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Abstract

Achieving zero food gap has become a strategic global priority in response to
increasing pressures from population growth, land degradation, climate change,
and resource scarcity. Despite substantial advances in agricultural technologies,
persistent disparities between food demand and production highlight the need for
integrated approaches that strengthen the natural resource base while improving
decision-making and policy implementation. Among these resources, healthy soils
constitute the foundation of sustainable food systems, making sustainable soil
governance the essential first step toward resilient food production. This review
synthesizes recent advances in soil science, Earth observation, artificial intelligence,
and decision support systems to develop an integrated conceptual framework—
Sustainable Soil Governance Pathways Toward Zero Food Gap. Following the PRISMA
2020 framework, peer-reviewed literature published between 2015 and 2026 was
systematically analyzed and organized into four interconnected domains: sustainable
soil management, digital soil intelligence, sustainable soil governance, and enabling
societal drivers. Rather than treating these domains independently, the review
emphasizes their interactions in transforming scientific evidence into coordinated
management and policy actions. The proposed framework identifies sustainable
soil governance as the central coordinating mechanism that links healthy soils to
digital innovation, evidence-based decision-making, and broader environmental,
institutional, and socioeconomic conditions influencing food systems. This
perspective recognizes that while soil governance is not the sole determinant of food
security, it provides the foundation for integrating complementary interventions
to advance the long-term vision of zero food gap. The framework offers a practical
roadmap for supporting resilient, productive, and sustainable food systems.

Keywords: Soil governance; Zero food gap; Soil health; Earth observation; Artificial
intelligence; Food security

1. Introduction

The increasing imbalance between global food demand and agricultural production has
emerged as one of the most pressing societal challenges of the 21st century. Population
growth, changing consumption patterns, climate variability, and accelerating land
degradation continueto placeunprecedented pressureonagricultural systems, threatening
long-term food security and sustainable development.' Although technological advances
have improved agricultural productivity in many regions, substantial gaps persist between
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food demand and production capacity, particularly
where soil degradation, water scarcity, weak governance,
and limited institutional capacity constrain sustainable
resource management.” These interacting pressures make
the transformation of food systems a critical priority
for achieving sustainable development, particularly
because increasing food production alone may not ensure
long-term food security when the natural resources
and institutional systems supporting production are
simultaneously degraded. Reducing the food gap therefore
requires more than increasing agricultural production. It
demands integrated strategies that strengthen the natural
resources supporting food systems while improving the
institutions and decision-making processes responsible for
their sustainable management.

In this review, zero food gap is defined as a broader,
sustainability-oriented conceptual vision that extends
beyond the conventional quantitative gap between food
demand and food supply. It refers to a long-term condition
in which food production capacity, food availability,
resource sustainability, environmental integrity, and
equitable access are sufficiently aligned to support
resilient food systems. Thus, zero food gap is not used as a
quantitative indicator or as a substitute for the established
concept of food security. Food security encompasses the
availability, access, utilization, and stability dimensions
of food, whereas the Zero Hunger goal (Sustainable
Development Goal 2) represents the United Nations’ global
commitment to ending hunger and achieving food security
and improved nutrition while promoting sustainable
agriculture. In contrast, the zero food gap concept adopted
here provides an integrative framework linking these
outcomes to the sustainable management of soil and other
natural resources, digital innovation, effective governance,
and socioeconomic enabling conditions.

Among these natural resources, soil occupies a
unique position because it underpins virtually every
terrestrial food production system. Healthy soils regulate
nutrient cycling, water availability, carbon sequestration,
biodiversity, and numerous ecosystem services that sustain
agricultural productivity and environmental resilience.
However, nearly one-third of the world’s soils have been
degraded through erosion, salinization, nutrient depletion,
contamination, and declining organic matter, resulting
in lower crop productivity and greater vulnerability of
food systems.* The persistence and interacting nature
of these pressures demonstrate that addressing food-
system challenges requires coordinated interventions
that simultaneously consider production capacity, natural
resource sustainability, institutional governance, and
social equity. These challenges have elevated sustainable

soil management from a field-level practice to a strategic
priority for global food security, climate adaptation, and
ecosystem sustainability.

Recent advances in Earth observation, digital soil
mapping, and artificial intelligence (AI) have transformed
the way soil resources are monitored and assessed. Multi-
source satellite observations, unmanned aerial vehicles,
proximal sensing technologies, and machine learning
algorithms now enable continuous monitoring of soil
properties, degradation processes, moisture conditions,
and agricultural dynamics across multiple spatial and
temporal scales.*® These technologies have substantially
improved the availability and accuracy of soil information.
However, technological progress alone cannot address
complex food system challenges unless scientific
information is translated into practical management
decisions and effective public policies.

This transition highlights the growing importance
of soil governance, which extends beyond conventional
soil management by integrating scientific knowledge,
institutional coordination, stakeholder participation, policy
instruments, and decision support systems into a coherent
framework for sustainable land stewardship.® Within this
perspective, soil governance should not be viewed as the
sole determinant of food security. Rather, it represents the
coordinating mechanism through which soil information,
technological innovation, and management practices are
coordinated with broader environmental, economic, and
societal priorities. Its effectiveness depends on interactions
with several enabling factors, including climate adaptation,
water resource management, agricultural policies,
investment, and socioeconomic conditions.

The societal significance of sustainable soil governance
extends well beyond agricultural productivity. Healthy
soils contribute to food security, food safety, climate
resilience, ecosystem restoration, sustainable cities, and
human well-being while supporting progress toward
multiple Sustainable Development Goals.” Consequently,
achieving zero food gap requires an integrated perspective
that recognizes soil governance as the connecting
interface between healthy soils, digital innovation, policy
development, and the wider social and environmental
systems that influence food production.

Although substantial progress has been made in soil
science, remotesensing,and Al, existingreviews havelargely
examined these themes independently. Comparatively
little attention has been given to how these components
interact within an integrated governance perspective
capable of supporting resilient food systems. As a result, an
important knowledge gap remains between technological
innovation and its effective translation into governance
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strategies that can address the multidimensional drivers of
food insecurity.

Therefore, this review develops an integrated conceptual
framework entitled Sustainable Soil Governance Pathways
Toward Zero Food Gap. The framework is organized
around four interconnected domains: (i) sustainable
soil management as the biophysical foundation of food
systems, (ii) digital soil intelligence derived from Earth
observation and Al, (iii) sustainable soil governance as
the mechanism that transforms knowledge into evidence-
based decisions, and (iv) enabling societal drivers that
influence the successful implementation of governance
strategies. By integrating these domains, the proposed
framework positions sustainable soil governance as an
important pathway connecting scientific evidence with
coordinated action toward resilient food systems and the
broader long-term vision of zero food gap.

2. Review methodology

This review was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA 2020) guidelines.® A systematic search
was performed in Scopus, Web of Science Core Collection,
and ScienceDirect, with additional studies identified
through Google Scholar and reference list screening. The
search covered publications from January 2015 to June
2026, reflecting the rapid development of sustainable soil
management, Earth observation, Al, and digital decision
support.

The primary databases were selected to provide
multidisciplinary coverage of the four major themes
addressed in this review, while Google Scholar and
reference-list screening were used as supplementary
sources to identify potentially relevant publications
that might not have been retrieved through the primary
database searches. Publisher-specific platforms, including
the Multidisciplinary Digital Publishing Institute (MDPI),
were not searched independently; therefore, articles
published by MDPI or other publishers were included only
when they were retrieved through the predefined databases
or supplementary search procedures.

The search strategy was structured around four
thematic dimensions corresponding to the objectives of
this review: soil sustainability, digital technologies, food
systems, and governance. The search combined keywords
and Boolean operators related to these four dimensions,
including terms describing soil health, soil degradation
and restoration, Earth observation, digital soil mapping,
Al soil governance, food systems, food security, climate
adaptation, water resources, agricultural policy, and
socioeconomic drivers.

Studies were screened according to predefined
eligibility criteria. Only peer-reviewed journal articles
and review papers published in English were considered.
Eligible studies addressed at least one of the four thematic
dimensions while demonstrating clear relevance to
sustainable soil management, governance, or food systems.
Publications lacking environmental or management
implications, as well as conference abstracts, editorials,
and other non-peer-reviewed documents, were excluded.
During title and abstract screening, records were excluded
when they were clearly outside the scope of the review or
lacked substantive relevance to the predefined thematic
dimensions. During full-text assessment, reports were
excluded when they did not satisfy the thematic eligibility
criteria, did not provide sufficient evidence relevant to the
objectives of the review, or represented an inappropriate
publication type.

The literature selection followed the four stages
of PRISMA 2020: identification, screening, eligibility
assessment, and inclusion. After duplicate removal,
titles and abstracts were screened, followed by full-text
evaluation of potentially relevant studies. A total of 420
records were identified from the primary databases and
supplementary sources, comprising 245 records from
Scopus, 105 from Web of Science Core Collection, 50 from
ScienceDirect, and 20 from supplementary sources. After
removing 70 duplicate records, 350 records remained for
title and abstract screening. A total of 240 records were
excluded at this stage, leaving 110 reports for full-text
assessment. Following the full-text evaluation, 21 reports
were excluded for predefined eligibility criteria, leaving 89
studies for the final evidence synthesis. Thus, the numerical
sequence of the study-selection process was: 420 records
identified, 350 records screened, 110 full-text reports
assessed, and 89 studies included. The corresponding
numbers and selection stages are presented in Table 1 and
visually summarized in the PRISMA 2020 flow diagram
(Figure 1). Relevant information was extracted from the
selected publications, including research objectives, study
location, methodological approaches, technological tools,
governance components, and reported environmental or
societal outcomes.

For each included study, the evidence-extraction process
also recorded the publication year, thematic domain,
methodological approach, soil-related component, digital
or Earth observation component, governance dimension,
relevance to food-system sustainability, and principal
reported findings. A structured evidence-extraction matrix
was used to organize these characteristics and support the
subsequent thematic synthesis. The distinction between
systematically retrieved studies and supplementary

Volume X Issue X (2026)

doi: 10.36922/EER026320034


https://doi.org/10.36922/EER026320034

Explora: Environment
and Resourceand Resource

Soil governance toward zero food gap

contextual literature was maintained during the review
process. The predefined systematic search period was
January 2015-June 2026; however, a limited number of
seminal references published before 2015 were retained
where they provided essential conceptual or foundational
context for the reviewed themes. These references were
not used to extend the predefined database-search period.
The five pre-2015 references retained in the manuscript are
identified separately in the reference list and are treated as
contextual rather than as evidence extending the systematic
search period.

The selected studies were synthesized into four core
scientific domains supported by cross-cutting enabling
drivers, which collectively informed the development of the
proposed Sustainable Soil Governance Pathways Toward
Zero Food Gap framework. Within this framework,
sustainable soil governance is viewed as the coordinating
mechanism that integrates scientific knowledge, digital
innovation, and evidence-based decision-making while
recognizing the complementary roles of environmental,
policy, and socioeconomic drivers in advancing the long-
term vision of zero food gap.

Artificial intelligence-assisted tools, i.e., Google Gemini
(version 1.5 Pro; United States of America), were used only
to refine the graphical presentation of selected conceptual
figures, including layout organization, visual consistency,
typography, and graphical clarity. The scientific concepts,
framework structure, interpretation of the literature,
relationships among the framework components, and

final figure content were developed and determined by the
author based on the reviewed evidence.

3. Sustainable soil management: the
foundation of food systems

3.1. Soil health and soil functions

Soil is the foundation of agricultural production and one of
the Earth’s most valuable natural resources. It supports plant
growth, regulates ecological processes, and sustains the
environmental conditions required for food production.
As global demand for food continues to increase while
cultivable land becomes increasingly limited, maintaining
healthy soils has become essential for ensuring food
security and achieving sustainable development. This shift
has expanded the role of soil from a production resource to
a strategic asset that supports both ecosystem stability and
human well-being.’

The concept of soil health extends beyond traditional
measures of soil fertility. It refers to the capacity of soil to
function as a living ecosystem that continuously supports
plants, animals, and humans while maintaining its physical
structure, chemical balance, and biological activity. A
healthy soil promotes efficient nutrient cycling, stores and
supplies water, resists degradation, and responds effectively
to environmental stress. Because these processes are closely
interconnected, changes in one property often influence the
overall performance of the soil system, making comprehensive
assessment essential for sustainable land management.'

Table 1. Literature search strategy and eligibility criteria for the PRISMA 2020-based review

Component

Description

Review framework

Primary databases

Supplementary sources

Search period

Main thematic domains

Search concepts

PRISMA 2020

Scopus, Web of Science Core Collection, ScienceDirect

Google Scholar, reference-list screening

January 2015-June 2026

Sustainable soil management; digital soil intelligence; soil governance; food-system enabling drivers

Soil sustainability, soil degradation, soil restoration, Earth observation, artificial intelligence, digital soil mapping,
soil governance, food systems, climate adaptation, water resources, agricultural policy, socioeconomic drivers

Notes: The literature search identified 420 records. After removing 70 duplicate records, 350 records remained for screening. Following title and abstract

screening, 240 records were excluded, leaving 110 full-text reports for eligibility assessment. Of these, 21 reports were excluded following full-text

assessment, resulting in 89 studies included in the final systematic synthesis.

Abbreviation: PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020-based workflow for literature identification, screening,
and thematic synthesis. Image refined with Google Gemini (version 1.5 Pro). Search period: January 2015-June 2026. Five seminal references published
before 2015 were retained for conceptual/contextual support and were not used to extend the predefined database-search period.
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Soil functions represent the fundamental processes
through which soils support agricultural productivity,
regulate environmental processes, and provide essential
ecosystem services. Beyond their role as a medium for
plant growth, healthy soils contribute to nutrient cycling,
water regulation, carbon sequestration, biodiversity
maintenance, and climate regulation. Understanding
these functions is essential for evaluating soil health and
designing sustainable management strategies. The major
soil functions, their associated ecosystem services, key
indicators, and contributions to sustainable food systems
are illustrated in Table 2.

The importance of healthy soil also lies in the wide
range of ecosystem services that it provides. These
services include water regulation, carbon storage,
nutrient transformation, contaminant filtration, and
the maintenance of biological productivity. Together,
they improve agricultural performance while reducing
environmental risks associated with land degradation and
climate change. From this perspective, sustainable soil
management is not limited to increasing crop yields. It
also seeks to preserve the ecological functions that sustain
productive landscapes over time and support resilient food
systems under changing environmental conditions.!

Biological diversity is another defining characteristic
of healthy soil. Billions of microorganisms, along with
earthworms, fungi, and other soil organisms, regulate
decomposition, recycle nutrients, and maintain soil
fertility through complex ecological interactions. These
biological communities improve soil structure, increase
nutrient availability, and suppress many soil-borne
diseases that threaten agricultural productivity. Recent
research indicates that conserving soil biodiversity can
strengthen ecosystem functioning and support sustainable
agricultural production, with potential benefits for crop
health and food quality, as well as broader implications for
human health through interconnected soil-plant-food-
health pathways.'? Healthy soils constitute the biophysical
foundation upon which sustainable food systems depend.
Their capacity to regulate ecosystem processes, sustain
agricultural productivity, and provide essential ecosystem
services establishes the scientific basis for sustainable soil
management. However, these functions are increasingly
threatened by multiple forms of degradation that reduce soil
resilience and compromise food production. Understanding
the nature and consequences of soil degradation is therefore
essential for identifying effective management strategies, as
discussed in the following section.

3.2. Soil degradation and agricultural productivity

Soil degradation has become one of the most significant

constraints on global agricultural sustainability,
reducing the productive capacity of land and increasing
the vulnerability of food systems. Physical, chemical,
and biological degradation processes often occur
simultaneously, resulting in declining soil fertility,
impaired ecosystem functioning, and reduced resilience
to environmental stress. As agricultural production
becomes increasingly dependent on marginal lands, the
consequences of soil degradation extend beyond crop
yields to encompass food security, rural livelihoods, and
environmental sustainability."?

Among the major degradation processes, soil erosion
remains the most widespread threat to agricultural
productivity. The removal of fertile topsoil diminishes
nutrient availability, weakens soil structure, reduces water
infiltration, and accelerates organic carbon losses. These
impacts not only decrease crop yields but also increase the
demand for external agricultural inputs, thereby reducing
the long-term sustainability and economic viability of
farming systems."

Chemical  degradation, including salinization,
acidification, nutrient imbalance, and contamination by
heavy metals or emerging pollutants, further constrains soil
productivity. These processes alter soil physicochemical
properties, reduce nutrient use efficiency, and adversely
affect soil microbial communities responsible for
essential biogeochemical functions. In irrigated and arid
environments, secondary salinization has become an
increasingly important challenge under climate change
and water scarcity, threatening agricultural production in
many food-insecure regions."

Biological degradation is receiving growing attention
because soil biodiversity underpins nutrient cycling,
organic matter decomposition, disease suppression, and
ecosystem resilience. Declining microbial diversity and
reduced biological activity impair the capacity of soils
to recover from environmental disturbances, thereby
weakening the long-term stability of agroecosystems.
Protecting soil biological integrity has therefore emerged
as a key component of sustainable soil management
strategies designed to maintain resilient food production
under changing environmental conditions.'

Soil degradation represents a multidimensional challenge
that directly limits agricultural productivity while reducing
the ecological functions required for resilient food systems.
Preventing further degradation is therefore essential, but it
is insufficient to meet future food demands. Long-term food
security requires proactive restoration strategies capable of
rebuilding soil functions, enhancing ecosystem resilience,
and sustaining agricultural production. These restoration
approaches are discussed in Section 3.3.
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Table 2. Major soil functions and their contributions to sustainable food systems

Soil function

Main ecosystem services

Key indicators

Contribution to sustainable food
systems

Soil organic carbon, nutrient

Primary production Crop growth and biomass availability. pH. cation exchange Maintains soil fertility and supports
support production DU P & stable agricultural productivity
capacity, nutrient balance
. . Transformation and supply of Microbial biomass, enzyme aftivit}l, Enhances nutrient use efficiency and
Nutrient cycling nitrogen and phosphorus availability,

essential nutrients

soil respiration

reduces dependence on external inputs

Water regulation

Water storage, infiltration, and
filtration

Soil texture, bulk density, hydraulic
conductivity, available water capacity

Improves drought resilience
and supports efficient irrigation
management

Carbon storage and
climate regulation

Carbon sequestration and
greenhouse gas regulation

Soil organic carbon stocks, carbon
fractions, CO, fluxes

Mitigates climate change and improves
soil resilience

Habitat and biodiversity
support

Maintenance of soil organisms and
ecological interactions

Microbial diversity, nematode
abundance, biological activity indices

Strengthens ecosystem stability and
natural regulation processes

Soil protection and
structural stability

Resistance to erosion and
degradation

Aggregate stability, erosion rate, soil
compaction indicators, infiltration rate

Reduces land degradation and preserves
long-term agricultural capacity

Immobilization and degradation of

Contaminant regulation
pollutants

Heavy metals, pesticide residues,
microbial degradation capacity

Protects food safety and ecosystem
health

3.3. Soil restoration and regenerative practices

Soil restoration has become a central component of
sustainable food system transformation, particularly as the
expansion of agricultural production increasingly depends
on soils affected by degradation processes. Restoration
aims not only to recover soil productivity but also to
rebuild the ecological functions that regulate nutrient
cycling, water availability, carbon storage, and ecosystem
resilience. Unlike conventional approaches focused
primarily on maintaining crop yields through external
inputs, modern restoration strategies emphasize the
recovery of intrinsic soil processes and the enhancement of
soil multifunctionality through regenerative management
practices."”

Regenerative agriculture encompasses a range of
context-dependent principles and practices aimed at
restoring soil health and ecosystem functions, although no
universally accepted definition currently exists. Commonly
reported practices include reduced soil disturbance, cover
cropping, crop diversification, organic amendments, and
agroforestry.’® Evidence indicates that these practices can

improve selected components of soil health, including soil
organic carbon, nutrient cycling, microbial activity, and soil
structure.'*® Regenerative practices may also contribute
to improved biodiversity, ecosystem functioning, and
climate-related environmental outcomes, although the
magnitude and consistency of these effects vary among
practices and environmental contexts.*!

A major pathway for soil restoration is the enhancement
of soil organic carbon, which represents one of the most
important indicators of soil functionality and resilience.
Increasing soil organic carbon improves soil physical
properties, including aggregate stability, porosity, and
water-holding capacity, while supporting microbial activity
and nutrient availability. Carbon-focused soil management
practices, including organic amendments, compost
application, biochar incorporation, and improved residue
management, have gained increasing attention as strategies
for restoring degraded soils and mitigating climate change
through carbon sequestration.?

Biochar application has attracted particular scientific
interest due to its potential to improve degraded soil
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conditions through long-term carbon stabilization
and modification of soil physicochemical properties.
Depending on feedstock characteristics and production
conditions, biochar can enhance nutrient retention,
improve water availability, increase microbial habitat, and
reduce nutrient losses. However, its effectiveness varies
considerably among soil types, climatic conditions, and
management contexts, highlighting the importance of site-
specific evaluation before large-scale implementation.”

Integrated soil fertility management provides another
important pathway for restoring soil productivity,
particularly in regions where nutrient depletion represents
a major limitation to agricultural development. Integrated
soil fertility management combines the efficient use of
mineral fertilizers with organic nutrient sources, improved
crop varieties, biological inputs, and locally adapted
management practices. This integrated approach improves
nutrient use efficiency while reducing environmental
impacts associated with excessive fertilizer application,
supporting sustainable intensification of agricultural
systems.*

Beyond agricultural management practices, ecosystem-
based restoration approaches are increasingly recognized
as essential components of sustainable land management.
Restoration of degraded landscapes through agroforestry,
vegetation recovery, and nature-based solutions can
improve soil protection, enhance biodiversity, regulate
hydrological processes, and reduce land degradation risks.
These approaches are particularly relevant in drylands
and vulnerable regions where soil degradation interacts
with climate variability, water scarcity, and socioeconomic
pressures.”

Recentfieldevidencefurtherindicatesthattherestorative
effects of conservation-oriented tillage depend not only on
the overall reduction of soil disturbance but also on the
location, geometry, and intensity of mechanical treatment.
Geometry-optimized strip tillage can improve physical
conditions and hydraulic functioning within the root zone
while limiting unnecessary disturbance of inter-row soil,
particularly in semi-arid production systems.” Conversely,
conventional mouldboard tillage may contribute to the
development of dense subsurface layers and increased
penetration resistance, particularly in compacted soils.”
Localized soil loosening provides an alternative approach
by concentrating mechanical disturbance where it is most
needed and has been associated with more favorable soil
moisture conditions and improved soybean productivity
compared with conventional plowing.*® Mechanical
restoration can further be complemented by biological and
resource-efficient inputs. Nitrogen-fixing microorganisms
and humic substances derived from agricultural waste can

support nutrient cycling, biological nitrogen fixation, and
soil fertility while potentially reducing dependence on
synthetic inputs.”® Moreover, optimization of combined
strip-tillage systems can improve the control and
spatial localization of soil preparation, demonstrating
the potential for integrating engineering design with
conservation-oriented soil management.” Collectively,
these findings indicate that sustainable soil restoration
should consider not only the degree of disturbance but also
its spatial distribution, physical effects, and integration
with biological inputs.

Figure 2 illustrates how complementary regenerative
management practices, including conservation agriculture,
cover crops, organic amendments, crop diversification,
water-smart management, and precision soil management,
collectively restore soil health and enhance key soil
functions. Improvements in soil fertility, nutrient
cycling, water regulation, and biodiversity strengthen
agroecosystem  performance, increase agricultural
productivity and resilience, and ultimately contribute to
sustainable food systems and the achievement of

4. Digital soil intelligence for sustainable
soil governance

4.1. Earth observation technologies

The increasing complexity and spatial variability of soil
conditions require monitoring approaches capable of
providing consistent, repeated, and large-scale information
on soil properties and degradation processes. Traditional
soil surveys and field-based measurements remain essential
for accurate characterization; however, their application is
often constrained by high costs, limited spatial coverage,
and difficulties in capturing temporal changes. Earth
observation technologies have therefore emerged as a
fundamental component of digital soil intelligence by
enabling repeated assessment of soil conditions through
multi-source remote sensing data, geographic information
systems (GIS), and advanced spatial analysis techniques.!

Satellite-based remote sensing provides unprecedented
opportunities for monitoring soil-related variables at
regional and global scales. Multispectral sensors, such as
those on board the Sentinel-2 and Landsat missions, enable
the characterization of soil surface conditions through
spectral responses associated with mineral composition,
moisture status, vegetation cover, and land degradation
processes. Spectral indices derived from visible, near-
infrared, and shortwave infrared bands have been widely
applied to identify exposed soils, assess soil degradation
risk, estimate soil moisture dynamics, and support digital
soil mapping activities.*
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Figure 2. Conceptual framework illustrating how regenerative soil management strengthens soil functions and supports resilient food systems. Image

refined with Google Gemini (version 1.5 Pro).

The integration of optical remote sensing with synthetic
aperture radar (SAR) observations has significantly
improved soil monitoring capabilities, particularly under
conditions where cloud cover or vegetation dynamics limit
the availability of optical imagery. SAR systems, including
Sentinel-1, provide information on surface roughness,
dielectric properties, and soil moisture conditions,
allowing more reliable assessment of soil hydrological
status and land degradation processes. The complementary
characteristics of optical and radar observations have
facilitated the development of multi-sensor approaches
for improved soil characterization and environmental
monitoring.*’

Remote sensing has also become increasingly important
for estimating soil organic carbon, one of the most critical
indicators of soil health and climate regulation. By
integrating satellite observations with field measurements

and environmental covariates, Earth observation-based
models can support spatial prediction of soil organic
carbon stocks over large areas. These approaches are
particularly valuable for monitoring carbon sequestration
initiatives, assessing land restoration outcomes, and
supporting climate-smart soil management strategies.*

In agricultural landscapes, Earth observation
technologies provide essential information for evaluating
soil-vegetation interactions and detecting early signs of
degradation. Time-series analysis of vegetation dynamics,
crop productivity trends, and surface conditions enables
identification of areas affected by erosion, salinity, nutrient
limitations, and water stress. The integration of remote
sensing-derived indicators with climate and terrain
datasets has improved the capacity to develop spatially
explicit assessments of soil vulnerability and agricultural
resilience.”
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Earth observation technologies provide essential spatial
and temporal information for assessing soil conditions,
monitoring degradation processes, and supporting
sustainable soil management decisions. Different
sensing platforms offer complementary capabilities
for characterizing soil properties, environmental
conditions, and land surface dynamics. The major Earth
observation and Al applications relevant to sustainable
soil management, including their data sources, analytical
approaches, advantages, and limitations, are presented in
Table 3.

The effective application of Earth observation for
soil governance requires addressing several challenges,
including limited direct observation of subsurface soil
properties, uncertainty associated with model predictions,
and the need for calibration using reliable field observations.
Consequently, future soil intelligence systems increasingly
rely on integrating remote sensing with Al, digital soil
mapping frameworks, and decision-support platforms
to transform observations into actionable management
strategies.

Earth observation technologies have fundamentally
transformed soil monitoring by providing continuous,
spatially explicit information on soil conditions across
multiple scales. Nevertheless, the growing volume and
complexity of Earth observation datasets require advanced
analytical methods capable of extracting reliable and
actionable knowledge. AI has therefore emerged as the
key enabling technology for transforming remotely sensed
observations into quantitative soil information.

Despite these advantages, Earth observation approaches
differ substantially in spatial and temporal resolution,
spectral sensitivity, data availability, and scalability. Optical
sensors provide rich spectral information but are affected
by cloud cover and atmospheric conditions, whereas SAR
observations can provide complementary information
under cloudy conditions but may require more complex
interpretation. Hyperspectral observations offer greater
potential for detecting specific soil properties but generally
involve higher data-processing requirements and more
limited operational coverage. Consequently, the choice
of Earth observation data should be determined by the
target soil property, spatial scale, temporal requirements,
and validation capacity. The operational value of Earth
observation-derived products also depends on appropriate
preprocessing, calibration, uncertainty assessment, and
field validation.

4.2, Artificial intelligence and digital soil mapping

The rapid expansion of Earth observation technologies has
generated unprecedented volumes of spatial and temporal

data describing soil conditions, environmental processes,
and agricultural landscapes. However, extracting
meaningful information from these heterogeneous datasets
requires analytical approaches capable of identifying
complex, nonlinear relationships among multiple
environmental variables. AI has therefore become an
important component of digital soil intelligence by enabling
the prediction, classification, and spatial modeling of soil
properties across multiple scales. However, the predictive
performance of Al models depends strongly on the quality,
representativeness, and spatial coverage of training data, as
well as model selection and validation procedures.*

Digital soil mapping represents one of the most
significant applications of Al in soil science. It combines
field observations with remotely sensed information,
terrain attributes, climatic variables, geological data, and
environmental covariates to generate continuous spatial
predictions of soil properties. Compared with conventional
soil surveys, digital soil mapping offers advantages in
spatial resolution, scalability, reproducibility, and the
ability to update soil information as new observations
become available. However, these advantages depend on
adequate sampling density, representative environmental
covariates, appropriate model calibration, and independent
validation. Consequently, digital soil mapping has become
an essential tool for national soil inventories, precision
agriculture, land evaluation, and sustainable resource
management.”

Figure 3 shows that multi-source environmental
data, including satellite imagery, SAR, hyperspectral
observations, digital elevation models, climate variables,
and field measurements, are integrated using Al and
machine learning to generate digital soil maps and predict
key soil properties. These spatial products support precision
agriculture, land-use planning, soil restoration, climate
adaptation, and evidence-based soil governance through
repeated monitoring and adaptive decision-making.

Machine learning algorithms can improve the
predictive performance of digital soil mapping by
modeling complex interactions among environmental
variables without requiring predefined mathematical
relationships. Nevertheless, reported model performance
is strongly dependent on the characteristics of the training
dataset, validation strategy, spatial sampling design, and
environmental conditions represented in the calibration
data. Ensemble learning approaches, including random
forest, gradient boosting machines, and extreme gradient
boosting (XGBoost), are widely recognized for their
robustness, computational efficiency, and high predictive
accuracy. These algorithms have demonstrated promising
predictive performance for estimating soil organic carbon,
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Table 3. Earth observation technologies and digital approaches for sustainable soil management

Technology/
Approach

Data sources

Analytical methods

Main applications

Advantages

Limitations

Multispectral remote
sensing

Sentinel-2, Landsat,
MODIS

Spectral indices,
machine learning
models

Soil moisture, salinity,
vegetation-soil
interactions, degradation
assessment

Free access,
extensive
coverage, repeated
observations

Cloud effects, indirect soil
property estimation

Soil moisture, surface

Synthetic aperture Sentinel-1, ALOS Backscatter analysis, roushness. erosion All-weather Complex interpretation
radar (SAR) PALSAR time-series modeling EINESS, capability P P
monitoring
Hyperspectral Airborne and satellite ~ Spectral modeling, E:rlllagﬁnzii(i)egrﬁ organic High spectral Limited availability and
sensing hyperspectral data deep learning assessment resolution high data complexity
Earth observation Random forest, Spatial prediction of soil Provides spatial Requires high-qualit
Digital soil mapping  data, DEM, climate regression models, Al organic carbon, texture, P d sh-quatty

and field observations

algorithms

pH, salinity

soil information

training datasets

Al-based soil
assessment

Multi-source
environmental
datasets

Machine learning,
deep learning

Soil property prediction Capt.ures Requires calibration and
. | nonlinear 1o
and risk mapping . . validation
relationships

Abbreviations: AL Artificial intelligence; DEM: Digital elevation model.

texture, pH, bulk density, salinity, nutrient availability,
and erosion susceptibility across diverse environmental
conditions.”® However, high validation accuracy within a
calibration domain does not necessarily guarantee reliable
predictions when models are transferred to environments

that differ significantly.

Recent advances in deep learning have further
expanded the analytical capabilities of digital soil
intelligence. Convolutional neural networks (CNNs),
recurrent neural networks, and hybrid deep learning
architectures can automatically extract hierarchical
spatial features from satellite imagery and multi-source
geospatial datasets, reducing the need for manual feature
engineering. These approaches have shown considerable
potential for improving prediction accuracy, particularly
when large training datasets and high-resolution Earth
observation products are available. Their performance,
however, remains dependent on the availability and
representativeness of sufficiently large training datasets.
Deep-learning models may also be sensitive to domain
shifts between training and application areas, and their
apparent predictive performance can decline when applied
to conditions poorly represented in the training data.”

The integration of Al with cloud computing platforms
has fundamentally transformed large-scale soil assessment.

Cloud-based geospatial platforms, such as Google Earth
Engine, provide access to extensive Earth observation
archives and high-performance parallel computing
capabilities, enabling large-scale processing and analysis of
geospatial data without requiring local high-performance
computing infrastructure. These capabilities facilitate
the integration of machine learning algorithms with
environmental datasets and spatial modeling workflows
and have supported applications in environmental
monitoring, land-cover assessment, drought analysis,
water management, and climate monitoring. Consequently,
cloud-based platforms can enhance the operational
capacity of digital soil intelligence and evidence-based soil

governance.'!!

However, the predictive performance of Al-based
digital soil mapping depends strongly on the quality,
representativeness, and spatial distribution of the training
data. Appropriate validation strategies are therefore
essential because conventional validation may not
adequately reflect model performance when predictions
are transferred to different environmental or geographic
domains.** Model transferability and extrapolation should
be explicitly evaluated, particularly when the target area
contains environmental conditions or combinations of
soil-forming factors that are poorly represented in the
training dataset. Recent evidence indicates that models
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showing satisfactory cross-validation performance may
nevertheless exhibit reduced predictive accuracy under
spatial extrapolation, emphasizing the importance of
independent validation, training-data representativeness,
and assessment of extrapolation conditions.*

The relative performance of AI methods should not
be evaluated solely on reported prediction accuracy.
Random forests and other ensemble approaches offer
advantages in robustness, computational efficiency, and
applicability to heterogeneous environmental covariates,
whereas deep learning approaches may provide greater
capacity to extract complex spatial features but generally
require larger and more representative training datasets
and greater computational resources. Model performance
can also vary substantially with spatial resolution,
sampling density, environmental heterogeneity, and
validation strategy. High accuracy within a calibration
area does not necessarily indicate reliable transferability
to environmentally different regions. Therefore, model
selection should consider predictive performance
together with uncertainty, computational requirements,
data availability, transferability, and the feasibility of
independent ground validation.

Artificial intelligence-based soil mapping still faces
significant challenges in data quality, model transferability,
interpretability, = and  uncertainty = quantification.
Training data may contain spatial bias, uneven sampling
density, measurement inconsistencies, or insufficient
representation of environmental variability, which can
affect model generalization. Reliable prediction therefore
requires representative field observations, harmonized soil
databases, appropriate cross-validation, and independent
ground validation to assess model performance under
the intended application conditions. Model extrapolation
beyond the environmental range represented in the
training data should also be explicitly assessed and
reported. Consequently, future developments increasingly
emphasize explainable AI, uncertainty assessment, and
hybrid modeling frameworks that combine process-based
knowledge with data-driven learning to improve the
credibility of soil information products.

Artificial intelligence has significantly improved the
accuracy and efficiency of digital soil mapping by enabling
robust prediction of soil properties from heterogeneous
environmental datasets. However, predictive models
alone are insufficient unless their outputs can support
practical management decisions. Consequently, digital
decision support systems have become essential for
translating Al-derived soil intelligence into sustainable
land management strategies.

Overall, the integration of Earth observation and

AT offers considerable potential for scalable digital soil
intelligence, but no single sensor, spatial resolution,
or modeling approach is universally optimal. Effective
implementation requires matching data and algorithms to
the target soil property and decision scale while explicitly
accounting for uncertainty, transferability, validation
requirements, computational capacity, and institutional
implementation barriers.

4.3. Digital decision support

The use of Al-derived soil information in decision
support systems should account for prediction uncertainty,
spatial transferability, and the reliability of the underlying
validation data, particularly when recommendations are
extended beyond the environmental conditions represented
in model training. Earth observation technologies and Al
have substantially improved the capacity to characterize
soil conditions and predict their spatial and temporal
dynamics. Accurate predictions alone do not guarantee
sustainable soil management unless they are translated into
practical recommendations that support evidence-based
decision-making. Digital decision support systems bridge
this gap by integrating geospatial information, predictive
models, environmental monitoring, and management
scenarios into interactive platforms that assist stakeholders
in selecting appropriate interventions under varying
environmental and socioeconomic conditions.**

Modern digital decision support systems combine
multi-source datasets, including satellite observations,
digital soil maps, climate records, field measurements, and
socioeconomic information, to generate comprehensive
assessments of soil conditions and agricultural risks.
Their ability to synthesize heterogeneous information
enables the identification of priority areas for soil
restoration, optimization of land-use planning, evaluation
of degradation risks, and assessment of alternative
management strategies. Consequently, decision support
systems have become indispensable tools for precision
agriculture, sustainable land management, and national
soil monitoring programs.*

Geographic information systems constitute the spatial
backbone of digital decision support by facilitating
the integration, visualization, and analysis of multiple
geospatial datasets. GIS-based spatial decision support
systems enable the production of suitability maps, erosion
risk assessments, salinity distribution models, carbon
sequestration potential maps, and land degradation
vulnerability analyses. These spatial products improve
communication between scientists, land managers, and
policymakers by converting complex analytical outputs
into interpretable decision-support information.*
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Figure 3. Artificial intelligence (AI) and digital soil mapping framework for sustainable soil governance. Image refined with Google Gemini (version 1.5
Pro). Conceptual framework proposed by the author based on the synthesis of the reviewed literature. Directional arrows indicate proposed conceptual
linkages and should not be interpreted as experimentally demonstrated causal relationships.

Abbreviation: SAR: Synthetic aperture radar.

The integration of multi-criteria decision analysis
(MCDA) has further strengthened digital decision-support
capabilities by enabling multiple environmental, economic,
and social criteria to be evaluated simultaneously within a
structured decision-making framework. Common MCDA
approaches include the analytic hierarchy process, fuzzy-
based methods, the Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS), and weighted
linear combination, which can support the evaluation and
prioritization of alternatives under multiple and potentially
conflicting criteria.”’

Recent advances in cloud computing have expanded
the operational capacity of digital soil intelligence by
enabling large-scale processing of Earth observation data

and real-time environmental monitoring. Cloud-based
platforms facilitate continuous updating of digital soil
information, rapid assessment of degradation trends,
and implementation of early-warning systems for
drought, salinization, erosion, and desertification. These
developments have substantially improved the scalability
and accessibility of digital decision support systems for
regional and national soil governance initiatives.**

Digital decision support systems represent the
operational interface between scientific knowledge
and sustainable soil management by integrating spatial
information, predictive analytics, and management
scenarios to produce evidence-based recommendations.
Their successful implementation provides the technological
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foundation for broader governance frameworks to
coordinate policies, institutional actions, and stakeholder
participation. Section 5 therefore examines the transition
from digital soil management to sustainable soil
governance.

5. Sustainable soil governance

5.1. From soil management to soil governance

For decades, sustainable soil management has primarily
focused on improving soil quality through field-level
interventions, including conservation agriculture, nutrient
management, erosion control, and soil restoration practices.
While these approaches have substantially enhanced
agricultural productivity and environmental sustainability,
they generally address soil-related challenges at the farm
or landscape scale without adequately considering the
broader institutional, economic, and policy dimensions
that determine long-term sustainability.*

The increasing complexity of global food systems,
climate change, land degradation, population growth, and
competing demands for land resources has expanded the
scope of soil management beyond agronomic practices
alone. Sustainable management now requires coordinated
actions among governmental institutions, scientific
organizations, private stakeholders, and local communities
to protect soil resources while simultaneously supporting
food production, ecosystem services, and climate
resilience.”

However, soil management and governance should
be considered as important contributing components of
food-system resilience rather than as sufficient solutions to
food insecurity, which is also shaped by wider economic,
social, institutional, and food-system conditions.

Soil governance has consequently emerged as a
comprehensive framework that integrates scientific
knowledge, policy instruments, institutional arrangements,
and stakeholder participation to guide sustainable soil
use across multiple spatial and administrative scales.
Unlike conventional soil management, which primarily
emphasizes technical interventions, soil governance
addresses how decisions are formulated, implemented,
monitored, and evaluated within social, economic, and
political contexts. This broader perspective recognizes soil
as a strategic natural asset whose sustainable management
can contribute to food-system resilience and food security
outcomes, in interaction with environmental, economic,
institutional, and policy conditions.” Its contribution to
food security outcomes, however, depends on interactions
with  other determinants, including agricultural
productivity, resource availability, food affordability and

distribution, market access, trade, food loss and waste,
infrastructure, and political and socioeconomic stability.

Effective soil governance also depends on transparent
institutional ~ coordination and clearly  defined
responsibilities among governmental agencies, research
institutions, agricultural extension services, and land
users. Multi-level governance mechanisms facilitate
the integration of national strategies with regional
implementation plans while encouraging collaboration
across different sectors responsible for agriculture,
water resources, environmental protection, and climate
adaptation. Such coordination improves policy coherence
and reduces conflicts arising from fragmented management
approaches.™

These mechanisms can therefore strengthen the
capacity of agricultural and food systems to respond to
environmental and socioeconomic pressures, but they
do not, in and of themselves, determine food security
outcomes.

International initiatives have further accelerated
the transition toward soil governance by emphasizing
harmonized monitoring systems, standardized soil
indicators, and evidence-based policy development.
Global frameworks addressing land degradation
neutrality, climate mitigation, sustainable agriculture,
and ecosystem restoration increasingly recognize healthy
soils as a prerequisite for achieving multiple Sustainable
Development Goals. Consequently, soil governance has
become a strategic component of integrated environmental
governance rather than a discipline confined solely to
agricultural management.”

The transition from soil management to soil governance
reflects a fundamental shift from implementing isolated
technical practices toward coordinating scientific evidence,
institutional arrangements, and policy interventions
within integrated decision-making frameworks. Within
the broader zero food gap perspective adopted in this
review, soil governance is therefore proposed as one
coordinating pathway that can support sustainable
production capacity and food-system resilience, rather
than as a direct or sufficient mechanism for eliminating
food deficits. However, effective governance requires clear
guiding principles that balance agricultural productivity,
environmental  sustainability, and socioeconomic
development. These governance principles provide the
conceptual foundation for integrating soil protection
into national and international policy frameworks, while
recognizing the broader food system conditions that
influence food security outcomes, as discussed in Section
5.2.
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In this review, soil governance is therefore considered
a coordinating and integrative mechanism rather than
a quantitatively demonstrated dominant driver of food
security outcomes. Its effectiveness depends on its
interactions with climate conditions, water availability,
agricultural policies, economic resources, institutional
capacity, and broader food system factors.

5.2. Governance principles and policy integration

Effective soil governance requires a set of integrated
principles that move beyond fragmented management
approaches toward coordinated, transparent, and
adaptive decision-making systems. Because soils are
dynamic resources influenced by ecological processes,
socioeconomic conditions, and institutional structures,
governance frameworks must recognize soils as
strategic natural capital rather than merely agricultural
production inputs. This perspective emphasizes long-term
stewardship, intergenerational equity, and the integration
of environmental, economic, and social objectives within
soil-related policies.*

One of the fundamental principles of sustainable soil
governance is policy coherence, which requires alignment
among agricultural, environmental, climate, water, and
land-use policies. Historically, soil protection has often
been addressed indirectly through separate policies
related to erosion control, agricultural productivity,
biodiversity conservation, or climate mitigation. Such
fragmented approaches may result in conflicting objectives
and inefficient resource allocation. Integrated policy
frameworks are therefore essential to ensure that soil
conservation contributes simultaneously to food security,
climate adaptation, ecosystem protection, and sustainable
development goals.”

A second key principle is evidence-based governance,
which relies on reliable soil information, standardized
indicators, and monitoring systems to support policy
formulation and evaluation. The increasing availability
of digital soil information, Earth observation products,
and advanced modeling approaches provides new
opportunities to establish science-based governance
mechanisms. These tools enable governments to identify
vulnerable areas, prioritize restoration interventions,
evaluate policy effectiveness, and monitor progress toward
national and international sustainability targets.*®

Stakeholder participation and inclusiveness represent
another essential component of effective soil governance.
Since soil-related decisions directly affect farmers,
land managers, local communities, industries, and
governmental institutions, successful implementation
requires participatory approaches that incorporate local

knowledge and stakeholder priorities. Participatory
governance improves policy acceptance, strengthens
implementation capacity, and ensures that soil protection
measures are compatible with local environmental and
socioeconomic conditions.”

The integration of soil governance into international
sustainability frameworks has gained increasing attention
through initiatives addressing climate change mitigation,
land degradation neutrality, biodiversity conservation,
and sustainable food systems. The recognition of soils as
a critical component of ecosystem services and climate
regulation has encouraged the development of policy
mechanisms that connect soil management with broader
environmental commitments. Such integration enhances
the visibility of soil protection within national strategies
and facilitates coordinated actions across sectors.>®

Adaptive governance is particularly important under
changing environmental conditions. Climate change
introduces new uncertainties related to drought frequency,
extreme rainfall events, soil carbon dynamics, and
agricultural productivity. Therefore, governance systems
must be flexible enough to incorporate emerging scientific
knowledge, updated monitoring information, and
changing societal priorities. Adaptive approaches allow
continuous improvement of policies through feedback
mechanisms, evaluation, and iterative decision-making.

The effectiveness of soil governance depends on
the ability to integrate scientific evidence, institutional
coordination, stakeholder participation, and adaptive
policy mechanisms. While these principles provide the
foundation for sustainable soil stewardship, their practical
implementation requires operational frameworks that
translate governance objectives into measurable actions
and management decisions. Section 5.3 therefore explores
the role of decision-support approaches in enabling
effective soil governance.

5.3. Decision support for soil governance

The increasing availability of soil information, Earth
observation products, and advanced analytical models
has created new opportunities to develop evidence-based
governance systems capable of addressing complex soil
challenges. However, the practical value of scientific
knowledge depends largely on the ability to transform
data and assessments into actionable decisions. Decision-
support approaches provide the operational link between
soil information, governance objectives, and management
interventions by enabling stakeholders to evaluate risks,
prioritize actions, and assess alternative policy scenarios.”

Decision support for soil governance requires
integrating multiple dimensions, including biophysical

Volume X Issue X (2026)

15

doi: 10.36922/EER026320034


https://doi.org/10.36922/EER026320034

Explora: Environment
and Resourceand Resource

Soil governance toward zero food gap

conditions, environmental risks, economic constraints,
institutional priorities, and stakeholder objectives. Unlike
conventional management tools that focus primarily
on field-scale recommendations, governance-oriented
decision support systems operate across multiple spatial
and administrative levels. They assist decision-makers in
identifying vulnerable landscapes, allocating restoration
resources, evaluating land-use alternatives, and monitoring
progress toward sustainability targets.®

Geospatial decision support systems have become
particularly valuable for soil governance because soil-
related challenges are inherently spatially variable. By
integrating digital soil maps, remote sensing observations,
climate information, and socioeconomic datasets, spatial
decision-support platforms can generate vulnerability
assessments and priority maps for soil conservation,
restoration, and sustainable land-use planning. These
systems support regional planning by identifying
areas where interventions can produce the greatest
environmental and socioeconomic benefits.®!

Multi-criteria decision analysis provides an important
methodological framework for addressing the complexity
of soil governance decisions. Soil-related decisions often
involve trade-offs among competing objectives, such as
increasing agricultural productivity while minimizing
erosion, preserving biodiversity, conserving water
resources, and reducing greenhouse gas emissions. MCDA
approaches allow the integration of diverse indicators and
stakeholder preferences, enabling transparent evaluation
of alternative management strategies under different
environmental and policy scenarios.®

The emergence of digital twins and dynamic modeling
approaches represents a further advancement in decision-
support capabilities. Digital twins enable continuous
representation of soil systems by integrating real-time
observations, predictive models, and scenario simulations.
Although still developing in soil applications, these
approaches offer significant potential for evaluating future
climate impacts, testing management interventions, and
supporting adaptive governance strategies under uncertain
environmental conditions.®*

Effective implementation of decision support systems
requires more than technological capacity. Institutional
readiness, data accessibility, interoperability standards,
and stakeholder engagement are essential for ensuring that
decision-support outputs are trusted and incorporated
into governance processes. Furthermore, decision support
systems must provide transparent and interpretable
information to avoid creating technological barriers among
scientific communities, policymakers, and land users.

Decision support systems represent the practical
interface between digital soil intelligence and sustainable
governance by transforming complex environmental
information into strategic actions (Figure 4). Their
integration within institutional frameworks enables more
adaptive, transparent, and evidence-based soil policies.
However, these systems should be viewed as decision-
enabling mechanisms rather than direct determinants
of food security outcomes. Their contribution to the
broader zero food gap vision depends on how effectively
their outputs are translated into sustainable management
and policy actions, and on how these actions interact
with broader food system conditions, including resource
availability, affordability, distribution, market access, trade,
and socioeconomic stability. Building on this foundation,
Section 6 explores the broader enabling drivers, including
climate adaptation, water management, agricultural
policies, and socioeconomic factors that influence the
capacity of these pathways to contribute to resilient and
sustainable food systems and the broader zero food gap
vision.

6. Enabling drivers toward zero food gap

Achieving a zero food gap requires more than increasing
agricultural production; it depends on the capacity of food
systems to remain productive, resilient, and sustainable
under rapidly changing environmental and socioeconomic
conditions. Although sustainable soil management and
digital soil governance provide essential foundations
for maintaining land productivity, their effectiveness is
strongly influenced by external drivers, including climate
variability, water availability, agricultural policies, and
socioeconomic conditions. These interconnected drivers
determine the capacity of agricultural systems to adapt
to future pressures while ensuring food availability,
accessibility, and long-term environmental sustainability.®*

Progress toward zero food gap is influenced by broader
food system conditions beyond soil and agricultural
production. These include food affordability and
distribution, market access, trade, dietary patterns, food
loss and waste, infrastructure, and social and political
stability. Accordingly, the enabling drivers considered
in this review should be understood as complementary
conditions that influence the capacity of soil governance
and sustainable agricultural practices to contribute to
resilient food systems.

The concept of the zero food gap extends beyond
closing the difference between food demand and supply.
It requires a transformation toward resilient food systems
that maintain productivity while reducing environmental
degradation and improving resource-use efficiency.
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Figure 4. Decision support framework for sustainable soil governance. Image refined with Google Gemini (version 1.5 Pro). Conceptual framework
proposed by the author based on the synthesis of the reviewed literature. Directional arrows indicate proposed conceptual linkages and should not be

interpreted as experimentally demonstrated causal relationships.

Abbreviations: Al Artificial intelligence; GIS: Geographic information system.

Therefore, achieving this objective requires integrated
approaches that connect climate adaptation, sustainable
water management, supportive agricultural policies, and
inclusive socioeconomic strategies with soil-centered
governance frameworks.®

Figure 5 highlights the complementary roles of climate
adaptation, water resource management, agricultural
policies, and socioeconomic development in strengthening
sustainable food systems. These enabling conditions create
the supportive environment required to improve resilience,
resource efficiency, and food security under increasing
environmental and societal pressures.

6.1. Climate adaptation

Climate change represents one of the most significant
challenges threatening global food security by altering
temperature regimes, precipitation patterns, water
availability, and the frequency of extreme climatic events.
Rising temperatures, prolonged droughts, heat waves, and
changing rainfall distributions directly influence crop
productivity by affecting plant physiological processes,
soil moisture dynamics, nutrient cycling, and ecosystem
stability.®® These impacts are particularly severe in arid
and semi-arid regions where agricultural systems already

operate under environmental constraints and limited
adaptive capacity.”

Climate adaptation in agriculture requires a shift from
reactive responses toward proactive strategies that enhance
system resilience. Soil-centered adaptation approaches,
including increasing soil organic matter, improving
soil structure, enhancing water retention capacity, and
maintaining biological activity, contribute to buffering
agricultural systems against climatic stress.®® Healthy soils
function as critical components of climate adaptation,
regulating water availability, supporting vegetation
recovery, and increasing resistance to drought and extreme
weather.”

Adaptation strategies increasingly rely on integrated
climate information, predictive modeling, and monitoring
systems to support timely decision-making. The
combination of climate projections, Earth observation
data, and agricultural models enables the identification
of vulnerable areas, evaluation of future risks, and
development of location-specific adaptation strategies.
Such approaches are particularly important for regions
where climate change interacts with land degradation,
water scarcity, and increasing food demand.”
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Figure 5. Enabling drivers supporting progress toward sustainable food systems. Image refined with Google Gemini (version 1.5 Pro). Conceptual
framework proposed by the author based on the synthesis of the reviewed literature. Directional arrows indicate proposed conceptual linkages and should

not be interpreted as experimentally demonstrated causal relationships.

Nature-based solutions and regenerative agricultural
practices are also gaining attention as climate adaptation
pathways. Practices such as conservation agriculture,
agroforestry, crop diversification, and improved soil
carbon management can simultaneously enhance
resilience, reduce greenhouse gas emissions, and maintain
agricultural productivity.”! However, their successful
implementation requires supportive policies, technical
capacity, and alignment with local environmental and
socioeconomic conditions.

Climate adaptation provides a fundamental pathway
for maintaining agricultural productivity under increasing

environmental uncertainty. However, adaptation strategies
are strongly dependent on sustainable management of
limited water resources, particularly in regions where
water availability represents the primary constraint on
food production. Therefore, effective water resource
management constitutes the next critical driver toward
achieving resilient and sustainable food systems.

6.2. Water resource management

Water availability represents one of the most critical
constraints affecting global food production, particularly
in arid and semi-arid regions where agricultural systems
depend heavily on limited freshwater resources. Increasing
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water demand, declining groundwater availability,
competition among sectors, and climate-induced changes
in precipitation patterns are intensifying pressure on
agricultural water supplies. Consequently, achieving a zero
food gap requires transitioning from conventional water-
use approaches to integrated water resource management
strategies that enhance productivity while preserving long-
term ecosystem functions.”

Agriculture remains the largest global user of
freshwater resources, making water-use efficiency a central
component of sustainable food system transformation.
Improving irrigation efficiency, reducing conveyance
losses, optimizing irrigation scheduling, and adopting
precision irrigation technologies can substantially increase
crop productivity per unit of water consumed. However,
technological improvements alone are insufficient unless
combined with appropriate water governance frameworks,
institutional coordination, and effective allocation
mechanisms that balance agricultural demands with
environmental requirements.”

The relationship between soil and water management
is fundamental to agricultural resilience. Soil properties,
including organic matter content, structure, porosity, and
infiltration capacity, strongly influence water storage and
availability for crops. Sustainable soil management practices
that enhance soil water retention, reduce evaporation
losses, and improve root-zone conditions contribute to
increased water productivity and reduced vulnerability
to drought stress. Therefore, soil conservation and water
management should be considered interconnected
components of integrated resource management rather
than independent strategies.”

Water scarcity is also closely linked to land degradation
processes, particularly salinization in irrigated agricultural
systems. Poor irrigation practices, inadequate drainage,
and the use of saline water sources can accelerate salt
accumulation in soils, reducing crop productivity and
threatening agricultural sustainability. Addressing these
challenges requires integrated approaches combining
improved irrigation management, salinity monitoring,
soil restoration practices, and spatial decision-support
tools for identifying vulnerable areas and prioritizing
interventions.”

Recent advances in digital technologies provide
new opportunities for improving agricultural water
management. Remote sensing, Al, and Internet-of-
Things-based monitoring systems enable repeated and
spatially extensive monitoring of soil moisture conditions,
crop water requirements, and irrigation performance.
When integrated with climate information and decision-
support platforms, these technologies support adaptive

water management by providing timely recommendations
and improving resource-use efficiency at farm and regional
scales.”®

Sustainable ~water ~management also requires
consideration of the broader water-energy-food
nexus. Agricultural water decisions influence energy
consumption, ecosystem services, and socioeconomic
development, highlighting the need for integrated
governance approaches that evaluate multiple objectives
simultaneously. Such approaches are essential for
designing resilient food systems capable of maintaining
productivity under increasing environmental pressures
while minimizing competition over scarce resources.”

Efficient water resource management is therefore a
fundamental driver toward achieving the zero food gap by
ensuring that limited water resources are used productively,
equitably, and sustainably. However, technological solutions
and resource management strategies must operate within
supportive institutional and policy environments. Section
6.3 examines the role of agricultural policies in creating
enabling conditions for sustainable food production and
soil-centered governance.

6.3. Agricultural policies

Agricultural policies play a central role in shaping the
sustainability, productivity, and resilience of food systems
by influencing land-use decisions, production practices,
resource allocation, and farmers’ adoption of sustainable
technologies. While technological innovations and
improved resource management provide essential tools
for increasing agricultural efficiency, their long-term
effectiveness depends strongly on policy environments
that create incentives for sustainable practices and reduce
barriers to implementation. Therefore, achieving a zero
food gap requires agricultural policies that simultaneously
support  productivity —enhancement, environmental
protection, and equitable access to resources.”

Historically, agricultural policies have often prioritized
increasing production through intensification, input
subsidies, and expansion of cultivated areas. Although
these approaches contributed to substantial increases
in global food production, they have also contributed
to soil degradation, biodiversity loss, excessive water
consumption, and greenhouse gas emissions in many
regions. Recent policy approaches increasingly emphasize
sustainable intensification, resource-use efficiency,
climate-smart agriculture, and regenerative practices as
pathways for maintaining productivity while reducing
environmental impacts.”

Policy integration is particularly important because
agricultural sustainability is influenced by multiple
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interconnected sectors, including soil protection,
water management, climate adaptation, biodiversity
conservation, and rural development. Coherent

agricultural policies should therefore align with broader
environmental strategies and international sustainability
frameworks, including the Sustainable Development Goals,
land degradation neutrality targets, and climate mitigation
commitments. Such integration enables agricultural
production systems to contribute simultaneously to food
security and ecosystem protection.®

Financial mechanisms and incentive structures
represent key components of effective agricultural policies.
Payments for ecosystem services, support for conservation
agriculture, carbon farming initiatives, and investments
in sustainable technologies can encourage farmers
to adopt practices that improve soil health, conserve
water, and enhance climate resilience. However, policy
instruments must be carefully designed to consider local
socioeconomic conditions and avoid creating inequalities
among farmers with different levels of access to resources
and technologies.®!

Agricultural policies must also address knowledge
transfer, capacity building, and institutional support. The
adoption of sustainable practices depends not only on
economic incentives butalso on farmers’ access to extension
services, scientific knowledge, digital tools, and technical
assistance. Integrating research institutions, policymakers,
and farming communities within collaborative innovation
systems can accelerate the transition toward more resilient
and sustainable agricultural systems.®

Emerging policy frameworks increasingly recognize
the importance of data-driven agriculture and digital
transformation. The integration of remote sensing, digital
soil information, and decision support systems into
agricultural policies can improve monitoring, targeted
interventions, and the evaluation of sustainability
outcomes. Such approaches enable policymakers to move
from generalized programs toward spatially targeted
strategies that address specific environmental and
socioeconomic challenges.*

Agricultural policies provide the institutional
mechanism  through which scientific knowledge,
technological innovations, and sustainability objectives
are translated into practical actions. However, policy
effectiveness ultimately depends on social acceptance,
economiic feasibility, and the capacity of rural communities
to participate in sustainable transitions. These
socioeconomic dimensions represent the final enabling
driver toward achieving resilient food systems and closing
the zero food gap.

6.4. Socioeconomic drivers

The transition toward sustainable and resilient food
systems is influenced not only by environmental and
technological factors but also by socioeconomic conditions
that determine the capacity of communities to adopt
and sustain improved agricultural practices. Although
advances in soil management, digital technologies, and
policy frameworks offer significant opportunities to
increase agricultural resilience, their effectiveness depends
on farmers’ access to financial resources, knowledge,
infrastructure, and institutional support. Therefore,
socioeconomic development represents a critical enabling
dimension for achieving a zero food gap while ensuring
equitable participation in sustainable food transitions.*

Smallholder farmers constitute a major component of
global food production systems, particularly in developing
regions where agricultural livelihoods are highly vulnerable
to climate variability, resource limitations, and market
instability. Limited access to credit, extension services,
improved technologies, and reliable markets often restrict
the adoption of sustainable practices, even when these
practices provide long-term environmental and economic
benefits. Addressing these barriers requires inclusive
agricultural development strategies that combine technical
innovation with socioeconomic empowerment.®

Knowledge exchange and capacity building are
essential for translating scientific advances into practical
agricultural improvements. The adoption of sustainable
soil management, precision agriculture, and climate
adaptation practices requires farmers to understand
new technologies and adapt them to local conditions.
Strengthening agricultural extension systems, farmer
organizations, and participatory innovation platforms can
improve knowledge transfer and increase the effectiveness
of sustainability interventions.®

Digital transformation provides new opportunities
to reduce socioeconomic barriers by improving access to
agricultural information, advisory services, and decision-
support tools. Mobile technologies, digital platforms,
and remote sensing-based services can support farmers
through improved weather information, market access,
and resource management recommendations. However,
unequal access to digital infrastructure, limited digital
literacy, and economic constraints may create new forms
of inequality if digital transformation is not implemented
through inclusive approaches.”

Gender equality and social inclusion are also
fundamental components of sustainable food system
transformation. Women and marginalized groups
play important roles in agricultural production and
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resource management, yet they often face constraints
related to land ownership, access to financial services,
training opportunities, and participation in decision-
making processes. Policies that promote inclusive access
to resources and strengthen community participation
can improve both agricultural productivity and social
resilience.®

Economic incentives and market mechanisms further
influence the adoption of sustainable practices. Farmers are
more likely to invest in soil restoration, water conservation,
and climate-smart practices when these actions provide
economic benefits or are supported through appropriate
incentive systems. Linking sustainable production with
value chains, certification schemes, ecosystem service
payments, and emerging carbon markets can create
additional pathways for aligning environmental objectives
with farmers’ livelihoods.®

Socioeconomic conditions ultimately determine
whether sustainable agricultural transformations can
move from scientific concepts and policy frameworks into
widespread practice. Ensuring access to knowledge, finance,
technology, and inclusive institutions is therefore essential
for converting soil-centered governance and resource
management strategies into measurable improvements
in food security. Together, climate adaptation, water
management, agricultural policies, and socioeconomic
development form the interconnected foundation required
to advance toward a zero food gap.

Achieving a zero food gap requires an integrated
transformation of food systems that combines climate
adaptation, efficient water management, supportive
agricultural policies, and socioeconomic inclusion. These
interconnected drivers enhance agricultural resilience,
improve resource-use efficiency, and facilitate the adoption
of sustainable practices.

However, increasing food production alone is
insufficient; long-term food security depends on
strengthening the capacity of agricultural systems and
communities to adapt to environmental and socioeconomic
pressures. Integrating sustainable soil management, digital
technologies, effective policies, and inclusive development
approaches provides the foundation for the integrated
framework presented in Section 7.

7. Integrated framework toward zero food
gap

The proposed framework advances beyond existing soil-
health, digital-agriculture, food security, and governance

frameworks by integrating these dimensions through a soil-
centered governance perspective. Rather than treating soil

management, digital technologies, governance, and food
security as separate components, the framework proposes
their interaction through four interconnected domains: (i)
sustainable soil management, (ii) digital soil intelligence,
(iii) sustainable soil governance, and (iv) enabling societal
drivers. This configuration conceptualizes soil governance
as an integrative interface through which scientific
knowledge and digital information can be connected with
management, policy, and socioeconomic action, while
recognizing that its influence operates alongside other
environmental, economic, institutional, and food-system
drivers.

The framework does not assign quantitative priorities
or relative weights to these domains. Because the
framework was derived from thematic synthesis rather
than quantitative attribution or comparative modeling, the
relative contributions of soil governance, climate, water,
economic, and institutional factors cannot be empirically
ranked in this review.

Addressing the global challenge of zero food gap
requires a transition from fragmented agricultural
interventions toward an integrated framework that
connects soil sustainability, digital intelligence, governance
mechanisms, and enabling socioeconomic conditions.
Previous sections have demonstrated that soil degradation,
climate change, water scarcity, and institutional limitations
are interconnected challenges that cannot be effectively
addressed through isolated solutions. Therefore, achieving
sustainable food security requires a systems-based approach
capable of linking environmental processes, technological
innovations, and decision-making structures. In addition,
sustainable soil governance should not be interpreted as
a direct or sufficient mechanism for closing the food gap.
Food security outcomes are influenced by broader food
system and socioeconomic conditions, including food
distribution, affordability, trade, dietary patterns, food loss
and waste, conflict and political instability, infrastructure,
and market access. Accordingly, soil governance
represents one coordinating pathway that can contribute
to productive capacity, resource resilience, and sustainable
food system development, while its effectiveness depends
on interactions with these wider determinants.

Despite advances in digital technologies and
governance approaches, several challenges continue to
limit the transition toward resilient food systems. These
challenges include fragmented soil information, limited
monitoring capacity, insufficient integration of digital
tools into decision-making processes, and socioeconomic
barriers affecting technology adoption. Addressing
these limitations requires an integrated approach that
connects scientific knowledge, technological innovation,
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governance mechanisms, and stakeholder participation.
The major challenges, research gaps, and corresponding
opportunities addressed by the proposed framework are
summarized in Table 4.

Theproposedframeworkisbased onfourinterconnected
pillars: (i) sustainable soil management, (ii) digital soil
intelligence, (iii) sustainable soil governance, and (iv)
enabling drivers for food system transformation (Figure
6). These pillars operate through continuous feedback
mechanisms, allowing monitoring, assessment, decision-
making, and adaptive management across multiple spatial
and temporal scales.

The first pillar, sustainable soil management, represents
the ecological foundation of the framework. It emphasizes
maintaining and restoring soil functions through practices
that enhance soil health, increase organic carbon storage,
improve nutrient cycling, conserve water, and strengthen
resilience against climate stresses. Soil restoration,
regenerative agriculture, and conservation practices
provide the biological and physical basis for sustaining

agricultural productivity while reducing environmental
degradation.

The second pillar, digital soil intelligence, transforms
soil and environmental information into actionable
knowledge. The integration of Earth observation, Al, and
geospatial analytics enables repeated spatial monitoring of
soil conditions, land degradation risks, water availability,
and crop performance. These capabilities support spatially
explicit decision-making and allow targeted interventions
based on real-time environmental conditions.

The third pillar, sustainable soil governance, provides
the institutional framework required to translate scientific
knowledge into effective management actions. It integrates
policy coordination, regulatory mechanisms, stakeholder
participation, and monitoring systems to ensure that
soil resources are managed as strategic assets for long-
term food security. Governance approaches connect
local management practices with national sustainability
strategies and international commitments related to land
degradation neutrality and climate adaptation.

Table 4. Research gaps, challenges, and opportunities for sustainable soil governance toward zero food gap

Challenge/Research gap Current limitations

Contribution of the proposed

Potential opportunities
PP framework

Conventional soil surveys are

Fragmented soil information and
limited monitoring capacity

spatially limited and often unable
to capture temporal changes in soil
conditions

Integration of Earth
observation, digital
soil mapping, and field
observations

Enables continuous and spatially
explicit soil assessment

Declining soil functions due to
degradation

Soil degradation processes reduce
productivity, carbon storage, and
ecosystem resilience

Soil restoration, regenerative
agriculture, and conservation
practices

Places soil health as the foundation
of sustainable food systems

Limited integration of digital
technologies

Remote sensing and Al applications
are often developed separately from
management decisions

Multi-source data integration
and Al-based decision support
systems

Transforms environmental data into
actionable management information

Weak connection between science
and governance

Scientific knowledge is not always
effectively incorporated into policies
and land management strategies

Evidence-based governance
and policy integration

Links digital soil intelligence with
sustainable governance decisions

Data accessibility and interoperability
challenges

Differences among datasets, scales,
and formats restrict integrated
analysis

Open-access databases,
standardized protocols, and
interoperable platforms

Supports harmonized and scalable
soil information systems

Socioeconomic barriers to sustainable
practice adoption

Limited financial resources,
knowledge gaps, and unequal
technology access restrict
implementation

Capacity building, extension
services, incentives, and
inclusive digital solutions

Ensures that sustainable approaches
are socially feasible and widely
adopted

Lack of integrated food system
perspective

Soil management, climate
adaptation, water management,
and agricultural policies are often
addressed separately

Cross-sectoral approaches
linking environment,
technology, and society

Provides a pathway toward zero
food gap through system integration

Abbreviation: Al Artificial intelligence.
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The fourth pillar, enabling drivers for food system
transformation, includes climate adaptation, water resource
management, agricultural policies, and socioeconomic
empowerment. It also recognizes wider food system
conditions, including market access, food affordability
and distribution, trade, infrastructure, dietary patterns,
food loss and waste, and social and political stability.
These interacting drivers determine the feasibility, equity,
and scalability of sustainable solutions by addressing
external pressures and supporting farmers and food-
system actors through appropriate incentives, knowledge
transfer, digital accessibility, and institutional capacity
building. Progress toward the broader vision of zero
food gap therefore depends on coordinated interactions
among soil management, digital technologies, governance
mechanisms, and these wider enabling food-system
conditions. Rather than addressing these components
independently, the proposed framework suggests that their
integration can strengthen the resilience and sustainability
of food systems by connecting soil health improvement,
data-driven decision-making, policy support, and inclusive

participation. The key pathways linking sustainable soil
management with resilient food systems are illustrated in
Table 5.

A key feature of this framework is the transition
from reactive management toward anticipatory and
adaptive governance. Instead of responding only after
soil degradation or productivity losses occur, integrated
monitoring and predictive modeling enable early
identification of risks and proactive implementation of
sustainable interventions. This shift improves resource
efficiency, reduces vulnerability, and enhances the
resilience of agricultural systems under future climate and
socioeconomic uncertainties.

The proposed framework conceptualizes zero food gap
as a multidimensional sustainability challenge rather than
a simple production target. Closing the food gap requires
maintaining productive soils, optimizing resource use,
strengthening governance capacity, and ensuring inclusive
participation of agricultural communities. By integrating
ecological knowledge with digital technologies and policy

Table 5. Integrated pathways linking sustainable soil management to zero food gap

Framework component Main actions

Key enabling technologies/mechanisms

Expected outcomes

Soil conservation, organic matter
enhancement, regenerative
practices, erosion control, nutrient
management

Sustainable soil
management

Soil health indicators, field monitoring,
restoration strategies

Improved soil functions,
increased productivity,
enhanced ecosystem resilience

Soil condition monitoring,
degradation risk prediction,
management decision support

Digital soil intelligence

Earth observation, digital soil mapping, Al,
GIS, decision-support systems

Timely information, targeted
interventions, improved
resource-use efficiency

Policy integration, regulatory
frameworks, stakeholder
coordination, monitoring programs

Sustainable soil
governance

Data-driven governance, sustainability
indicators, institutional collaboration

Effective implementation of soil
protection strategies and long-
term resource security

Risk assessment, resilient cropping
systems, adaptive management
practices

Climate adaptation

Climate models, early warning systems,
vulnerability assessment tools

Reduced climate impacts and
improved agricultural resilience

Efficient irrigation, water
conservation, improved water
productivity

Water resource
management

Remote sensing, smart irrigation, hydrological
modeling

Enhanced water security
and sustainable agricultural
production

Incentives for sustainable practices,

Agricultural policies support for innovation, market-based

Policy instruments, extension services,
sustainability standards

Increased adoption of
sustainable agricultural
practices

mechanisms
Socioeconomic Capacity building, equitable access to
empowerment technology, farmer participation

Digital extension, training programs, inclusive
institutions

Improved adoption, social
resilience, and sustainable
livelihoods

Integrated management of resources

Zero food gap outcome .
&ap and production systems

Soil-water-climate-society nexus approach

Resilient, sustainable, and food-
secure systems

Abbreviations: AI: Artificial intelligence; GIS: Geographic information system.
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Figure 6. Sustainable Soil Governance Pathway Toward Zero Food Gap. Progress toward zero food gap is influenced by multiple interacting food-system,
environmental, economic, institutional, and socioeconomic conditions. Image refined with Google Gemini (version 1.5 Pro). Conceptual framework
proposed by the author based on thematic synthesis of the reviewed literature. The relationships shown are proposed conceptual linkages rather than

experimentally demonstrated causal relationships.

mechanisms, the framework provides a pathway toward
resilient, sustainable, and future-ready food systems.

Because the framework was developed through
thematic synthesis of heterogeneous literature, it does not
establish quantitative causal relationships or provide a
single measurable endpoint for zero food gap. Its primary
contribution is therefore conceptual and integrative: it
identifies the major interacting domains and enabling
conditions that the reviewed evidence suggests are
important for progressing toward more resilient and
sustainable food systems. Future empirical research

can operationalize these domains through context-
specific indicators and evaluate their relationships using
quantitative assessment and longitudinal evidence.

8. Conclusion

Achieving a zero food gap requires a fundamental
transformation in how soil resources, agricultural systems,
and food production pathways are managed. This review
indicates that sustainable food security requires more
than increased agricultural production. Maintaining soil
ecological functions is essential for long-term productivity
and resilience. Healthy soils represent the foundation of
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sustainable food systems by regulating nutrient cycling,
water availability, carbon storage, and ecosystem stability.
However, accelerating soil degradation, climate change,
and increasing pressure on water resources threaten
these essential functions. Therefore, sustainable soil
management and restoration practices emerge from the
reviewed literature as critical components of future food
security strategies.

The integration of Earth observation, Al, digital
soil mapping, and decision-support technologies
offers significant opportunities for monitoring soil
conditions, identifying risks, and optimizing management
interventions. Digital soil intelligence can support a
transition from conventional, reactive approaches toward
predictive and adaptive management systems capable of
supporting evidence-based decisions.

Nevertheless, technological advances alone cannot
ensure sustainable transformation. The synthesis indicates
that effective soil governance, supportive agricultural
policies, and socioeconomic inclusion are essential for
translating scientific knowledge into practical actions.
Enhancing farmers’ access to knowledge, financial
resources, digital tools, and institutional support can
accelerate the adoption of sustainable practices.

Based on the thematic synthesis of the reviewed
literature, the proposed integrated framework suggests that
progress toward zero food gap depends on coordinated
interactions among sustainable soil management, digital
innovation, governance structures, climate adaptation,
water management, and socioeconomic development. The
framework therefore proposes sustainable soil governance
as a central coordinating pathway for connecting these
dimensions and supporting resilient food systems, rather
than demonstrating a quantitatively validated causal
relationship among them.

Future progress will potentially depend on
strengthening interdisciplinary collaboration, improving
digital infrastructure, enhancing policy coherence,
and developing locally adapted solutions that balance
productivity with environmental sustainability. The review
further indicates that integrating ecological principles with
technological innovation and inclusive governance may
strengthen the capacity of sustainable soil management
to contribute to resilient food systems under increasing
global change.
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