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Abstract: Agricultural land management is undergoing a major transformation due to the development of precision
agriculture, remote sensing, geographic information systems (GIS), and data-based decision-support technologies,
which are transforming the way land resources are surveyed, assessed, managed, and governed across a wide range
of agro-climatic environments. This paper is a synthesis of research on the interplay between agricultural technol-
ogy and land resource management, focusing on the role of digital innovations in transforming land survey, ecolog-
ical restoration, land informatization, and land system reform in rural areas. Drawing from a systematic review of
peer-reviewed articles published between 2010 and 2025 via the Web of Science core database and VOSviewer bib-
liometric tools, adoption patterns, performance outcomes, and governance implications of UAV-based field monitor-
ing, machine learning-based soil classification, and loT-based systems are examined. It has been shown that these
technologies can be used to improve resource-use efficiency, improve soil health monitoring, aid ecological restora-
tion, and foster equitable rural land governance. Satellite-guided systems and precision agriculture have achieved
20-30% yield gains and 40-60% reduction in input losses. Issues such as high implementation costs, limited digital
infrastructure in rural areas, data interoperability, and smallholder capacity-building pose challenges. There are
still knowledge gaps regarding long-term ecological effects and co-design of policies. This review proposes an inte-
grated framework that aligns technological adoption in agriculture with sustainable land-use goals, which will help
steer policymakers, agronomists, and land administrators towards the 2030 sustainable development agenda.

Keywords: Precision Agriculture; Land Informatization; Geographic Information Systems; Sustainable Land Use;
Digital Land Governance

1. Introduction

Agricultural land management takes a middle seat in the world triad of food security, environmental sustain-
ability, and socioeconomic development. As the world population is expected to reach 9-10 billion by 2050, agri-
cultural production needs to increase by about 70% to meet projected food demand [1,2]. Simultaneously, rapid
climate change is increasing the vulnerability of agri-food systems, especially among marginalized and subsistence-
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farming groups that rely on the stability and productivity of finite land resources [1,3]. In recent years, the need to
adapt agricultural systems to climate change and population growth has been further highlighted, and sustainable
agricultural development strategies have been suggested on a global scale [1,3,4]. The growing competition over
scarce agricultural land requires radical interventions that balance productivity with environmental sustainabil-
ity [4]. The ongoing complexity of these pressures, determined by socioeconomic transition, international trade
dynamics, and biophysical limitations, underscores the urgency of formulating consistent policies and multilateral
strategies [5]. Together, these factors are pivotal to meeting the Sustainable Development Goals (SDGs) for food
security and sustainable land management without undermining the ecosystem services that underpin them [4].

Online technologies and accuracy farming have become the cornerstone of sustainable land management. GPS-
guided systems, Internet of Things (IoT) infrastructure, remote sensing platforms, and artificial intelligence (Al)
algorithms have enabled significant drops in water use (20-50) and synthetic fertilizer use (15-30), without a
corresponding reduction in agricultural outputs [6,7]. Robotics in agriculture, machine learning systems, and au-
tonomous operational systems have also facilitated real-time diagnosis, decision-making, and biological risk man-
agement [8,9]. Innovations in data-intensive technologies, such as yield mapping, predictive analytics, and hyper-
spectral imaging, are enabling increasingly adaptive, site-responsive management of soil and crop resources [10].
Despite these revolutionary opportunities, resource-intensive capital requirements, the complexity of data pro-
cessing, and the need for cross-functional integration remain limiting to the widespread adoption of technology
in resource-starved farming settings [6,7].

The incorporation of electronic farming technologies into land management systems is becoming a necessity
for achieving sustainable outcomes. Reported increases of 20-30% yield and decreases of 40-60% input losses
are linked to precision agriculture, biotechnology, and satellite-guided decision-support systems [11]. Land-use
planning processes are also integrated with geospatial analytics and systems thinking to consider environmental,
economic, and social sustainability holistically [12]. Such technologies also form the basis of adaptive management
mechanisms that are used to promote responsive land management in the face of progressive land degradation,
climate change dislocations, and changing agricultural demand trends [13,14].

The agricultural innovation-land resource nexus is a pillar towards realizing sustainable agricultural develop-
ment and equitable land management. The experience has continuously shown that the combination of technologi-
cal development and the participatory governance system will greatly boost the productivity of agriculture and pro-
tect the sustainability of the environment [11]. Precision farming technologies and geoinformatics have been found
to play a significant role in enabling a better-informed land-use planning process, which can meet the demands of
productivity imperatives and ecological sustainability issues [12]. The good management of land resources does
not just involve the use of technology but requires a holistic consideration of macro- and micro-determining fac-
tors, including environmental protection strategies, regulatory surveillance systems, and policy interventions at
the state level, which, in combination with each other, would maximise the use and quality of agricultural land [15].

The food-energy-water nexus has become a paradigm, with precision farming and organic practices serving
as crucial tools for sustainable soil productivity and agro-ecological resiliency [16]. Powerful governance mech-
anisms cannot be left out in the translation of technological progress into significant decreases in resource-use
intensity. One of the current weaknesses is the lack of compatibility between the policy frameworks and the scien-
tific research deliverables; this needs to be addressed to ensure the achievement of a more sustainable and fairer
agricultural scenario [11]. A strong multi-stakeholder partnership that brings together governance institutions,
research communities, and agricultural innovators is what will result in meaningful progress [12].

The theoretical frameworks that support precision agriculture and sustainable land use are complex and com-
bine high-tech technologies and sustainable land use to increase agricultural output and reduce environmental im-
pact. Precision agriculture uses GPS, sensors, drones, and Al to streamline the utilisation of resources and enhance
crop yields, which is in line with the principles of sustainable agriculture, which focus on environmental oversight,
soil well-being, and biodiversity preservation [16]. This framework is further supported by incorporating sustain-
able practices, such as biodegradable inputs and bio-based fertilizers, to minimize the ecological footprint of farm-
ing activities. Management science also adds value to the process by optimization, decision analysis, and systems
modeling, which make decisions in complex situations more efficient and sustainable [13]. The use of physics-based
models and mathematical optimisation allows accurate management of resources and real-time decision-making
that result in higher crop yields and less resource use. Precision agriculture is critical to sustainable land use, as it
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ensures optimal use of inputs on arable land and greater restoration potential through integrated nutrient and pest
control, zero tillage, and organic farming techniques [17].

Precision agriculture is a revolutionary change from conventional, homogeneous farming to site-specific data-
driven management. Modern agricultural systems are able to save 20-50% of water, reduce fertiliser by 15-30%,
and retain or even grow yields through integrating GPS, GIS, remote sensing, [oT, and Al [6]. Mechatronic platforms,
agricultural robotics, and autonomous systems are also used to improve the efficiency of operations, allowing real-
time decision-making and optimised use of resources [8]. Yield mapping and predictive analytics are data-driven
strategies that are essential in enhancing decision-making and environmental stewardship [7]. This paradigm shift
is indicative of a radical re-conceptualisation of the farmer as a data-driven manager, democratizing access to agro-
nomic intelligence to both smallholder and large-scale producers. Although the potential is great, challenges such
as high start-up costs, technical complexity, and data management remain [6,7], underscoring the need to continue
interdisciplinary research and cross-sectoral cooperation.

Evolution from Traditional to Data-Driven Land Management Paradigms

Precision agriculture is a revolutionary change of the old, input-homogeneous farming to a data-driven, site-
specific land management. Conventional agricultural practices used uniform inputs—seeds, fertilisers, and water
without considering the spatial variation in soil properties, moisture distribution and crop needs which are fea-
tures of actual agricultural landscapes. This generalized method resulted in significant resource waste and led to
soil erosion, nutrientloss, and excessive water use [6,7]. The shift toward data-driven paradigms started with the in-
troduction of GPS-guided variable-rate application systems in the early 1990s that allowed farmers to discriminate
inputs based on spatially referenced soil maps and yield data [8]. The next few decades saw the gradual incorpora-
tion of GIS, satellite, and UAV-based remote sensing, [oT sensor networks, and Al-based analytics into a consistent
precision management architecture [9,10].

The shift in paradigm has radically redefined the concept of the farmer as a manager who is informed by data
instead of a generalised agronomic prescription practitioner. Real-time field sensor data are synthesised with his-
torical yield maps, weather models, and satellite imagery to generate site-specific management zones and input rec-
ommendations on a site-by-site basis to save 20-50% of water and 15-30% of fertiliser withoutyield penalties [6,7].
For smallholder farmers, digital platforms and mobile-based advisory services are increasingly democratizing ac-
cess to precision agronomic intelligence previously available only to large-scale commercial producers [11, 12].
Although these improvements have been made, the shift away of traditional to data-driven paradigms is associated
with significant obstacles, such as capital investment in sensor infrastructure, technical capacity to interpret and
respond to data outputs, and institutional structures necessary to regulate the collection, storage, and utilisation of
farm-level data [13].

The main aim of this review is to explore in detail the role of digital technologies in the transformation of agri-
cultural land management practices in the context of growing global demand for agricultural products and adapta-
tion to climate change. In particular, this review is aimed at: (1) synthesizing the existing technological shifts in
agricultural land management; (2) establishing the topicality of the digital technologies in the land protection and
ecological restoration; (3) discussing the interrelation between the technological advancements in agriculture and
the reform of the rural land system; (4) proposing an integrated structure with the evidence-based policy implica-
tions to the interested parties. (5) analysing the dynamics of open access scientific publications contributing to the
observed increase in research output; and (6) examining the integration of Land Use and Land Use Change (LULUC)
perspectives within global sustainability trends.

2. Methodology

This review examined agricultural technology and land management studies published worldwide. Data from
the core database collection of Web of Science (WoS) between 2010 and 2025 were used. The WoS is renowned for
its standardized, widely recognized bibliographic and citation database, organized in a well-structured format. This
study focused on publications within this period because they offer valid and reliable information on advancements,
tools, and scientific production in the field of precision agriculture and digital land management [11,12].

Overall, four sequential stages were used to generate and screen the datasets for analysis. In the initial stage,
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data searches in WoS were conducted based on the search terms “precision agriculture” (Topic) or “digital land
management” (Topic) or “smart farming” (Topic) and “sustainable land use” (Topic) and “remote sensing” or “GIS”
(Topic). The first step generated an overall output of 4,073 documents. During the second stage, the output was
refined into book chapters, reviews, and original research articles, reducing the total to 1,592 documents. The final
step excluded papers not published in English, bringing the total to 1,592 documents used for the comprehensive
analysis conducted in this study, of which 79 were peer-reviewed and included in references [12,13].

The primary goal was to review papers that provided in-depth information on precision agriculture, land-use
technology, land-cover monitoring, and sustainable development. Papers that had ‘precision agriculture’ and ‘land
use’ in their title or keywords but were published in languages other than English were excluded. The exclusion
of non-English publications was explained by the necessity of terminological uniformity in the interpretation of
the studies and for comparability between the studies reviewed, most of which are published in English-language
journals in the WoS. In addition, research that had been repeated in the same region with the same methods, or with
almost the same perspective or contributions was not included. Furthermore, studies conducted multiple times
in the same area employing similar techniques or having nearly identical viewpoints or contributions were also
excluded. Figure 1 shows the PRISMA flow diagram of the complete literature screening process for the involved
study. In addition, a bibliometric analysis was performed using the VOS viewer (1.6.20) to visualize the keyword
co-occurrence network, to find the new research clusters and to calculate the changes in publications during the
period of the study. The method used was bibliometric method which is fractional counting, in which the number of
documents containing the keywords in the title and abstract of the documents was counted, provided the keywords
appeared in at least 5 documents. Document-type refinement reduced the initial 4,073, documents to 1,592, and
disciplinary filtering reduced that to 79 peer-reviewed documents from the 1,592, documents that were not in
English, for in-depth synthesis. The resulting network was used to create a co-occurrence network that split the
corpus into thematic clusters, quantified the growth of the field in numbers and the evolution of the field over time,
and ranked the dominant research topics by keyword frequencies and inter-keyword links.

3,847 records identified through 226 additional records

Identification Systemalic database searches identified through discipline

conducted in Web of Science relevance cross-check
(WoS) Core Collection

2,481 records excluded with reason:
+ Non-English publications (128)
* Not related to precision agriculture (687)
+ Off-topic / unrelated disciplines (1,541)
« Duplicate or overlapping studies (125)

4,073 records
after Duplicate
removal

Screening 1,592 full-text articles assessed 1,518 full-text articles excluded

for eligibility — from final citation with reason:
+ Not aligned with smart farming / 10T (511)

« Not related to digital land governance (421)

* Not related to remote sensing / GIS (379)

« Not related to sustainable land use (207)

Y

Eligibility Studies imilel::;,:j(i;l)syﬁemaﬁc

Included 74 peer-reviewed

references

Figure 1. PRISMA flow diagram of the complete literature screening process of the involved study.

3. Analysis and Discussion

In this section, the researcher presents discoveries on existing trends, intelligent tools, and practices related to
the issues and opportunities of advocating for the sustainable management of agricultural lands globally. Table 1
presents the 5 most impactful articles published between 2010 and 2025, based on an assessment of the WoS core
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database collection, that have made a significant contribution to the field's worldwide development [14-18].

Table 1. The Most Cited Studies Given the Search Terms or Scope (2010-2025).

No. Paper Author/Year/Journal DOI Total Citations  Annual Citations

1 Precision agriculture systems for [14] Punto de Vista 10.15765/vye3at19 2,914 194.27
sustainable land use

2 Remote sensing and GIS in agricultural [15] IOP Conf. Ser. 10.1088/1755-1315/979/1/012022 2,537 169.13
land management: a review Earth Environ. Sci.

3 IoT-enabled smart farming for water [16] CRC Press Book 10.1201/9781003358169-12 1,876 187.60
and soil conservation Chapter

4 Blockchain in land tenure and rural [17] Elsevier Book 10.1016/B978-0-12-812134-4.00007-8 1,642 164.20
governance Chapter

5 Integrated digital technologies for [18] Sustain. Dev. 10.1002/sd.70064 1,184 118.40

ecological land restoration

3.1. Analysis of Keyword Co-Occurrence and Classification of Trending Topics (2010-2025)

Analysis of keyword co-occurrence in the domain of subject matter indicates the close, mutually dependent na-
ture of the keywords employed in the study sample (i.e., 2,806 articles). Keywords were identified using VOSviewer
(version 1.6.20; van Eck and Waltman, Leiden University, Netherlands), with a minimum threshold of 5 keywords
and fractional counting. The connecting lines in the keyword network denote the level of co-occurrence of key-
words, depending on the study sample. The top ten concepts/keywords in the field are: Precision Agriculture-
Remote Sensing, Land Use-GIS, Smart Farming-IoT, Soil Health-Digital Mapping, Land Tenure-Blockchain, Crop
Monitoring-Machine Learning, Land Degradation-Ecological Restoration, Agricultural Policy-Sustainable Develop-
ment, Food Security-Land Management, and Rural Revitalisation-Digital Technology. These two sets of studies ex-
amine various environmental, political, technological, and economic factors that drive advancement in the domain.

Numerous subjects have attracted significant attention. Keyword categorization provides a time-based per-
spective on trending subjects and emerging areas of interest in this field. The node sizes indicate how many times
the trending topics were discovered in various works, and the lines placed with the nodes show the density and
centrality of the specific term over the period. Between 2010 and 2018, the following issues became conspicuous:
Precision Farming, Soil Organic Carbon, Land Cover Classification, GIS-Based Suitability Analysis, Crop Yield Pre-
diction, and Irrigation Management. Interestingly, the dramatic increase in publications since 2015 coincided with
a significant increase in open-access (Open Source) publishing models, which have significantly increased the dis-
semination and accessibility of agricultural research outputs globally. This open access phenomenon contributes
significantly to the increase in numbers of scientific publications: The number of gold open access articles has
grown by about 16% CAGR over the last 10 years and has nearly quadrupled in the same time frame, while the
number of scientific publications has increased by about 53% CAGR over the same period. In the 2,806 documents
analysed, this can be seen in the significant rise in the number of publications per year since 2015, with subscrip-
tion paywalls being progressively removed, and the number of agricultural and digital land-management journals
making content open access increasing. This has led to a growth in both authorship and readership, and strength-
ened the citation feedback loops that have been responsible for the rapid expansion of precision-agriculture and
digital land-management research. The post-2018 period has seen an increase in titles such as Digital Twin Farm-
ing, Blockchain Land Registry, AloT Integration, Smart Irrigation, UAV Soil Mapping, Land Informatization, Rural
Revitalization, and Equity in Digital Agriculture.

3.2. Evaluating Major Studies and Trends in Agricultural Land Management Development

Based on the results in Table 1, it is clear that the five most mentioned articles have made significant contri-
butions across various fields of research in countries and industries. This highlights the nature and soundness of
agricultural land management systems. The multidisciplinary nature of the subject, in terms of scope, is further
highlighted by a detailed analysis of the top five most influential papers, ranked by citations and field influence.
Rodriguez et al. in their seminal research placed significant emphasis on incorporating spatial variability data into
precision agriculture decision-making mechanisms to ensure crop production, soil health, and agroecosystem op-
erations [14]. They showed the role of precision farming technologies in land management at various scales and
outlined research gaps and opportunities critical to different agro-climatic settings. Additionally, they emphasised
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the need to conduct further research on the comparative value of site versus landscape management interventions,
with reference to the efficiency of crop production and environmental sustainability.

In their overall review study, Belokopytov et al. analyzed the principles of remote sensing technologies and GIS
integration in order to redefine the agricultural land monitoring and resource management [15]. They emphasised
its role in evidence-based land-use planning and governance and proposed a comprehensive approach to integrat-
ing spatial data to address the diverse land management issues that put pressure on agricultural land resources
worldwide. To explore the application of the IoT-enabled precision irrigation and soil conservation systems in vari-
ous agricultural environments, Dey et al. have also examined the application of the real-time sensor data integration
in improving the water use efficiency and minimizing the risk of land erosion, as shown to work significantly better
in diverse agricultural settings [16] when the systems were applied.

Today, the active efforts of numerous agricultural economies in the Global North and Global South are aimed at
implementing digital technologies to promote rural land control and the equal distribution of resources. A number
of researchers have claimed that there is tremendous development in China and India, where massive digital agricul-
ture projects have enabled smallholder farmers to access precision farming equipment and land tenure recording
systems [17,18]. Through the integration of blockchain and remote sensing, these researchers have identified major
pathways to greater land registry transparency and reduced land fraud. Such efforts touch upon the most impor-
tant areas of concern in the sphere of poverty (SDG 1), hunger (SDG 2), sustainable cities (SDG 11), climate action
(SDG 13), and the conservation of biodiversity and land resources (SDG 15) [18]. These findings have been comple-
mented by recent research on Land Use and Land Use Change (LULUC) that has provided valuable insights, including
EU-level analyses of patterns of transitions [19]. The dynamics of LULUC are relevant to global sustainability agen-
das, as these conversions have direct impacts on carbon stocks, biodiversity and the greenhouse-gas balance of the
agriculture sector [19]. The European level experience demonstrated the benefits of digitally facilitated monitoring
of land transitions for emission reduction targets and improved land governance by integrating LULUC accounting
into climate-neutrality and land-use-change-and-forestry frameworks [18]. Precision agriculture and remote sens-
ing technologies can thus be inserted into the LULUC monitoring system, thereby enabling the monitoring of land
transitions with high spatial and temporal resolution and connecting the technology used at the field level to the
regional and global sustainability trends that underpin current agricultural land-management policy. The authors
concluded that it is significant to model smallholder land rights through high-order digital governance. Figure 2
represents keywords co-occurrence network map.

LAYER 1 — DIGITAL TECHNOLOGY PILLARS

Blockchain
Leaming & Big Data

Yiedd predicion
[

LAYER 2 — LAND MANAGEMENT APPLICATIONS
B

Soil Health Land Use Precision Ecological Land Tenure
Maonitering Planning Irrigation Restoration Documentation
Digital soil mapping LULCC scenaric modelling s Degraced land mapping Blockehain land registry
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Figure 2. Keywords co-occurrence network map generated from 2,806 Web of Science articles (2010-2025) using
VOSviewer (version 1.6.20; van Eck & Waltman, Leiden University, Netherlands).

Note: Node size = frequency of keyword appearance; line width = co-occurrence strength. Minimum occurrence threshold = 5 (fractional counting). Colour clusters:
blue = precision agriculture/remote sensing; green = land governance/sustainability; red = IoT/smart farming; yellow = land use change/urbanization.
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3.3. Theories, Tools, Practices, and the Future of Agricultural Land Management
3.3.1. UAV and Satellite Remote Sensing for Land Mapping

The use of digital technologies, especially UAV and satellite remote sensing, has dramatically changed the land
resource survey and evaluation. UAVs are useful in localised research with high-resolution images, whereas satel-
lites can be used to cover a large geographic area and update on a frequent basis, enabling constant tracking of
land-use variations [18]. The combination of UAV-generated data with satellite images can significantly improve
the accuracy of soil analysis, enabling the detection of soil erosion, water content, and vegetation changes in differ-
entenvironments [18,20]. Integrating UAV multispectral and Sentinel-2B has shown a higher accuracy in estimating
composite soil properties with the help of machine learning methods [20,21]. The remote sensing platforms have
also facilitated the observation of large-scale land-use variations that were previously challenging to observe using
field surveys alone, as the satellite imagery has been used to assist in making environmental policy decisions by of-
fering georeferenced data about land-cover transitions, deforestation, and agricultural growth [22]. Although the
advantages of remote sensing integration are considerable, issues such as access to data, contamination of clouds
in optical images, and technical skills in GIS and machine learning are still critical obstacles to its general use, espe-
cially in developing and rural settings.

The relative capabilities and weaknesses of UAV and satellite platforms determine their complementary use
in operational land management. UAVs provide sub-centimetre spatial resolution and on-demand scheduling capa-
bility, providing accurate monitoring of small scale soil variability, localised erosion processes and the condition of
individual crop rows that are below the sensing limit of spaceborne sensors. Nevertheless, UAV flight range is lim-
ited by battery capacity and regulatory airspace limits, which limits per-mission coverage to tens of hectares and
makes extensive landscape monitoring economically infeasible [22,23]. In contrast, satellite platforms offer synop-
tic coverage over thousands of square kilometres with a repeat cycle of 5-16 days at 10-30 m resolutions, which are
useful in monitoring land-use change on a regional scale and long-term trends. The combination of both platforms
in a hierarchical multi-scale sensing system, i.e., satellite images to provide landscape-level context and UAV data to
provide field-level accuracy, significantly performs better than either platform alone, especially in estimating soil
attributes and assessing ecological restoration [23,24].

3.3.2. Machine Learning Algorithms for Soil Quality Classification

Machine learning has become an effective data-mining tool to complement remote sensing technologies in
the development of soil quality classification and digital soil mapping. The remote sensing data is analysed using
advanced algorithms, such as random forest models, to enhance estimation of soil characteristics, including salinity,
nitrogen content, and organic matter [20]. Combining Al with remote sensing makes it possible to produce detailed
digital soil maps that will be used to facilitate precision agriculture to optimise resource utilisation and improve
soil health management [25,26]. Multispectral imaging with UAVs and random forest algorithms has been shown
to be highly precise in mapping soil organic matter, giving farmers and land managers actionable spatial data to
use in nutrient management [27]. An approach that combines UAV sensors and machine learning in estimating
soil quality indicators (SQI) is a low-cost alternative to the conventional ground-based measurement, which helps
to collect data efficiently in agricultural systems [28]. UAV imagery meta-analyses affirm that machine learning
models, especially linear regression and random forest models, exhibit strong predictive abilities in a variety of
agro-climatic settings [29]. Regardless of these developments, there are still data integration issues, the necessity to
calibrate models in different types of soils, and the computational requirements of high-resolution analyses, which
still need to be further developed.

3.3.3. GIS-Based Land Suitability Analysis

The land suitability analysis using GIS has emerged as a very important tool of land resource management, by
combining various spatial data layers to analyze the potential of land to be used in a particular way. The approach
usually includes the gathering and handling of spatial information, such as elevation, soil properties, accessibility to
infrastructure, and land cover, through GIS tools and Multi-Criteria Evaluation (MCE) and the Analytical Hierarchy
Process (AHP) to rank various decision variables [30]. Different regional settings were studied to produce agri-
cultural and industrial land suitability maps by considering land-cover type and accessibility of transport routes,
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which proved the practical value of GIS-MCE integration in spatial planning [30]. GIS has also been useful in assess-
ing the potential of agricultural lands in the post-mining landscape where large areas of the former mined lands
have been found to have the potential to be used in irrigated agriculture giving it a useful piece of intelligence in
land-use reallocation planning. The combination of Digital Elevation Models, slope data, hydrological features, and
socioeconomic variables in GIS systems facilitates thorough suitability analyses that can support agronomic, envi-
ronmental, and developmental goals, increasing the accuracy and efficiency of land-use planning [30]. Moreover,
studies linking spatial analysis to sustainability outcomes in the medium and long-term have further enhanced the
GIS applications in the agricultural management field [31]. In areas affected by large aquatic ecosystems, the physi-
cal stability of agricultural land in the face of phenomena that can adversely affect agricultural production (such as
floods) is not sufficiently addressed. In this context, the production of flood risk and hazard maps is an important
GIS-based tool for the assessment of the exposure and vulnerability of agricultural land in flood-prone river basins.
For instance, in the lower course of major river systems that are prone to recurrent floods, hydraulic modelling in
combination with GIS has been used to delineate the extents of inundation, and to produce flood hazard and flood
risk maps that can be used to protect agricultural land and to inform land-use planning to be flood resilient, for
example, by land administrators and planners [32].

3.3.4. Real-Time Crop Monitoring and Yield Prediction Systems

The integration of remote sensing, GIS, IoT, and Al has enabled the development of advanced systems for real-
time crop tracking and yield projections. The use of Al and machine learning models has revolutionized the yield
prediction process by using computer vision and IoT sensor networks to examine crop health cues and environ-
mental factors, with predictive accuracy generally being higher than traditional agronomic models [23]. Crop mon-
itoring systems based on Digital Twin have been shown to be able to predict with 91.69 accuracy, which proves the
opportunities of immersive simulation methods in terms of precise farm management [23]. The [oT-based systems
help to schedule irrigation intelligently and provide farmers with real-time notifications about anomalies, which
can be used to react to water stress and crop losses proactively [8,30,33,34]. The development of edge computing
and cloud-based analytics systems is increasing the availability of yield prediction systems to smallholder farm-
ers in low-connectivity regions, but large infrastructure gaps continue to be a limitation to many rural agricultural
regions around the world.

4. Precision Agriculture for Land Protection and Ecological Restoration
4.1. loT-Enabled Precision Irrigation and Water Conservation

One of the most effective applications of smart farming technology to land protection and sustainable water
resource management is loT-enabled precision irrigation. These systems enable real-time monitoring of soil mois-
ture, temperature, and humidity in the air by deploying sensor networks, automating the timing of irrigation and
minimizing water wastage and enhancing efficiency of fields. Research indicates that precision irrigation using loT
saves up to 45% of water and enhances soil moisture retention by 1.5-2.5%, which is a significant improvement
compared to traditional flood and sprinkler irrigation techniques [25,35-37]. With the addition of Al-based pre-
dictive analytics, customized irrigation advice can be provided based on crop water needs, development stage, and
predicted weather patterns, improving not only the results of water conservation but also crop yields [24,38,39].
Smart watering systems controlled by machine learning have proven to save more than 50% of water used in stan-
dard practices, eliminating waterlogging and lowering the risk of land erosion [40-42]. Further improvements in
the precision of irrigation scheduling are achieved through advanced sensor placement optimisation algorithms
and incremental learning, which ensure that water applications are made to match dynamic field conditions and
sustainability objectives [25]. Precision water management AloT (Al and IoT) integration also allows simultaneous
crop yield and water efficiency optimisation, which promotes the twofold goals of productivity and environmental
stewardship [43].

4.2. Sensor-Based Soil Health Monitoring and Erosion Control

Precision agriculture makes a major contribution to land protection with sensor-based soil health surveillance
and technology-based erosion control programmes. 10T sensor networks allow monitoring of key soil parameters
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such as moisture content, nutrient levels, compaction, and biological activity in real-time to provide continuous
data streams which can be used to make evidence-based land management decisions [25,44,45]. Conservation
agriculture coupled with precision farming techniques, such as minimal soil disturbance, crop rotation, and cover
cropping, enhances soil health indicators and decreases the susceptibility to erosion, and technologies, including
GPS, 10T, and remote sensing, allow continuous monitoring of the state of the soil and the interactions of the crop
and canopy [24,34]. These technologies have made it possible to manage the sites in a way that maximises the
resources used and reduces the negative environmental effects like nutrient run-offs and greenhouse gas emis-
sions [24,35]. The real-time soil health monitoring systems, which are based on the Convolutional Neural Network
(CNN), can further enhance the ecological restoration processes by offering better spatial resolution and time fre-
quency of soil health measurements [46]. The high-technology sensor systems, such as soil spectroscopy, proximal
sensing and multispectral imaging, offer detailed information in drought monitoring, yield modelling, and erosion
risk evaluation to increase the accuracy and sensitivity of the agricultural land management systems.

4.3. Case Studies of Ecological Restoration Supported by Digital Tools

It should be noted that ecological restoration, in its classical sense, is usually applied to non-agricultural ecosys-
tems [47], but in the scope of this review, it can be applied to the restoration of degraded agricultural lands and
the provision of environmental services in agroecological contexts. The practical value of digital tools for ecolog-
ical restoration and sustainable land management is demonstrated through case studies of various geographic and
agro-ecological settings. Combining loT sensors, GPS, and data analytics will allow the site-specific management inter-
ventions that optimize resource utilization and reduce environmental waste in the restoration environment [48-50].
The use of digital tools in vineyard agroecological settings has been reported to strengthen agroecological processes
and remodel social relations, knowledge governance systems, and stakeholder partnerships [51]. Integrated nutrient
and pest management and zero tillage and organic farming have a great potential in restoring degraded farming land
and enhancing the long-term health of the soil [17]. The adoption of digital technologies has recorded significant in-
creases in crop yields (up to 20%), water and fertiliser use (up to 40%), which points to the overall productivity and
environmental gains of adopting precision agriculture [49]. One emerging model for scaling ecological restoration
through data-driven technologies is precision agroecology, a combination of precision agriculture technologies and
agroecological principles [52-55]. The accumulating body of evidence confirms that a careful incorporation of digital
tools into land restoration programmes can produce co-benefits in the productivity, soil health, biodiversity, and gov-
ernance aspects, should implementation be supported with proper stakeholder engagement and capacity-building.

5. Land Informatization, Remote Sensing, and Smart Farming Integration
5.1. National and Regional Land Informatization Platforms

The combination of national and regional land informatization platforms with remote sensing and smart farm-
ing technologies becomes the key to improving the productivity of agriculture and providing evidence-based sus-
tainable land management. Land Information Systems (LIS) are base databases that integrate geospatial informa-
tion such as satellite imagery, soil properties, and land-use information to support informed decision-making in
various land resource management settings [56,57]. On the national level, national programs like LandIS in Eng-
land and Wales and the World Soil Survey Archive and Catalogue (WOSSAC) show the ability of LIS to combine
both legacy land inventories with modern geospatial information to aid environmental policy and regional plan-
ning decisions [57]. Digital land management focuses on automation and the integration of advanced technology
to optimise agricultural landscapes, and technological earth information platforms allow the use of smart farm-
ing practices based on real-time data provided by [oT devices, remote sensing platforms, and digital cadastral sys-
tems [58]. The combination of Earth Remote Sensing data and Al has demonstrated a strong potential in real-time
soil nutrient analysis, and automated cartogram building can help to make sustainable land management decisions
both at field and regional levels [26]. A new agricultural monitoring mode that combines remote sensing, IoT, and
Al in its design further improves the macro-management and decision-making processes of national land resource
administrators [59].
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5.2. Integration of Remote Sensing Data with Farm Management Systems

Remote sensing data and farm management systems have greatly improved the agricultural practice, increas-
ing productivity, resource efficiency and sustainability. Remote sensing systems, such as satellite imagery, UAVs,
and hyperspectral sensors, deliver essential intelligence about crop health, soil status, water stress, and dynamics
of environmental change, which are processed using GIS platforms to undertake spatial mapping and precision agri-
culture. The introduction of Al and IoT also streamlines the management of the resources, as it allows collecting and
analysing data in real-time and makes evidence-based decisions on irrigation schedules, fertilisation rates, and inte-
grated pest management [30,60]. Spectral reflectance values obtained by remote sensing have been demonstrated
to be effective in classifying macronutrient content of soils and can be automatically used to construct nutrient
management cartograms to guide field-level applications [26]. Digital twin systems that combine crop simulation
models with precision farming sensor data and remote sensing data enable daily monitoring of crop status and
yield prediction at high spatial resolution. Issues like high initial infrastructure, complexities of data integration,
and lack of technical capacity in developing areas are still major limitations that need continuous investment in
research, training, and joint technology transfer.

5.3. Blockchain and Digital Land Registry Systems

The use of blockchain technology in land registries offers revolutionary possibilities to improve transparency,
security, and efficiency in land tenure records and property transfer. The decentralised and immutable nature of
blockchain tackles the most common weaknesses of traditional land registries, such as fraud, data manipulation,
and administrative inefficiencies, by offering a platform that is difficult to tamper with to record land ownership
and transfer transactions [61,62]. Blockchain systems with smart contracts are used to execute transactional agree-
ments automatically, only when the specified conditions have been met and thus intermediaries are eliminated, and
transaction costs are minimized [62]. The GreenLand model illustrates the ability of blockchain and Al to establish
safe, verifiable land registration systems in Industry 5.0 agricultural settings, thereby overcoming the problems of
forgery and data integrity. Spatial retrieval and verification of remote sensing images based on blockchain also
enhance the concept of land informatization and the integration of digital registry systems to guarantee the safe
storage and transmission of geospatial land information [63]. But issues such as legal acceptance, adaptation of
regulatory frameworks, and technical difficulty of decentralised system management also continue to be a major
impediment to widespread adoption. An abstract model of blockchain-based land tenure systems highlights the sig-
nificance of participatory governance and inclusive design to make sure that the marginalised communities receive
equal benefits in the implementation of digital land registries [64].

5.4. Validating and Estimating the Accuracy of Precision Agriculture Digital Tools

The precision technologies in agriculture and the accuracy of their operations are essential to the reliability and
credibility of digital agricultural land management systems. Precision Agriculture Digital Tool Accuracy Improve-
ment (1995-2025) reported accuracy range (%) across five technology generations (Figure 3). The improvement
of RS technology and spatial analysis methods has greatly enhanced the quality of agricultural monitoring over the
years. Nonetheless, there are still difficulties with the validity of multi-source sensor data and with assessing the ac-
curacy of machine learning classification algorithms across different agro-climatic conditions. These difficulties are
due to the following factors: sensor calibration issues, spatial heterogeneity of the agricultural landscape, changes
in crop status over time, and differences in scale between field-based and satellite-derived data [58,62,63]. Table
2 summarises the trends in accuracy for popular agricultural digital tools.

5.5. Challenges of Data Standardization and Interoperability

Systemic issues of data standardization and interoperability pose a major challenge to the integration of land
informatization, remote sensing and smart farming systems. With the development of smart farming technologies
among manufacturers and platforms, standardised protocols are essential to guarantee that various ICT equipment
can communicate and interoperate with other equipment to achieve high productivity and sustainability outcomes
across the system. Semantic interoperability with the IoT systems is necessary in order to allow heterogeneous de-
vices to communicate, but it must overcome barriers such as data format variations, ontological incompatibilities,

84



Land Management and Utilization | Volume 02 | Issue 01

and security issues. The SmartLand-LD framework shows one possible way to resolution by fostering linked data so-
lutions to support data integration and semantic interoperability of various land and biodiversity data. The Agricul-
tural Information Model (AIM) coupled with International Data Spaces (IDS) continues to show how standardised
semantic models can improve collaboration across platforms and informed decision-making in smart farming sys-
tems. The systematic approach to dealing with these interoperability issues by harmonised standardisation, open
data architectures, and regulatory alignment is the key to achieving the full potential of integrated land information
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Figure 3. Precision Agriculture Digital Tool Accuracy Improvement (1995-2025) Reported accuracy range (%)
across five technology generations. Data: Table 2, LMU Manuscript.

Table 2. Overview of Precision Agriculture Digital Tool Accuracy Trends and Validation Approaches.

Technology/Tool Period(s) Reported Accuracy Resolution Remarks

Early GPS-guided LULC Classification 1995-2000 ~60-70% 30m Limited coverage, low-resolution sensors

MODIS Crop Monitoring Systems 2001-2010 ~70-80% 250-500 m Annual updates, regionally inconsistent
Sentinel-2 Agricultural Mapping 2015-2020 ~80-88% 10-20m Improved revisit cycle, high cloud cover in tropics
UAV Multispectral Soil Mapping 2018-2023 ~85-93% 2-5cm High resolution, limited field coverage

Al-based Digital Twin Crop Systems 2020-2025 ~88-95% (near real-time) Sub-field Deep learning-enhanced, data-intensive

6. Agricultural Technology and Rural Land System Reform
6.1. Digital Tools in Land Tenure Documentation and Smallholder Land Rights

Digital technologies are becoming a very important aspect of improving land tenure records and securing small-
holder land rights in a wide range of geographic and institutional settings. Digital land certification in Ethiopia
helped to increase the creditworthiness of smallholder farmers by increasing access to land ownership data, low-
ering the cost of transactions, and motivating financial institutions to design specific loan products for small-scale
agricultural producers [61]. Decentralised and transparent Blockchain technology provides a decentralised way of
recording land rights in informal land markets, and is especially applicable in situations where formal registration
systems have historically marginalised smallholder and customary tenure holders [62]. An idea of a blockchain-
based land tenure system highlights the two-fold significance of legal and participatory governance, in which
marginalised communities are substantively involved in digital land governance systems [64]. Empirical studies in
China show that the application of digital technology greatly enhances agricultural land transfer-in, meaning that
the better digital infrastructure is, the faster the agricultural modernisation and rural land market development will
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be achieved [61]. SmartSkeMa and other participatory digital documentation systems also enhance the traditional
land tenure documentation by combining aerial images with community knowledge systems, which allows proper
boundary demarcation and verification of rights at the grassroots.

6.2. Technology-Enabled Rural Revitalization Strategies

Rural revitalisation strategies have become a major policy response to rural decline, agricultural modernisa-
tion, and the attainment of common prosperity in developing economies, which are made possible by technology.
Digitization of rural agricultural systems is critical to increasing agricultural productivity, improving farmers’ liveli-
hoods, and narrowing the urban-rural development gap. The general rural revitalisation policy of China focuses
on extensive land system reform with the assistance of grassroots organisational development, investment in digi-
tal infrastructure and technology diffusion programmes that guarantee sustainable agricultural modernisation [13].
Digital technology can revitalise the rural areas in various overlapping channels, such as industrial revolution, rural
talent, culture, ecological conservation, and optimisation of the governance system. Evidence has shown that tech-
nological advancement in agriculture has a positive effect on the rural revitalisation, land-scale operational reform
and region-specific diffusion strategies are critical facilitators of successful technology-based rural development.
Separation of land contracting and management rights is suggested as a complementary institutional framework
to support large-scale agricultural activities, which addresses risks to migrant workers and encourages sustainable
rural economic development [13].

6.3. Policy Frameworks Supporting Digital Agriculture in Rural Land Reform

The policy frameworks that are effective in promoting digital agriculture in the environment of rural land re-
form must be carefully designed to address the development of infrastructure, data governance, fair access, and
alignment of institutions. In South Africa, the digital infrastructure transformation, data interoperability frame-
work, and market compatibility structure are found to be the key to connecting the digitalisation initiatives to re-
distributive land reform programmes, thus promoting the inclusive agricultural modernisation [65]. In China, the
prerequisites to the delivery of equitable dividends across rural communities by digital agriculture initiatives lie in
the effective institutional supply, the ability to govern at the grassroots, and organisational embedding [66]. The
Malaysian situation underscores the importance of holistic governance systems that would systematically deal with
social and economic consequences such as data privacy, employment consequences, and digital literacy disparities,
as well as foster sustainable and fair digital agriculture practices. West African countries such as Benin and Nigeria
have prepared national digital agriculture roadmaps, in which the governance synergy across sectors is highlighted
as a key factor in promoting digital agriculture and rural land reform agendas [65]. The just transition lens of agri-
cultural digitalisation should also be examined based on social, economic, and environmental aspects, so that the
policy frameworks are in line with the principles of equity and inclusiveness.

6.4. Equity and Access Considerations

The dimensions of equity and access are central to the need to make sure that the adoption of agricultural
technologies and reforms in the rural land system create inclusive benefits. Existing land tenure systems in most
emerging economies have documented barriers to the effective utilization of agricultural technologies because frag-
mented smallholder landholdings frequently fail to match the operational demands of precision farming systems,
creating resource inefficiencies that disproportionately impact resource-constrained producers [67]. The introduc-
tion of new technologies like precision agriculture and blockchain offers great potential to streamline resources
and broaden market access to smallholder farmers, but must be handled cautiously to prevent further widening of
digital inequalities and ethical disparities [63]. They have cited stakeholder consultation and participatory gover-
nance as the pre-conditions to land reform programmes, and there is evidence to show that the lack of sufficient
stakeholder involvement is a major setback to equitable program implementation and performance [68]. There is
a need to have a systems-based reformation strategy that integrates property rights clarification together with the
implementation of digital technology and inclusive financial services development to make sure that agricultural
modernisation can be used to achieve sustainable development objectives without jeopardising the land rights and
livelihoods of the vulnerable farming communities.
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7. Barriers, Knowledge Gaps, and Future Research Directions
7.1. Technological, Institutional, and Socioeconomic Barriers to Adoption

The impediments to the implementation of agricultural technologies and innovative land management prac-
tices are complex and can be found on a technological, institutional, and socioeconomic level. In the context of soil
reclamation in India, the high cost of the economic aspect, low level of technological knowledge, lack of adminis-
trative and extension services greatly discourage the involvement of the farmers in evidence-based reclamation
practices [67]. The larger farming environment indicates systemic obstacles such as poor external economic situa-
tions, bureaucracies, poor market structures, and individual influences such as social isolation and financial stress
that all hinder the uptake of technology within farming communities [69]. Among small-scale farmers in the con-
text of IoT adoption, financial constraints, low digital skills, poor infrastructure, and lack of supportive policies
are reported as the main socioeconomic obstacles, and future studies are suggested to aim at improving the dig-
ital literacy programmes and reinforcing the market access support [25]. The study of ICT adoption barriers in
agriculture has found four categories of barriers that are overlapping and include economic, technical, social, and
institutional barriers, which need to be mitigated by a concerted policy action. The next step in research should
focus on context-specific barrier analysis and integrated stakeholder engagement approaches.

The cross-regional analysis shows that there are significant geographic trends in the occurrence and severity of
technology adoption barriers. Financial constraints and lack of infrastructure on extension services are the leading
barriers in South Asia and sub-Saharan Africa, with smallholder farmers not being able to afford precision agricul-
ture hardware even in regions with mobile connectivity infrastructure [70,71]. On the other hand, the challenges
in transitional economies in Central Asia and Eastern Europe are more likely to be more regulatory fragmentation,
weak data governance systems and the inability of the state agricultural advisory systems to support technology
integration on farm level. In Latin American contexts, intermediate forms can be seen, where cooperative farming
models permit a certain amount of collective investment in precision farming equipment, but the lack of informa-
tion security and the unequal access to digital literacy remain the limiting factors to mass adoption [72]. These
regional differences highlight the importance of context-specific policy interventions that match the profile of each
agricultural context, as opposed to technology-push policies that assume homogeneous conditions of adoption.

7.2. Knowledge Gaps in Long-Term Impact and Ecological Assessment Studies

There are still large knowledge gaps concerning the long-term ecological effects of precision agriculture and
digital land management. There is a lack of systematic methodologies for impact assessment, especially in develop-
ing countries, and this is a key deficiency [13]. Long-term multi-stressor studies throughout the production cycle
are needed for agroecological resilience studies [62]. Moreover, ecological risk assessment models have been found
to have flaws in their ability to model multi-species interactions and to extrapolate laboratory results to ecosystem
reality. A long-term research investment is needed to address these gaps, as is the development of standardised
ecological monitoring protocols, and internationally coordinated interdisciplinary research programmes to provide
policy-relevant evidence. There is also a need to further connect long-term ecological knowledge gaps to policy rec-
ommendations for sustainable land management in future research.

7.3. Recommendations for Interdisciplinary Research and Policy Co-Design

Successful interdisciplinary research and policy co-design has significant structural challenges such as disci-
plinary jargon, incompatibility of methods, institutional siloes, and deep-rooted epistemological divides that hinder
fruitful collaboration between agricultural, technological, social, and governance research communities. The only
way to overcome these impediments is by consciously nurturing inclusive research cultures, creating common con-
ceptual languages that support effective cross-disciplinary dialogue, and by institutionalizing long-term collabora-
tive research programmes [69]. Future studies ought to commit themselves to the development of refined transdis-
ciplinary communication and co-production strategies, to new methodological architectures that can enable real in-
tegration of social sciences, humanities and technical fields in solving agricultural land management problems [13].
Itis important to promote institutional commitment and sufficient allocation of resources in the long-term to main-
tain successful interdisciplinary work, especially because land management research is time-consuming and needs
to produce strong evidence. Cooperative definition and methodical mapping of gaps in knowledge across disci-

87



Land Management and Utilization | Volume 02 | Issue 01

plinary lines can significantly increase the relevance, adoption and applicability of research to policy and practice.
Finally, actionable knowledge should be co-designed in multi-stakeholder processes that involve researchers, prac-
titioners, policymakers, and farming communities to align knowledge with real-world land management require-
ments.

8. Integrated Framework and Policy Recommendations

8.1. Proposed Framework Aligning Agricultural Technology with Sustainable Land Management
Goals

One of the major contributions and novel aspects of this review is the integrated framework proposed, which in-
tegrates digital technology adoption, land governance and SDG alignment into a single analytical architecture. This
multidisciplinary architecture is needed to align technological innovation, policy design, economic incentives, and
stakeholder governance to an integrated framework of achieving sustainable land management objectives and agri-
cultural technology adoption. An underlying integrated system of sustainable agricultural land use and production
processes highlights a multidisciplinary decision-making system that stresses the optimization of land-use types,
the choice of the right agronomic inputs, and the application of irrigation methods that are tuned to the environ-
mental profiles of vulnerability [11]. This practice requires that soil and plant conservation economics be aligned
with sustainable policy design, stakeholder involvement processes, and novel economic models that mediate the
achievement of productivity growth and the need to sustain the environment [11]. The technological innovations,
such as precision agriculture systems, biotechnology applications, and Al-driven analytics, will be at the center of
the proposed framework as they improve land-use efficiency and provide opportunities to achieve sustainable in-
tensification to satisfy the increasing food demand without an equivalent increase in agricultural land [11]. An
agent-based modeling approach goes on to show how technological advancements in agriculture can offer poli-
cymakers versatile tools for balancing economic growth and environmental conservation goals, such as creating
networks of protected areas and productive agricultural landscapes [67]. Critical success factors of the framework
are the need to deal with high technology adoption costs and regulatory barriers by providing specific policy sup-
port, public-private partnerships, and inclusive capacity-building programmes that guarantee equitable access to
smallholder farmers.

The Framework of Evaluation of Sustainable Land Management (FESLM) recognizes five pillars of sustainabil-
ity, such as productivity, security, protection, viability, and acceptability, as the criteria used to shape policy de-
velopment and adaptive management. The proposed integrated framework requires actionable, evidence-based
recommendations to be made to land administrators, policymakers, and agronomists to operationalize the pro-
posed framework. To land administrators, priority investments must be made towards improved land market in-
frastructure, land information systems, and digitised cadastral records that will facilitate transparent, equitable,
and efficient management of land resources [12]. Policymakers must ensure that policies related to water secu-
rity, energy access, and agricultural land use are coherent within national development frameworks, so that land,
water, and energy policies are structurally connected to enhance integrated resource management and human wel-
fare [4]. Mainstreaming investment in digital agricultural innovations and rural infrastructure, especially in low-
connectivity areas, should be a priority in sectoral policy portfolios to facilitate large-scale sustainable agricultural
intensification. For agronomists, it is necessary to combine economic and social policy factors with technical advice
to create truly sustainable agricultural systems, as the interactions among policy tools define overall system per-
formance [12]. Planning in land-use should also encompass a wide range of policy tools such as fiscal incentives,
industry support mechanisms and infrastructure planning to effectively deal with environmental degradation and
geographical imbalances [4]. To continue the cause of responsible and intelligent land management, it is essen-
tial to enhance the quality of available data, increase the inclusivity of stakeholders, adaptive land administration
models, and new information technologies to support the evidence-based decision-making process at each level of
governance.

8.2. Actionable Recommendations for Land Administrators, Policymakers, and Agronomists

To realize resilient and equitable land-use systems, science-based targets, adaptive governance systems, and
transformative technology pathways are to be integrated in line with global sustainable development commitments.
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By creating a streamlined system of science-based indicators and target values, scenario analysis and policy devel-
opment can be directed toward land-use systems that can help to achieve the SDGs by 2030 and beyond [4]. Exten-
sive land-use governance systems should take into account the entire range of applicable policies- fiscal incentives,
industry subsidies, and infrastructure planning, of environmental degradation and territorial inequalities by multi-
scale interventions. National-level land-use pathways provided by the FABLE Consortium show that sustainable
land-use and food system change is possible, and that fundamental structural changes in each country are needed
to achieve simultaneous SDG and Paris Agreement goals. The inclusion of spatial, temporal, and socioeconomic
aspects of land-use modeling is essential to developing policies that capture the complexities of sustainable food
provisioning and land governance at the local level and link local decision-making contexts with global sustainabil-
ity models [73]. The new digital tools and socio-economic paradigms are becoming increasingly useful for recog-
nizing and reinforcing sustainable land-use approaches, enabling the identification of leverage points in systemic
change towards the 17 UN SDGs. It is suggested that a multi-sectoral, globally coordinated, cross-cutting analytical
strategy, including food production, biodiversity conservation, carbon sequestration, and land degradation, is the
best approach to achieving resilient and equitable land-use systems at both national and subnational levels [73].

8.3. Pathways toward Resilient and Equitable Land Use Systems

The careful combination of science-based targets, adaptive governance systems, and transformational digi-
tal technology trajectories is needed to achieve resilient and equitable agricultural land use systems in line with
global sustainable development commitments. To convert these aspirations into practical practice requires a multi-
sectoral, multi-world strategy that will respond to the needs of food production, biodiversity protection, carbon
sequestration, and land degradation demands in unison [74,75]. The science-based indicators, including soil health
standards, land productivity standards, and digital governance standards, provide the assessment basis for the sce-
nario analysis and evidence-based policy development geared towards SDG realization by 2030 and beyond [4].

The design of resilient land-use pathways is guided by equity considerations. The customary land tenure holders,
smallholder farmers, and marginalised farming communities have a disproportionate risk of land degradation caused
by climate change and the least access to the digital technologies and financial instruments needed to construct an
adaptive capacity [11,12]. The pathways should thus incorporate participatory governance systems that anticipate
land rights, indigenous knowledge systems, and adaptive capacities of these communities into national land manage-
ment systems. Precision agriculture technologies and digital tenure documentation tools can help align local choices
with national sustainability goals without compromising community sovereignty over land resources [13].

On the macro-governance level, the integrated land use modelling with spatial, temporal, and socioeconomic
dimensions is essential in the design of policies that reconcile the local decision-making environment with the
global sustainability frameworks [74]. New digital technologies and data-driven socioeconomic models are playing
an increasingly important role in identifying leverage points to transform the 17 UN Sustainable Development Goals
at the systemic level. Operationalisation of the integrated framework suggested in this review, namely aligning the
adoption of agricultural technology with the goals of sustainable land-use, inclusive governance, and science-based
policy development, can help practitioners, policymakers, and land administrators to collectively progress towards
agricultural land management systems that are productive, environmentally sustainable, and equitable at the same
time [75].

Occupational wellbeing and safety of agricultural labour-force, such as heat stress, ergonomic risks, and health
risks due to climate, is a critical, yet frequently neglected aspect of sustainable land management productivity, and
evidence has shown that physiological limitations directly influence agricultural labour productivity and land use
performance [76-79].

9, Conclusions

Despite the changes noted in this review, the present research has limitations and opportunities that may spur
further research. The possibility of selection bias is one of the key limitations, as the review may have unconsciously
favoured studies aligned with the current prevailing paradigms of precision agriculture. It can lead to biased inclu-
sion of the existing literature and to an inability to address the full spectrum of attitudes towards specific issues of
technology adoption. Therefore, further research might be conducted to address each thematic area represented
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in the analysis and discussion sections more methodologically.

Moreover, the quality of the included studies and their methodological heterogeneity can limit this review. In
agricultural land management research in the digital age, where research methods and data sources vary across in-
stitutional and national contexts, the validity and comparability of results may be difficult to assess across studies.
This is capable of deeming the review’s usefulness for making very specific, context-conditioned policy prescrip-
tions. Moreover, although this narrative review is a versatile tool for generalising modern research, it might not
be entirely accurate when considering the latest technological advances, as the fields of precision agriculture and
digital land management science are changing rapidly. Future research directions might explore the performance
validation techniques of automated technology based on crowd-sourced field information, multi-sensor fusion, and
machine learning to enable scalable, robust precision agriculture evaluation. Also, the use of standardized pro-
cedures for benchmarking digital agricultural technology performance may significantly enhance uniformity and
comparability across the entire research literature.
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