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Abstract

Climate change continues to reshape environmental conditions across the globe as its impact on food safety and food
systems has become increasingly urgent. Increasing temperatures, high precipitation, and intensified weather events
pose direct and indirect threats to agricultural production, food processing, transportation, and storage. These climate-
related disruptions introduce new food safety risks, exacerbate existing hazards, and challenge the integrity of supply
chains. This review explores the dynamic intersection of climate science and food safety, highlighting both
vulnerabilities and emerging adaptive strategies. It evaluates climate-smart agricultural technologies, predictive
modeling tools, cold chain innovations, and interdisciplinary approaches aimed at strengthening the resilience of food
systems. Case studies demonstrate practical applications in sectors such as dairy, grain storage, and fresh produce
handling, while attention is also given to policy frameworks, international agreements, and certification systems that
incorporate climate risk management. Challenges such as technological gaps, regulatory barriers, and inequities in
resource access are critically analyzed. The paper concludes by outlining future research priorities, including artificial
intelligence-driven forecasting, advanced traceability techniques, and capacity-building in climate-vulnerable regions.
Through these integrated climate applications, food systems can transition from reactive to proactive risk management,
enhancing food safety and nutritional security in an era of increasing climate variability.
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Graphic abstract

Key Highlights - Climate
Applications for Food and Safety

Climate change exacerbates food safety risks by
intensifying pathogen spread, toxin production,
and infrastructure breakdown across the global
food system.

Digital Tools for Predictive Safety
Artificial Intelligence (Al), Internet of Things (loT),

ﬂ Climate Change and Food Hazards
@
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and blockchain technologies enable real-time
monitoring, early warning, and traceability to
mitigate climate-induced food safety threats

Climate-Smart Agricultural Solutions

mmm ©  |nnovations such as drought-tolerant crops,
solar-powered cold chains, and smart storage
systems improve food preservation and safety
under climate variability

Integrated Policy and Certification
f Frameworks

Global initiatives like the SDGs and Paris Agreement
are promoting the inciusion of climate risk
assessments in food safety regulations and
industry standards

E| Bridging Gaps with Capacity Building
Interdisciplinary collaboration and targeted training
programs are essential to equip developing regions
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1. Introduction

The interconnection between climate change and food systems has drawn critical interest in recent years, as the
escalating impacts of global warming pose unprecedented challenges to food safety and security. Climate change
influences every angle of food systems, from crop production and animal husbandry to storage, transportation, and
consumption, through rising temperatures, shifting forms of precipitation, sea-level rise, and rising frequency of intense
weather events [1, 2]. These climatic stressors not only disrupt food production and supply chains but also heighten
food safety risks by promoting the development and spread of foodborne pathogens, toxins, and chemical contaminants
[3, 4].

The evolving threat landscape necessitates the integration of climate science into food safety frameworks. Conventional
food safety monitoring systems must now accommodate climate-sensitive variables to remain effective. As such, climate
application tools that leverage climate data, forecasting models, and risk assessments are emerging as essential
mechanisms to predict, manage, and mitigate climate-related food safety risks [5, 6]. This review explores the effects of
climate change on food safety and highlights the role of climate-smart technologies, predictive models, and adaptive
strategies in ensuring food system resilience.

Highlights

e C(limate change intensifies food safety risks by disrupting agricultural production, supply chains, and storage
systems.

Emerging technologies like Al and IoT are revolutionizing climate-responsive food safety.

Climate-smart agriculture and cold chain innovations enhance resilience.

Policy frameworks and industry standards integrate climate risk into food safety strategies.

Capacity building and interdisciplinary research are crucial.
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2. Climate Impacts on Food Systems

2.1. Direct Effects on Agricultural Production

Agricultural production is the frontline of climate vulnerability in food systems. Rising global temperatures have been
shown to reduce yields in temperature-sensitive crops such as wheat and maize while potentially increasing
productivity in others like sorghum and millet [7]. Altered precipitation regimes and prolonged droughts have
destabilized rain-fed agricultural practices, mostly in South Asia and sub-Saharan Africa [1]. These shifts directly affect
not just crop quantity but also nutritional quality, with heat stress shown to lower protein and micronutrient content
in staples like wheat and rice [8].

Extreme weather situations like floods, hurricanes, and heatwaves, compound these challenges by increasing the risk
of microbial contamination and toxin production. For instance, higher temperatures and humidity favour the
proliferation of mycotoxin-producing fungi such as Aspergillus flavus, which contaminates crops like maize and
groundnut [9]. Drought conditions can also cause the accumulation of nitrates and other chemical hazards in edible
plants, while floods facilitate the spread of foodborne bacteria like Salmonella and E. coli through contaminated water
sources [10]. Figure 2 presents how food safety is impacted by climate change.
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Figure 1 The impact of climate change on food safety

2.2. Indirect Effects Through Supply Chain Disruption

Beyond primary production, climate change also exerts indirect pressure on food systems by affecting logistics and
infrastructure. Disruptions in transportation networks due to landslides, flooding, or extreme heat can compromise cold
chain logistics, which are critical for preserving perishable items like dairy, seafood, and fresh produce [11]. Even brief
interruptions in refrigeration can significantly increase the growth rate of pathogenic microorganisms such as Listeria
monocytogenes, threatening consumer health. Climate-induced damage to food storage and processing facilities not only
increases the risk of contamination but also reduces the capacity of food systems to buffer against shocks. In low- income
regions, where post-harvest losses are already high, these disruptions can lead to cascading failures that amplify food
insecurity [12]. Therefore, reinforcing infrastructure with climate-resilient materials and technologies is a growing
priority in global food safety strategy.
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3. Emerging food safety risks under climate change

The intersection of climate change and food safety introduces novel risks and addresses existing hazards. Warming
temperatures can expand the geographic zone and seasonal variations of foodborne pathogens, leading to more
frequent outbreaks [13]. For example, warmer ocean waters have been linked to the increased prevalence of Vibrio spp.,
which cause seafood- borne illnesses [14]. Likewise, increased rainfall and flooding events elevate the risk of E. coli and
Campylobacter contamination in surface water applied to irrigation and processing.

Changes in pest and vector populations driven by climate variability may also lead to greater pesticide usage, raising
concerns about chemical residues in food products [15]. Concurrently, heat stress during storage may accelerate lipid
oxidation and spoilage in animal products, while facilitating the migration of packaging-related chemicals such as
bisphenol-A (BPA) into food items [11].

Additionally, the proliferation of naturally occurring toxins like cyanogenic glycosides in cassava and aflatoxins in
cereals is expected to increase with climate stress, threatening both public health and food safety [16]. These risks call
for adaptive surveillance systems and the development of novel climate-responsive food safety standards and
monitoring technologies.

4. Policy Frameworks and Implementation Strategies

4.1. International Initiatives and Agreements

Climate-resilient food systems are a growing priority in global policy frameworks, particularly under the guidance of
the United Nations Sustainable Development Goals (SDGs), which emphasize the integration of climate action with food
security [17]. Key agreements, such as the Paris Agreement, recognize the agricultural dual role as both a victim and
contributor to climate change and advocate for climate-smart food policies [18]. International funding mechanisms like
the Green Climate Fund have increasingly supported food system adaptation projects that enhance resilience and safety,
including early warning systems for crop failure and investments in cold chain infrastructure [19].

4.2. National and Regional Adaptation Strategies

At the national level, countries have developed climate adaptation plans specific to agriculture and food safety. For
instance, the United States Climate-Smart Agriculture and Forestry Strategy promotes sustainable intensification and
improved risk management tools for farmers [20]. Similarly, African nations, through the Comprehensive Africa
Agriculture Development Programme (CAADP), are developing regional strategies that combine agroecological
practices with climate-resilient storage and processing techniques [21]. Regional collaborations like Farm to Fork
Strategy of the European Union also integrate climate considerations into food safety legislation, emphasizing
traceability and sustainable consumption [22].

4.3. Industry Standards and Certification Systems

Food industry standards are increasingly incorporating climate risk assessments. Certification schemes like
Global Good Agricultural Practice (G.A.P) and Rainforest Alliance have revised their criteria to include climate- smart
practices such as soil carbon management and adaptive irrigation [23]. Traceability systems now integrate climate data
to monitor temperature fluctuations and potential exposure to contamination during food transit [24]. These
developments ensure that food producers are not only compliant with food safety but also resilient to climate-induced
hazards.

5. Case Studies and Applications

5.1. Dairy Industry Climate Adaptation

In the dairy industry, rising temperatures affect milk yield, microbial stability, and shelf life. In India, for instance, milk
spoilage has increased due to insufficient refrigeration and heat stress on livestock [25]. Adaptive strategies such as
solar-powered chillers, heat- resistant fodder, and wearable sensors to monitor cow health have been implemented to
mitigate climate effects and maintain food safety [26]. In the EU, smart cooling logistics have helped reduce pathogen
growth in milk chains during high-heat seasons [27].
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5.2. Grain Storage and Distribution

Grains are susceptible to mold and mycotoxin contamination due to changing humidity and temperature levels during
storage. In Nigeria, hermetic storage bags have proven effective in preserving grain quality under fluctuating climate
conditions [28]. In Canada, Al-driven ventilation systems are used to regulate moisture in grain silos based on local
weather forecasts [29]. These practices highlight the need for integrating predictive tools with storage systems to
ensure safety.

5.3. Fresh Produce Safety

Fresh produce, especially leafy greens, is vulnerable to climate-induced water contamination. After flood events, E. coli
outbreaks have been linked to contaminated irrigation sources [30]. In California, farms use remote sensing to monitor
water quality and soil moisture, reducing contamination risks during climate anomalies [31]. Additionally, packaging
innovations like biodegradable films with antimicrobial properties are now employed to extend shelflife under variable
temperature conditions [32].

6. Challenges and Limitations

6.1. Technical and Infrastructure Constraints

Many developing nations lack the infrastructure to implement climate-smart food systems. Poor weather monitoring,
limited cold chain facilities, and insufficient lab capacity hinder early detection of food safety threats [17]. Moreover,
integrating high-tech solutions like Al and IoT requires digital literacy and sustained investment, which are often
unavailable in rural food-producing regions [33].

6.2. Institutional and Regulatory Barriers

Fragmented governance across the agriculture, environment, and health sectors creates regulatory bottlenecks. For
example, in some low-income countries, food safety authorities lack mandates to address climate risks in food systems
[34]. Harmonization of standards and cross-sectoral policy coordination are essential for implementing climate-
resilient food safety measures [35].

6.3. Economic and Social Considerations

The high cost of adaptive technologies, such as climate-controlled storage or bio-fortified crops, often limits accessibility
for smallholder farmers. Without subsidies or financial incentives, adoption rates remain low [36]. Furthermore,
consumer awareness of climate-related food safety issues remains minimal, underlining the need for public education
campaigns to foster demand for safer, climate-smart food [17].

7. Future Directions and Research Priorities

7.1. Technological Innovations

Advancements in digital agricultural systems and food safety programs are central to future climate-resilient food
systems. Artificial intelligence (AI) and machine learning (ML) tools are increasingly used to analyze large datasets
related to weather patterns, crop performance, pathogen outbreaks, and supply chain vulnerabilities [37]. These
technologies can identify early warning signals and offer real-time insights to mitigate food safety risks before they
escalate. Al- powered predictive models have been used successfully in managing mycotoxin outbreaks and foodborne
illness prediction [38].

The use of Internet of Things (IoT) devices and smart sensors enhances traceability and control throughout the supply
food chain. These devices collect granular data on temperature, humidity, and contamination risks during production,
processing, and distribution [2]. Blockchain technology, when integrated with 10T, offers transparent data storage and
verification, reducing fraud and ensuring accountability in climate-sensitive food systems [39].

7.2. Interdisciplinary Research Approaches

Future efforts should emphasize interdisciplinary collaboration across climate science, food safety, agricultural
economics, public health, and social sciences. For instance, systems thinking can help map out the complex interplay
between climate attributes and food system outcomes, creating a comprehensive framework for adaptive planning [40].
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Integration of participatory research methods with traditional modeling approaches allows for the co-creation of locally
adapted strategies that mitigate environmental and socio-economic issues [41].

Moreover, scenario planning using integrated assessment models enables the exploration of multiple futures under
various climate and socio-economic trajectories, offering flexible policy options. These models help stakeholders
understand trade-offs amongst addressing, adapting and evaluating food security outcomes [42].

7.3. Capacity Building and Knowledge Transfer

Building capacity in low and middle-income countries is essential for evaluating climate applications for food safety.
This includes training agricultural extension workers, food safety inspectors, and producers in climate-smart practices
and risk-based food safety management systems [43]. Investment in data infrastructure, especially meteorological and
food surveillance systems, will empower countries to adopt early warning systems and improve outbreak response
times.

South-South cooperation and international knowledge-sharing platforms are crucial for disseminating successful
models. Initiatives like the Climate-Smart Agriculture Knowledge Hub and Consultative Group on International
Agricultural Research (CGIAR) of FAO research programs have facilitated technology transfer and policy innovation
across continents [42].

8. Conclusion

The convergence of climate change and food safety concerns demands a paradigm shift in how we approach food system
resilience. As demonstrated in this review, climate change disrupts agricultural productivity, alters pathogen behavior,
and weakens supply chain infrastructure thereby elevating the concerns of foodborne illnesses, contamination, and
nutritional deficiencies. However, the growing field of climate applications provides powerful tools to counter these
threats. Predictive models, climate-smart agriculture, smart cold chains, and early warning systems offer promising
pathways to adapt and protect food safety under changing environmental conditions. Effective integration of these
applications requires not only technological innovation but also robust interdisciplinary collaboration, inclusive policy
frameworks, and strategic investment in capacity building, especially in vulnerable and resource-limited regions. As
global institutions move toward aligning agriculture and food operations with climate commitments such as the Paris
Agreement and the UN Sustainable Development Goals, embedding food safety into climate adaptation policies is more
important than ever.

Future research should continue to explore innovative technologies such as Al and IoT, while also addressing socio-
economic and governance barriers to implementation. By aligning climate science with food safety objectives,
stakeholders can safeguard public health, stabilize food supply chains, and ensure that global food systems remain
secure, sustainable, and equitable in the face of a dynamic climate.
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