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Abstract

Climate change poses an unprecedented threat to global food security, challenging the stability and productivity of agricultural
systems worldwide. As erratic rainfall, rising temperatures, and pest outbreaks intensify, conventional farming approaches are
proving inadequate to ensure resilience and sustainability. This review explores the emerging role of environmental foresight,
supported by digital agriculture, artificial intelligence (Al), and predictive modeling, in shaping climate-resilient farming
systems. It examines how data-driven foresight enables early warning systems, precision interventions, and adaptive
management strategies that strengthen the capacity of farmers and policymakers to anticipate risks rather than react to crises.
The integration of remote sensing, Internet of Things (loT) devices, and Al-based analytics into agricultural decision-making
has revolutionized the monitoring of soil, water, and crop health at unprecedented spatial and temporal scales. Furthermore,
this review discusses policy and governance innovations necessary to operationalize foresight-based agriculture, emphasizing
participatory approaches that bridge science and local knowledge. The paper concludes by identifying the pathways toward a
digitally empowered, climate-smart agricultural future where technology, ecology, and foresight converge to ensure global
food security and sustainability.
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1. Introduction

Agriculture stands at the center of the global climate crisis. As the world’s most climate-sensitive sector, it both contributes to
and suffers from environmental change. Agriculture is responsible for approximately one-third of global greenhouse gas
emissions, yet it also bears the brunt of climate-induced stresses such as heatwaves, droughts, floods, and pest invasions.
The escalating frequency of extreme weather events poses serious risks to crop productivity, food supply chains, and the
livelihoods of nearly two billion people who depend on farming. These challenges underscore the urgent need for climate-
resilient agricultural systems capable of sustaining productivity in uncertain and volatile environments.

Traditional adaptation measures, such as irrigation, crop diversification, and soil conservation, though vital, are increasingly
insufficient to address the complexity of modern climate risks. This has led to growing interest in environmental foresight, a
discipline that anticipates and prepares for future environmental changes through systematic forecasting, scenario building,
and strategic planning. Environmental foresight offers a proactive framework, helping decision-makers anticipate long-term
impacts and design adaptive strategies before crises occur. When integrated with digital technologies, artificial intelligence,
and big data analytics, foresight becomes a transformative tool for modern agriculture—enabling predictive, data-driven, and
sustainable farming practices.

This review explores how foresight-driven digital agriculture can strengthen climate resilience and sustainability. It focuses on
three interlinked dimensions: the role of digital technologies in predictive agriculture, the use of Al and data analytics in
foresight-based decision-making, and the importance of participatory policy frameworks for resilient agricultural
transformation. Together, these components highlight the potential of environmental foresight as a catalyst for innovation in
agricultural systems under climate stress.

2. Climate Change and the Need for Environmental Foresight

The global agricultural sector is experiencing mounting instability due to climate change. Rising temperatures alter growing
seasons, accelerate evapotranspiration, and increase crop water requirements. Shifts in precipitation patterns disrupt irrigation
schedules and rainfed farming systems, while the proliferation of pests and pathogens further threatens yields. For instance,
warmer winters in many regions allow pest populations to survive and expand, creating new ecological imbalances. Traditional
reactive responses—such as post-harvest pest control or crisis-based irrigation—often arrive too late and exacerbate
environmental degradation through overuse of pesticides and water.

Environmental foresight shifts this paradigm from reaction to anticipation. It enables farmers, researchers, and policymakers
to visualize multiple climate futures, simulate their impacts on agriculture, and identify resilient pathways before those futures
unfold. Through foresight tools such as climate scenario modeling, crop-climate simulations, and early warning systems,
stakeholders can make informed decisions about resource allocation, crop selection, and technology adoption. For example,
the use of ensemble climate models helps predict the probability of drought events or pest outbreaks months in advance,
enabling proactive mitigation strategies.

Moreover, environmental foresight facilitates long-term planning at multiple scales—from farm-level adaptation to national
food security policy. It promotes systems thinking, encouraging stakeholders to recognize the interconnectedness of water,
energy, biodiversity, and human livelihoods. This integrated approach is fundamental to building agricultural systems that are
both productive and regenerative.
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3. Digital Agriculture and Predictive Technologies

The digital revolution has brought unprecedented opportunities for foresight-driven agriculture. Technologies such as remote
sensing, loT-based monitoring, and geospatial analytics generate vast quantities of real-time data on soil moisture, crop
growth, and climatic conditions. These datasets form the foundation of predictive agriculture, allowing for continuous
assessment and rapid response to changing environmental conditions.

Satellite imagery and unmanned aerial vehicles (UAVs) are now routinely used to monitor crop health and detect early signs
of stress. Multispectral and hyperspectral imaging technologies capture subtle changes in vegetation indices, enabling early
detection of drought stress or disease outbreaks. These observations, when integrated into predictive models, allow farmers
to intervene before yield losses become irreversible. Similarly, 1oT sensors embedded in soil and irrigation systems
continuously measure water levels, pH, and nutrient content, ensuring efficient resource management.

Another crucial component of digital foresight is data integration. By merging satellite data, sensor outputs, and meteorological
forecasts, it becomes possible to create comprehensive digital twins of agricultural ecosystems—virtual replicas that simulate
real-world dynamics. These digital twins serve as testbeds for “what-if’ scenarios, allowing policymakers and farmers to
evaluate the impact of specific interventions such as irrigation scheduling, crop rotation, or fertilizer reduction. In developing
countries, where data infrastructure is often limited, mobile-based advisory platforms powered by machine learning are
bridging the gap. These systems provide farmers with location-specific weather forecasts, pest alerts, and crop
recommendations, democratizing access to foresight information and empowering communities to make climate-smart
decisions.

4, Artificial Intelligence and Predictive Modeling in Agriculture

Avrtificial intelligence has revolutionized environmental foresight in agriculture by enabling systems to learn from historical data,
recognize patterns, and predict future outcomes. Al-driven predictive modeling allows for dynamic assessment of variables
such as temperature, soil quality, crop health, and pest risk.

Machine learning algorithms trained on decades of climate and yield data can forecast how specific crops will perform under
various climate scenarios. Deep learning models, for instance, can detect early symptoms of nutrient deficiencies or diseases
in crops from image data with remarkable precision. These tools provide foresight into emerging threats and allow for timely,
targeted interventions that minimize losses while reducing chemical inputs.

Al also enhances climate-smart irrigation and fertilizer optimization. Predictive models use weather forecasts and soil data to
recommend optimal irrigation timing and volume, improving water use efficiency. Similarly, Al algorithms can simulate fertilizer
requirements, helping farmers avoid over-application that leads to soil acidification and runoff pollution.

At the policy level, Al-supported foresight models integrate socio-economic data with environmental parameters to identify
vulnerable regions and design adaptive support programs. For example, predictive analytics can help governments anticipate
drought-related migration or assess the economic impacts of yield variability. These insights support evidence-based policy
planning aligned with sustainable development and food security objectives.

5. Life Cycle Assessment and Sustainability Foresight

While digital tools enhance immediate decision-making, life cycle assessment (LCA) provides a long-term foresight framework
to evaluate environmental impacts across agricultural supply chains. LCA examines the entire life cycle of agricultural
products—from seed to consumption—quantifying emissions, energy use, and resource efficiency.

Integrating LCA with foresight allows for scenario analysis that anticipates how changes in production methods or input
materials affect sustainability outcomes. For example, substituting synthetic fertilizers with biofertilizers can reduce carbon
emissions, but may alter nutrient availability or yield stability. By simulating multiple futures, foresight-based LCA helps
stakeholders identify the most resilient and least impactful solutions.

Al-driven LCA tools further enhance foresight by automating data collection and impact prediction. These systems can analyze
diverse variables—such as irrigation energy use, pesticide application rates, and logistics efficiency—under different climate
conditions. This integration of digital foresight and LCA provides a holistic view of sustainability trade-offs, guiding investments
toward practices that achieve both productivity and ecological integrity.

6. Policy and Governance for Foresight-Based Agriculture

Technological foresight alone cannot guarantee agricultural resilience without supportive governance frameworks. Climate-
smart agriculture requires enabling policies that encourage innovation, knowledge sharing, and risk reduction. Governments
play a central role in fostering foresight-based adaptation through national strategies, subsidies, and digital infrastructure
investment.

Participatory foresight is particularly important. Involving farmers, researchers, private companies, and policymakers in
scenario-building processes ensures that foresight outcomes are socially relevant and locally actionable. Co-created foresight
platforms facilitate dialogue among stakeholders, allowing scientific projections to be combined with indigenous knowledge
and field-level experience. Such participatory governance not only improves model accuracy but also enhances community
ownership and adoption of adaptive practices.
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International cooperation is equally vital. Transboundary foresight networks enable countries to share data on regional weather
patterns, pest dynamics, and market trends. Collaborative modeling platforms, supported by organizations such as the FAO
and CGIAR, are creating global foresight ecosystems that link local actions to global food security objectives.

Economic instruments, including climate risk insurance and green credit systems, complement foresight-based policies by
reducing vulnerability and incentivizing sustainable practices. By linking financial mechanisms with predictive analytics,
farmers can access insurance payouts triggered by real-time drought forecasts, thereby stabilizing livelihoods during crises.

7. Challenges and Future Directions

Despite remarkable progress, integrating environmental foresight into agricultural systems faces significant challenges. Data
accessibility and interoperability remain key bottlenecks. Many regions, particularly in developing countries, lack the
infrastructure to collect and process high-resolution environmental data. Moreover, fragmented data ownership across public
and private sectors limits the integration of foresight models.

Another challenge lies in the ethical and social dimensions of digital foresight. While Al enhances decision-making, its
algorithms may reproduce biases if not carefully designed. Ensuring transparency, data privacy, and equitable access to digital
tools is essential to prevent technological exclusion among smallholder farmers.

Climate uncertainty also complicates foresight modeling. While Al improves predictive accuracy, long-term projections still
carry substantial uncertainty due to nonlinear climate feedbacks. Therefore, foresight must remain adaptive, continuously
updated with new data and learning mechanisms.

Looking ahead, the fusion of Al, loT, remote sensing, and systems modeling will enable the creation of real-time adaptive
foresight platforms capable of continuous learning. Emerging technologies such as blockchain can ensure data traceability
across supply chains, enhancing trust and accountability in foresight-driven decisions. Moreover, educational initiatives that
integrate foresight literacy into agricultural training will empower farmers to become active participants in shaping resilient
futures.

8. Conclusion

Environmental foresight represents a transformative shift in agricultural thinking—from reactive adaptation to anticipatory
resilience. By combining digital technologies, predictive modeling, and participatory governance, foresight-based agriculture
enables stakeholders to prepare for an uncertain climate future rather than merely respond to its impacts. Artificial intelligence,
life cycle assessment, and remote sensing technologies provide the analytical foundation for understanding complex
interactions between climate, crops, and ecosystems, while policy innovations translate foresight into collective action.

The path to climate-resilient agriculture will depend on sustained collaboration between scientists, farmers, policymakers, and
technologists. Together, they can harness foresight to design adaptive systems that safeguard productivity, protect
ecosystems, and ensure equitable access to food and resources. In this vision, foresight is not just a tool for prediction—it
becomes a framework for hope, guiding humanity toward a sustainable and regenerative relationship with the environment.
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