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ABSTRACT 

               Agriculture evolved from an empirical and artisanal activity into a specialization of biological sciences over 

the 20th century; this transition intensified into a paradigm shift toward the digital and data-driven sciences since the 

early 21st century. Attention gradually shifted from boosting yields to refining knowledge and decision-making for 

sustainable practices, resilience to perturbations, and global change adaptation (Taylor, 2018). Systems thinking and 

complexity shaped conceptual frameworks, yet innovation uptake lagged due to organizational lock-in and public 

mistrust. Digital technologies offer opportunities to address these challenges while remaining agnostic to socio-ecological 

implications. Unprecedented data availability allows quantitative awareness of complex processes; dynamic 

simulation, frugal modeling, machine learning, and synthetic biology reduce uncertainties across spatiotemporal 

scales; and integrated platforms foster dialogue among specialists and non-specialists to co-generate interdependent 

knowledge and action paths. 

Structural crises and socio-ecological vulnerabilities undermine socio-economic stability and stimulate divergent 

paradigmatic responses to global change. Agriculture increasingly relies on science and technology while remaining 

sensitive to human, natural, and engineered systems. Paradigmatic shifts toward digital and data-driven global-

science institutions and resilience theories emerge amid diverse investment frames, stakeholder interactions, and 

prioritizations across continents. Systems-thinking theory and complexity science elucidate interrelations and 

integration between emerging frameworks of global change, digital agriculture, sustainable intensification, and other 

recent developments. Digital agriculture encompasses a range of connectivity and data-generation technologies that 

collect and exchange information on agricultural activities. 
Keywords: Modern Agriculture, Digital technologies, recent developments. 

1. Introduction 

Agriculture is undergoing profound changes. Farming and food systems are increasingly transitioning to 

new paradigms that prioritize sustainability, resilience, productivity, ecoefficiency, and food systems 
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transformation. These paradigmatic shifts reflect pervasive societal changes, including altered perceptions regarding 

food and agriculture, and external constraints imposed on the agri-food value chain system and agronomic science: 

climate change and scarcity of non-renewable resources/events. Agroecology, conservation agriculture, and 

precision agriculture are rapidly emerging as promising paradigms for the agricultural sector. These new paradigms 

favour the use of ICT, big data, and new management systems to address concerns about the future sustainability 

of the sector. 

Stakeholders from diverse backgrounds (researchers, industrialists, NGOs, farmers) within the agri-food 

community, however, do not, as yet, share common working definitions for many of these concepts. They 

repeatedly endorse their specific interpretation of fundamental concepts (e.g. sustainability, resilience, productivity, 

ecoefficiency) with clear normative content. The considerable diversity of usage of the same basic terms complicates 

co-innovation efforts to address the agricultural sector’s new paradigmatic challenges. In order to disentangle diverse 

points of view and better describe the still-emerging paradigmatic shifts of contemporary agriculture and the 

essential methodological datasets accompanying these changes, the concept of “paradigm” as proposed by the 

philosopher of science Thomas Kuhn can provide a more satisfying and richer perspective. In fact, Kuhn’s notion 

of paradigm transcend disciplinary boundaries and can easily be applied to the agricultural sector (Sumberg et al., 

2013). 

2. Digital Agriculture and Data-Driven Decision Making 

Increasingly, agricultural systems across the globe are incorporating digital technologies offering improved 

sensing, data analytics, and decision-support capabilities. These systems form digital platforms that leverage publicly 

and privately generated information to ease and augment complex crop and livestock management decisions. 

Agriculturally relevant data examples include socio-cultural, institutional, and economic phenomena; climate, 

weather, and hydrology; soils, agronomy, and fertilization; production systems, technologies, and policies; pests and 

diseases; models of process interactions; and supply chains (Roscher et al., 2023). Similar capabilities for wide-

ranging terrestrial and aquatic crop and livestock systems, commodities, and species are achievable through data-

driven farms (Nasirahmadi & Hensel, 2022). Nevertheless, digital platforms and data-driven agriculture remain only 

sporadically embraced in practice. Digital platforms in agriculture encompass a broader universe of digital 

capabilities than is typically recognized. These include global dimensions such as socio-economic factors, climate 

and weather phenomena, biological systems, and the movement of inputs and produce, as well as spatial or temporal 

agro-ecological details that vary across the world. The enveloping complexity, heterogeneity, and scale of agricultural 

digital platforms induce substantial technical, organizational, institutional, legal, social, and cultural barriers to 

collective progress. Data generated through crop and livestock management or reusable across platforms holds vital 

value. However, securing such data individually poses distinctive challenges. Overcoming these obstacles requires 
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systematic evaluation of data-driven Agriculture 4.0 elements, progress to date, user-community expectations and 

needs, on-the-ground activities and institutions, and appropriate validation processes. 

3. Sustainable Intensification and Agroecological Approaches 

Intensification by increased land use will not meet future challenges; land expansion threatens ecosystem 

services and biodiversity loss. Agroecological practices hence promoting sustainable intensification represent a 

complementary strategy. A systematic comparative assessment from farm–system to global scale presents a 

framework to analyse trade-offs, synergies, and strict limits. For biodiversity, climate resilience, economic profit, 

food security, and rural development, agroecological practices and sustainable intensification show substantial 

contrasts in farm–system approaches without converging trajectories. Yet from farm–system to global scale, 

emerging tensions remain concerning the availability of robust data quantifying inputs, outputs, and agricultural 

practices across systems and farming contexts; closed versus open systems; timeframes for resilience; quantification 

of benefits from circularity and recycling; and enhanced insights on environmental, social, and economic indicators 

remain to support prioritisation among tight diversification agendas (Pretty, 2018). 

Sustainable intensification (SI) and agroecology (AE) represent two substantial but divergent global paradigms for 

agricultural innovation. Both aim to achieve SDG2 yet diverge on allowing or denying dependence on easily depleted 

external inputs and energy-intensive, large-scale mechanisation. Despite 50 per cent more food being produced per 

capita since 1961, the global agricultural system continues to be the leading driver of biodiversity loss, climate 

change, the nitrogen cycle, phosphorus loading, and soil erosion. Agenda-setting analyses since 2011 and assessments 

of food-system reform have confirmed the emergence of a diversified-agroecological alternative alongside a 

conventional sustainable-intensification pathway. Since the major re-conceptualisation of SI as sustainable-

agriculture intensification in the early 1980s, agricultural-development success has focused on closing agronomic-

yield gaps while supporting food systems equipped to absorb disruptions in food availability and, increasingly, 

climate extremes. 

4. Plant Breeding and Genomics in the 21st Century 

Digital agriculture, which involves the integration of digital technologies in agriculture, is rapidly emerging 

as a new paradigm in agriculture (María Pérez de Castro et al., 2012). Digital agriculture supports agricultural 

producers to improve the speed and quality of production decisions, and resource allocation through better 

understanding and forecasting of the growing environment. Digital technologies include data generation through 

various sensors, cloud computing, and big data processing. Emerging transdisciplinary technologies such as high-

through-put, low-cost sequencing of genomes are now being harnessed directly for crop improvement (Pérez-de-

Castro et al., 2012). Plant breeders seek to increase the speed and precision of plant breeding with the introduction 

of genomics-enabled breeding, the extension of high-through-put phenotyping, consideration of multi-trait and 
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multi-environment selection, and the emergence of seedless crops through the consideration of epigenomic change 

in agriculture. Global markets for genetically modified (GM) seeds levelling off, increasing the emphasis on the 

application of non-GM biotechnology. Developing countries are rapidly adopting new plant breeding technologies 

that require consideration of regulatory issues. The rapid growth of private sector investment in plant biotechnology 

is also stimulating research into plant breeding. 

5. Microbiome-Enabled Agriculture 

The concept of the microbiome is defined as a collection of microorganisms residing in a particular 

environment, such as the human body or the surfaces of a leaf or root, that carry out specific functions of mutual 

benefit to a host. In agricultural ecosystems, the plant microbiome is recognized as an essential component for 

promoting and sustaining productivity. Children are exposed to diverse sets of microbes during the first years of life, 

establishing microbiomes in their bodies that determine future health status (Ray et al., 2020). Consequently, 

methods to increase and manage microbiome diversity for maximizing microbial functions are needed. Similarly, 

plants and soils encompass millions of microbial organisms forming various microbiomes, with the rhizosphere and 

phyllosphere being the most studied. These microbiomes support plant growth promotion, enhance nutrient use 

efficiency, and fortify pest and disease resistance. Industrial agriculture inadvertently introduces excess nutrients, 

especially NPK fertilizers, into the soil that lead to the deterioration of the plant-associated microbiome, negatively 

impacting productivity and soil health. 

Research on soil-borne and seed-borne microorganisms has expanded to broad-spectrum microbial inoculants, soil 

amendments, and microbial consortia. Current strategies center around using single microbial species instead of 

entire consortia due to the high complexity and specificity associated with complex communities. Although 

microbial diversity remains a crucial factor determining agricultural productivity, standard characterization 

techniques relying on 16S rRNA genes capture only a minute fraction of the indigenous microbiomes present in 

soil and on the crop systems, which further limits progress toward restoring the natural microbiome and augmenting 

its essential functions (K. Singh & Trivedi, 2017). 

6. Precision Agriculture and Resource Optimization 

The essence of precision agriculture lies in the ability to spatially and temporally target interventions 

exclusively where and when needed. The rationale is to optimize the use of resources—water, nutrients, pesticides, 

energy—and, thereby, increase sustainability via enhanced input efficiency (R. RAVIKUMAR) (Taylor, 2018). 

Nevertheless, precision agriculture has not been broadly adopted. Even though individual farm operations are often 

conducive to the approach, adoption, for a variety of reasons—including high fixed costs of monitored equipment 

and cost-ineffective externally-motivated interventions—remains concentrated at the public-good service. 

Moreover, the magnitude of potential environmental benefits, while promising, remains unclear. Water-nutrient-
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energy-usage optimization models have been pilot-tested at the farm level, but the economic costs and environmental 

benefits of such interventions across regions have not been systematically characterized. 

7. Climate-Resilient crop Systems 

Strategies for climate change adaptation encompass crop development and farm-management practices. 

Drought, floods, and salt and heat stress hinder agricultural development and threaten food security, especially in 

developing countries. Broader climate projections indicate that warmer temperatures will increase water evaporation 

rates and alter precipitation patterns, leading to reduced agricultural productivity in many regions. Thus, drought- 

and salinity-tolerant varieties and heat-tolerant, productive crops will be essential. Adopting wider crop 

diversification strategies can help mitigate risk. 

Mitigating climate risk through management practices remains crucial. Date of planting, species selection, 

supplementary irrigation, and adoption of water-conserving cropping systems enhance resilience to erratic rainfall. 

Changing tillage systems and cover-cropping help build soil health and enhance recovery of salts from top soils. 

Integrated historical datasets and continuous monitoring are needed to assess performance under variability. 

8. Policy, Ethics, and Societal Implications 

Society, technology, and agriculture have always interacted closely and affected each other greatly. 

Technologies affect the types of supplies available to agriculture, while agriculture affects the type and amount of 

waste generated by a society and the prices of supplies such as land and energy, thus influencing manufacturing and 

service industries. Agriculture provides food security and ensures a nation’s self-sufficiency, which is an important 

dimension in the development of any nation, as illustrated by history. Governmental policies decide the goals for 

agricultural development, while public opinions either support or restrain the direction of policies. 

Above all, policies, regulations and ethical concerns need to be explicitly incorporated in any assessment framework 

for a new paradigm. Recent works highlighting these facets around smart farming technologies and responsible 

innovation approaches appear to be insufficient (Christian Rose & Chilvers, 2018). There is an urge to articulate a 

clear set of policy implications for reference since smart technologies apply widely across agricultural value chains. 

Digital agriculture brings urgent attention on regulatory considerations like data ownership and data governance 

since archived datasets can circulate among an extensive number of users and data requests; it is equally important 

to consider biosafety or environmental impact regarding the use of microbiome inoculants, preservatives and 

restoration bacteria; genome-editing technologies also require sufficient biosafety proof before deploying to the 

environment, even when public trust is still lacking. 

Another perspective equally important nowadays is equity among different communities. While companies or 

research institutions in developed areas acquire ample datasets and funding support for addressing data-driven 

applications, communities in developing areas still lack awareness of the paradigm shift and funding support. Data-
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driven research works relying on affordable datasets become extremely limited. Policy recommendations are also 

crucial to strengthen agriculture-related research efforts in developing regions. 

9. Education, Training, and Knowledge Transfer 

Agriculture education plays an important role in training specialists to effectively employ digital 

technologies, analyze and interpret data, and make data-informed decisions. A systematic examination of the 

changing paradigms and the digital transformation affecting society in general, and agricultural science specifically, 

shows educational programs need to consciously adapt and focus on training professionals not just in specific 

disciplines, but on transversal competencies, to fully exploit, analyze and model farm data. Many countries have 

undertaken initiatives to integrate digital agriculture in existing curricula and capacity-building efforts. 

Education and training efforts must include considerable on-farm and practical experience, facilitated by robust 

public extension services and outreach programs. Curricula must also address systems thinking and agroecological 

principles applicable to all farms worldwide, and which leverage substantial public investment in research, 

international partnerships, and knowledge transfer. Development of such programs—recognizing that learning 

appears to favor formal courses followed by additional activities later—and formation of a broader community of 

practice are crucial for knowledge transfer across overlapping disciplines and countries. 

Knowledge transfer refers to the mechanisms employed to get knowledge into the hands of those who can benefit 

from it, and the results of such efforts are hard to assess and hence very difficult to improve over time. Defining, 

monitoring and evaluating the uptake and impact of agricultural innovation is a priority, in order to obtain some 

form of quantitative assessment and inform programmatic structures. The wide range of contexts and the many 

factors affecting agricultural performance, such as climate, soil, policy, and the relations to the wider input-output 

or commodity system, strongly influence the post-harvest-farm-gate levels of commodities and accompany the 

emergence of specialized farm advisory operators, traditional consulting, professional consulting, and knowledge 

exchange, operating at different supply chain stages. Full-chain assessment is generally difficult to obtain and must 

therefore be analyzed at a transversal level through metrics linked to national or regional practices, where realistic 

yields are derived and water and other agricultural practices valued (Marija et al., 2018) (Leopoldo Parrado Álvarez 

et al., 2017). 

10. Conclusion 

The two emerging paradigms are data-driven agriculture and sustainable agriculture. The increasing 

connectivity and data availability constitute a paradigm shift in agriculture, whereby emerging digital platforms and 

data ecosystems enable the systematic collection and analysis of diverse data types (M. Antle et al., 2017). These 

advancements allow for a better understanding of the relationships among agricultural decisions, resulting in 

improved management, resource use efficiency, and productivity (K Varshney et al., 2018). Emerging digital 
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platforms offer an unprecedented opportunity for the agricultural sector to enhance decision-making by employing 

data-driven precision agriculture. 

A second paradigm emerging simultaneously is the transition toward sustainable agricultural intensification, 

anchored in agroecological principles (G Meade, 2023). Adoption rates of environmentally beneficial practices and 

technologies that enhance sustainability tend to be lower than for those emphasizing productivity gains. 

Strengthening the sustainability aspects of agricultural practices and technological innovations can help stimulate 

their uptake. Addressing efficiency barriers such as farm-level capital, technology diffusion, human resources, and 

market access is equally critical. Farmers require opportunities to connect meaningfully with the supply chain and 

consumers to facilitate the uptake of sustainable practices and technologies. 
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