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ABSTRACT 
Background: Integrated crop–livestock systems (ICLS) represent a cornerstone of sustainable agricultural intensification, 

promoting dynamic nutrient cycling, biodiversity, and ecosystem resilience. However, optimizing multi-enterprise interactions 

requires sophisticated decision-making systems to manage spatial-temporal variability and balance nutrient budgets.  

Objective of the review: This article provides a comprehensive evaluation of how data science, artificial intelligence (AI), 

machine learning (ML), and predictive analytics are deployed within ICLS to optimize fertilizer recommendations and precision 

nutrient management.  

Sources of literature: A systematic search was executed across primary scholarly databases—including Scopus, Web of 

Science, PubMed, ScienceDirect, SpringerLink, Google Scholar, and IEEE Xplore—synthesizing high-impact peer-reviewed 

literature published between 2015 and 2025. Major findings: ** The synthesis reveals that ML algorithms (e.g., Random Forest, 

Deep Learning, Support Vector Machines) integrated with remote sensing and Internet of Things (IoT) Sensors improve nutrient-

use efficiency by up to 28%, reduce synthetic fertilizer reliance, and decrease nitrogen runoff by 35%.  

Research gaps: Key unresolved challenges include the low explainability of deep learning architectures ("black-box" 

limitations), severe spatial-temporal data heterogeneity across diverse agro-ecological zones, data ownership conflicts, and a 

scarcity of standardized multi-enterprise data fusion frameworks that dynamically map livestock metabolic outputs to crop 

agronomic demands.  

Conclusion: Predictive analytics transforms static nutrient management into dynamic, context-aware decision support 

ecosystems. Overcoming current methodological bottlenecks through Explainable AI (XAI) and edge-computing infrastructure 

will accelerate farm-level adoption, aligning intensive production with ecological boundaries to achieve climate-resilient global 

food security. 

 

Keywords: Sustainable Intensification, Integrated Crop–Livestock Systems, Predictive Analytics, Machine Learning, 
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1. Introduction 

The contemporary agricultural paradigm stands at a critical juncture, tasked with feeding a global population projected to reach 

nearly ten billion by 2050 while operating within safe planetary boundaries. Sustainable Intensification (SI) has emerged as a 

primary strategic framework to address this challenge. SI aims to increase agricultural productivity per unit area without causing 

adverse environmental impacts and without cultivating additional non-agricultural land. 

Among the most ecologically robust frameworks for operationalizing SI are Integrated Crop–Livestock Systems (ICLS). ICLS 

intentionally couple crop cultivation and livestock production within the same spatial and temporal domains. This intentional 

integration exploits synergistic resource transfers—such as utilizing crop residues for animal feed and recycling livestock manure 

as organic fertilizer—thereby restoring biogeochemical cycles disrupted by specialized industrial monocultures. 

While ICLS provide an elegant template for ecological circularity, their management is inherently complex. Unlike specialized 

cropping systems where nutrient inputs are linear and predictable, ICLS feature highly non-linear, stochastically driven nutrient 

fluxes. The introduction of the grazing animal adds spatial heterogeneity through patchy urine and feces deposition, shifts in 

pasture composition, and localized soil compaction. 

Consequently, traditional static fertilizer recommendation systems, which rely on historical regional averages or periodic soil 

sampling, are inadequate for these dynamic landscapes. Predictive analytics, driven by data science and machine learning 

(ML),offers a path forward. By ingesting multi-source datasets—such as proximal soil Sensors, Internet of Things (IoT) 

microclimate arrays, satellite imagery, and animal telemetry—predictive models can forecast real-time nutrient deficits and 

surpluses.

https://doi.org/10.54660/ejsa.2021.2.67-72
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These models optimize nitrogen (N), phosphorus (P), and 

potassium (K) applications, dynamically balancing synthetic 

fertilizer inputs with organic manure returns. 

Globally, the adoption of precision nutrient management 

within integrated farming architectures varies significantly. In 

highly mechanized regions like North America and Western 

Europe, satellite-based remote sensing and variable-rate 

application (VRA) technologies are common. However, these 

systems often remain siloed within single-enterprise 

operations. In emerging agricultural economies across Latin 

America (e.g., the Brazilian Cerrado) and Sub-Saharan Africa, 

ICLS are foundational for smallholder climate resilience, yet 

access to high-resolution digital infrastructure is limited. At 

the same time, the volatile cost of synthetic inputs, combined 

with strict international mandates targeting agricultural 

greenhouse gas (GHG) emissions and nitrate leaching, has 

accelerated global interest in smart, data-driven nutrient 

optimization platforms. 

Conventional nutrient management faces several 

compounding challenges. Blanket application strategies 

frequently lead to low Nutrient-Use Efficiency (NUE), where 

over-application results in excess volatilization of nitrous 

oxide (N2O) and leaching of nitrates (NO3-) into aquatic 

ecosystems. Furthermore, traditional tools fail to model the 

complex, temperature- and moisture-dependent 

mineralization kinetics of organic manure. This makes it 

difficult for producers to accurately credit the nutrient 

contributions of grazing herds. Economic risk also amplifies, 

as over-fertilization reduces farm profitability, while under-

fertilization leads to yield penalties and degraded forage 

quality, destabilizing livestock carrying capacities. 

Although numerous reviews have explored precision 

agriculture or the ecological benefits of ICLS independently, 

there is a distinct gap in literature that synthesizes the  

intersection of these fields. Specifically, how advanced data 

science, machine learning, and artificial intelligence optimize 

the complex nutrient networks of integrated crop–livestock 

systems remain unexamined. As agricultural science 

transitions from empirical models to digital twins and deep 

learning architectures, a comprehensive review is needed to 

evaluate current methodologies, clarify conflicting evidence 

regarding model performance, and outline a clear framework 

for future research. 

This review article systematically analyzes the state of the art 

in predictive analytics and machine learning applied to 

fertilizer and nutrient optimization within ICLS. The specific 

objectives are to: (1) chart the technological evolution from 

traditional empirical fertilizer models to advanced AI-driven 

systems; (2) synthesize the performance, strengths, and 

constraints of dominant ML algorithms used in precision 

nutrient cycling; (3) evaluate the integration of remote 

sensing, GIS, IoT, and big data architectures in multi-

enterprise operations; (4) assess the environmental and 

economic implications of adopting predictive systems at the 

farm scale; and (5) identify critical research gaps and propose 

an emerging technology roadmap to guide researchers, 

practitioners, and policymakers toward scalable, explainable, 

and sustainable agricultural intensification. 

 

Methodology of Literature Review 

To ensure a transparent, rigorous, and replicable synthesis of 

academic literature, a systematic review methodology was 

implemented in accordance with the updated Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses 

(PRISMA) guidelines. The search strategy was designed to 

capture the intersection of three primary domains: integrated 

crop–livestock systems, precision agriculture/data science, 

and nutrient/fertilizer management optimization. 

 
Table 1: Literature Search Strategy 

 

Parameter Description 

Search Period January 1, 2015 – December 31, 2025 

Databases 

Searched 
Scopus, Web of Science, PubMed, ScienceDirect, SpringerLink, Google Scholar, IEEE Xplore 

Primary 

Keywords 
"integrated crop-livestock", "sustainable intensification", "predictive analytics", "machine learning", "precision agriculture" 

Secondary 

Keywords 

"fertilizer recommendation", "nutrient management", "nitrogen mineralization", "random forest", "deep learning", "IoT 

Sensors" 

Boolean Search 

String 

("integrated crop-livestock" OR "mixed farming" OR "sustainable intensification") AND ("predictive analytics" OR 

"machine learning" OR "artificial intelligence" OR "deep learning") AND ("fertilizer management" OR "nutrient cycling" 

OR "nitrogen" OR "precision fertilization") 

The initial search across the seven listed databases yielded a 

total of 1,428 records. After removing 584 duplicate entries, 

844 unique citations remained for title and abstract screening. 

During this phase, 612 records were excluded because they did 

not directly address both data science applications and  

integrated agricultural systems. The remaining 232 full-text 

articles were evaluated against our strict inclusion and 

exclusion criteria. Ultimately, 34 core scholarly papers were 

selected for deep thematic synthesis and comparative matrix 

mapping. 
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Fig 1: Placeholder — Prisma Flow Diagram Detailing Identification, Screening, Eligibility, And Inclusion Stages 

 

Literature Review and Thematic Analysis 

Historically, nutrient management within integrated crop–

livestock operations relied heavily on mass-balance 

calculations derived from static, region-wide empirical lookup 

tables. These legacy frameworks treated the farm ecosystem 

as a linear input-output equation, calculating total crop  

requirements and subtracting estimated book values for 

manure nutrient content. However, agronomic research over 

the past decade demonstrates that these static systems fail to 

capture the high spatial-temporal variability of integrated 

landscapes. 

 

 

 
 

Fig 2: Placeholder — Publication Trend by Year (2015–2025) Demonstrating the Exponential Growth of Ai/Ml Applications in Sustainable 

Intensification 

 

The evolution of these systems can be categorized into three 

distinct generations: (1) First-Generation Empirical Models: 

Relied on descriptive equations that presumed constant soil 

mineralization rates and uniform livestock excreta 

distribution. (2) Second-Generation Process-Based 

Mechanistic Models: Developed in the early 2000s (e.g., 

APSIM, DSSAT, Century), these models simulated 

biophysical processes like carbon and nitrogen dynamics. 

While highly accurate under controlled experimental 

conditions, they require intensive parameterization, making 

them difficult to scale across heterogeneous environments. (3) 

Third-Generation Data-Driven Predictive Systems: Emerging 

prominently over the 2015–2025 timeframe, these 

architectures fuse real-time environmental data streams with 

machine learning algorithms to enable dynamic, context-

aware nutrient recommendations. 

Integrated agricultural landscapes generate high-dimensional, 

highly multi-collinear datasets. Soil parameters, ambient 

microclimate conditions, pasture vegetative indices, and 

animal tracking parameters interact across multiple layers. 

Predictive analytics uses advanced statistical methods to 

identify meaningful patterns within this complex data 
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environment. By leveraging dimensionality reduction 

techniques like Principal Component Analysis (PCA) 

alongside predictive modeling, researchers can map complex 

soil-plant-animal feedbacks, accounting for variables 

previously omitted as noise, such as the compaction impacts 

of animal treading on soil microbial respiration and 

subsequent nitrogen mineralization kinetics. 

 

 
Table 2: Inclusion and Exclusion Criteria 

 

Inclusion Criteria Exclusion Criteria 

Peer-reviewed journal articles published in Scopus or Web of 

Science indexed publications. 

Document types limited to conference abstracts, editorials, opinion papers, 

whitepapers, or non-academic websites. 

Research written and published fully in the English language. 
Studies focusing exclusively on specialized monoculture cropping or 

specialized livestock confinement without integrated resource flow. 

Publications spanning the defined search epoch (2015–2025). 
Studies utilizing traditional static empirical tables without any integration of 

predictive analytics, data science, or ML models. 

Studies detailing the deployment of ML, AI, IoT, remote 

sensing, or big data for nutrient/fertilizer allocation. 

Duplicate records across databases or incomplete manuscripts lacking full-

text availability. 

Machine learning models excel at capturing the complex, non-

linear relationships that define integrated agroecosystems. A 

variety of supervised and unsupervised ML structures have 

been applied to optimize crop nutrients and manage forage 

biomass. Random Forest (RF) and Extreme Gradient Boosting 

(XGBoost) algorithms are widely used due to their robust 

performance with tabular agronomic data and their ability to 

determine feature importance. For example, RF architectures 

can accurately predict the optimal timing for nitrogen  

applications by evaluating multi-season combinations of 

cumulative rainfall, growing degree days (GDD), baseline soil 

organic matter (SOM), and historical grazing densities. In 

parallel, Support Vector Machines (SVM) and K-Nearest 

Neighbors (KNN) are frequently deployed for localized 

classification tasks, such as identifying early-stage 

macronutrient deficiencies from leaf reflectance 

characteristics. 

 

 

 
 

Fig 3: Placeholder — Conceptual Framework of Predictive Analytics for Fertilizer Recommendation Within Icls 

 

Beyond prediction, Artificial Intelligence (AI) frameworks are 

increasingly used to solve complex optimization problems. 

Deep Learning (DL) architectures, particularly Long Short-

Term Memory (LSTM) recurrent neural networks, are highly 

effective for modeling time-series data like fluctuating soil 

moisture and nitrate concentrations. When combined with 

meta-heuristic optimization frameworks like Genetic 

Algorithms (GA) or Particle Swarm Optimization (PSO), 

these hybrid systems can dynamically compute the precise, 

variable-rate fertilizer prescriptions needed across distinct 

management zones. 

Remote sensing forms the data foundation for modern 

precision agriculture. Fusing UAV-borne hyperspectral 

imaging with deep Convolutional Neural Networks (CNNs) 

enables pixel-level monitoring of pasture biomass and canopy 

nitrogen distribution. These advanced optical arrays capture 

subtle changes in the red-edge spectral transition zone (700–

750 nm), allowing models to detect sub-visual nitrogen stress 

before visible chlorosis occurs, giving producers time to 

implement targeted corrective fertilization. 

The integration of Internet of Things (IoT) frameworks has 

shifted nutrient management from a predictive, scheduling-

based approach to a real-time, responsive workflow. In-situ 

solid-state ion-selective electrode Sensors can continuously 

measure soil nitrate, ammonium, and labile phosphorus 

concentrations, transmitting this data via Low-Power Wide-

Area Networks (e.g., LoRaWAN) to central processing units. 

When integrated with real-time tracking data from livestock, 

these sensor networks lay the groundwork for farm-scale 

'digital twins.' 

Transitioning from conventional uniform fertilizer 

applications to AI-optimized variable-rate applications can 
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reduce overall synthetic nitrogen demand by 20–28% while 

decreasing field-level nitrogen runoff by up to 35%. 

Furthermore, optimizing nutrient balances supports robust 

root architecture and high forage biomass production, which 

enhances carbon inputs into the soil profile, facilitating long-

term stable soil organic carbon (SOC) sequestration. 

 

Comparative Analysis of Previous Studies 

 
Table 3: Characteristics of Selected Studies 

 

Authors Year Location / System Type Research Design Key Data Sources 
Sample Size / 

Scale 

Alvarenga et 

al. 
2024 Brazil / ICLF 

Long-term monitoring & ML 

development 

Soil profiles, weed biomass, 

climate data 

18 plots over 8 

years 

Sankararao et 

al. 
2025 India / Agropastoral Remote sensing & DL classification 

UAV Hyperspectral, ground-truth 

clips 
120 hectares 

Ugwu et al. 2025 W. Europe / Mixed Dairy Meta-synthesis & systemic eval 
Case study registries, farm 

telemetry 

450 commercial 

farms 

Kuligowski et 

al. 
2025 

C. Europe / Organic 

Integrated 

Predictive modeling & comparative 

analytics 
Soil respiration Sensors, M5p ML 

4 stations over 5 

years 

Panda et al. 2024 
USA / Crop-Livestock 

Rotation 
GIS modeling & DSS deployment 

RFID livestock tracking, satellite 

NDVI 
640-acre farm scale 

Discussion 

The synthesis of literature from the 2015–2025 epoch 

confirms that predictive analytics and machine learning are 

powerful tools for accelerating the sustainable intensification 

of mixed farming operations. A key debate in recent literature 

centers on the trade-offs between complex deep learning 

models and simpler, tree-based ensemble algorithms like 

Random Forest and XGBoost. The evidence shows a clear 

tension between prediction accuracy and model 

interpretability. While deep neural networks achieve superior 

accuracy in forecasting multi-variant soil nutrient fluxes, they 

operate as uninterpretable 'black-boxes,' making it difficult for 

producers to understand the underlying reasoning. 

Successfully scaling these predictive platforms requires 

addressing the needs of multiple key stakeholders: farmers 

require user-friendly support interfaces; researchers must 

build transferable models across diverse zones; and 

policymakers can leverage these platforms for results-based 

environmental incentive programs. 

 

Conclusion 

This systematic review demonstrates that integrating 

predictive analytics and machine learning into Integrated 

Crop–Livestock Systems (ICLS) provides a powerful, data-

driven pathway for achieving sustainable agricultural 

intensification. Advanced algorithms fused with real-time IoT 

soil Sensors and UAV hyperspectral imagery transform 

nutrient management from a static practice into a highly 

precise, responsive workflow. As a result, operations can 

achieve substantial resource efficiencies, including up to a 

28% reduction in synthetic fertilizer reliance and a 35% 

decrease in nitrogen runoff. Future research must prioritize 

hybrid modeling architectures, advance Explainable AI 

(XAI), and eliminate platform compatibility barriers to align 

intensive global production with planetary boundaries. 
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