier climate, thereby creating highly favorable agrome-
teorological conditions for AFs formation. Early surveillance studies [14] conducted be-
tween 2008 and 2012 reported markedly elevated frequencies of Aspergillus flavus in maize
and other crops during years characterized by heat stress and severe drought, indicating
a shift toward agroecological conditions that facilitate AFs production. These early signals
culminated in the extreme heat and drought of 2012, which resulted in markedly elevated
AFB: concentrations in maize and, consequently, increased AFM: transfer into milk. In
early 2013, routine monitoring [15] showed that a substantial proportion (76%) of different
types of milk exceeded the EU maximum limit for AFM1 (0.05 pg/kg) [16], thereby trig-
gering a major national food safety incident. To mitigate the associated market imbalance
and maintain consumer protection, Serbian authorities implemented emergency regula-
tory measures, temporarily increasing the national AFM: limit from 0.05 to 0.5 pg/kg [17],
underscoring both the severity of the incident and the economic pressures facing the dairy
sector.

In the years that followed, Serbia continued to face intermittent AFM1 contamination
events. Droughts in 2015, 2017, and 2021, as well as other extreme weather anomalies, led
to further surges in maize infection and milk contamination [18-20]. Surveillance data in-
dicate that across a 13-year span (2009-2021), AFs were detected in Serbian maize in 9
years, and in five of those years, between one-quarter and four-fifths of tested maize
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samples were positive [21]. Each spike in AFM: levels tested the resilience of Serbia’s food
safety control system and sometimes prompted temporary loosening or adjustment of
regulations. By 2014, the crisis-driven limit of 0.5 pg/kg was lowered to 0.25 pg/kg, which
remains Serbia’s national standard for raw milk AFM: to date [22]. However, this 0.25
ug/kg threshold is still five times higher than the EU maximum level (ML) [16], reflecting
ongoing challenges in fully aligning with stricter international norms. The period from
2012 to 2024 has thus been marked by heightened vigilance, regulatory adaptations, and
public concern in Serbia regarding AFs in the dairy supply [23]. Although some monitor-
ing programs have been implemented, the country has lacked a structured, science-based
risk management approach for AFM1. This gap is problematic given AFM1’s resistance to
elimination and its health impact on consumers. There is a clear imperative for more pro-
active and systematic risk mitigation strategies in the Serbian dairy sector [24].

To address complex food safety hazards like AFM, international agencies advocate
risk ranking and risk prioritization frameworks as part of risk analysis [25]. Risk ranking
is an evidence-based process to evaluate and compare different hazards, ordering them
by the magnitude of their public health risk [26]. In practice, scientists assess each hazard’s
potential severity of health effects (e.g., genotoxicity, carcinogenicity) and the likelihood
of exposure to the population. This yields a ranking of hazards—in this case, indicating
how AFM:1 in milk compares to other foodborne risks —based on its estimated impact and
exposure frequency. Building on the ranking, risk prioritization is the step where risk
managers decide how and where to act on the identified risks [25]. This involves integrat-
ing scientific risk ranking with practical considerations, such as public concern, economic
impact, and feasibility of control measures, to identify and prioritize food safety issues
requiring urgent action. In this respect, structured prioritization approaches such as those
reviewed by Van der Fels-Klerx et al. [27] and Hobé et al. [28] demonstrate how health
impact metrics, exposure assessment, and trade relevance can be harmonized into action-
able monitoring strategies. These frameworks offer reproducible tools to improve the tar-
geting of food safety interventions and disease prevention globally.

In Serbia’s context, adopting a modern risk ranking and prioritization framework is
both important and timely. The recurring AFM: incidents have revealed gaps that mirror
broader systemic weaknesses previously noted in official assessments [29], including re-
active regulatory responses, incomplete harmonization with international standards, and
the absence of continuous contaminant monitoring. There is a growing recognition that
Serbia’s food safety governance could greatly benefit from a more proactive, risk-based
strategy. Such an approach would systematically identify hazards like AFM: that have the
highest public health impact, ensure that they are prominently addressed in surveillance
programs, and guide policymakers in aligning regulations with actual risk levels. Recent
structured risk-ranking analysis conducted for AFM:1 in Serbian milk and dairy products
[30] confirmed AFM: as a persistently high-priority hazard, thereby underscoring the
need to shift from descriptive monitoring to evidence-based prioritization.

The aim of this review is to point out the importance and practical necessity of ap-
plying structured risk ranking and prioritization tools to strengthen Serbia’s food safety
system, particularly in the dairy sector, in light of the AFM:1 experience. Specifically, the
review: (i) synthesizes national evidence on AFM:1 occurrence, dietary exposure and risk
characterization in Serbia during 2012-2024; (ii) maps this evidence onto internationally
recognized risk-ranking methodologies provided by the FAO and EFSA and (iii) derives
targeted recommendations on how formal risk ranking and prioritization can be inte-
grated into Serbia’s dairy control programs. The study highlights a path toward more re-
silient, prevention-oriented food safety management that better protects public health,
aligns with international best practices, and restores confidence in Serbia’s milk supply in
the long term.
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2. Data Sources and Conceptual Framework

This review integrates multidisciplinary sources of information to support a struc-
tured evaluation of AFs risks, particularly for AFM1, within the dairy supply chain. The
conceptual framework is grounded in international risk assessment principles and incor-
porates national surveillance data, peer-reviewed scientific literature, and globally recog-
nized methodologies [31], with particular emphasis on the FAO and EFSA risk-ranking
model and the institutional landscape of Serbia’s food safety system. Special attention is
given to the alignment with regulatory frameworks and the integration of both horizontal
(across stakeholders) and vertical (along the food chain) dimensions of risk governance.
The following sections outline the data selection strategy, methodological approaches,
and analytical structure used to guide the risk prioritization of AFM1 in Serbia’s dairy
sector.

2.1. Data Collection and Selection Criteria

To support the risk prioritization framework, the present analysis draws upon a
structured review of peer-reviewed literature and national surveillance reports
addressing AFM1 contamination in milk in Serbia over the period 2012-2024. The data
selection process followed predefined inclusion criteria aimed at ensuring scientific
validity, contextual relevance, and methodological transparency. Included studies had to
meet the following criteria: (i) published in indexed scientific journals or official national
reports; (ii) conducted in Serbia or include Serbia-specific data on AFM1 in milk and dairy
products; (iii) provide original data on AFM: concentrations, i.e., estimated daily intake
(EDI), margin of exposure (MOE) values, or other risk characterization parameters (e.g.,
HCC incidence); (iv) use validated analytical methods such as ELISA, HPLC, or LC-
MS/MS; (v) apply deterministic or probabilistic models for exposure assessment; (vi)
include population-specific data (e.g., age-stratified milk consumption, high-risk groups);
and (vil) demonstrate alignment with international risk assessment methodologies.
Studies that lacked methodological clarity, did not contain quantifiable results, or
addressed unrelated contaminants or regions were excluded. The literature was sourced
from databases such as Scopus, Web of Science, PubMed, and national repositories. These
data provide a robust foundation for applying internationally recognized risk
prioritization frameworks, which are presented in the following section.

2.2. Principles of Risk Ranking and Prioritization

In the following section, we describe the FAO [25] and EFSA [26] frameworks that
articulate the key principles underlying food safety risk ranking and prioritization. These
principles provide structured guidance for decision-makers on what to monitor, when to
monitor it, how to implement effective control measures, and where to target
interventions along the dairy supply chain. By defining clear criteria for hazard evaluation
and intervention prioritization, the FAO and EFSA frameworks serve as foundational
tools for enhancing the resilience and effectiveness of food safety systems [32].

2.2.1. Risk Ranking: What to Monitor

Risk ranking is a structured, evidence-based method used to identify which chemical
hazards in food present the greatest public health concern [25,26] (Figure 1). It answers
the question: “What should we monitor?” by evaluating the severity of health effects (e.g.,
genotoxicity, carcinogenicity) as well as the probability of exposure, which is primarily
influenced by contamination levels, dietary habits, and population vulnerability. This step
is especially critical in systems with limited monitoring capacity, as it enables scientific
prioritization of hazards for surveillance and control. International bodies like the FAO
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and EFSA emphasize that ranking should be transparent, reproducible, and rooted in data
to support credible decision-making.
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Figure 1. Conceptual flowchart for managing AFMi risk in milk supply chain (adopted by FAO)
[25].

2.2.2. Risk Prioritization—How and Where to Act

Risk prioritization builds on ranking to address the next essential question: “How
and where should action be taken?” It translates scientific insights into management strat-
egies, integrating additional practical considerations, primarily public and political sensi-
tivity, economic and trade impact, and feasibility of implementation (infrastructure, tech-
nology, logistics) [25,26]. The result is a ranked list of actionable interventions, adapted to
national circumstances. While based on scientific risk assessments, prioritization also re-
flects stakeholder values, regulatory feasibility, and capacity for mitigation, making it the
bridge between risk assessment and practical food safety management.

2.3. Methodologies in Food Safety Risk Ranking: Top-Down and Bottom-Up Approaches

In the context of food safety risk ranking, selecting an appropriate methodological
framework is essential. The FAO [25] outlines two complementary approaches: top-down,
which begins with population-level public health impact data, and bottom-up, which fo-
cuses on hazard occurrence and exposure metrics derived from surveillance and labora-
tory monitoring. Each approach carries distinct advantages and limitations depending on
the availability and quality of data, regulatory goals, and institutional capacity.

The following sections describe each approach in more detail, including their respec-
tive methodological tools and application in food safety risk ranking. To facilitate under-
standing of these concepts, Figure 2 provides a visual representation of the decision flow
guiding the selection of the most appropriate approach. The diagram outlines the logical
sequence from the initial assessment of hazard relevance, through data availability eval-
uation, to the choice between top-down and bottom-up methodologies and the corre-
sponding risk metrics. These methodological frameworks will later be contextualized in
the case study of Serbia, illustrating how top-down and bottom-up approaches can be
applied to evaluate and prioritize AFM1 risks in the national dairy sector.
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Figure 2. Decision flow for applying risk-ranking principles and methodologies to selected hazards
or foods (adopted by FAO) [25].

2.3.1. Top-Down Approaches Based on Public Health Outcomes

The top-down approach begins with an evaluation of foodborne hazards based on
their public health impact at the population level. Key metrics used include Disability-
Adjusted Life Years (DALYs), Quality-Adjusted Life Years (QALYs), incidence, and mor-
tality rates. This method draws from national or global epidemiological data and burden-
of-disease assessments, such as those published by the World Health Organization
(WHO) or EFSA. A leading national example is the Danish model [33,34], which used
DALYs to prioritize foodborne hazards and guide resource allocation, offering a struc-
tured model for public health-driven food policy. In the context of AFM;, for instance, a
top-down assessment might estimate the attributable fraction of HCC due to chronic ex-
posure through contaminated milk [35]. Where available, such analyses provide a power-
ful foundation for identifying high-impact hazards that warrant regulatory intervention.

However, this approach requires comprehensive surveillance and disease attribution
infrastructure, which may not be available in all countries, particularly for chronic or
chemical hazards where direct causal links are difficult to establish. In such contexts, bot-
tom-up approaches offer an alternative or complementary pathway [36].
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2.3.2. Bottom-Up Approaches Based on Hazard and Exposure

The bottom-up approach prioritizes food safety hazards by analyzing measurable
parameters such as contamination levels, EDI, and toxicological reference values. This ap-
proach is exemplified in Norway’s national mycotoxin program, which employed deter-
ministic and probabilistic models to assess exposure and prioritize risk management ac-
tions [37]. It is particularly suitable for chemical hazards, such as AFM1, where epidemi-
ological burden data may be scarce or unavailable [38].

This method typically begins with hazard occurrence data from food monitoring sys-
tems (e.g., frequency of AFM:1 detection in milk) and combines it with exposure modeling
(e.g., EDI and MOE). Hazards are then ranked based on the likelihood of exposure and
severity of health impact, reflecting the FAO’s framework of risk as a function of likeli-
hood x severity. AFM1 in Serbia provides a relevant example: recurrent climate-induced
maize contamination leads to elevated AFM:1 levels in milk, and bottom-up assessment
has already been successfully applied using semi-quantitative scoring and MOE-based
analysis [30], clearly identifying AFM: as a top-priority chemical hazard that requires tar-
geted mitigation in the dairy sector.

2.3.3. Methodological Tools Used in Bottom-Up Risk Ranking

The FAO [25] and EFSA [26] outline complementary categories of methods for bot-
tom-up risk ranking, reflecting their applicability depending on data availability and the
specific context of hazard assessment:

(i) Qualitative methods—e.g., decision trees or expert judgment; suitable when data
are scarce [36]. A practical application of such qualitative decision-tree approaches is pro-
vided later in this review (Section 3.3.1), where a decision tree is used to support risk
ranking and prioritization of AFM1 in the dairy chain;

(ii) Semi-quantitative methods—such as scoring matrices (Figure 3) [36] or Multi-Cri-
teria Decision Analysis (MCDA), integrating toxicological profiles, exposure estimates,
trade impact and expert knowledge, were successfully applied in a global prioritization
scheme for contaminants in feed and raw materials [28];

(iii) Quantitative methods—rely on measured contamination levels, consumption
data, and toxicological thresholds, often using probabilistic models such as Monte Carlo
simulations or MOE-based rankings. These approaches have been effectively applied in
risk-based monitoring to identify critical control points, particularly in feed chains [27].

Severity
Risk matrix
Severe Major Moderate Minor Insignificant
Almost certain Extreme Extreme High High Mediwm
Likely Extreme High High Mediwm Mediwm
Likelinood (%) Possible Extreme High Medium Medium Low
Unlikely High Mediwm Me-diwm Mediwm Low
Rare High Mediwm Me-diwm Low Low

Figure 3. Example of scoring matrix for likelihood and severity (adopted by [36]).

In the Risk Matrix methodology, illustrated in Figure 3, the likelihood axis represents
the estimated probability that a hazard will occur, with categories ranging from rare, un-
likely, possible, likely, and almost certain. These categories are derived from available
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data, such as the frequency of hazard detection in food samples, historical monitoring
results, or expert assessments. The second axis, consequences, reflects the potential impact
of the hazard on public health or the food chain, classified as Insignificant, Minor, Mod-
erate, Major, or Severe. By combining these two dimensions, each hazard is placed within
a risk category —L (Low), M (Moderate), H (High), or E (Extreme) —which guides priori-
tization of risk management actions. This visual semi-quantitative approach allows risk
managers to easily identify hazards that pose the greatest threat, even when quantitative
data are limited. It supports transparent decision-making by clearly showing how the
combination of hazard frequency and severity determines the overall risk level. This semi-
quantitative matrix approach was also applied in our recent study [30], where hazard like-
lihood and severity scores were combined to generate a structured ranking of AFM1 risks
in the Serbian dairy chain.

In the case of AFM: in milk, quantitative bottom-up ranking uses MOE values to
compare exposure against benchmark dose levels (BMDLs). When MOE < 10,000, this in-
dicates a potential public health concern [38]. Alternatively, semi-quantitative approaches
may assign numerical scores based on frequency of detection, contamination levels, and
potential health consequences. These tools can also incorporate contextual factors such as
geographic origin, seasonality, and population vulnerability. Proper selection and appli-
cation of these tools ensure that even with limited resources, risk managers can systemat-
ically identify and prioritize high-risk hazards.

2.4. Risk Ranking and Prioritization: Focus on the Dairy Chain

When determining risk from AFs exposure in the dairy chain, multiple factors must
be taken into account. AFB1, when ingested through contaminated feed, is rapidly bio-
transformed in dairy animals, resulting in the presence of AFMi in milk within 24 h. The
transfer of AFB1 to AFM: in milk, known as the carry-over rate, ranges from 0.1% to 6%,
depending on factors such as the animal’s health status, lactation stage, milk yield, feed
composition and feasibility of replacing contaminated feed ingredients [39-41]. Due to its
thermal stability, AFM1 persists through standard processing steps such as pasteurization
and UHT treatment, thus remaining in final dairy products including cheese, yogurt,
whey and powdered milk [42-45].

Although AFM:1 is approximately ten times less potent than AFB1 [38], it retains sig-
nificant genotoxic and carcinogenic properties as a Group 1 human carcinogen [2]). These
toxicological characteristics, combined with its persistence and wide dietary distribution,
make AFM1 a critical chemical hazard in the milk supply chain. Particular concern is war-
ranted for infants and young children, who consume more milk relative to their body
weight and are therefore at greater risk from chronic exposure.

2.4.1. Risk Ranking: Key Inputs and Indicators

Risk ranking of foodborne hazards requires an integrated methodological framework
that combines both horizontal and vertical dimensions of analysis. These two layers of
integration ensure a comprehensive understanding of the nature, frequency, and severity
of risks posed to public health [46].

(i) Horizontal integration is aligned with the four sequential steps of risk assessment,
providing a scientific and evidence-based foundation for ranking hazards. This includes
toxicological and epidemiological data, contamination dynamics (e.g., carry-over rate),
exposure modeling, and risk interpretation.

(if) Vertical integration introduces structured methodologies to quantify and com-
pare consequences across hazards and/or food commodities, using public health metrics
such as DALYs, QALYs, MOE, or semi-quantitative scoring matrices.

e  Horizontal Integration: Risk Assessment Framework
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The horizontal dimension of risk ranking relies on the structured process of risk as-
sessment, composed of the following steps:

(i) Hazard Identification: AFM1 is a hydroxylated metabolite of AFB1, formed in the
liver of lactating dairy cows after ingestion of contaminated feed. It is excreted in milk
and resistant to pasteurization. A key parameter in this context is the Carry-Over Rate
(COR), defined as the percentage of ingested AFB1 that is transferred into milk as AFM:.
Understanding the COR is essential for estimating contamination in milk and down-
stream human exposure [39-41].

(if) Hazard Characterization: AFM: is classified as a Group 1 human carcinogen by
the IARC, confirming its genotoxic and carcinogenic potential [2]. The EFSA establishes a
benchmark dose lower confidence limit (BMDLuo) of 0.4 pug/kg body weight/day for AFB;,
which serves as a reference point in toxicological risk characterization [38]. In line with
health-based guidance values (HBGVs), a potency factor of 0.1 was applied to AFM1, re-
flecting its lower carcinogenic potency compared to AFB1 [38].

(iii) Exposure Assessment: Human exposure to AFM: is calculated as EDI, based on:
concentration of AFM1 in milk, average daily milk consumption across population groups,
and body weight assumptions for different age classes. This step incorporates data from
food monitoring and national dietary surveys, allowing for refined estimates in high-risk
populations such as infants and children [10,11].

(iv) Risk Characterization: The potential health impact of AFM: is interpreted
through the MOE, which compares the BMDL10 to the EDI. An MOE below 10,000 is con-
sidered to indicate a potential public health concern, particularly in sensitive subgroups
[38]. This metric allows translation of exposure estimates into actionable risk categories
for prioritization. These horizontal indicators form the scientific basis for ranking AFM1
in terms of public health importance and facilitate integration with broader hazard prior-
itization systems [30].

e  Vertical Integration: Public Health Impact Metrics

Vertical integration enables comparative evaluation of hazards and/or foods by
quantifying the severity of health outcomes, facilitating prioritization across different
types of contaminants and food commodities. Key indicators include DALYs, Hazard
Quotients (HQs), risk scoring matrices, and MOE values, interpreted in a cross-hazard
and cross-commodity context [25,26]. Among public health impact metrics, DALYs are
widely recognized as the most robust and comprehensive indicator for capturing the over-
all burden of disease, as endorsed by the WHO. DALYs integrate both mortality (Years of
Life Lost, YLL) and morbidity (Years Lived with Disability, YLD), making them uniquely
suited for comparing health impacts across diverse hazards, including AFs. However, the
calculation of DALYs is methodologically demanding —it requires detailed epidemiolog-
ical data, accurate disability weights, and standardized assumptions regarding life expec-
tancy and disease duration. As highlighted by Chen et al. [47], the ongoing evolution of
the DALY framework reflects efforts to improve comparability and validity across regions
and over time, yet these refinements also underscore the complexity inherent in its appli-
cation.

While MOE originates from horizontal risk characterization, it can also serve as a
proxy indicator in vertical comparisons, particularly for chemical hazards where out-
come-based metrics, such as DALYS, are limited or infeasible. In this context, MOE is not
used to assess absolute safety, but rather to rank hazards in terms of proximity to toxic
thresholds, allowing decision-makers to compare and prioritize multiple hazards based
on their relative risk potential. For example, when assessing multiple foodborne contam-
inants, a hazard consistently producing lower MOE values across population groups
would warrant higher priority in national surveillance or mitigation strategies.
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2.4.2. Prioritization of Risk Management Actions

Prioritization of risk management actions requires the alignment of scientific risk es-
timates with feasible and effective control strategies across the food chain. AFs, particu-
larly AFM: in milk, represent a complex challenge where multiple control points, from
feed quality to dairy processing, must be considered [40]. To ensure meaningful and effi-
cient intervention, prioritization must integrate both horizontal and vertical dimensions
of risk governance [24].

Horizontally, in line with the EU “Farm to Fork” holistic and integrative strategy,
requires coordination between actors responsible for feed safety, milk production, public
health surveillance, and regulatory enforcement [32,38,45]. Vertically, it involves mapping
the contamination pathway —from maize cultivation and feed production to animal me-
tabolism, milk safety, regulatory gaps, consumer exposure, and population vulnerability
[19,21,24,48,49]. Effective implementation of this framework requires not only coordi-
nated action across sectors but also robust laboratory capacities to detect contaminants
and risk-based inspection systems to ensure compliance along the food chain [32,46]. This
dual-layered integration supports decision-making frameworks that guide control
measures where they are most needed and most effective, determining where, when, and
how to act [18,25,30].

In the dairy chain, the following inputs and management priorities are essential:

(i) Non-compliance history: Repeated exceedances of applicable nationally or inter-
nationally recognized maximum residue limits (MRLs) for AFM1, whether in feed or milk,
indicate weaknesses in current control measures and highlight the need for intensified
oversight in affected supply chains. Historical non-compliance serves as a practical trigger
for enhanced inspections and corrective actions [10].

(if) Geographic and climatic targeting: Areas prone to drought and regions with in-
tensive maize cultivation frequently demonstrate elevated levels of AFB1 contamination
in feed, which translates into higher AFM1 concentrations in milk. Seasonality also plays
a key role, with contamination peaks often occurring in late winter or early spring due to
stored feed usage. These patterns justify targeted monitoring in specific regions and time
periods [19,21,43].

(iii) Temporal prioritization: Enhanced monitoring and control during high-risk sea-
sons, particularly late summer or winter through early winter [23,42].

(iv) Farm-level profiling: Identify high-risk dairy farms characterized by heavy silage
usage, inadequate hygiene, or poor feed management practices [50].

(v) Regulatory misalignment: In some jurisdictions, national MRLs for AFM1 in milk
may not align with international standards (e.g., those of the EU or Codex Alimentarius).
Such misalignment can affect public health protection, limit international trade, and re-
duce consumer confidence. Harmonizing national thresholds with global benchmarks is
often a strategic objective in risk prioritization [18,24,30,51].

(vi) Subgroups such as infants and young children are particularly susceptible to
AFM: due to their higher milk consumption relative to body weight [10,24]. Risk assess-
ments often show that these groups may have lower MOE, necessitating special monitor-
ing of milk destined for vulnerable consumers, including school programs and infant for-
mula production.

(vii) Feasibility of control measures: Effective risk prioritization must assess the real-
world feasibility of implementing mitigation strategies. This includes evaluating available
infrastructure, laboratory capacity, farmer knowledge, and the ability to enforce measures
such as hazard analysis and critical control points (HACCP) systems [45], use of myco-
toxin binders, or feed testing protocols [19].

(viii) Public and political sensitivity: Food safety crises involving AFs often provoke
strong public reactions and media scrutiny. In such contexts, transparent communication,
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pre-emptive action, and risk-based justification for policy decisions become essential to
maintain public trust and political accountability [23].

Recommended actions derived from prioritization may include: enhanced surveil-
lance in high-risk areas, seasonal monitoring programs, implementation of early warning
systems, risk-based categorization of farms, focused control for vulnerable groups, feasi-
ble mitigation measures, regulatory harmonization roadmap, capacity building and train-
ing and transparent risk communication [11,49]. This structured approach ensures that
control measures are directed where they are most needed, enabling efficient use of re-
sources and strengthening public health protection within the dairy production chain [46].

3. Case Study: Serbia

3.1. Food Safety Governance and Institutional Structure

The Republic of Serbia operates a food safety governance system structured across
multiple institutional levels, based on the principles of shared responsibility, functional
specialization, and risk-based oversight. While Serbia’s food safety control framework is
largely aligned with EU food legislation and incorporates risk-based principles, certain
systemic gaps remain, including incomplete harmonization of national regulations and
the absence of several by-laws essential for contaminant monitoring. Despite ongoing ef-
forts under Chapter 12 of the EU accession process, these issues highlight the need for
further regulatory consolidation to ensure consistent public health protection [52]. Within
this framework, food safety governance is horizontally distributed across several compe-
tent authorities, each responsible for distinct segments of the milk production chain, cov-
ering both feed and food safety aspects.

Key stakeholders include:

(i) Food Business Operators (FBOs): Responsible for implementing food safety assur-
ance systems (e.g., HACCP) and ensuring the safety of feed and food at all stages of pro-
duction, processing, and distribution.

(if) The Plant Protection Directorate and the Agricultural Inspection Sector (Ministry
of Agriculture, Forestry and Water Management): Conduct official controls of food and
feed of plant origin across different stages of the supply chain, including maize —one of
the primary vectors of AFB1 contamination in dairy feed —with responsibilities divided
between preventive controls at the primary production level and market-level controls in
independent storage facilities.

(iii) The Veterinary Directorate (Ministry of Agriculture, Forestry and Water Man-
agement)): Performs tasks related to animal health protection and veterinary—sanitary
control, including the monitoring and official control of feed for animal nutrition and food
of animal origin throughout the food chain.

(iv) The Ministry of Health: Supervises public health protection, including monitor-
ing of foodborne illnesses and maintaining surveillance systems relevant to chemical and
microbiological hazards, and through sanitary inspection services, contributes to official
food control at the retail level within the food safety system.

(v) The Directorate for National Reference Laboratories (DNRL): Provides scientific
and technical support to the official control system by developing and harmonizing ana-
lytical methods, ensuring quality assurance of laboratory testing, and coordinating the
network of authorized laboratories involved in food, feed, plant, and animal health anal-
ysis. Horizontal governance defines who is responsible for risk management across sec-
tors, whereas vertical integration defines where and how AF risks propagate along the
dairy chain. Therefore, this complex yet structured institutional setup underscores the
need for effective inter-agency coordination and deeper vertical integration along the
dairy value chain—from primary production (feed) through on-farm practices and raw
milk collection to processing and consumer-level exposure. In this context, AFs,
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particularly AFM: in milk, pose a critical food safety challenge, as their control requires
synchronized action across all segments of the national system. The shortcomings identi-
fied by the State Audit Institution of the Republic of Serbia [29], including incomplete
regulatory harmonization and the maintenance of MLs for AFM:1 that remain less strin-
gent than those stipulated under EU legislation, reinforce the importance of strengthening
coordination and fully operationalizing risk-based mechanisms across competent author-
ities.

Building on this institutional landscape, the following subsections present national
data and scientific evidence related to AFM1 occurrence, risk-ranking indicators, exposure
estimations, and seasonal trends. These considerations provide the basis for the subse-
quent analysis of national data on AFM1 occurrence, risk-ranking indicators, exposure es-
timations, and seasonal trends, which collectively support the development of targeted,
risk-based interventions.

3.2. AFM1 Risk Profile in Serbia
3.2.1. Occurrence of AFM1 in Milk

Since the AF crisis of 2012-2013, Serbia has witnessed a steady intensification of sci-
entific efforts aimed at understanding and mitigating AFM: contamination in milk and
dairy products. A growing body of research has consistently identified climate change,
characterized by prolonged droughts, elevated temperatures, and erratic rainfall patterns,
as the principal driver of AFB1 accumulation in maize-based feed [53], which subsequently
results in AFM1 presence in milk [54,55].

The analyzed studies, summarized in the accompanying Table 1, offer comparative
insights into sample sizes, contamination frequency, concentration ranges, and rates of
regulatory exceedance. While descriptive in nature, the collective significance of these
works lies in their broader scientific contributions, which can be categorized into five crit-
ical thematic domains: (i) contamination trend monitoring and cause identification, (ii)
methodological innovations, (iii) improvement of the food safety system, (iv) contribution
to public health, and (v) strengthening of interdisciplinary approaches.
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Table 1. Detailed data on AFM1 occurrence in Serbian milk and dairy products produced during the period 2013-2022.

Production Year Type of Milk and Dairy Products Np/N (%) (rgjli;) (ﬁ;lf; & ﬁg{ehEU Analysis Method Reference
2013 Heat-treated and raw milk 47/50 (94.0) 0.30 <LOD-1.44 76.0 UHPLC/HESI-MS/MS [15]
Heat-treated and raw milk 148/150 (98.7) 0.21 0.010-1.20 86.0
Goat milk 8/10 (80.0) 0.08 0.008-0.24 /
2013 Donkey milk 3/5 (60.0) 0.02 0.005-0.03 / ELISA (561
Breast milk 6/10 (60.0) 0.01 0.006-0.02 /
2013 White and hard cheese 29/54 (53.7) 0.08-0.64 0.08-2.23 13.0 2 UHPLC-MS/MS [44]
2013 Raw milk 934/2045 (45.7) / 0.005-1.25 / ELISA / UPLC/MS-MS [54]
Raw milk 540/678 (79.6) b 0.282 <0.025->1.0 56.3
Heat-treated milk 317/438 (72.4) ® 0.09 <0.025->1.0 32.6
Milk powder 22/67 (32.8) b 0.847 <0.025->1.0 25.3
Yogurt 42/56 (75.0) b 0.081 <0.025-0.5 39.2
2013/2014 Ice cream 14/21 (66.6) ® 0.071 <0.025-0.5 52.3 ELISA [57]
Infant formula 2/33 (6.1) b 0.021 <0.025-0.05 0.0
White cheese 39/47 (83.0) b 0.146 <0.025-1.0 59.5
Hard cheese 21/27 (77.8) b 0.379 <0.025->1.0 59.2
Other 44/71 (62.0) b 0.082 <0.025-1.0 39.4
Heat-treated milk (2013) 20/20 (100.0) 0.133 0.024-0.319 75.0
2013/2014 Heat-treated milk (2014) 54/60 (90.0) 0.026 <LOD-0.104 10.0 HPLC-FLD [58]
Infant formula 1/21 (5.0) 0.02 0.02 7.0
2015 Raw milk (from farms) 36/42 (85.7) 0.008 0.005-0.04 0 ELISA (50]
Raw milk (from individual producers) 32/38 (84.2) 0.23 0.006-0.864 63.2 HPLC
2015 Milk and milk' drinks 81/358 (22.6) b 0.018 0.005-0.310 59 ELISA (5]
Fermented dairy products 63/302 (20.9) ® 0.019 0.005-0.320 2.6
2015 RaYv milk 503/1207 (41.7) ® 0.037 0.005-0.263 29.3 ELISA (60]
Dairy products 236/997 (23.7) ® 0.019 0.005-0.320 4.2
Heat-treated milk 1117/1233 (90.6) 0.035 0.005-0.28 17.3
Infant formula 23/349 (6.6) 0.011 0.005-0.017 0.2
2015-2016 Milk powder 25/94 (26.6) 0.018 0.005-0.035 0 ELISA [61]
Dairy drinks 13/58 (22.4) 0.034 0.005-0.147 5.2
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Raw milk (2015) 984/1408 (70) 0.076 0.005-1.26 30.0
2015/2016 ELISA/LC-MS/MS 18
f Raw milk (2016) 3094/3646 (85) 0.069 0.005-1.10 31.0 / 4 [18]
2013/2016 Heat-treated and raw milk 342/423 (80.9) 0.216 0.005-5.078 49.1 HPLC-FLD [51]
Raw milk 236/385 (61.3) b 0.142 <0.025-0.63 ¢ 46.2
2015/2018 ELISA 45
/ Various dairy products 500/556 (10.1) b 0.016 <0.025-0.029 © 1.3 [45]
Milk and whey 0/30 (0.0) / / 0.0
2018/2019 ELISA 43
/ Goat milk and whey 0/30 (0.0) / / 0.0 [43]
2019-2020 Cheese (soft, semi-hard and hard/cow, 42/60 (70) 70-77 ¢ 26-591 / ELISA/HPLC-FLD [23]
goat and sheep) ¢
R heat- il 1/284 (17. .02-0.2 1
2021 aw and heat-treated milk 51/284 (17.9) 0.02-0.26 3 ELISA [55]
Cheese 15/20 (75) 0.15-0.46 /
Raw milk 6341/8181 (77.5) 0.026-0.027 d 0.005-0.554 16.4
Heat-treated milk 1541/1864 (82.7) 0.018-0.019¢  0.005-0.193 4.4
Yogurt 1457/1985 (73.4) 0.018-0.020¢  0.010-0.137 32
Chocolate milk and milkshakes 402/507 (79.3) 0.009-0.010 ¢ 0.005-0.045 0.0
F il 20/409 (78.2 .018-0.020 ¢ .010-0.104 1
2015/2002 ermented (sour) milk 320/409 (78.2) 0.018-0.020 0.010-0.10 0 ELISA 24]
Fermented cream 243/449 (54) 0.012-0.017¢  0.010-0.294 1.6
Butter and clotted cream 3/141 (2.1) 0.002 0.109-0.128 2.1
Cheese 58/73 (79.5) 0.123-0.140 4 0.050-0.390 8.6
Cream 21/50 (42.0) 0.007-0.013¢  0.011-0.033 0.0
Various products 428/586 (73.0) 0.018-0.019 4 0.005-0.131 6.8
2022 Milk and dairy products (cow and goat) 87/107 (81.3) 0.007-0.202 ¢ 0.005-0.246 81.1s ELISA [21]
2021-2025 Raw milk 907 (70.1) 0.086-0.263 0.044-0.302 70.1 ELISA [42]

This table includes data from both occurrence and exposure studies, with overlapping years and institutions; therefore, some sample repetition may be present.

Np —number of positive samples; N—number of analyzed samples; (%) — percentage of positive samples. LOD —Limit of Detection. a—based on the value of 0.25

ug/kg (Skrbic et al., 2015).[44] b—calculated with negative values reported as <0.025 pg/kg. c—95th percentile. d —lower to upper bound range (mean is obtained

by replacement of non-detects by zero or LOD). e—study included imported milk products. f —depending on the product. g—of cow milk samples. h—EU maxi-

mum level (ML) for AFM1 in milk: 0.05 ug/kg (Commission Regulation (EU) 2023/915). Current Serbian ML for raw milk: 0.25 ug/kg.
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Numerous studies have emphasized the seasonal dynamics of AFM: contamination
in Serbia [18,19,42,43,45,48,50,57-62], particularly during summer and autumn, as seasons
marked by increased climatic stress, such as prolonged droughts and elevated tempera-
tures. These environmental conditions, coupled with inadequate storage practices, create
favorable conditions for fungal growth and subsequent AFB1 contamination in feed, ulti-
mately leading to AFMi1 residues in milk. Comparable seasonal and climatic influences on
AFM:1 contamination have been documented in neighboring countries, including Croatia
[63-65], Albania [66], Hungary [67], Italy [11,49], Kosovo [68], North Macedonia [69], Ro-
mania [70], Turkey [71] and Greece [72]. For example, studies from Croatia (e.g., ref. [63]
have reported similar temporal peaks of AFM:1 in milk, highlighting the broader regional
impact of climate change on dairy safety.

These findings collectively reinforce the need to conceptualize AFs risk not as a lo-
calized problem, but as a regional and transboundary food safety issue shaped by shared
climatic drivers [73]. By contextualizing Serbia’s AFM1 contamination patterns within the
wider Southeast European landscape, it becomes evident that future risk mitigation ef-
forts should incorporate regional collaboration and climate-informed adaptation strate-
gies. This regional framing also supports Serbia’s alignment with EU-wide food safety
policies and provides a basis for harmonizing monitoring systems and early warning
mechanisms across borders.

Taken together, these findings highlight that AFM: contamination in Serbia repre-
sents a complex and evolving food safety challenge shaped by environmental pressures,
infrastructural constraints, and regulatory gaps. Tackling this issue calls for integrated
food safety systems that incorporate climate-adaptive surveillance strategies and align
with EU standards. Preventive strategies must be grounded in the One Health framework,
recognizing the interconnections among human health, animal health, and the environ-
ment. Such a multidisciplinary approach enables more effective risk management along
the entire dairy chain.

Through this systematic review of national scientific studies, Serbia’s progress in
monitoring, understanding, and managing AFM1 contamination in milk is clearly docu-
mented [30]. These studies offer valuable insights for risk managers and policymakers and
serve as a scientific foundation for the implementation of predictive models, digital sur-
veillance tools, and targeted interventions for vulnerable population groups. Continued
improvement of the system will require sustained interdisciplinary collaboration, invest-
ments in analytical infrastructure, and proactive mitigation of climate-driven risks in the
dairy chain.

3.2.2. Dietary Intake and Risk Characterization

The assessment of dietary exposure to AFM1 from milk and dairy products is a fun-
damental step in characterizing public health risks and establishing priorities within food
safety management systems. While contamination data are crucial, their interpretation
through structured dietary exposure assessments provides the necessary basis for imple-
menting targeted and evidence-based control measures.

Table 2 provides a detailed overview of exposure and risk assessment studies on
AFM1 intake in Serbia. Early studies, such as those by Skrbic¢ et al. [15] and Kos et al. [56],
pointed to alarmingly high levels of exposure across all age groups in Serbia, particularly
among children. Exceedance of health-based guidance values by estimated daily intake
(EDI) levels underscores the urgent need for integrated food safety control systems. De-
spite methodological limitations, such as small sample sizes and short sampling periods,
these studies served as a catalyst for subsequent, more systematic investigations.

https://doi.org/10.3390/toxins18020105


https://doi.org/10.3390/toxins18020105

Toxins 2026, 18, 105

16 of 31

Table 2. A detailed overview of exposure and risk assessment studies on AFM1 intake in Serbia.

Type of Prod-  Assessment Type of Food Intake Body Weight = Population Average EDI Risk Characterization
Reference
uct Method Group (ng/kg bw/day) HI - MoE b HCC «
Milk Deterministic Serbian market basket Average of 60 kg Adults 0.503-1.420 2.5-7.1 / / [15]
6.45 (male)
I=5years ¢ 26 (female) / / /
2.34 (male)
5-15 years 1.86 (female) / / /
Milk Deterministic Milk intake question- Obtalrled fr.om 15-25 years 1.26 (male) / / / [56]
questionnaires 0.42 (female)
0.49 (male)
25—
>Doyears ) 56 (female) / / /
0.51 (male)
>55 years 0.69 (female) / / /
. L National Statistical 0.30 (2013) q
Milk Deterministic Office data Average of 60 kg Adults 0.06 (2014) / / 0.004 [58]
Adult males 0.02 / / /
Milk Det inisti 72 72 1
' crermimshe [72] [72] Adult females 0.18 / / / L18]
1.04 (male) 5.18 (male)
1-4
years 1.01 (female)  5.06 (female) /
0.38 (male) 1.82 (male)
>-loyears 50 (female)  1.43 (female) /
. o 0.21 (male) 0.98 (male) 0.088 (male)
Ik ¢ 16— 1
Milk Deterministic 6-25 years 0.07 (female) 0.33 (female) / 0.084 (female) [61]
0.08 (male) 0.38 (male)
26—
6-95years .09 (female)  0.43 (female) /
0.09 (male) 0.41 (male)
55 Years 15 (female)  0.53 (female) /
Milkand L ToPabIlistic ) 4 and 7-day recall Obtained from Student popu-
Hean (Monte Carlo oY and /-day reca amed from - SHCENTPOPU™ 1 238 2 674 62-134  213.2-460.4 0.0017-0.0047 [62]
yogurt simulation) questionnaires questionnaires lation

https://doi.org/10.3390/toxins18020105


https://doi.org/10.3390/toxins18020105

Toxins 2026, 18, 105 17 of 31

. . Probabilistic .
Milk and dairy (Monte Carlo 1-day anc.l 7—da}/ recall Obtal.ned fr.om Adults 0.076-0.062 / / / [45]
products simulation) questionnaires questionnaires
0.340-0.475 0.00066-0.00257
f h
Toddlers (male) / 510,000 (male)
(I-3 years)  0.365-0.501 (fe- 0.00071-0.00271
Milk and dairy . National Food Con- Obtained from male) (female) h
Deterministic . [10]
products sumption Survey survey 0.201-0.277 0.00069-0.00150
Children (male) / 510,000 (male) b
(39 years)  0.190-0.262 (fe- 0.00037-0.00142
male) £ (female) b
Preschool chil-
e S 01650182 / >10,000  0.00029-0.00160 »
Cheeses  Deterministic  \auonalStatistical Institute of Pub-—7 50 100 0 1001 / >10,000  0.00017-0.00096 23]
Office data lic Health data
11-14 years 0.064-0.070 ¢ / >10,000  0.00011-0.00062 h
15+ 0.043-0.048 ¢ / >10,000  0.00008-0.00042 h
o Adult females 0.161 / >10,000  0.0003-0.0009 h
) . Probabilistic (2nd .
Milk and dairy order Monte FFQ questionnaire Obtained from  Adult males 0.126 / >10,000 0.0003-0.0007 24]
products 9 questionnaires  Adolescents 0.183 / >10,000 0.0004-0.0010 h

Carlo simulati
arlo simulation) Children 0.336 / >10,000  0.0007-0.0019 "

a—the HI higher than 1 indicates risk to consumers. b—when the MoE value is >10,000, it is considered that there is a low risk of a negative impact on public

health. c—cases per year per 100,000 people. d —cases for the whole adult population. e —presented data for the total 2015/2106 heat-treated samples exposure
calculation. f —based on the lower to upper bound AFM1 concentration range. g—based on the consumption of both domestic and imported cheeses. h—range is

based on different cancer potency estimates. HI—hazard index; MoE —Margin of exposure; HCC —Hepatocellular carcinoma.
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A study conducted by Torovi¢ [58] applied a temporal framework for assessing
AFM1 exposure, integrating average contamination data from processed milk with na-
tional-level consumption statistics. Findings from the study demonstrated a marked re-
duction in exposure levels between 2013 and 2014, indicating the effectiveness of imple-
mented emergency risk management strategies. Crucially, this study also incorporated a
risk characterization step by estimating the potential incidence of hepatocellular carci-
noma (HCC) attributable to AFM1 exposure in the adult population. This early application
of a disease burden framework represented a pioneering effort in Serbia to quantify the
broader public health implications of mycotoxin exposure.

A major methodological advancement came with the study by Milicevi¢ et al. [10],
which for the first time used nationally representative food consumption data for children
aged 1-9 years, collected in accordance with EFSA’s EU Menu methodology. By applying
these harmonized intake data to AFM1 occurrence in milk, the study achieved a high-
resolution exposure assessment that aligned with EU risk assessment standards. Risk
characterization was conducted using the MOE model, providing robust estimates for po-
tential adverse health outcomes in one of the most vulnerable population segments.

The most technically advanced exposure studies include those by Udovicki et al. [24]
and Djeki¢ et al. [45]. These studies employed probabilistic Monte Carlo simulations in
line with EFSA guidelines, allowing for the incorporation of individual variability in con-
sumption behavior, contamination levels, and body weight. Particularly noteworthy is the
study by Udovicki et al. [24], which utilized second-order Monte Carlo simulations to dis-
tinguish natural variability from input parameter uncertainty. This advanced modeling
technique enabled a more refined and realistic characterization of HCC risk on an annual
basis, especially for high-exposure subgroups such as children in the upper percentiles of
milk consumption. Their findings revealed that while mean exposures remained within
acceptable limits, a fraction of the population, particularly children, fell below MOE safety
thresholds, warranting focused mitigation efforts.

Collectively, these studies illustrate several important outcomes:

(i) Children consistently appear as the most vulnerable demographic group due to
higher milk consumption relative to body weight.

(if) Harmonization with EFSA methodologies ensures international comparability
and regulatory alignment.

(iii) Pasteurized milk and yogurt are identified as the primary sources of AFM1 ex-
posure in Serbia’s adult population.

(iv) Seasonal and climatic variability continue to be key determinants of contamina-
tion levels, underscoring the need for dynamic and responsive control systems.

However, it is important to emphasize that comparing human health risk assess-
ments of AFM1 exposure across studies is not straightforward. Methodologies for expo-
sure estimation, population risk characterization, and the calculation of estimated liver
cancer risk due to milk consumption vary significantly among studies. This variability
limits the ability to identify reliable trends, establish links between environmental condi-
tions and other factors affecting AFM1 contamination or exposure, or draw direct compar-
isons across studies. Given that AFs are recognized causes of chronic non-communicable
diseases such as liver cancer, risk assessments must be conducted through protocols de-
signed to evaluate long-term exposure-outcome relationships. Such assessments should
follow EFSA’s recommended [38] frameworks to ensure validity, comparability, and pol-
icy relevance. Moreover, the integrated risk characterization frameworks adopted in these
studies, especially those linking AFM:1 exposure with HCC burden estimates, highlight
the importance of viewing food safety not only through the lens of regulatory compliance
but also in terms of long-term public health outcomes. The work of Mili¢evic et al. [10],
Udovicki et al. [24] Djekic¢ et al. [42] and Krstovi¢ et al. [45] collectively provides the
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empirical and methodological foundation for risk-based prioritization strategies, support-
ing the broader objective of transitioning Serbia’s food safety system toward a One Health
and prevention-oriented paradigm [74].

Overall, the findings from AFM: occurrence and dietary exposure studies provide a
robust scientific basis for strengthening risk-based food safety governance in Serbia. While
much of the existing data has been generated through independent, investigator-led re-
search rather than through a centralized and institutionalized monitoring framework,
these studies consistently highlight AFM1 contamination as a persistent food safety con-
cern with significant public health implications. To operationalize their strategic potential
in evidence-based risk management, the results of these studies should be systematically
incorporated into structured food safety prioritization processes, such as the identification
of high-risk contaminants, vulnerable population groups, and critical seasonal and re-
gional patterns of exposure [25,46]. These processes should be aligned with broader public
health functions, including the analysis of risk factors and the definition of national health
program priorities, thereby ensuring that food safety interventions are integrated into
overarching population health strategies. This transition from reactive to proactive gov-
ernance necessitates structured coordination among food safety authorities, scientific in-
stitutions, and inspection bodies [32].

3.3. Integrating Risk Ranking into Targeted Food Safety Governance

The persistence of AFMi1 contamination in Serbia’s dairy sector underscores the ur-
gent need for structured, risk-based approaches to food safety governance. Applying the
FAQO’s [25] and EFSA [26] risk-ranking framework, AFM1 emerges as a high-priority haz-
ard due to its widespread occurrence, toxicological potency, and particularly severe im-
pact on children, who are more vulnerable due to higher milk consumption relative to
body weight [30]. Effective risk prioritization ensures that mitigation efforts move beyond
end-product testing and toward proactive control measures, especially at the level of feed
safety and primary production [75]. However, the current structure of Serbia’s food safety
system, characterized by a distribution of responsibilities across several competent au-
thorities and private sector actors, requires more structured and operationalized cross-
sectoral coordination—particularly through formalized data-sharing mechanisms, har-
monized inspection and monitoring protocols, and coordinated feed-milk surveillance
strategies—to effectively translate scientific insights into timely and impactful action. This
need is underscored by findings of the State Audit Institution [29], which reported that
key inter-institutional coordination bodies and working groups do not function effec-
tively, limiting the system’s ability to implement integrated, risk-based decision-making.
Recognizing AFM1 as a permanent strategic priority within Serbia’s food safety agenda
would improve regulatory coherence, enhance institutional responsiveness, and
strengthen public health protection. The following subsections elaborate on two essential
pillars of this risk-based strategy:

3.3.1. Integration of Risk Ranking into Control Programs

Operationalizing a risk-based approach requires Serbia to establish regular, institu-
tionalized hazard ranking exercises within its national food control system. The institu-
tionalized risk-ranking process would allow for direct comparison of AFM: with other
hazards based on three key dimensions: hazard severity, population vulnerability, and
exposure level. To ensure effective implementation, a multisectoral working group should
be designated, comprising representatives from the Ministry of Agriculture, Forestry and
Water Management, the Ministry of Health, the National Reference Laboratory, interna-
tionally accredited laboratories (e.g., ISO/IEC 17025), academic institutions, and food busi-
ness operators (FBOs). Such a coordinated, multisectoral mechanism is particularly
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important in Serbia’s context, where effective implementation of risk-based approaches
depends on clear operational procedures, seamless collaboration among competent au-
thorities, and consistent exchange of relevant data.

FBOs, given their legal responsibility for food safety and quality assurance, play a
central role in translating risk-ranking outcomes into practical preventive and corrective
measures. The institutionalized risk-ranking procedures, ideally conducted on an annual
or biennial basis, should evaluate AFM1 contamination in milk alongside other relevant
chemical and microbiological hazards using national monitoring data and epidemiologi-
cal evidence. Given its well-documented public health significance, particularly its impact
on children, AFM: would likely remain among the highest-ranked hazards. This, in turn,
would justify enhanced surveillance efforts, region-specific sampling, and targeted inter-
ventions within the National Food Safety Plan [27]. This adaptive, risk-based oversight
not only improves regulatory efficiency but also enhances transparency and public confi-
dence in food safety measures [76,77]. To complement this adaptive oversight framework,
we propose a decision tree for risk prioritization of AFM1 in the dairy chain for monitoring
and control (Figure 4).

. ™

Q1. Has the chemical hazard
(e.g., AFs) been found in feed?

Yes — Mo
-

Q2. Are there any maximum
levels (ML) in feed?

Yes
h 4

Q3. Are Ms exceedaed?

"

Yes

to edible tissus (milk) posssible?

Megligible >

Fossible

Unknown/Limited
Qtﬂ

{milk) exceeding MLs?

Mo
w

production to dietary exposure
significant {=10%)?7

Yes Mo
w

Q7. Is the comp:

"

ounds (possibly)

carcinogenic?

A

Yes

Mo

h

r

-

8. Is the Marg

-

ine of Exposure

(MOE) =10,000?

Oo— ©

Medium Priority Mo classification

Loww Priority ible

Figure 4. Decision tree for risk ranking and prioritization of AFM1 in the dairy chain for monitoring
and control (adopted by [76).
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Flow charts, or decision trees, are increasingly recognized as practical tools for the
qualitative ranking of food-related hazards, offering a clear and structured framework for
translating hazard identification into actionable priority levels. Their primary purpose is
to provide a rapid and transparent screening of hazards, enabling risk managers to assess
the likelihood and severity of harm through a sequence of predefined questions. In this
context, the proposed flow chart translates the results of hazard ranking into operational
priority levels (high, medium, or low) by guiding risk managers through sequential steps
(Q1-Q8). It integrates critical elements such as the presence of AFB1 in feed, compliance
with maximum or guidance levels, carry-over into milk, and public health impact metrics,
including the margin of exposure (MOE) and carcinogenicity. This approach allows for
targeted interventions, optimized sampling plans, and early preventive actions to mini-
mize AFM1 contamination in milk and ensure that it remains within acceptable safety lim-
its. However, this method strongly depends on expert input to set up the right questions
and criteria based on expert judgment and scientific evidence, and it is therefore essential
to perform a rigorous expert elicitation study during its development [36]. Once a decision
tree is established, it becomes a highly accessible tool for stakeholders, allowing for
straightforward classification of hazards into high, medium, and low risks. Nevertheless,
effective risk ranking also requires robust institutional infrastructure and ownership.
While academic research in Serbia has provided valuable exposure data using EFSA-
aligned dietary surveys and probabilistic models, long-term mitigation depends on the
capacity of public institutions to implement coordinated, state-led surveillance and re-
sponse systems.

Embedding AFM1 monitoring into national health programs —particularly through
institutions responsible for chronic disease surveillance and dietary risk assessment—
would enhance Serbia’s alignment with EU standards and enable a One Health approach
that connects animal feed control, milk safety, and public health outcomes [76,78]. This
need is underscored by evidence linking AFM1 exposure with HCC. Although HCC is
not among the most frequently diagnosed cancers in Serbia, it ranks among the leading
causes of cancer-related deaths, suggesting a silent yet serious burden with dispropor-
tionate clinical outcomes. This highlights the importance of preventive action and sup-
ports the inclusion of AFM: as a priority contaminant in national cancer prevention and
food safety policies. To strengthen dynamic, evidence-based governance, Serbia should
invest in a centralized digital platform for hazard surveillance that integrates laboratory
findings, exposure metrics, and predictive modeling. Leveraging machine learning-based
prediction tools, Al-driven image analysis, and blockchain-supported traceability within
this platform would provide a robust foundation for early detection of AF risks, real-time
decision-making, and more efficient cross-sectoral coordination throughout the feed and
food safety system [79,80].

Importantly, risk prioritization must remain iterative and adaptable. Climate change,
feed chain shifts, and evolving consumer behaviors continuously alter risk profiles [81].
This will also support the operationalization of a One Health-based model for managing
foodborne risks, as further elaborated in the following section.

3.3.2. Targeting High-Risk Hotspots and Populations

A risk-based approach to food safety implies that monitoring and control efforts
should be directed where the likelihood and consequences of contamination are greatest
(Figure 5). In the case of AFM: in Serbia, both geographical and temporal patterns of con-
tamination point to specific hotspots and vulnerable groups that require heightened at-
tention. Geographically, the northern regions of Serbia, particularly the autonomous
province of Vojvodina, have been repeatedly identified as high-risk zones [21,48,50,51].
These areas are characterized by intensive maize cultivation and dairy production, which
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together create conditions conducive to AFB1 contamination in feed and subsequent AFM:1
carry-over in milk. Small-scale farms with limited infrastructure and traditional feed stor-
age practices are especially susceptible to mold growth and mycotoxin accumulation [50].
Seasonally, the risk of AFM1 contamination in milk is highest during late winter and early
spring [19,20,43,59]. This reflects the biological lag between harvest-time AFB1 contami-
nation and its appearance in milk via stored feed. Historical surveillance data confirm that
major contamination peaks occurred in January—February 2013 and autumn 2015, follow-
ing aflatoxin-prone maize harvests [21,48]. These seasonal trends highlight the need to
increase milk sampling frequency during high-risk periods and to implement real-time
predictive triggers, such as drought forecasts or early detection of elevated AFB1 levels in
the maize crop, to proactively intensify controls [82].

Mational Expert Council for Food Safety
Risk Assessment

o
Neglible
The Ministry of Health: Low
Public health protection, . y
monitering of foodbome illnesses, O
Veterinary Directorate
(Ministry of AFWAL)
[ Moderate ] Official control and monitoring of
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Veterinary Directorate
G
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Agricultural Inspection
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Official control and monitoring of
food/feed of plant crigin i
Food Buisness Operator (FBO)
(HACCP, GAF, GMF/GHF)
O

Figure 5. Risk-based ranking, prioritization, and allocation of responsibilities for control of AFs
along the dairy chain (Ministry of AFWM-.Ministry of Agriculture, Forestry and Water Manage-

men).

Equally important is the prioritization of vulnerable consumer groups. Children rep-
resent the most sensitive subpopulation due to their higher milk consumption per kilo-
gram of body weight compared to adults, resulting in increased relative dietary exposure
to AFM:1 [10,24,45]. This necessitates tighter control of milk products intended for chil-
dren, particularly in kindergartens, schools, and for infant nutrition. Practical measures
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include more frequent lot testing of such milk, stricter enforcement of regulatory limits
(especially for powdered milk and baby formulas), and reinforced traceability standards
[83]. From a One Health perspective, targeting high-risk populations and regions requires
integrated action across sectors [84]. Upstream control of AFB1in maize, overseen by phy-
tosanitary authorities, must be aligned with downstream AFM1 monitoring by veterinary
services. Public health authorities should support these efforts through targeted aware-
ness campaigns aimed at farmers, processors, and consumers, emphasizing the im-
portance of safe feed practices and the selection of tested milk, especially for young chil-
dren. By strategically concentrating interventions where contamination risk and exposure
potential are highest, both geographically and demographically, Serbia can significantly
reduce public health risks associated with AFM1, optimize resource allocation, and build
a more resilient and responsive food safety system.

Figure 5 illustrates the progressive movement of AFs (from AFB1 in contaminated
feed to AFM:1 in dairy products), highlighting critical control points along the milk supply
chain. Color intensity reflects the level of risk and the corresponding priority for interven-
tion. The highest risk and intervention priority are found at the level of primary produc-
tion (e.g., feed contamination), while risk decreases toward the consumer end of the chain,
assuming prior controls have been effective.

3.4. Policy Alignment and Priority Recommendations

Harmonization of Serbia’s MLs for AFM1 in milk with the EU standard of 0.05 ug/kg
[16] represents both a public health imperative and a strategic requirement for regulatory
alignment. Although Serbia has made progress in adopting risk-based food safety princi-
ples, the current ML of 0.25 pg/kg remains less stringent than EU provisions, reflecting a
long-standing tension between consumer protection and economic feasibility [17].
Achieving full and stable harmonization would strengthen public health safeguards, en-
hance transparency, and support Serbia’s progressive integration into EU food safety sys-
tems.

Importantly, harmonized standards are also essential for preserving and expanding
Serbia’s position in regional dairy markets. Several countries in Southeast Europe have
either aligned or are in the process of aligning their national contaminant limits with EU
legislation. Maintaining higher national MLs for AFM: increases the risk of trade disrup-
tions, rejection of consignments, and reduced competitiveness of Serbian dairy products
in regional export destinations. Thus, regulatory harmonization is not only a domestic
public health priority but also a prerequisite for safeguarding market access and ensuring
long-term stability of the dairy sector.

However, harmonization alone is insufficient. Achieving and maintaining compli-
ance with stricter AFM: thresholds requires reinforced control measures across the entire
milk production chain from farm to fork, with particular emphasis on upstream manage-
ment of AFB1 in animal feed [40,49]. Consistent enforcement of feed regulations, coordi-
nated official controls, and strengthened monitoring capacities are crucial to preventing
the entry of contaminated feed into the dairy chain [29]. These efforts must be supported
by systematic farmer education, adoption of good agricultural and storage practices, and
the use of validated feed management strategies [85,86]. Ensuring effective control
throughout this integrated chain requires complementary investments that support
timely detection, traceability, and coordinated response mechanisms.

Further progress also depends on sustained investment in technological and analyt-
ical capacities. Recent reviews highlight rapid advances in molecular diagnostics, biosen-
sors, chromatographic platforms, and Al-enhanced detection systems, all of which form
the basis for modern, responsive mycotoxin surveillance [87]. Translating these techno-
logical advances into practical food-safety capacity, however, requires parallel
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strengthening of national laboratory infrastructure and risk-intelligence systems. This in-
cludes expanding the network of accredited laboratories capable of sensitive AFB1/AFM1
detection, developing predictive tools for AF outbreaks, and deploying digital traceability
solutions that enhance early warning and risk communication. Such measures should be
embedded within coherent institutional collaboration: the Phytosanitary Directorate, Vet-
erinary Directorate, and Ministry of Health must function as an integrated risk-govern-
ance system, ensuring that regulatory decisions are evidence-based and implemented
consistently across the feed—milk—public health continuum.

In summary, policy alignment grounded in regulatory harmonization, strengthened
feed safety controls, coordinated multisectoral governance, and investment in monitoring
and analytical infrastructure, provides the foundation for effectively reducing AFM: ex-
posure, protecting public health, and securing Serbia’s competitiveness within both EU
and regional dairy markets.

4. Future Directions: Technological and Research Priorities for Risk-
Based Food Safety

Building on the findings of AFM:1 occurrence, exposure assessment, and institutional
performance, Serbia’s next strategic step is to transition toward a predictive, data-driven
model of food safety governance. Achieving this shift requires the combined application
of technological innovation, forward-looking research, and coordinated institutional
modernization, enabling national authorities to anticipate contamination trends, optimize
control measures, and strengthen multi-hazard risk prioritization. The following sections
outline key technological and research priorities necessary to operationalize this transfor-
mation.

4.1. Predictive Climate Models for Mycotoxin Risk

Develop models that integrate meteorological, agronomic, and remote-sensing data
to forecast AFB:1 contamination in maize and subsequent AFM: transfer into milk. In ad-
dition to conventional weather and crop-growth indicators, high-resolution data collected
via satellite imagery or drone-based monitoring can significantly enhance the accuracy of
these forecasts. Such predictive tools enable early decision-making and support targeted
interventions both pre- and post-harvest, allowing timely mitigation during high-risk sea-
sons or climate-stress conditions [27,36,79,80,88,89].

4.2. Integrated Digital Infrastructure and Surveillance

Establish a centralized, interoperable digital platform that consolidates data from
feed monitoring, milk testing, weather systems, and public health databases. Geospatial
visualization, real-time alerts and interoperable access for competent authorities across
the feed—food-health interface, such as the veterinary, phytosanitary, and public health
authorities [89-91].

4.3. Artificial Intelligence (Al)-Enabled Risk Prediction and Smart Sampling

Leverage Al techniques, particularly machine learning (ML) models, as analytical en-
gines capable of processing historical and real-time datasets, including climate trends,
feed contamination patterns, inspection history, and milk AFM: levels. These models can
predict seasonal contamination peaks and identify high-risk farms with greater precision
than traditional approaches. By dynamically generating risk scores, AI/ML systems can
inform smart sampling strategies, ensuring that inspection resources are directed toward
higher-priority nodes within the supply chain [79,80,89-91].
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4.4. Internet of Things (1oT)-Based Monitoring and Early Warning Systems

Deploy IoT sensors across the dairy chain to track key indicators such as temperature,
humidity, and COz in feed storage, as well as AFMi levels in raw milk at collection points.
These sensor networks can automate early warnings and trigger rapid mitigation actions,
particularly during drought-driven contamination cycles [79,89,91]. When integrated with
AI/ML models predicting seasonal contamination peaks, IoT systems enhance the accu-
racy and timeliness of early warning mechanisms, enabling dynamic, data-driven adjust-
ments to monitoring and control strategies.

4.5. Multi-Hazard Risk Ranking and Prioritization Tools

Design and pilot risk prioritization tools, such as MCDA and semi-quantitative scor-
ing systems, tailored to Serbian data. These tools should support comparison across chem-
ical, biological, and emerging food safety hazards [27,90,92].

4.6. Institutional Readiness and Capacity Building

Assess the preparedness of regulatory agencies, laboratories, and inspection bodies
for implementing Al- and IoT-enhanced systems. Strengthen capacity through targeted
training programs that enable stakeholders to interpret, trust, and operationalize digital
outputs [36,79,80,90,91].

4.7. Translational Research and Public Communication

Translate scientific findings into operational protocols, policies, and updated regula-
tory frameworks. Concurrently, develop evidence-based risk communication strategies to
increase transparency, build public trust, and support behavioral change among farmers
and consumers.

By aligning these technological and research priorities, Serbia can build a resilient,
data-driven food safety system capable of adapting to environmental variability, comply-
ing with EU standards, and protecting public health in a sustainable and transparent man-
ner.

5. Conclusions

This review provides a synthesis of more than a decade of national scientific research
following the 2012 AFMI1 crisis, demonstrating that AFM: remains a persistent and sea-
sonally amplified food safety challenge in Serbia’s dairy chain. Evidence consistently links
climate-driven AFB1 contamination of maize-based feed with predictable peaks of AFM1
in milk, underscoring the relevance of this hazard for public health, especially among
young children, as the most exposed group.

To address this long-standing issue, Serbia must advance from reactive responses
toward structured, risk-based governance. FAO and EFSA risk-ranking frameworks offer
a scientifically robust foundation for prioritizing hazards, directing monitoring efforts,
and improving targeting of interventions. While the institutional framework formally
supports such an approach, its effectiveness depends on the consistent operationalization
of risk-based principles across competent authorities, stronger cross-sector coordination,
and systematic integration of hazard ranking into national control programs—areas
where current practice shows room for improvement.

Looking ahead, digitalized surveillance systems, predictive analytics, and targeted
early-warning tools will be essential for timely detection and more efficient allocation of
resources. Embedding these capacities into routine food safety governance will enhance
the protection of vulnerable populations, support alignment with EU standards, and
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contribute to a more resilient and transparent dairy safety system capable of responding
to climate-driven aflatoxin pressures.
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HCC Hepatocellular carcinoma
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ML Machine learning

MRLs Maximum residue limits

MCDA Multi-Criteria Decision Analysis

MOE Margin of Exposure

UHT Ultra-high temperature processing
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YLD Years Lived with Disability

QALYs, Quality-Adjusted Life Years
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