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PREFACE

Water and soil are the foundation of life on Earth, sustaining ecosystems,
agriculture, biodiversity, and human civilization. However, rapid urbanization,
climate change, environmental degradation, and unsustainable resource utilization
have intensified pressures on these vital natural resources. Building resilient
ecosystems has therefore become a global priority, demanding innovative research,
sustainable management practices, and interdisciplinary collaboration. Water, Soil
and Resilience: Research for Sustainable Ecosystems brings together scientific
contributions that address these critical challenges while exploring pathways
toward environmental sustainability and ecological resilience.

This volume presents the work of researchers, academicians, and
environmental professionals from diverse disciplines who investigate the complex
interactions between water resources, soil systems, biodiversity, and ecosystem
functioning. The chapters encompass a broad spectrum of topics, including water
quality assessment, watershed management, soil health, climate adaptation,
pollution control, biodiversity conservation, sustainable agriculture, environmental
monitoring, ecological restoration, geospatial technologies, and resource
management. Collectively, these studies demonstrate how integrated scientific
approaches can support resilient ecosystems and sustainable development.

The primary objective of this book is to provide readers with contemporary
knowledge, evidence-based research, and practical strategies for conserving natural
resources while addressing emerging environmental challenges. By integrating
scientific principles with real-world applications, this volume serves as a valuable
resource for students, educators, researchers, environmental scientists,
policymakers, development agencies, and practitioners committed to sustainable
ecosystem management. It also aims to encourage interdisciplinary collaboration
and innovative solutions that balance ecological integrity with socioeconomic
development.

We extend our sincere gratitude to all contributing authors for their valuable
research and scholarly commitment. We are equally thankful to the reviewers for
their constructive comments and thoughtful recommendations, which have
enhanced the quality of this publication. Our heartfelt appreciation goes to the
editorial team and the publisher for their dedication, professionalism, and
meticulous efforts in bringing this volume to completion.

- Editors
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Abstract

Groundwater is a critical freshwater resource that supports drinking water supplies, agriculture,
industry, and ecosystem sustainability. However, rapid urbanization, industrialization, intensive
agriculture, and climate change have accelerated groundwater contamination by nitrates,
fluoride, heavy metals, salinity, pesticides, pharmaceuticals, PFAS, and microplastics, creating
significant environmental and public health challenges. Conventional groundwater quality
assessment methods are often labour-intensive and limited in their ability to capture complex
spatial and temporal variations. Artificial Intelligence (AI) has emerged as a powerful data-
driven approach for improving groundwater quality prediction through advanced pattern
recognition, nonlinear modelling, and predictive analytics. This chapter provides a
comprehensive overview of Al applications in groundwater quality prediction by discussing
groundwater quality principles, physicochemical parameters, pollution sources, water quality
indices, and drinking water standards. It reviews major machine learning algorithms, including
Decision Tree, Random Forest, Support Vector Machine, Artificial Neural Network, ANFIS, and
gradient boosting methods, as well as deep learning models such as CNN, RNN, LSTM, GRU,
Transformers, and hybrid architectures. The chapter further examines Al workflows, model
evaluation, uncertainty analysis, and Explainable Al (XAI) for enhancing model transparency
and reliability. The integration of AI with Geographic Information Systems (GIS), Remote
Sensing (RS), Internet of Things (IoT), cloud computing, and digital twin technologies is
highlighted for real-time monitoring, spatial risk mapping, contamination forecasting, and
intelligent decision support. Overall, Al offers a robust, scalable, and interpretable framework for
sustainable groundwater quality assessment and climate-resilient water resource management,
supporting evidence-based decision-making and long-term groundwater protection.

Keywords: Artificial Intelligence; Groundwater Quality Prediction; Machine Learning; Deep
Learning; Water Resource Management.

1. Introduction

Groundwater is one of the most valuable freshwater resources, supplying nearly half of the

global drinking water demand and supporting agricultural, industrial, and ecological systems.
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Rapid population growth, urbanization, industrialization, intensive agricultural practices, and
climate change have significantly increased pressure on groundwater resources, resulting in
widespread deterioration of groundwater quality. Contamination by nitrates, fluoride, heavy
metals, salinity, pesticides, pharmaceuticals, and other emerging pollutants poses serious risks to
human health, food security, and ecosystem sustainability. Therefore, accurate assessment and
timely prediction of groundwater quality have become essential for sustainable water resource
management and informed environmental decision-making (Dhiman et al., 2026). Conventional
groundwater quality assessment primarily relies on field sampling, laboratory analysis, statistical
evaluation, and hydrogeochemical interpretation. Although these methods provide reliable
information, they are often labour-intensive, time-consuming, and expensive, and have limited
ability to capture complex spatial and temporal variations. Moreover, groundwater systems are
governed by numerous interacting factors, including geological formations, climatic conditions,
land use, aquifer characteristics, and anthropogenic activities, making accurate prediction
challenging using traditional analytical approaches alone. As groundwater monitoring networks
continue to generate massive volumes of environmental data, there is an increasing need for
advanced computational techniques capable of efficiently processing and interpreting these
multidimensional datasets (Jahan et al., 2026).

Artificial Intelligence (AI) has emerged as a transformative technology for addressing these
challenges by enabling data-driven analysis, pattern recognition, and predictive modelling. Al
techniques, particularly machine learning and deep learning algorithms, can learn complex
nonlinear relationships among hydrogeological, climatic, geospatial, and water quality variables
without requiring explicit mathematical formulations. These models provide highly accurate
predictions of groundwater quality parameters, contamination risks, and water quality indices
while supporting real-time monitoring and early warning systems. Al has demonstrated
significant advantages over conventional methods by improving prediction accuracy, reducing
computational time, handling large datasets, and facilitating automated decision-making (Saqr et
al., 2026). Recent technological advancements have further strengthened Al applications through
the integration of Geographic Information Systems (GIS), Remote Sensing (RS), Internet of
Things (IoT) sensors, cloud computing, and big data analytics. These technologies enable
continuous environmental monitoring, spatial visualization of contamination hotspots, real-time
data acquisition, and intelligent decision support for groundwater management. Furthermore,
explainable Al techniques improve the transparency and interpretability of predictive models,
increasing stakeholder confidence and supporting evidence-based policy development. Such
integrated approaches provide powerful tools for sustainable groundwater monitoring,
contamination forecasting, and climate-resilient water resource planning (Saranya et al., 2026).
This chapter provides a comprehensive overview of Artificial Intelligence for groundwater

quality prediction by introducing the principles of groundwater quality assessment, key
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physicochemical parameters, pollution sources, and factors that influence groundwater quality. It
discusses the evolution of Al in environmental science, various machine learning and deep
learning algorithms, data sources, Al-based workflows, model evaluation techniques, and
explainable Al approaches. The chapter also highlights the integration of Al with GIS, Remote
Sensing, and IoT technologies and explores practical applications in predicting groundwater
contamination, water quality indices, and groundwater suitability for drinking and irrigation. By
presenting recent advances and future perspectives, this chapter aims to demonstrate how Al can
revolutionize groundwater quality assessment and contribute to sustainable water resource
management in the face of increasing environmental and climatic challenges.
2. Groundwater Quality: Principles and Physicochemical Parameters
Groundwater quality is determined by the physical, chemical, and biological characteristics of
water acquired during its movement through subsurface geological formations. These
characteristics influence its suitability for drinking, irrigation, and industrial applications.
Understanding groundwater quality principles is essential for developing reliable prediction
models. Artificial intelligence (AI) enhances this process by integrating multiple water quality
parameters and identifying complex spatial and temporal patterns for accurate groundwater
quality prediction (Listiawan et al., 2026).
2.1 Groundwater Sources and Quality Parameters
Groundwater originates primarily from precipitation that infiltrates through soil and percolates
into aquifers, where it is naturally stored in saturated geological formations. Major groundwater
sources include unconfined aquifers, confined aquifers, springs, and recharge zones influenced
by rivers and lakes. The quality of groundwater is evaluated using physicochemical parameters
such as pH, electrical conductivity (EC), total dissolved solids (TDS), turbidity, dissolved
oxygen (DO), alkalinity, hardness, calcium, magnesium, sodium, potassium, chloride, sulphate,
bicarbonate, nitrate, fluoride, and trace metals (Ji et al, 2026). These parameters provide
valuable information regarding mineral dissolution, salinity, nutrient enrichment, and
contamination levels. Traditional laboratory analyses remain essential; however, Al-based
techniques efficiently process large datasets from field measurements, laboratory analyses, and
sensor networks. Machine learning algorithms identify hidden relationships among water quality
variables, enabling rapid assessment, prediction of contamination trends, and improved decision-
making for sustainable groundwater resource management (Saab and Z¢hil, 2026).
2.2 Water Quality Assessment Using Water Quality Index and Drinking Water Standards
Groundwater quality assessment integrates multiple physicochemical parameters into a single
metric that reflects the overall suitability of the water for specific purposes. The Water Quality
Index (WQI) is widely used to simplify complex analytical data by assigning weights to
individual parameters based on their significance to human health and water quality. Variants
such as the Weighted Water Quality Index (WWQI), Entropy Water Quality Index (EWQI), and
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Improved Water Quality Index (IWQI) provide comprehensive evaluations of groundwater
status. Drinking water quality is interpreted according to international and national standards
established by organizations such as the World Health Organization (WHO) and the Bureau of
Indian Standards (BIS). Al techniques improve WQI estimation by predicting missing values,
optimizing parameter weights, and forecasting future groundwater quality using historical
datasets. Such intelligent approaches enable early identification of water quality deterioration
and support evidence-based groundwater monitoring and management (Karimi et al., 2026).

2.3 Factors Influencing Groundwater Quality

Groundwater quality is influenced by both natural processes and anthropogenic activities.
Natural factors include rock—water interactions, mineral weathering, aquifer lithology,
groundwater residence time, climatic conditions, recharge patterns, and geochemical reactions
such as ion exchange and dissolution. Human-induced factors include excessive application of
fertilizers and pesticides, industrial effluents, municipal sewage discharge, landfill leachate,
mining activities, urbanization, and overexploitation of groundwater resources (Bensitel et al.,
2026). Climate change further affects groundwater quality through altered precipitation patterns,
prolonged droughts, and increased salinity intrusion in coastal aquifers. These interacting factors
create complex spatial and temporal variations that are difficult to interpret using conventional
statistical methods alone. Artificial intelligence models effectively integrate hydrogeological,
climatic, land-use, and water quality datasets to identify dominant controlling factors and predict
contamination risks. Such predictive capabilities support proactive groundwater protection,
sustainable resource planning, and the development of effective mitigation strategies (Lekshmy
and Achari, 2026).

3. Groundwater Pollution and Emerging Challenges

Groundwater pollution has become a major environmental concern due to rapid industrialization,
intensive agriculture, urban expansion, and climate change. Contaminants entering aquifers
threaten drinking water safety, ecosystem health, and sustainable water resources. Artificial
intelligence (AI) supports early detection, prediction, and management of groundwater pollution
by analysing complex environmental datasets. Agricultural activities introduce nitrates,
phosphates, pesticides, and herbicides into groundwater through leaching and runoff. Industrial
discharges release heavy metals, organic chemicals, and toxic effluents that degrade aquifer
quality. Al models help identify pollution hotspots, predict contaminant transport, and optimize
groundwater monitoring. Rapid urbanization increases groundwater contamination from sewage
leakage, septic systems, construction activities, and stormwater infiltration. Landfill leachates
contain dissolved salts, ammonia, organic compounds, and toxic metals that migrate into aquifers
(Izah and Ogwu, 2026). Al-based spatial analysis enables efficient mapping of vulnerable zones
and contamination risks. Heavy metals such as arsenic, lead, cadmium, chromium, and mercury

pose serious health risks even at low concentrations. Major inorganic contaminants, including
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fluoride, nitrate, sulphate, chloride, and salinity, often result from both geogenic and
anthropogenic sources. Al techniques accurately predict contaminant distribution and assess
groundwater quality trends. Emerging contaminants include pharmaceuticals, personal care
products, PFAS, endocrine-disrupting chemicals, antibiotics, nanomaterials, and microplastics.
These pollutants are often undetected by conventional monitoring but can persist in groundwater
and affect human and ecological health. Al facilitates the identification of contamination patterns
and supports advanced risk assessment. Climate change alters groundwater quality through
changes in rainfall, recharge, drought frequency, flooding, and seawater intrusion. These changes
influence contaminant mobility, salinity, and geochemical processes within aquifers (Fig.1). Al
integrates climate, hydrological, and water quality data to forecast future groundwater quality

and guide adaptive water resource management (Ochieng ef al., 2026).

Groundwater Pollution & Emerging Challenges
FOLIUTION ORIERS Al APPLICATIONS FOR

[ L8 f@ T GROUNDWATER
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Figure 1: Groundwater pollution drivers, contaminants and AI driven management

solutions

4. Artificial Intelligence in Environmental Science

Artificial intelligence (AI) has transformed environmental science by enabling efficient analysis

of large and complex datasets for monitoring, prediction, and decision-making. Al techniques

improve the accuracy of environmental assessments by identifying hidden patterns and

forecasting future conditions. In groundwater studies, Al supports contamination prediction,

water quality assessment, and sustainable resource management. Al applications in

environmental research have evolved from simple statistical models to advanced machine

learning and deep learning techniques. Improvements in computing power, remote sensing,

sensor technologies, and big data have expanded Al applications in hydrology, climate science,

pollution monitoring, and groundwater quality prediction (Afoma et al, 2026). Artificial
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intelligence refers to computational systems capable of performing tasks that normally require
human intelligence, including learning, reasoning, and pattern recognition. Key concepts include
algorithms, datasets, features, training, validation, testing, optimization, and predictive
modelling. These terms form the foundation for developing reliable environmental Al
applications. Machine learning is a branch of Al that enables computers to learn from data
without explicit programming. Supervised, unsupervised, and reinforcement learning algorithms
are widely used for groundwater quality classification, contaminant prediction, and
hydrogeochemical analysis. ML models improve prediction accuracy by capturing complex
nonlinear relationships among environmental variables. Deep learning is an advanced subset of
machine learning that employs multilayer artificial neural networks to analyse complex datasets
(Singh et al., 2026). Models such as convolutional neural networks (CNNs) and long short-term
memory (LSTM) networks effectively process spatial and temporal environmental data. DL
provides highly accurate predictions for groundwater quality and contaminant transport.
Explainable Al enhances the transparency and interpretability of Al models by clarifying how
predictions are generated. Techniques such as SHAP values, LIME, and feature importance
analysis identify the variables that most influence model outcomes. XAI improves user
confidence, supports scientific interpretation, and promotes responsible environmental decision-
making. Al-driven decision support systems integrate machine learning, geospatial analysis,
sensor networks, and environmental databases to assist water resource management. These
systems provide real-time monitoring, contamination forecasting, and risk assessment through
interactive platforms. Their predictive capabilities support policymakers in developing
sustainable groundwater management and climate adaptation strategies (Singh et al., 2026).

5. Data Sources for Al-based Groundwater Quality Prediction

The performance of artificial intelligence (Al) models largely depends on the quality, diversity,
and reliability of input data. Groundwater quality prediction requires integrating hydrochemical,
spatial, climatic, and environmental datasets from multiple sources. Proper data acquisition and
preprocessing enhance model accuracy, robustness, and generalizability for groundwater quality
assessment. Field sampling provides primary groundwater quality data collected from wells,
boreholes, and springs following standardized protocols. Laboratory analysis determines
physicochemical and biological parameters, including pH, EC, TDS, major ions, nutrients, and
heavy metals. These datasets serve as the foundation for Al model training and validation
(Kumar et al., 2026).

Groundwater monitoring networks continuously collect information on groundwater levels,
quality, and seasonal variations through observation wells. Long-term datasets help identify
temporal trends and contamination patterns. AI models use these records to improve forecasting
accuracy and support sustainable groundwater management. Remote sensing and Geographic

Information Systems (GIS) provide spatial information on land wuse, vegetation, soil
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characteristics, topography, and geological features. These datasets assist in identifying recharge
zones, pollution sources, and vulnerable aquifers. Al integrates geospatial variables to generate
high-resolution groundwater quality prediction maps. Internet of Things (IoT)-enabled sensors
facilitate real-time monitoring of groundwater parameters such as pH, temperature, EC,
dissolved oxygen, and water level (Gholami et al., 2026). Continuous data transmission enables
rapid detection of abnormal changes in water quality. Al analyses these streaming datasets for
early warning and automated groundwater monitoring. Meteorological data, including rainfall,
temperature, humidity, and evapotranspiration, together with hydrological information on
groundwater recharge, river flow, and aquifer characteristics, influence groundwater quality. Al
models incorporate these variables to capture seasonal dynamics and improve the prediction of
contamination and water quality changes. Public environmental databases maintained by national
and international organizations provide extensive groundwater, climate, geology, and water
quality datasets (Banerjee et al, 2026). These repositories support large-scale Al model
development, comparative studies, and transfer learning. Open-access data improve
reproducibility and facilitate regional and global groundwater assessments. Data preprocessing
includes cleaning, normalization, missing value imputation, and outlier detection to improve data
quality before model development. Feature engineering involves selecting, transforming, and
creating meaningful variables that enhance predictive performance. These steps reduce model
bias, increase computational efficiency, and improve the accuracy of Al-based groundwater
quality prediction (Kumar ef al., 2026).
6. Machine Learning Algorithms for Groundwater Quality Prediction
Machine learning (ML) algorithms have become indispensable tools for groundwater quality
prediction because they can model complex, nonlinear relationships among hydrogeological and
environmental variables. These algorithms improve prediction accuracy, reduce computational
time, and support real-time decision-making. Selecting an appropriate ML model depends on
data characteristics, prediction objectives, and model interpretability. Regression models
estimate groundwater quality parameters by identifying relationships between dependent and
independent variables. Linear regression is suitable for simple linear trends, whereas nonlinear
regression captures complex environmental interactions. These models provide baseline
predictions and are widely used for comparison with advanced Al techniques (Azma et al.,
2026). A decision tree is a supervised learning algorithm that classifies or predicts groundwater
quality through a sequence of decision rules. It is simple, interpretable, and capable of handling
both numerical and categorical data. The model effectively identifies key factors influencing
groundwater contamination. Random Forest is an ensemble learning method that combines
multiple decision trees to improve prediction accuracy and reduce overfitting. It efficiently
handles high-dimensional groundwater datasets and ranks the importance of water quality

variables. Its robustness makes it one of the most widely used algorithms in environmental
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studies. Support Vector Machine constructs optimal decision boundaries to classify or predict
groundwater quality with high precision. It performs well on nonlinear datasets using kernel
functions and maintains strong generalization capability. SVM is particularly effective for
limited or complex hydrogeochemical datasets. The k-Nearest Neighbours algorithm predicts
groundwater quality by comparing new observations with the most similar historical samples. It
is a simple, non-parametric method that requires minimal model assumptions (Paliuc et al.,
2026). Prediction accuracy depends on the selection of an appropriate value of & and data
normalization. Artificial Neural Networks simulate the learning process of the human brain using
interconnected neurons arranged in multiple layers. ANN models effectively capture nonlinear
relationships among groundwater quality parameters and environmental variables. They are
widely applied for contaminant prediction, water quality forecasting, and pattern recognition.
ANFIS integrates artificial neural networks with fuzzy logic to model uncertain and nonlinear
groundwater systems. It combines the learning capability of ANN with the reasoning ability of
fuzzy inference. ANFIS provides highly accurate predictions where environmental data are
uncertain or incomplete. Gradient boosting algorithms build powerful predictive models by
sequentially correcting errors made by previous models. XGBoost, LightGBM, and CatBoost
offer high prediction accuracy, fast computation, and efficient handling of missing values and
large datasets. These algorithms are increasingly used for groundwater quality prediction due to
their superior performance and scalability (Bazrafshan et al., 2026).

7. Deep Learning Approaches

Deep learning has emerged as a powerful branch of artificial intelligence capable of learning
complex patterns from large environmental datasets. Unlike conventional machine learning, deep
learning automatically extracts relevant features from raw data, improving prediction accuracy.
In groundwater quality studies, these models effectively analyse spatial, temporal, and
multivariate data for reliable water quality forecasting. Deep Neural Networks consist of
multiple hidden layers that learn hierarchical representations of groundwater quality data. They
effectively model complex nonlinear relationships among hydrochemical, climatic, and
geological variables. DNNs are widely used for groundwater quality classification and
contaminant prediction. Convolutional Neural Networks are designed to extract spatial features
from gridded or image-based datasets such as remote sensing and GIS maps (Saqr et al., 2026).
CNNs automatically identify important spatial patterns related to groundwater contamination and
aquifer characteristics. They improve the accuracy of groundwater quality mapping and spatial
prediction. Recurrent Neural Networks are specialized for analysing sequential and time-series
data by retaining information from previous observations. They capture temporal variations in
groundwater quality parameters influenced by seasonal and climatic changes. RNNs are useful
for short-term groundwater quality forecasting. Long Short-Term Memory networks are

advanced RNN models designed to overcome the limitations of conventional RNNs in learning
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long-term dependencies. They effectively analyse long-duration groundwater quality records and
seasonal trends. LSTM models provide highly accurate predictions for temporal groundwater
quality assessment (Guo, et al., 2026). Gated Recurrent Units are simplified recurrent neural
networks that require fewer computational resources than LSTM while maintaining high
predictive performance. Their gating mechanism efficiently captures temporal dependencies in
groundwater quality data. GRU models are suitable for real-time prediction using large
environmental datasets. Transformer-based models employ attention mechanisms to identify
important relationships among input variables without relying on sequential processing. They
efficiently analyse large-scale spatial and temporal datasets while enabling parallel computation.
These models have shown promising performance in groundwater quality prediction and
environmental forecasting. Hybrid deep learning models combine two or more algorithms, such
as CNN-LSTM, CNN-GRU, or DNN-LSTM, to exploit their complementary strengths. These
integrated models simultaneously capture spatial and temporal characteristics of groundwater
systems. Hybrid approaches generally achieve higher prediction accuracy and greater robustness
than individual deep learning models (Roy et al., 2026).
8. Artificial Intelligence Workflow for Groundwater Quality Prediction
Artificial Intelligence (AI) has become a powerful tool for predicting groundwater quality by
analyzing complex environmental and hydrogeological datasets. Al models identify hidden
patterns, improve prediction accuracy, and support sustainable groundwater management. A
systematic workflow involving data preprocessing, model development, and validation ensures
reliable and efficient water quality assessment (Abu El-Magd et al., 2023).
Groundwater data are collected from monitoring wells, laboratory analyses, sensors, satellite
observations, and climatic records. Important variables include pH, electrical conductivity, total
dissolved solids, nitrate, heavy metals, rainfall, and groundwater level. Collected datasets are
cleaned by removing missing values, duplicates, and outliers. Normalization standardizes
variable scales, improving model stability, computational efficiency, and prediction accuracy.
Feature selection identifies the most relevant predictors influencing groundwater quality while
eliminating redundant variables. This process reduces model complexity, minimizes overfitting,
and improves computational performance. Suitable Al algorithms, such as Artificial Neural
Networks, Random Forest, Support Vector Machine, and Extreme Gradient Boosting, are
selected (Sham et al., 2025). The chosen model is designed to capture nonlinear relationships
within groundwater quality data. The dataset is divided into training and testing subsets. The
model learns from training data and is validated using unseen data, with performance evaluated
through metrics such as R*>, RMSE, MAE, and MSE. Hyperparameters are optimized using
techniques such as Grid Search, Random Search, or Bayesian Optimization (Fig.2). Proper
tuning enhances model accuracy, robustness, and generalization while reducing prediction errors.

The optimized model predicts groundwater quality for present and future conditions. Results are



Bhumi Publishing, India
July 2026

visualized using graphs, heat maps, GIS maps, and dashboards, enabling clear interpretation and

informed groundwater management decisions (Nordin ef al., 2021).

Artificial Intelligence Workflow for Groundwater Quality Prediction
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Figure 2: Al-based framework for groundwater quality monitoring

9. Integration of Al with GIS, Remote Sensing and IoT

The integration of Artificial Intelligence with Geographic Information Systems (GIS), Remote
Sensing (RS), and the Internet of Things (IoT) has transformed groundwater quality assessment.
These technologies enable continuous monitoring, spatial analysis, and predictive modelling of
groundwater resources. Their combined application supports accurate decision-making and
sustainable groundwater management (Rahman ef al., 2025).

Al algorithms analyze spatial datasets from GIS and monitoring stations to predict groundwater
quality across large regions. Machine learning identifies hidden patterns and estimates
contamination levels in unsampled locations. This approach improves the accuracy of
groundwater quality mapping. GIS integrates hydrogeological, land use, and water quality data
to generate contamination risk maps. Al enhances spatial analysis by identifying pollution
hotspots and vulnerable aquifers. These maps support groundwater protection, resource planning,
and environmental management. Remote sensing provides large-scale information on rainfall,
vegetation, soil moisture, and land surface conditions influencing groundwater quality (Ali and
Bilal, 2025). AI processes satellite imagery to detect environmental changes associated with
groundwater contamination. This enables rapid and cost-effective monitoring. IoT sensors
continuously monitor groundwater parameters such as pH, temperature, conductivity, dissolved
oxygen, and water level. Al analyzes real time sensor data to detect anomalies and predict
contamination events. This facilitates timely intervention and efficient resource management.
Cloud computing enables secure storage, processing, and sharing of large groundwater datasets.
Digital twin technology creates virtual representations of groundwater systems, allowing Al to
simulate different scenarios. This improves forecasting and supports evidence-based decision-

making. Smart platforms integrate Al, GIS, Remote Sensing, [oT, and cloud technologies into a
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unified decision support system. They provide real time visualization, predictive analytics, and
automated alerts for groundwater quality management. These platforms enhance sustainability,
policy planning, and the efficient governance of water resources (Essamlali et al., 2024).
10. Applications of Al in Groundwater Quality Prediction
Artificial Intelligence driven methods transform groundwater quality prediction by integrating
hydrological, geochemical, remote sensing and socio-environmental data into flexible machine-
learning frameworks that enhance spatial resolution, reveal nonlinear controls, and enable
proactive management. Water Quality Index (WQI) prediction uses supervised models (e.g.,
random forest, XGBoost, neural nets) to infer WQI from sparse physico-chemical data,
producing maps for monitoring prioritization. Heavy metal contamination prediction couples
land use, industrial inventories, geology, and hydrogeology with algorithms to identify hotspots
and inform remediation efforts. Nitrate and fluoride forecasting employs time-series and hybrid
models that incorporate agricultural inputs, recharge dynamics and hydrodynamics to predict
trends and guide public-health responses (Kaysar et al., 2025). Salinity prediction assimilates
coastal forcing, pumping regimes, evapotranspiration and soil properties in data-driven models to
track salinization and support irrigation planning. Arsenic contamination mapping applies
geospatial ML and probabilistic models using sedimentary proxies and redox indicators to
delineate risk zones for targeted testing. Groundwater suitability for drinking and irrigation is
assessed via multi-criteria Al frameworks that weight chemical, microbial and hydraulic factors
to classify use-appropriateness. Early warning systems integrate real-time sensors with anomaly
detection and predictive forecasting to trigger alerts and enable rapid mitigation (Andalu et al.,
2026).
11. Model Evaluation and Performance Assessment
Model evaluation ensures Al predictions for groundwater quality are robust, generalizable, and
fit-for-purpose by systematically partitioning data, tuning models, and quantifying predictive
skill and uncertainty. Training, validation, and testing datasets: Split datasets to train models,
tune hyperparameters on a validation set, and assess final performance on an independent test
set; careful temporal/spatial splits prevent information leakage in hydrogeological applications.
Cross-validation techniques: Use k-fold, spatial, or time-series cross-validation to obtain reliable
performance estimates with limited or correlated data, with spatial blocking to respect catchment
structure and temporal folds to preserve trends (Elsayed et al., 2026). Evaluation metrics: Select
appropriate metrics such as RMSE, MAE, NSE, R? for continuous targets; AUC, accuracy, F1
for classification, alongside calibration measures and spatial skill scores to reflect real-world
needs. Model comparison and benchmarking: Compare algorithms using consistent datasets,
standardized preprocessing, and statistical tests (e.g., paired t-test, Wilcoxon) to identify best-
performing approaches and computational trade-offs. Uncertainty analysis: Quantify epistemic

and aleatory uncertainty via ensemble methods, Bayesian inference, prediction intervals, and
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sensitivity analysis to support risk-based decision making and communicate confidence to
stakeholders (Doll ef al., 2026).

12. Explainable Artificial Intelligence

Explainable Artificial Intelligence (XAI) makes groundwater-quality models transparent and
trustworthy by revealing how inputs drive predictions, supporting regulatory acceptance and
stakeholder trust. Need for model interpretability: Interpretability helps scientists, water
managers, and communities understand model behaviour, diagnose errors, and ensure decisions
align with hydrogeological reality and regulatory requirements. Shapley Additive Explanations
assigns consistent, additive contribution scores to each feature for each prediction, enabling
global and local attribution of variables such as pumping, geology, and land use to contaminant
levels (Zounemat-Kermani and Kheimi, 2026). Local Interpretable Model-agnostic Explanations
approximates complex models locally using simple surrogate models to explain individual
predictions, which is useful for investigating anomalous wells or times. Feature importance
analysis: Global importance metrics (permutation, impurity-based) identify dominant predictors,
while partial dependence and accumulated local effects clarify response shapes and thresholds.
Transparent Al for environmental decision-making: Combining XAI with uncertainty
quantification and domain constraints produces interpretable, defensible models that facilitate
regulatory review, stakeholder communication, and targeted interventions while minimizing
spurious correlations (Shyamala et al., 2026).

Conclusion

Artificial Intelligence (AI) has emerged as a transformative technology for groundwater quality
prediction, offering significant advantages over conventional monitoring and assessment
methods. By integrating hydrogeological, climatic, geospatial, and water quality data, Al
effectively captures the complex nonlinear relationships that govern groundwater systems,
enabling accurate prediction of contamination and supporting proactive water resource
management. This chapter highlights the importance of groundwater quality assessment through
physicochemical parameters, water quality indices, and drinking-water standards while
emphasizing the growing role of Al in improving data processing, prediction accuracy, and
decision-making. The chapter also reviews major sources of groundwater pollution, including
agricultural runoff, industrial effluents, sewage leakage, landfill leachate, mining activities,
seawater intrusion, and emerging contaminants such as pharmaceuticals, PFAS, and
microplastics. It discusses a wide range of machine learning, deep learning, and hybrid Al
models, together with essential steps in data preprocessing, model development, validation,
uncertainty analysis, and explainable Al. Furthermore, the integration of Al with Geographic
Information Systems (GIS), Remote Sensing (RS), Internet of Things (IoT) sensors, cloud
computing, and digital twin technologies enables continuous monitoring, contamination

forecasting, spatial risk mapping, and intelligent decision support for sustainable groundwater
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management. Overall, Al provides a robust and scalable framework for groundwater quality

prediction, supporting applications such as water quality index estimation, contaminant

forecasting, groundwater suitability assessment, and early warning systems. As environmental

challenges and climate variability intensify, integrating interpretable, reliable AI models with

conventional hydrogeological knowledge will be essential for protecting groundwater resources,

strengthening evidence-based policymaking, and ensuring sustainable, climate-resilient water

security for future generations.
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Abstract

Overexploitation of land, soil erosion, declining fresh water availability, and climate change are
among the most critical challenges to sustainable ecosystem conservation and agricultural
productivity worldwide. Nature-based solutions have emerged as effective and sustainable
approaches for restoring degraded landscapes while improving soil and water conservation. This
review research explores the role of Nature-based solutions in enhancing soil structure, reducing
erosion, increasing water infiltration, promoting groundwater recharge, and strengthening
ecosystem resilience. Key interventions, including afforestation and reforestation, agroforestry,
green buffer zones, wetland restoration, contour farming, and watershed management, are
examined for their ecological and socio-economic benefits. These traditions not only improve
soil fertility and water-holding capacity but also enhance biodiversity, support decarbonisation,
and strengthen climate adaptability while supporting sustainable livelihoods. Despite their
revealed effectiveness, the widespread implantation of Natural-based solutions is constrained by
limited government policy support, inadequate funding, insufficient technical capacity, and
challenges in long-term monitoring. Integrating scientific knowledge with indigenous practices,
supported by governance and active community participation, can enhances the success and
scalability of these interventions. This review highlights the importance of nature-based solutions
as cost-effective and environmentally sustainable strategies for rehabilitating degraded
landscapes and ensuring long-lasting soil and water conservation. Their adoption contributes
climate adaptation, ecosystem restoration, and the achievement of the United Nations
Sustainable Development Goals.

Keywords: Ecosystem, Environment, Community, Challenges, Restoration, Conservation.
Introduction

Degraded land refers to land in a country that has lost its biological or economic productivity due
to human activities such as deforestation, industrialisation, overgrazing, and unsustainable
agricultural practices. Land degradation is one of the most pressing environmental challenges of
the twenty-first century, affecting nearly 40% of the Earth's land surface and threatening the
livelihoods of billions of people worldwide. According to the United Nations (2019),
approximately 15.98% of the reported global land area was degraded in 2019, representing more
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than 1.22 billion hectares. Deborah et al. (2010) reported that competition for water resources
between agricultural and urban sectors is projected to intensify, a challenge further exacerbated
by ongoing land degradation. Soil erosion, nutrient depletion and other forms of land degradation
reduce water productivity and affect water availability, water quality, hydrological processes,
water storage, and ecosystem services. Studies have shown that these changes lead to declining
agricultural productivity, increased vulnerability to floods and droughts, reduced groundwater
recharge, and loss of biodiversity. Biomass production depends on environmental resources such
as water and soil nutrients. Soil degradation diminishes the soil’s capacity to produce biomass,
whereas enhancing biomass production is a vital strategy for restoring soil productivity (Salako,
2021). As global demand for food, water, and natural resources continues to rise, restoring
degraded landscapes has become a critical priority for achieving sustainable development and
strengthening climate resilience. Fernandez (2021) observed that factors such as high runoff,
elevated evaporation, poor water infiltration, and low soil organic matter reduce soil water
retention, constrained by processes such as high runoff, elevated evaporation, particularly in
sandy and sloping soils, thereby limiting plant biomass production. Nearly all tropical highlands
experience some degree of land degradation, with medium to very high rates of water-induced
soil erosion being particularly common (Nyssen ef al., 2009). Functionally, soil acts as Earth’s
geomembrane, serving as a protective filter, buffer, and regulator of energy flow, water
movement, and biogeochemical cycles. It also functions as a vast reservoir of genetic resources
and archive of Earth’s environmental history (Lal, 2012). Soil and water are fundamental natural
resources that sustain terrestrial ecosystems and agricultural production. In India, numerous soil
and water conservation measures have been implemented to address land degradation. However,
systematic evaluation of their performance is essential.

Methodology:

The review study was conducted using a systematic approach to collect, analyze, and synthesize
relevant peer reviewed literature on eco-friendly soil and water management and its importance
in degraded lands.

Results and Discussion:

The eco-approaches emphasize sustainable practices that integrate ecological principles into soil
and water conservation. They focus on:

1. Eco-Approaches Enhance Soil-Water Conservation

Eco-approaches play a key role in soil-water conservation by rearing sustainable agricultural
practices that are both environmentally wise and beneficial to ecosystem functioning.
Community-based approaches, integrated watershed management, and supportive policy
frameworks are essential for ensuring the long-term sustainability of conservation efforts

(Bhowmik, 2024). These approaches include:

18



Water, Soil and Resilience: Research for Sustainable Ecosystems
(ISBN: 978-93-47587-62-7)

i) Agroecological Practices
Focus on native species, pollinators, and beneficial creatures through methods like agroforestry,
cover crops, and decreased chemical inputs.
ii) Eco-Friendly Farming Techniques
Crop rotation, cover cropping, organic fertilizers, and integrated pest management sustain soil
health while reducing synthetic inputs. Water conservation practices include rainwater
harvesting, drip irrigation, and mulching.
iii) Water Management
This method integrates soil, water, vegetation, and land-use practices to optimize resources,
sustain productivity, and protect environmental health. It emphasizes erosion control,
groundwater recharge, flood and drought mitigation, and ecosystem restoration. Adopting eco-
approaches enables farmers to establish resilient ecosystems in harmony with nature, ensuring
sustainable and productive agricultural lands.
2. Restore Vegetation, Strengthen Soil, Conserve Water
Restoration of native vegetation through afforestation, reforestation, grassland rehabilitation, and
assisted natural regeneration is a key policy for reversing land degradation. Multifunctional
forestry and vegetation methods are required, with emphasis on balancing hydrological impacts
and other ecosystem services through integrated forest-water land management (Wang et al.
2017). To restore vegetation and strengthen soil while conserving water, consider the following
ways:
i) Soil Conservation
Execute techniques like terracing, contour binding, and ploughing along contour lining to reduce
runoff and prevent soil erosion.
ii) Water Management
Implement water harvesting systems and efficient irrigation practices to effectively manage the
water supply.
ii) Tree Planting
Planting trees enhances soil health, improves water retention, and stabilises land against erosion.
iv) Regenerative Agriculture
Adopting practices such as agroforestry and organic farming restores degraded land and
promotes biodiversity.
v) Watershed Management
Integrating watershed management strategies protects natural resources and ensures sustainable
water use. The above methods collectively contribute to the restoration of vegetation and the

effective conservation of water.
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3. Agroforestry Supports Sustainable Soil and Water Management

Agroforestry is a sustainable land management exercise integrating trees, crops, and livestock. It
helps soil and water management, enhances biodiversity, and provides multiple benefits. Studies
confirm the restoration potential of agroforestry. It reduces runoff, intercepts rainfall, and binds
soil particles, thereby controlling erosion (Fahad et al., 2022). Some important methods through
agroforestry that support sustainable soil and water management are the following:

i) Soil Fertility

An agroforestry system improves soil structure, increases organic matter and is beneficial for soil
biota, soil fertility and nutrient cycles.

ii) Erosion Control

Trees and shrubs provide continuous land cover, reducing soil and water losses while protecting
soil quality.

iii) Water Retention

Trees and shrubs help to retain moisture in the soil and conserve water. In this way, agroforestry
practice is effective for sustainable soil and water management and helpful for the farmer and
environment.

4. Conservation Agriculture Reduces Soil Degradation

Conservation agriculture is a sustainable farming system based on minimum soil disturbance,
permanent soil cover, and crop diversification. These practices enhance biodiversity, strengthen
natural biological processes, and improve water and nutrient use efficiency, thereby increasing
crop productivity. Rodriguez et al. (2022) highlighted that conventional agriculture degrades soil
quality by increasing compaction, erosion, and salinization while reducing organic matter,
nutrients, and biodiversity, ultimately lowering productivity and long-term sustainability. Many
reviews provide global evidence that conservation agriculture effectively prevents soil
degradation, improves soil health, and supports long-term food security. Conservation
agriculture is recognized as a widely adaptable set of management principles that ensure more
sustainable agricultural production (Verhulst, 2010). Conservation agriculture is a crucial
strategy for sustainable food production, especially under the pressures of climate change, land
degradation, and water scarcity.

5. Socio-Economic Benefits of Soil Degradation

According to researchers’ reduction in soil degradation is generally harmful, but in few
conditions, it can generate short-term socio-economic benefits. Sustainable land management
combined with policy interventions mitigates soil degradation and delivers socio-economic
gains, including improved food security, stronger rural livelihoods, and reduced environmental
costs (Juliane et al. 2025). These benefits are usually temporary and frequently come at

significant long-term environmental and economic costs. These benefits, such as.
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i) Increased Agricultural Land
Clearing forests or grasslands for agricultural use provides a temporary expansion of cultivable
land and short-term in food production.
ii) Higher Short-Term Agricultural Income
Intensive cultivation on fertile soils can temporarily raise crop yields and generate short-term
income gains for farmers.
iii) Employment Opportunities
Activities such as mining, logging, construction, and large-scale agriculture, though contributing
to soil degradation, can generate employment opportunities, which stimulates local economic
growth.
iv) Urban Industrial Developments
Converting agricultural land into residential, commercial and industrial areas can stimulates and
provoke economic growth, infrastructure expansion, and investment.
v) Extraction of Natural Resources
Mining and quarrying, even though, they have adverse impacts on soil quality, contribute to
revenue generation, government taxation, and employment opportunities.
vi) Infrastructure Expansion
Construction of roads, dams, and other public infrastructure often requires land alteration; it
facilitates trade, improves transportation, and drives regional development.
6. Challenges to Implementation of Soil Degradation
Studies have shown that soil degradation has significant challenges and various impacts on the
environment and human life. Population pressure intensifies global challenges on the natural
resources and social systems, making soil health and water preservation critical for survival
during the transition toward a more balanced coexistence with the planet (Gomiero, 2016). Some
of the challenges to the implementation of soil degradation control are the following:
i) Policy Gaps Hinder Soil Degradation Control
Weak enforcement of land-use regulations and inadequate governance frameworks undermine
soil conservation and accelerate degradation.
ii) Economic Pressures Hinder Soil Degradation Control
Short-term profit motives promote unsustainable practices such as over-cultivation,
deforestation, and mining, thereby accelerating soil degradation.
iii) Limited Awareness Hampers Efforts to Reduce Soil Degradation
Farmers and local communities often lack adequate knowledge of sustainable land management

practices, limiting their ability to prevent soil degradation.
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iv) Population Growth Contributes to Soil Degradation

Rising demand for food and land intensifies pressure on soil resources, escalating degradation
and threatening long-term sustainability.

v) Climate Change Impacts Soil Degradation Processes

Increased droughts, floods, and extreme weather conditions are speeding up soil degradation by
intensifying erosion, reducing fertility, and weakening land productivity.

7. Future Directions for Reducing Soil Degradation

In the present day, it is important to focus on developing integrated frameworks for assessing the
long-term effectiveness of strategies to reduce soil degradation. Sustainable land management
practices, including reforestation and soil conservation, are central to mitigating desertification.
Effective implementation and exploration of future strategies remain critical (Islam et al. 2025).
Some important future directions for more effective management are:

i) Policy Strengthening

Tougher land-use regulation and integration of soil conservation into national agendas are vital
for sustainable resource management and ecological stability.

ii) Sustainable Agriculture

Promote crop rotation, organic farming, conservation tillage, and agroforestry to sustain fertility
and productivity.

iii) Technological Innovation

Employ assurance farming, GIS-based monitoring, and bioengineering solutions for soil
restoration.

iv) Community Awareness

Improve farmer education and local participation in soil conservation programs.

v) Climate Adaptation

Develop compliance strategies against droughts, floods, and extreme weather events.

Conclusion

The problem of land degradation poses a serous global challenge, weakening soil fertility,
reducing water-use efficiency, and reducing ecosystem services while threatening food security
and livelihoods. This review highlights that eco-friendly approaches, such as agroecological
practices, conservation agriculture, agroforestry, and watershed management provide effective
pathways for restoring degraded landscapes. These approaches enhance soil and water
conservation, maintain biodiversity, and strengthen adaptability against climate change impacts.
However, persistent challenges remain, including weak policy enforcement, short-term economic
pressures, limited community awareness, and climate-related stresses. Addressing these
challenges requires an integrated framework that combines stronger governance, sustainable

agricultural practices, technological innovation, and active community participation. Future
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directions emphasize the need for stricter land-use regulations, the promotion of regenerative

farming systems, climate adaptation strategies, and systematic assessment of soil and water

conservation measures. By balancing ecological principles with socio-economic priorities,

sustainable land management can mitigate degradation, restore ecosystem productivity, and

promote long-term ecological stability.
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Abstract

The climate crisis worsens the state of the watershed as every tenth person is exposed to severe
hydrological stress, and the world’s soils are already degraded and eroded to 33%. Therefore, a
study was conducted to analyse the referred research, articles, and social-ecological systems
(SES) reports published between 2015-2026, exploring the connections between global warming,
extreme weather events and hydrology, as well as the impacts of social-environmental stressors
on biodiversity, water stress, and soil erosion. Thus, the study aims to reveal the mechanisms by
which the abovementioned phenomena are interrelated using research synthesis and thematic
analysis of the literature database. Web of Science, Scopus, and the reports by Food and
Agriculture Organization of the United Nations (FAO), Intergovernmental Panel on Climate
Change (IPCC), United Nations Environment Programme (UNEP), and UNESCO were included
in the research. The study discovered that healthy and productive soils are the key to resolving
the freshwater-related issues since they are the central link in the water — ecosystems
relationship. The research also identified that green growth, ecological engineering, forest
farming, wetland development, catchment management, and agro-ecology are viable solutions
for addressing the degradation of natural capital. Traditional ecological management is failing;
adaptive governance and monitoring are required now. Lastly, it was argued that scaling up
climate justice financing and building institutional capacities would align the efforts of multiple
stakeholders, thus answering the requirements of SDGs and the Paris Climate Agreement.
Keywords: Climate Crisis, Hydrological Stress, Social-Ecological Systems (SES), Biodiversity,
Green Growth, Climate Justice, SDGs.

Introduction

Aqua, ground, and biomes are intrinsically related and form the basis of life on Earth. Climate
change, caused by anthropogenic factors, leads to the degradation of the three pillars of life
(Masson-Delmotte et al., 2019). Global warming, together with changes in precipitation patterns,
as well as more frequent extreme weather events, leads to water scarcity, reduced agricultural
production, and loss of biodiversity. This has a detrimental effect on the future of food security

as well as society’s sustainability and healthy development on the planet (Semeraro et al., 2023).
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Today, one in ten individuals lives on water-scarce areas, while one third of soils are degraded
(FAO, 2015).

Aquatic, terrestrial, and marine biomes were separate in the past. However, researchers today
accept the fact that they are interlinked and need to be coordinated as an integrated aspect of the
human environment (Scholes et al., 2018). Developing assurance to the climate emergency
requires evidence-based methods such as holistic basin planning and natural climate solutions.
These approaches will facilitate the needed frameworks for reinstalling habitats and restoring
ecosystems using sustainable land management practices while building the capacities of
communities to adapt to the environmental changes (Leeprakton LI ef al., 2018).

This study focuses on the interrelationships between ecological disturbances, water, and soil, as
well as the impact of climate variations on hydrological resources. The study is based on
published works, reports, and treaties in the field conducted in 2015 and 2016. The work also
demonstrates how climate change affects natural wealth and provides an insight into the proven
methods of conservation that could ensure sustainability goals and targets stated in the Paris
Agreement and Sustainable Development Goals (SDGs) (Bruinsma, 2003). This study combines
the content retrieved from the reports of the Food and Agriculture Organization (FAO),
Intergovernmental Panel on Climate Change (IPCC), United Nations Environment Programme
(UNEP), UNESCO, and scientific research to analyze ways to adapt to and mitigate climate
change’s impact on the global environment and reverse the identified trends (Telo da Gama,
2023).

Review of Literature

According to the latest data, water, land, and ecosystems are inextricably linked and highly
vulnerable to the anthropogenic climate crisis (Smith et al., 2024). Overall, about 33% of the
world’s soils are moderately to severely degraded through corrosion, loss of nutrients, and
organic matter (Lal, 2015). At the same time, variations in precipitation, global warming, and an
increased frequency of catastrophic weather events have led to droughts, causing the world’s
population to turn to groundwater exploitation and deglaciation (Guppy et al., 2018).

To address the problems discussed, investigators recommend reintegration of site-specific
stewardship to unified management of the environment (Akamani, 2023). Green infrastructure
together with silvopasture, riparian, wetland restoration, and aquifer storage and recovery have
been widely recognized in the enhancement of quality, permeability, and resilience of the soil
(Singh et al., 2025). Similarly, natural resource management research conducted worldwide
reveals that Community-Based Natural Resource Management (CBNRM) supports the
attainment of ecosystem integrity by combining traditional knowledge with scientific data (Gotyi
& Handi, 2025).
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Regardless of these benefits, various studies observe that the need for adaptive and protective
measures is manifested unevenly in different parts of the world (Ford et al.,, 2015). Financial,
technical, and institutional barriers to the implementation of innovative projects reduce the
number of adaptation options in a significant number of low- and middle-income countries. In
this regard, researchers highlight the need for coordinated policies, ongoing assessments, and
enhanced international assistance and cooperation for adaptation to take place (Santos, 2025).
Overall, the research suggests that the abiotic component should be treated as interconnected
systems instead of separate resources (Joshi et al, 2026). The soil, for example, is the most
fundamental resource since it determines the availability of water, nutrients, and biodiversity.
Advancing integrated conservation approaches while at the same time adopting existing
scientific methods for sustainability management will be critical for resource wealth and
environmental sustainability in the years to come (McBratney & Park, 2025).
Objectives:

e To establish the empirical data demonstrating the deleterious impact of climate change on
water resources, land, and ecological systems.

e To argue and assess the implemented scientific methods and technologies, as well as
green practices and agricultural policies that could conserve and manage the resources
effectively.

e To appraise universal movements, national-scale research reports pertinent to ecosystem-
based management under the climate crisis.

Materials and Methods

The study is based on research work that was done by using research synthesis and ecological
analysis of peer-reviewed articles, guidance documents, and academic reports published between
2015 and 2026. The sources were retrieved from authentic online databases like Web of Science,
Scopus, Google Scholar, and organization’s reports of Food and Agriculture Organization
(FAO), Inter-governmental Panel on Climate Change (IPCC), United Nations Environment
Programme (UNEP), UNESCO, and others. The information gathered was sorted and assessed
critically based on its relevance and integrated together with thematic analysis of external
transnational information resources on water scarcity, desertification, and ecosystem restoration.
Analysis and Findings

The discussed research proves that climate changes impact the world’s natural resources in three
main aspects: shifting water patterns, deteriorating the quality of the soil, and reducing the
overall ecosystem resilience (Arneth et al., 2021). Increasing temperatures and rainfall variations
result in both water scarcity and flooding disasters. According to UN-Water organizations, in
2024, one out of ten people living in countries suffered from extreme freshwater deficit on their

territory in 2021. Moreover, water scarcity impacts about 3.2 billion individuals who reside in
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rural areas and experience significant challenges accessing freshwaters essential for agriculture
and food production (FAO, 2020).
Table 1: Definitions

Concept Definitions
Water Evidence-based processes and interventions that reduce the risk of
Stewardship aquifer detachment, depletion or degradation while maintaining

homeostasis of the biosphere and meeting basic human needs.

Soil Quality The ability of soil to maintain biological, water and biochemical
functions.

Ecosystem The system’s ability to moderate, resist and maintain core processes and

Stability components.

Ecological Interventions that promote stewardship or restoration of wilderness to

Engineering urban landscapes for climate adaptation or mitigation of desertification.

Holistic Farming | Ecological practices that rehabilitate degraded ecosystems while

System promoting environmental services and maintaining high yields.

Climate Resilience | Alterations in systems by societies to adapt to their environments or to

minimize or maximize exposure to environmental events.

Interpretation: Based on the definitions, the paper concludes that water, earth and ecosystem
stewardship are indeed interconnected and critical aspects of climate adaptation. In addition, the
paper shows that holistic farming approaches support sustainable practices that improve the
condition of the soil and ecosystems while building resilience (Bouguerra et al., 2024).

Table 2: Environmental impacts and natural resources depletion

Driver Underlying Principle Compromised
Entity
Temperature Hike Elevated water loss and soil moisture deficit. Water, Soil
Intermittent Rainfall Surface  runoff  wearing cloves and | Water, Soil

overwhelming the water.

Enduring Aridity The water table declares physiological stress. | Water, Biosphere

Climatic Catastrophes | Structural impairment to vegetarian and | Biosphere
biomass.

Rising Sea Levels Saltwater intrusion of Earth and groundwater. | Water, Soil

Land-use Optimization | Vegetarian removal densification. Soil, Biosphere

Interpretation: Table 2 illustrates the main effects of climate change drivers that trigger
resource degradation. The reviewed manuscripts agree that land degradation and loss of organic
carbon are the leading causes of soil depletion, whereas splash erosion and water-table depletion

are the primary contributors to water scarcity. The studies propose multiple interventions for
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water conservation and increased water security (Kumawat et al., 2023). For instance, water

recycling and reuse, micro-irrigation systems, and artificial groundwater recharge among others

have been suggested. All the interventions have various strengths and weaknesses concerning

cost, ease of application, and water savings at the local, farmland, and river basin levels (Khan et

al., 2024).

Table 3: Soil management practices and their benefits to soil quality

Methods

Characteristics

Utilities

Cross-Slope Farming

Farming along the topology to

retard drainage.

Soil stabilization

Green Manure Cover cropping to safeguard | Enhanced carbon sequestration,
exposed soil. hydration maintenance.
Forest Farming Combining trees with | Improved framework, biological

agricultural crops or livestock.

diversity, carbon sequestration.

Conservation Tillage

Growing crops without any

plowing or turning of the earth.

Maintained soil structural

integrity.

Terrace Cultivation

Cutting  flat, staircase-line

platforms into hillsides.

Slowed overland flow.

Interpretation: The soil management practices described in Table 3, including conservation

tillage, terrace farming, contour farming, strip farming and forest farming are all effective in

enhancing good soil structure, improving carbon and hydraulics in the soil (Kumawat et al.,

2023). However, their effectiveness depends on climatic conditions as well as proper

management. The findings are consistent with current literature on sustainable agriculture and

forest farming.

Table 4: Ecosystem-based approaches for building environmental resilience

Ecosystem-based measures

Focused biome

Recovery

Streamside Buffer

Rehabilitation

Riparian Zone

Water remediation, controlled erosion.

Wetland Rehabilitation

Alluvial plains and swamps

Improved flood mitigation,

habitat

regeneration.

Ecological Infrastructure

Cityscape and Urban fringe

Heat island mitigation, runoff control

Food Forest Agrarian landscapes Co-benefits ecosystem services and
nature-positive outcomes.
Ecosystem Recovery Depleted forests Enhanced water balance, landscape

permeability

Interpretation: Table 4 reveals that various types of ecosystem such as river restoration,

wetland maintenance, and forest farming, have the ability to provide water quality, fertile soil,
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and biodiversity (Atmaja et al., 2026). The results demonstrate that community-based bottom-up
river restoration activities alongside the global governance processes help achieve effective
environmental governance and climate change adaptation (Owusu Danquah ef al., 2026).

Table S5: Differences between traditional resource exploitation and environmental

stewardship
Parameters Standard Practices Empirical Approaches

Resource Centric Sole resource, zonal Integrated watershed
management biomes

Planning Period Short-lived, production-focused | Enduring, tenacious

Resource User Hierarchical, minimal | Collaborative management

involvement

Technology Foundation | Extractive Agro-ecology

Supervision Impromptu or missing Ecological monitoring,
bioindication

Interpretation: As per table 5, the contrast can be drawn between responsible management
practices and short-term hierarchical structures to focused strategies, community involvement
and constant oversight indicating that there appears to be a shift in paradigm in the approach to
conservation. Moreover, according to recent studies, watershed development and ecological
engineering along with green building construction require persistent management and
monitoring instead of a one-time intervention (Zerga, 2025).

Table 6: Case History from Various Nations

Nations Treatment Released Findings
Panama Spatial green infrastructure planning | 1220ha sorted for green
spacing out the Caimito river basin. infrastructure interventions.
Honduras Community-driven green infrastructure | 1870ha sorted for grassroots
planning in El Coyolar river basin. capacity-building.
India Agro-ecology across farming systems. Quantifiable results in soil

organic matter.

United States | Perma-culture state and transition model. | Forecasted long-range soil

(Vermont) carbon storage.

Southeast Asian | Integration of 17 sustainable agricultural | Changeable but mutualistic

Farmlands practices. positive carbon sequestration.

Interpretation: The above table describes the variety of case histories from Panama, Honduras,
India, The United States, and Southeast Asia indicates that area specific and restoration ecology
enhances ecological conservation when adapted to native biological and systematic factors,

despite the fact that utility is conditional (Santos, 2025).
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Results and Discussions
The analysis of archival data highlights the significant negative impact of climate change on the
natural share of the environment, as well as its unfair distribution. A variety of climate change
factors affects both biological and inorganic components of the environment, degrading them
through converging pathways (Choong et al., 2025).

Climate forcing agenis
(Global warming, Sporadic rainfall, Perturbation)

Biodiversity and
biosphere
{Habitat destruction,
population decrease)

Aquatic reserves Land assets (Weathering,

(Droughts, Water logging, saltiness, carbon emission)

Groundwater depletion)

Ecosystem degradation
(Equipping, controlling, reinforcing, anthropogenic)

societal implications (Food shortage, destitution, dislocation)

Figure 1: Climate swift effects on natural resources
Interpretation of Figure 1: The Flow chart illustrates that climate blocks development through
sequential interconnected phases-from hydrogeological and land disruption to natural capital
depletion-implying that proactive actions can prevent systemic failure of habitat destruction
(Novick et al., 2024). The Figure 1 demonstrates how abiotic factors, natural capital, and the
environment are interlinked by ecological cascade as shown below.
Climate swift as environmental strain

Percolation and iogeochemical cycle

Replenishment

Ecologic support and
rvation stewardship

Figure 2: Aqua, ground, and biome interaction network
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Interpretation of Figure 2: The model illustrates that pedosphere links Earth’s spheres between
water resources and ecosystem services. When soil structure breaks down, it flushes fluid
retention and causes ecosystem dysfunction, ultimately driving the global extinction crisis (Joshi
et al., 2026). This indicates that soil disruption is a major issue linking water scarcity to
ecosystem collapse. Thus soil fertility should be regarded as kernel to ecosystem robustness
instead of farming metric only (Singh et al., 2025). Only a handful of hydrosphere is obtainable
as portable water. About 97% of all water on Earth is held in the oceans, icebergs, and confined
groundwater, thus leaving only a small amount of runoff for human usage and environmental

prerequisites as depicted below.

B80%

T0%

60%

50%

40%

30%

20%

10%

Share of Global Freshwater volume (%)

0% -

oF Reservoir type
Figure 3: Worldwide freshwater distribution by reservoir type

Interpretation of Figure 3: The pattern indicates that essentially all non-saline water is
contained in icecaps and underground water, while only a limited amount exists in ponds and
streams, where it is easily available. Thus, slight shifts in glacier retreat and water-table damage
can drain and exhaust the drinkable water and biosphere (Dar et al., 2024). This also underscores
the significance of aquifer protection practices, like water banking, in safeguarding water
sustainability. Soil erosion becomes even more critical because many factors converge and
synergize (Vogel et al., 2024). Fluvial erosion and humification constituent about 50% of soil
depletion as stated in the examined studies as presented below.

Interpretation of Fig 4: The hydrological denudation and soil organic carbon loss are the
pivotal reason of soil depletion, augmenting salt accumulation, salt densification, and chemical
contamination (Smith et al., 2024). This points to water refinement and vegetation management

which can mitigate the leading iterations of soil erosion simultaneously. Even though saltiness
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has a minor role, it persists as a critical issue in oasis farmland and hence needs area-specific

control measures (Lal, 2015).
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E Water erosion Wind erosion Chemical degradation  Physical degradation
b (zalinization, (compaction, sealing,
acidification, pollution, waterlogging)
fertility loss)

Primary causes of Soil deterioration

Figure 4: Principal drivers of soil degradation

Green infrastructure

Catchment . Ecologically Forest
. Forest mosaic - Substrate .
and river sensitive farming and
e rehabilitation rehabilitation
rehabilitation design agro ecology

Figure 5: Green infrastructure framework for ecological robustness
Interpretation of Figure 5: Green infrastructure combines restoration, forest, wetland, and
natural climate adaptation projects. This model reveals that Earth stewardship and social
progress can be jointly accomplished instead of conflicting priorities. Research have found that
this bio-hydrological blue-green infrastructure can safeguard ecosystems while supporting local
areas to adjust to climate realities, mainly in arid regions (Olgun ef al., 2024). Regardless of the
growing body of evidence supporting their implementation, the adoption of such evidence-
informed climate adaptation planning remains geographically patchy around the world, as the
following articles indicate
Interpretation of Figure 6: Implementation gaps exist as vulnerable areas have limited
resources and funding which requires climate finance and improved institutions for effective

restoration of ecosystems (Venner et al., 2024).
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Earlier-stage / Growing / More extensively
limited evidence moderate documented

evidence

Sub-Saharan Africa South Asia Latin America (Central &

Incremental adaptation  Highly vulnerable, = South America) Widespread

amid finance gaps fragmented adoption  ecosystem adaptation, limited

efforts capacity

Europe North America

Expansion of national = Adaptation, practice, and
adaptation planning and  capacity building taking off, but
associated frameworks with varying levels of

implementation

Figure 6: Geographf climate resilience planning

Conclusion

The climate swift adversely affects the interlinked aqua-land-biosphere core, exceeding soil

deteriorations, water stress, and habitat destruction (Smith et al, 2024). Traditional,

compartmentalized administration is poor; rather than ecosystem adaptive capacity in overall,

collaborative methods that implant ecosystem tracking and green infrastructure within grassroots

administration (Santos, 2025). Resolving the execution shortfall between frontier zones and

fragile states need just transition finance and capacity enhancement to assure sustainable

development at various levels (Ford et al., 2015).
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Abstract

Mathematical models of river and wastewater quality commonly describe the coupled evolution
of biochemical oxygen demand (BOD) and dissolved oxygen (DO). The underlying kinetics are
nonlinear because oxygen-dependent biodegradation and deoxygenation rates are often
represented by saturation functions. This chapter reformulates a nonlinear BOD-DO model and
develops an analytical approximation using the Homotopy Perturbation Method (HPM). The
method constructs a homotopy between a selected linear operator and the complete nonlinear
differential system and expresses the solution as a rapidly convergent perturbation series. The
first few correction terms provide an explicit approximation that is useful for interpreting
transient oxygen depletion, pollutant decay and reaeration without relying exclusively on time-
stepping simulation. A residual-based verification strategy is also introduced to assess the quality
of the truncated HPM solution. The chapter discusses equilibrium behaviour, parameter effects,
convergence considerations and the relationship between the HPM approximation and
conventional numerical approaches. The formulation provides a compact analytical framework
for nonlinear environmental kinetics and can be extended to other reaction-rate models.
Keywords: BOD, Dissolved Oxygen, Nonlinear Kinetics, Water-Quality Modelling, Homotopy
Perturbation Method, Analytical Approximation, Reaeration, Biodegradation.

1. Introduction

Water-quality assessment is an important application of mathematical modelling because the
interaction between pollutant loading, biochemical reactions, and oxygen availability strongly
influences aquatic ecosystem health (Chapra, 1997; Thomann & Mueller, 1987). Among the
principal indicators of organic pollution, biochemical oxygen demand (BOD) and dissolved
oxygen (DO) are particularly important. BOD represents the oxygen required for the microbial
decomposition of biodegradable organic matter, whereas DO indicates the oxygen available to
support aquatic organisms and biochemical processes. Increased organic loading enhances
oxygen consumption and may consequently decrease DO, while atmospheric reaeration acts in
the opposite direction by replenishing oxygen in the water column (Streeter & Phelps, 1925;
O'Connor & Dobbins, 1958).
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Classical water-quality models have commonly been formulated using deterministic differential
equations to describe pollutant degradation and oxygen depletion (Bowie et al., 1985; Chapra,
1997). However, nonlinear reaction kinetics may provide a more realistic representation when
biochemical reaction rates depend on the availability of oxygen or other limiting constituents. In
particular, Michaelis—Menten-type saturation kinetics are widely used to describe nonlinear
biochemical processes (Michaelis & Menten, 1913; Monod, 1949). More recently, stochastic
models have been developed to account for environmental variability and uncertainty in pollutant
loading and system dynamics (Allen, 2003; Gardiner, 2009).
The supplied base paper develops a stochastic BOD-DO model with multiplicative Gaussian
noise and investigates persistence and stationary distributions. Its deterministic core contains
nonlinear oxygen-dependent Michaelis—Menten-type reaction terms. The present study focuses
on this nonlinear deterministic system and develops an analytical approximation using the
Homotopy Perturbation Method (HPM). HPM transforms the nonlinear initial-value problem
into a sequence of simpler recursive problems and represents the solution as a series of
successive correction terms (He, 1999, 2000, 2006). This approach is attractive for nonlinear
water-quality models because it can provide approximate analytical solutions useful for
parameter studies, sensitivity analysis, and validation of numerical methods (Ganji et al., 2007,
Chakraverty et al., 2019).
The chapter introduces the nonlinear BOD-DO model and equilibrium state, presents the HPM
formulation and recursive correction equations, and discusses approximation accuracy, residual
validation, and parameter interpretation. Finally, concluding remarks and possible extensions are
presented.
2. Nonlinear BOD-DO Model
Let x(t) denote the dimensionless BOD concentration and y(t) denote the dimensionless DO
concentration. The nonlinear deterministic model considered here is

The proper mathematical equation format is( Mansour, 2023):

dx _ _ y

= ki (Z)x+a M
d

L=~k () x + alre=y) )

where ki is the BOD decay-rate coefficient, k- is the DO deoxygenation coefficient, k is the half-
saturation oxygen concentration, a is the reaeration coefficient, y, is the oxygen saturation level,
and q is the BOD source/loading rate. All parameters are assumed non-negative, with positive
values used in the present analysis.

For the initial conditions

x(0) = x0,¥(0) = o, (3)

the system constitutes an initial-value problem. The steady-state solution (xg’ y,)satisfies
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0= —kyoxs +q, 4 0=
—ky s + (e = ¥s) ()

S k+ S
kipsxs=q,  x=1C0 (©)
From this two, we obtain

k
0=—-E+a(y — ). )

k

Vs = Ve = e @®)

.. . . eqeq . koq
A positive interior equilibrium requires y, > i

The corresponding BOD equilibrium is

_q (k+ys) (9)

s k1ys

For the parameter set

k; =0.15,k, =0.5,q =0.2,y. = 9.5, = 0.35,k = 3. (10)
the equilibrium is approximately
(x5, ¥5) = (1.89,7.52) (11)

This equilibrium provides a useful reference state for evaluating the HPM approximation and
examining the long-time behavior of the numerical solution.

3. Homotopy Perturbation Method

The Homotopy Perturbation Method (HPM) combines the concepts of homotopy and
perturbation theory. Consider a nonlinear operator equation of the form

LWU)+NWU)=0 (12)

where Ldenotes a suitably selected linear operator and Nrepresents the nonlinear operator.

HPM introduces an embedding parameter p € [0,1], (13)

H(U,p) =LU)+pNU) =0 (14)

When p = 0, Eq. (14) reduces to the simple linear problem L(U) = 0.

When p = 1, the original nonlinear problem is recovered:

L(U)+N(U) =0. (15)
The solution is expressed in terms of the perturbation series

U =Uy+pU; +p?U, +p3Us + - (16)
Upon setting p = 1, the HPM approximation is obtained as

U~Uy+ U +Uy+Us+ - (17)
For the present BOD-DO system, the linear differential operators are selected as
Li[x] =2, Ly[y] =2 (18)

The corresponding HPM formulation is
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dx y _

E-{_ |% [kl mX—Q] =0 (19)
d

Liplkesx—ake—y)| =0 (20)
Atp =0,

dx d_y_

prl 0, vl 0, 21)

so that x = xgand y = yyrepresent the zeroth-order approximations. At p = 1, recover the
original nonlinear BOD-DO model. This formulation is particularly convenient because the
initial conditions are prescribed at t = 0.

4. HPM Series Solution

4.1 Zeroth-Order Approximation

Assume the HPM series expansions

x(t) = xo(t) + px1(t) + p?xz(t) + pPaz(t) + - (22)
y(t) = yo() + py1 () + p?y2(t) + P°ys(t) + - (23)
The initial conditions are distributed according to

x0(0) = x0,¥0(0) = ¥o (24)
and x,(0) = 0,y,(0) = 0,n > 1. (25)
The coefficients of p°gives

=00 26)
Hence, x(t) = X0, Yo (t) = ¥o (27)
4.2 First-Order Correction

Define the initial kinetic factor as 7, = ki‘;o (28)

The coefficients of plyield

dxq

— = ~kinoxo +q (29)
d

=L = —kToXo + @(Ye — Yo) (30)
Using the initial conditions

x1(0) = 0,y1(0) =0, €2y
integration gives

x1(t) = (q—kq7ox0)t (32)
And

y1(t) = [a(e — o) — karoxolt (33)

4.3 Second-Order Correction

To obtain the second-order correction, expand the saturation function as
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L:‘r+ 7+ Z‘r + - (34)
kiy 0 TP TP

_ ki
At first order, r; = Trye)? (35)
Therefore, %x = ToXo + p(Tox1 + 11x0) + - (36)

The coefficients of p?consequently give

d
% = —k; (rox1 + 11%0) (37)
d
% = —ky(rox1 + 11%0) — ay1 (38)
Define A = q — kqroxgand B = a(y. — yo) — k79X (39)
Then x,(t) = At, y;(t) = Bt (40)
KBt
and therefore, r; = T2 (41)
kq kxoB
Hence, x,(t) = ——[ roA+ (k+; )2] t2 (42)
kxoB
y2(6) = —3{k, [roA+ — )2] +aB}t? (43)

4.4 Third-Order Correction
The third-order correction is obtained by expanding the saturation function to the next order. The

coefficient of p%in the expansion of y/(k + y)is

_ _kya  kyf
"2 = Gerye)Z ~ (etyo)? 43)

This is the mathematically consistent coefficient for the Taylor expansion of y/(k + y). The
expression containing k(k — vo)y?/(k + y,)3should not be used here.

The coefficient of p?in the nonlinear kinetic product is

Sy = 719Xy + 71Xy + 1Xg (44)

Thus, the third-order correction equations become

% = —kl(r0x2+r1x1+7”zx0) (45)
d

% = _kZ (T'OXZ +T1x1 +T'2x0) - ayz (46)
Together with

x3(0) = 0,y3(0) =0, 47

integration from 0 to t yields x3(t)and y3(t). Since x,(t)and y,(t)are quadratic polynomials in
t, the third-order corrections are cubic polynomials.

5. General Recursive HPM Formulation
For higher-order approximations, define S,, = [p"] {% x} (48)

where [p™]{-}denotes the coefficient of p™.
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. . d
The general recursive equations are then % =—kSp-,n=>1 (49)

and 2% = —k,S,_; — @Yp_1,n = 1 with %,(0) = 0,7,(0) = 0,n = 1 (50)

This recursive formulation is suitable for symbolic computation and allows higher-order HPM
approximations to be generated systematically without directly solving the original nonlinear
coupled system.

6. Truncated HPM Approximation and Validation

After setting p = 1, the third-order HPM approximation is

xupm (£) = xg + 21 (t) + x2(t) + x3(t) and yupm(t) = yo + y1(O) + y2 () + y3(0) (51)

A higher-order approximation can be obtained by including additional correction terms:

xion () = T %, (8) and Yo (8) = IN-o Y (8) (52)

The truncated HPM solution should not automatically be interpreted as a globally valid
polynomial approximation for arbitrarily large time. As with many perturbation-series methods,
its accuracy is generally strongest over a finite time interval where the series converges rapidly.
For long-time prediction, the HPM solution should therefore be compared with a reliable
numerical integration of the original nonlinear system.

A direct residual test provides a convenient validation procedure. Define

d

R, (t) = % + k4 kil;::M Xupm — q (53)
d

Ry(t) = % + k; kil;::M Xuapm — (Ve — Yupm) (54)

For the exact solution,

R.(t) =R,(t) =0 (55)

For an N-term HPM approximation, the residuals should generally decrease as additional
correction terms are included within the interval of convergence. A useful quantitative measure

is the maximum residual,
Rmax = (gli)%{max |R,(®) |, | Ry(t) I} (56)

Important correction: In your original text, the third-order expansion term r,was written

incorrectly. The corrected expression is

_ _kya  kyf
27 Gty (ktyo)? (57)

This correction should be made in the Word chapter, otherwise the third-order HPM derivation
will not be mathematically consistent.

7. Interpretation of the Model and HPM Solution

This chapter reformulated a nonlinear BOD-DO water-quality model using the Homotopy
Perturbation Method (HPM). The model incorporates a Michaelis—Menten-type saturation

functions that couples’ oxygen availability with biochemical degradation and deoxygenation
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processes. By introducing an embedding parameter and expanding the solution as a perturbation
series, the nonlinear initial-value problem is transformed into a sequence of linear correction
equations. The truncated HPM series provides an efficient analytical approximation for
investigating transient behaviour and parameter effects. Residual and numerical validation are
essential for assessing the accuracy and convergence range of the approximation. The
deterministic HPM solution also provides a useful benchmark for stochastic models. Future
extensions may consider alternative kinetics, multiple pollutants, time-dependent inputs,
fractional derivatives, delays, and stochastic differential equation.

8. Computational Implementation and Recommended Results

For practical implementation, the HPM calculation can be automated using symbolic algebra.
The workflow is: (i) specify the model parameters and initial conditions; (ii) compute ro; (iii)
generate x: and yi; (iv) expand the saturation function and generate r1, r> and higher coefficients;
(v) calculate the correction terms recursively; (vi) sum the required number of terms; and (vii)
evaluate residuals and compare with a numerical benchmark.

For a seven-page book chapter, the recommended figures are a phase-plane plot of the nonlinear
deterministic system, time histories of BOD and DO from the HPM approximation and
numerical solution, and an error or residual plot showing convergence as the number of HPM
terms increases. A compact parameter table should list k; = 0.15,k, = 0.5,q = 0.2,y c =
9.5,a = 0.35and k = 3 for the reference case. Additional cases may vary q, o or k to
demonstrate pollutant-loading and reaeration effects.

A particularly informative numerical experiment is to compare first-, second- and third-order
HPM approximations over a finite interval such as 0 <t < 100r 0 <t < 20. The resulting
curves can be compared against a high-accuracy numerical solution. If the error grows with time,
the interval can be shortened or a higher-order HPM approximation can be used. For long-time
dynamics, a piecewise or multi-stage HPM strategy may be adopted, in which the endpoint of
one local approximation becomes the initial condition for the next interval.

The computational results should report the residual norm, maximum absolute error and, where
appropriate, relative error. This is preferable to presenting only graphical agreement. It also
makes the method reproducible and allows the HPM formulation to be compared objectively
with alternative analytical or semi-analytical techniques.

Conclusion

This chapter reformulated a nonlinear BOD-DO water-quality model using the Homotopy
Perturbation Method (HPM). The model incorporates a Michaelis—Menten-type saturation
functions that couples’ oxygen availability with biochemical degradation and deoxygenation
processes. By introducing an embedding parameter and expanding the solution as a perturbation

series, the nonlinear initial-value problem is transformed into a sequence of linear correction
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equations. The truncated HPM series provides an efficient analytical approximation for

investigating transient behaviour and parameter effects. Residual and numerical validation are

essential for assessing the accuracy and convergence range of the approximation. The

deterministic HPM solution also provides a useful benchmark for stochastic models. Future

extensions may consider alternative kinetics, multiple pollutants, time-dependent inputs,

fractional derivatives, delays, and stochastic differential equations.
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Abstract

Soil and water resources are fundamental to ecosystem functioning, agricultural productivity,
biodiversity conservation and human well-being. However, increasing climate variability, land
degradation, declining soil fertility, water scarcity and unsustainable land-use practices have
substantially reduced the resilience of natural and managed ecosystems across the globe.
Sustainable management of these interconnected resources requires integrated strategies that
simultaneously enhance soil health, improve water-use efficiency, restore degraded landscapes
and strengthen ecosystem resilience. Soil physical, chemical and biological properties regulate
hydrological processes, nutrient cycling, carbon sequestration and biological productivity,
making their conservation essential for maintaining ecosystem stability under changing climatic
conditions. Integrated Water Resource Management (IWRM), watershed management,
conservation agriculture, climate-smart agriculture and nature-based solutions provide practical
frameworks for improving resource-use efficiency while supporting environmental
sustainability. Advances in precision agriculture, remote sensing, artificial intelligence, the
Internet of Things (IoT), digital twins, robotics, blockchain technology, genomics, CRISPR-
based genome editing and environmental DNA (eDNA) have further strengthened the capacity
for real-time monitoring, data-driven decision-making and climate adaptation. Nevertheless,
challenges including climate uncertainty, land degradation, fragmented policies, financial
limitations, technological disparities and inadequate environmental data continue to constrain the
effective implementation of sustainable resource management practices. Future research should
focus on integrated ecosystem modelling, circular bio-economy approaches, carbon-neutral
agriculture, biodiversity conservation, nature-based solutions and the One Health framework to
strengthen the resilience of coupled soil-water systems. The integration of ecological principles
with technological innovation and evidence-based policy will be essential for ensuring long-term
food security, water security, environmental sustainability and the achievement of global
Sustainable Development Goals in an era of rapid environmental change.

Keywords: Water Management, Soil Health, Climate Resilience, Sustainable Ecosystems,

Precision Agriculture.
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1. Introduction

Soil and water are the two most essential natural resources that sustain life on Earth. They
support agricultural production, maintain biodiversity, regulate ecological processes and provide
a wide range of ecosystem services that are fundamental to human well-being. Healthy soils
supply plants with water, nutrients and physical support, while water drives biological, chemical
and physical processes that influence plant growth, soil fertility and ecosystem productivity.
Together, these resources form the foundation of food security, environmental quality and
economic development. Their close interaction governs nutrient cycling, carbon storage,
groundwater recharge and the stability of terrestrial ecosystems. As global demand for food,
water and energy continues to increase, the sustainable management of soil and water resources
has become one of the most important environmental priorities of the twenty-first century.
Despite their immense value, both soil and water resources are under unprecedented pressure.
Population growth, rapid urbanization, industrial expansion, deforestation, intensive farming and
unsustainable land-use practices have accelerated the degradation of natural resources across
many regions of the world. Soil erosion, declining organic matter, salinity, nutrient depletion,
compaction and contamination have reduced the productive capacity of agricultural lands, while
excessive extraction of groundwater and pollution of surface water bodies have intensified water
scarcity. These problems are further aggravated by climate change, which has altered rainfall
patterns, increased the frequency of droughts and floods and intensified temperature extremes.
Such changes not only threaten agricultural productivity but also reduce the resilience of
ecosystems and the livelihoods of millions of people who depend directly on natural resources.
Global assessments indicate that a significant proportion of the world's agricultural land has
already experienced varying degrees of degradation. Productive topsoil is being lost faster than it
can be naturally regenerated, resulting in reduced crop yields, lower water-holding capacity and
declining soil biodiversity. At the same time, freshwater resources are becoming increasingly
limited due to growing demand from agriculture, industry and urban populations. Agriculture
alone accounts for nearly 70% of global freshwater withdrawals, making efficient water
management an essential component of sustainable food production. These challenges emphasize
that soil and water cannot be managed independently because changes in one resource inevitably
affect the other. A decline in soil quality reduces water infiltration and storage, while poor water
management accelerates soil degradation through erosion, salinization and nutrient losses.

Recent advances in science and technology have created new opportunities for improving the
management of natural resources. Remote sensing, geographic information systems (GIS),
unmanned aerial vehicles (UAVs), artificial intelligence (AlI), machine learning, Internet of
Things (IoT)-based sensors and decision-support systems are enabling continuous monitoring of

soil and water conditions with greater accuracy and efficiency. These digital tools facilitate
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precision agriculture, optimize irrigation scheduling, and support evidence-based decision-
making at farm, watershed and and scape scales. At the same time, conservation agriculture,
agroforestry, watershed development, rainwater harvesting and nature-based solutions are
increasingly being adopted as practical approaches to enhance soil health, improve water-use
efficiency and restore degraded ecosystems.
The importance of integrated soil and water management extends beyond agriculture and
environmental conservation. It contributes directly to global efforts to achieve sustainable
development by improving food security, protecting freshwater resources, mitigating climate
change through carbon sequestration, restoring degraded land scapes and conserving
biodiversity. Consequently, integrated research has become an important component of
international initiatives aimed at addressing interconnected environmental challenges while
supporting sustainable livelihoods.
This chapter examines the scientific basis and practical applications of integrated water and soil
research for resilient and sustainable ecosystems. It reviews the interactions between soil and
water, discusses the impacts of climate change and land degradation, highlights recent
technological innovations and presents sustainable management strategies that enhance
ecosystem resilience. The chapter also identifies emerging research priorities and policy
directions that can strengthen the sustainable use of natural resources and contribute to achieving
long-term environmental and developmental goals.
2. Water-Soil Interactions in Ecosystems
2.1 Soil Physical Properties
The physical properties of soil determine its capacity to store and transmit water, supply air to
plant roots, support root growth and sustain biological activity. These properties strongly
influence agricultural productivity, hydrological processes and the overall resilience of terrestrial
ecosystems. Changes in soil physical conditions, whether caused by natural factors or human
activities, directly affect water availability, nutrient dynamics and ecosystem functioning.
Understanding these properties is therefore fundamental for designing sustainable soil and water
management strategies.
Soil Texture
Soil texture refers to the relative proportion of sand, silt and clay particles in a soil. It is one of
the most stable soil characteristics because it is largely determined by the parent material and the
weathering process. Texture governs many important soil functions, including water retention,
infiltration, drainage, aeration and nutrient availability. Soil texture also influences microbial
activity, susceptibility to erosion and irrigation requirements. Although texture cannot be altered
easily, understanding it helps determine appropriate land-use practices, irrigation schedules and

soil management strategies.
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Figure 1: The soil-crop-atmosphere system
Bulk Density
Bulk density is defined as the mass of dry soil per unit volume, including both soil particles and
pore spaces and is usually expressed in g cm™. It serves as an important indicator of soil
compaction and physical health. Bulk density varies with soil texture, organic matter content and
land management practices. Increasing soil organic matter through compost application, green
manuring, crop residue incorporation and reduced tillage can effectively lower bulk density and
improve soil quality over time.
Porosity
Porosity represents the proportion of soil volume occupied by pore spaces and is commonly
expressed as a percentage of the total soil volume. These pores store water and air, both of which
are essential for plant growth and microbial processes. Soil pores are broadly classified into
macropores and micropores. Macropores facilitate rapid movement of water and air, improving
drainage and aeration, whereas micropores retain water that can be gradually absorbed by plant
roots. A balanced distribution of both pore types provides optimum conditions for healthy root

development and efficient soil functioning.
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2.2 Soil Chemical Properties
The chemical properties of soil largely determine its fertility, nutrient availability, buffering
capacity and overall suitability for plant growth. These properties regulate numerous biological
and biochemical processes that influence agricultural productivity, water quality and ecosystem
sustainability. Unlike physical characteristics, soil chemical properties are highly dynamic and
can change over time due to natural processes, climatic conditions, vegetation and land
management practices. Understanding these characteristics is essential for developing integrated
soil and water management strategies that enhance crop productivity while conserving natural
resources.
Soil pH
Soil pH is one of the most important indicators of soil chemical health because it influences
almost every chemical and biological process occurring within the soil. Regular soil testing
enables farmers to monitor pH and implement appropriate corrective measures. Acidic soils can
be improved through liming materials such as agricultural limestone, whereas alkaline soils may
be managed by applying elemental sulfur, gypsum where appropriate, organic amendments and
adopting balanced nutrient management practices.
Soil Organic Carbon
Soil organic carbon (SOC) is widely recognized as one of the most reliable indicators of soil
quality and ecosystem health. It represents the carbon stored in decomposed plant residues,
microbial biomass, root exudates and humified organic matter. Besides serving as a reservoir of
nutrients, organic carbon improves soil structure, enhances water-holding capacity, increases
cation exchange capacity and supports diverse microbial communities. Unfortunately,
continuous cultivation, excessive tillage, residue burning and poor land management have
resulted in substantial losses of soil organic carbon in many agricultural regions.
Nutrient Cycling
Nutrient cycling refers to the continuous transformation, movement and recycling of essential
elements between soil, plants, microorganisms, water and the atmosphere. This dynamic process
maintains soil fertility and ensures the sustained availability of nutrients required for plant
growth. Both macro-elements, including nitrogen (N), phosphorus (P) and potassium (K)and
micronutrients such as zinc (Zn), iron (Fe), boron (B)and copper (Cu) participate in complex
biochemical cycles. Precision nutrient management and site-specific fertilizer recommendations
further improve nutrient recovery and reduce losses through runoff, volatilization and leaching.
2.3 Soil Biological Processes
Soil is a living system that supports an extraordinary diversity of organisms, ranging from
microscopic bacteria and fungi to larger organisms such as earthworms, insects and nematodes.

These organisms continuously interact with plant roots and the surrounding environment, driving
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the biological processes that sustain soil fertility and ecosystem functioning. The biological
component of soil is responsible for decomposing organic residues, recycling nutrients,
improving soil structure, suppressing pathogens and maintaining ecological balance. The
intensity and efficiency of these processes are influenced by soil moisture, temperature, pH,
organic matter content and management practices. Consequently, preserving soil biological
health has become a central objective of sustainable agriculture and ecosystem restoration.

Soil Microorganisms

Despite making up a tiny fraction of total soil mass, microorganisms such as bacteria, fungi,
actinomycetes, algae, archaea, protozoa, and viruses are the most active drivers of soil nutrient
cycles. Bacteria break down simple organic compounds and manage key processes like nitrogen
fixation, phosphorus solubilization, and plant growth stimulation, often forming symbiotic
relationships with plants (e.g., Rhizobium in legumes). Fungi excel at decomposing complex
materials like cellulose and lignin, while mycorrhizal fungi partner with roots to boost water and
nutrient absorption while protecting against drought and disease. Because microbial abundance
depends heavily on organic matter and moisture, sustainable farming practices like crop rotation,
reduced tillage, and composting foster these vital communities, whereas heavy chemical use and
intensive cultivation degrade them.

Earthworms

As "ecosystem engineers," earthworms improve soil structure and fertility by feeding on organic
matter and creating extensive underground burrows. Their nutrient-rich casts supply plants with
concentrated nitrogen, phosphorus, and potassium, while their burrowing creates vital channels
that enhance soil aeration, water infiltration, and root expansion. Additionally, by fragmenting
organic residues, earthworms accelerate decomposition, stimulate beneficial microbial activity,
and speed up humus formation, making thriving earthworm populations a key indicator of
healthy, low-disturbance soils.

The Rhizosphere

The rhizosphere is the highly dynamic soil zone directly surrounding plant roots, fueled by
energy-rich root exudates such as sugars, organic acids, and enzymes that support dense
microbial populations. Key organisms like Plant Growth-Promoting Rhizobacteria (PGPR) and
mycorrhizal fungi thrive here, enhancing plant health by fixing nitrogen, solubilizing nutrients,
and building resilience against environmental stresses like drought and salinity. Beyond nutrient
supply, this vibrant zone acts as a natural defense system, where beneficial microbes outcompete
pathogens and produce antimicrobial compounds to suppress disease, offering a sustainable,

biological alternative to synthetic agricultural chemicals.
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3. Climate Change and Ecosystem Resilience
Climate change poses a major threat to global ecosystems and agriculture by altering
temperature, precipitation, and ecological processes, disrupting the vital balances between soil,
water, plants, and microorganisms. Building ecosystem resilience the capacity of natural and
managed systems to absorb these climatic shocks and recoverdepends on maintaining healthy
soils, rich biodiversity, and stable nutrient and water cycles. Because degraded lands are far more
vulnerable to climate stress, sustainably managing soil and water resources is essential for
safeguarding global food security and ensuring long-term environmental adaptation.
3.1 Climate Impacts on Soil and Water Resources
Climate change severely disrupts the soil-water—plant system, creating a cascade of
environmental stresses through unpredictable extremes. Droughts reduce soil moisture and
groundwater while slowing microbial nutrient cycling, leaving dry soils compacted and
vulnerable to erosion. Conversely, heavy flooding waterlogs soils, suffocating root systems,
stripping away fertile topsoil, and washing agricultural pollutants into waterways. Compounding
these issues, rising temperatures accelerate moisture evaporation, stress plant metabolism, and
suppress beneficial soil biology. Together, extreme rainfall, high winds, and heat drive topsoil
erosion and cause severe nutrient losses via leaching, runoff, and greenhouse gas emissions.
Ultimately, these interconnected pressures diminish agricultural yields, compromise water
quality, and highlight the urgent need for adaptive land and water management.

Integration of Policies CSA Outputs
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Figure 2: Conceptual Framework of Climate-Smart Agriculture

3.2 Adaptation Strategies for Building Ecosystem Resilience

Sustainable land management offers actionable strategies to counter climate change by boosting
ecosystem resilience, protecting soil health, and conserving water. Conservation Agriculture
builds soil structure, minimizes erosion, and retains moisture through reduced tillage, permanent
ground cover, and crop rotation. Complementing this, Climate-Smart Agriculture (CSA) fuses
location-specific techniques with digital tools like Al and climate forecasting to optimize yields,

adapt to extreme weather, and curb emissions. To maintain soil fertility sustainably, Integrated
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Nutrient Management (INM) blends synthetic fertilizers with organic inputs and bio-fertilizers,
enhancing root growth and preventing nutrient runoff. On the water front, Water Harvesting
structures (such as check dams and farm ponds) capture excess rainfall to recharge groundwater
and provide critical irrigation during dry spells. Finally, Agroforestry incorporates trees into
agricultural landscapes to reduce wind erosion, moderate soil temperatures, sequester carbon,
and diversify farm income creating a resilient, nature-based buffer against climate variability.

3.3 Toward Climate-Resilient Ecosystems

Building resilient ecosystems requires a holistic strategy that connects healthy, organic-rich soils,
efficient water conservation, and rich biodiversity with advanced digital tools such as remote
sensing, Al, and climate modeling to proactively manage environmental risks. Long-term
success depends on ecosystem-based adaptation, landscape restoration, and science-backed
policy, backed by strong collaboration between scientists, policymakers, and local communities
to safeguard global food security and natural resources.

4. Integrated Water Resource Management (IWRM)

As population growth, urbanization, and climate change intensify pressure on finite water
supplies, traditional, piecemeal water management has led to inefficiency and environmental
damage. In response, Integrated Water Resource Management (IWRM) offers a holistic
framework that coordinates the development and management of water, land, and related natural
resources. By linking hydrological processes with agricultural practices, land use, and
biodiversity, IWRM aims to maximize economic and social welfare while safeguarding vital
ecosystems, resolving user conflicts, and building climate resilience.

4.1 Principles of Integrated Water Resource Management

Integrated Water Resource Management (IWRM) rests on five core pillars that balance
economic, social, and environmental needs across connected landscapes:

o Stakeholder Participation: Involves farmers, local communities, water-user groups, and
policymakers in decision-making to build trust, incorporate local knowledge, and ensure
long-term community ownership.

e Basin-Scale Planning: Manages water within natural watershed boundaries rather than
political borders, coordinating upstream and downstream needs to prevent user conflicts
and preserve whole ecosystems.

o Efficient Water Allocation: Uses data-driven models, modern irrigation scheduling,
wastewater reuse, and demand management to optimize water use especially in
agriculture without exceeding environmental limits.

e Equity: Guarantees fair access to water resources across rural and urban zones,

smallholder and commercial farms, and marginalized or underrepresented populations.
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Environmental Sustainability: Prioritizes nature's needs by preserving environmental
flows, restoring wetlands, and protecting watersheds to keep natural ecosystems

functioning and water sources secure.

4.2 Water Management Technologies

Technological innovations in water management maximize agricultural productivity while

conserving limited freshwater and building climate resilience:

Drip Irrigation: Delivers water and nutrients directly to crop roots via controlled
emitters, drastically reducing evaporation, deep percolation, and weed growth.

Sprinkler Irrigation: Mimics natural rainfall using pressurized systems to ensure
uniform water application across varied terrains and soil types.

Deficit Irrigation: Strategically reduces water delivery during non-critical crop growth
stages to maximize yield per unit of water used rather than land area.

Rainwater Harvesting: Captures surface runoff using farm ponds, check dams, and
trenches to supply supplemental irrigation and mitigate soil erosion.

Managed Aquifer Recharge (MAR): Intentionally redirects surplus surface water or
treated wastewater underground to replenish depleted water tables and secure

groundwater supplies during droughts.

5. Soil Health for Sustainable Ecosystems

Healthy soil forms the foundation of sustainable ecosystems by supporting plant growth,

regulating water movement, recycling nutrients, storing carbon, and sustaining biological

diversity. A healthy soil possesses balanced physical, chemical, and biological properties that

enable it to resist degradation, recover from disturbances, and maintain environmental quality

over the long term.
5.1 Indicators of Soil Health

Because soil functions depend on interacting processes, a combination of physical, chemical, and

biological indicators is required for evaluation:

Soil Organic Carbon (SOC): Regarded as the premier indicator; it improves aggregate
stability, water-holding capacity, nutrient retention, and microbial activity while driving
carbon sequestration.

Aggregate Stability: Reflects the ability of soil particles to resist dispersion from water
or wind, ensuring high infiltration and minimal surface crusting or erosion.

Biological Activity: Evaluated through microbial biomass carbon, respiration rates,
enzyme activity, and earthworm populations, which collectively regulate decomposition

and pathogen suppression.

55



Bhumi Publishing, India
July 2026

Nutrient Availability: Measures the balanced supply of macro- and micronutrients
needed for vigorous crop growth without environmental leaching or volatilization.
Soil Biodiversity: Highlights the diversity of soil organisms, ensuring functional

redundancy and ecosystem recovery after severe environmental stresses.

6. Precision Agriculture and Digital Technologies

Precision agriculture replaces uniform field practices with data-driven, site-specific management

based on localized crop, soil, and microclimate variations.

6.1 Remote Sensing

Satellite Imagery: Uses multispectral vegetation indices (NDVI, EVI, SAVI) to track
crop vigor, soil moisture, salinity, and drought stress over wide areas.

Unmanned Aerial Vehicles (UAVs): Drone platforms capture ultra-high-resolution
imagery to detect weed patches, nutrient deficits, and early disease outbreaks at the plant
level.

LiDAR: Active laser scanning penetrates dense plant canopies to yield precise 3D

elevation models for land leveling, drainage design, and erosion mapping.

6.2 Artificial Intelligence & IoT

Machine & Deep Learning: Algorithmic models process historical and image-based
data for crop yield forecasting, automatic pest identification, and disease diagnosis.
Decision Support Systems (DSS): Software platforms synthesize sensor feeds, weather
alerts, and crop models to guide optimal planting, fertigation, and harvest timing.
Internet of Things (IoT): Real-time networks connecting soil moisture probes, weather
stations, and automated valves directly to cloud platforms for dynamic, automated

irrigation.

7. Watershed Management

A watershed serves as a natural hydrological planning unit. Integrated watershed management

coordinates soil, water, and vegetation conservation within a drainage basin to boost agricultural

output and rural livelihoods.

7.1 Key Conservation Interventions

Ridge-to-Valley Approach: A sequential management strategy where upper catchment
slopes are treated first (afforestation, trenching) before building lower basin structures,
systematically intercepting runoff.

Check Dams: Small barriers across drainage channels that reduce stream velocity, drop
sediment loads, and recharge shallow groundwater aquifers.

Contour Bunding: Earthen embankments built along elevation contours on slopes to

capture surface runoff, prevent rill erosion, and increase soil water storage.
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Farm Ponds: On-farm rainwater catchment basins that provide critical supplemental
irrigation during dry spells while aiding local groundwater seepage.

Vegetative Barriers: Strips of dense plants (e.g., vetiver grass) established along

contours to slow runoff, stabilize slopes, and trap eroded topsoil.

8. Sustainable Agriculture

Sustainable agricultural practices integrate ecological concepts into farm operations to preserve

soil health while ensuring economic yield.

Crop Diversification: Utilizes rotations, intercropping, and cover crops to break
pest/pathogen life cycles and enhance nutrient-use efficiency.

Organic Farming: Excludes synthetic chemicals, relying instead on manures, green
manures, and biological controls to build natural soil organic matter.

Integrated Pest Management (IPM): Combines biological control agents, resistant
varieties, and monitoring tools to manage pests below economic injury levels.

Integrated Nutrient Management (INM): Blends organic inputs, biofertilizers, and
targeted mineral fertilizers to maximize nutrient efficiency and eliminate runoff.
Conservation Tillage: Reduces or eliminates tillage while maintaining at least 30% soil

residue cover, preserving microbial networks and aggregate structure.

9. Emerging Technologies for Sustainable Management

Next-generation innovations are revolutionizing precision resource conservation:

Digital Twins: Virtual replicas of farm plots or watersheds that simulate soil-water-crop
dynamics in real time to optimize resource decisions safely.

Big Data Analytics: Synthesizes spatial, satellite, and historical weather data to power
regional risk maps and accurate drought forecasting.

Al-Based Irrigation: Neural networks evaluate evapotranspiration data and soil
moisture probes to adjust automated watering schedules dynamically.

Robotics: Autonomous field drones and rovers execute precise weed control, variable-
rate spraying, and localized soil testing.

Blockchain: Decentralized ledgers track water allocations, chemical applications, and
organic certifications transparently from farm to consumer.

Genomics & CRISPR: Rapid gene-editing tools tailored to develop crop varieties with
deeper root structures, high nutrient efficiency, and drought tolerance.

Environmental DNA (eDNA): Evaluates soil microbial health and macro-biodiversity

directly from extracted soil or water genetic fragments without organism isolation.

10. Challenges in Achieving Resilient Ecosystems

Despite technical advances, several systemic barriers hinder global adoption:
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e Climate Uncertainty: Unpredictable weather shifts complicate long-term watershed
infrastructure designs.
e Land Degradation: Widespread erosion, salinization, and loss of biological life lower
baseline soil resilience.
e Population Pressure: Expanding urban footprint and high food demands drive
agricultural intensification onto fragile lands.
e Policy & Institutional Fragmentation: Isolated management of water, forest, and
agriculture across separate administrative bodies limits watershed-scale initiatives.
¢ Financial & Adoption Barriers: High upfront costs for smart equipment and lack of
extension services hinder adoption among smallholder farmers.
e Data Integration Deficits: Inconsistent environmental monitoring networks and
restricted data sharing slow down regional planning.
11. Future Perspectives & Conclusion
Addressing environmental stresses requires an interdisciplinary shift toward unified resource
management through Ecosystem-Based Adaptation, which prioritizes nature-based solutions like
agroforestry and wetland restoration to buffer changing regional climates and Carbon-Neutral
Farming, which focuses on precise nutrient application and residue retention to transform
agricultural lands into net carbon sinks. Central to this approach is the One Health
Interconnection, which links soil biological quality directly to food nutrient density,
environmental safety and human health by recognizing that vibrant soil ecosystems foster
nutrient-dense crops, suppress harmful pathogens and safeguard clean water resources.
Ultimately, sustainable ecosystem management in the 21st century rests on combining biological
soil management, precision digital technology, and inclusive watershed governance , a unified
toolkit essential for building resilient agricultural landscapes capable of ensuring long-term food,
water and climate security.
References
1.  Food and Agriculture Organization of the United Nations. (2021). The state of the world's
land and water resources for food and agriculture: Systems at breaking point (SOLAW
2021). FAO.
2. Intergovernmental Panel on Climate Change. (2021). Climate change 2021: The physical
science basis. Cambridge University Press.
3. Intergovernmental Panel on Climate Change. (2022). Climate change 2022: Impacts,
adaptation and vulnerability. Cambridge University Press.
4.  Intergovernmental Panel on Climate Change. (2023). Climate change 2023: Synthesis
report. IPCC.

58



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Water, Soil and Resilience: Research for Sustainable Ecosystems
(ISBN: 978-93-47587-62-7)

United Nations Environment Programme. (2021). Becoming #GenerationRestoration:
Ecosystem restoration for people, nature and climate. UNEP.
United Nations Convention to Combat Desertification. (2022). Global land outlook 2:
Land restoration for recovery and resilience. UNCCD.
Food and Agriculture Organization of the United Nations. (2022). The state of food and
agriculture 2022: Leveraging automation in agriculture. FAO.
Food and Agriculture Organization of the United Nations. (2023). The status of the world's
soil resources: Regional assessment update. FAO.
World Meteorological Organization. (2023). State of global water resources 2022. WMO.
United Nations World Water Assessment Programme. (2024). United Nations world water
development report 2024: Water for prosperity and peace. UNESCO.
Lal, R. (2021). Restoring soil quality to mitigate soil degradation. Sustainability, 13(21),
11942.
Lal, R. (2022). Soil carbon sequestration and ecosystem restoration. Journal of Soil and
Water Conservation, 77(2), 45A-52A.
Borrelli, P., Robinson, D. A., Fleischer, L. R., ef al. (2021). Soil erosion and conservation
in the Anthropocene. Nature Reviews Earth & Environment, 2(10), 691-706.
Bossio, D. A., Cook-Patton, S. C., Ellis, P. W., ef al. (2021). The role of soil carbon in
natural climate solutions. Nature Sustainability, 4(5), 391-398.
Minasny, B., Malone, B. P., McBratney, A. B., et al. (2021). Soil carbon 4 per mille.
Geoderma, 292, 59-86.
Bouma, J. (2022). Precision agriculture and sustainable soil management. Geoderma, 424,
115975.
Keesstra, S., Mol, G., de Leeuw, J., et al. (2022). Nature-based solutions for resilient
landscapes. Science of the Total Environment, 804, 150152.
Lehmann, J., Bossio, D. A., Kogel-Knabner, 1., & Rillig, M. C. (2021). The concept and
future prospects of soil health. Nature Reviews Earth & Environment, 2(4), 271-286.
Smith, P., House, J. 1., Bustamante, M., et al. (2022). How soil contributes to climate
mitigation. Science, 378(6623), 1034—-1039.
Bhaduri, A., Bogardi, J., Leentvaar, J., & Marx, S. (2023). Handbook of water resources
management. Springer.
Zhang, C., Walters, D., & Kovacs, J. M. (2021). Applications of low-altitude remote
sensing in agriculture. Remote Sensing, 13(4), 642.
Liakos, K. G., Busato, P., Moshou, D., Pearson, S., & Bochtis, D. (2022). Machine

learning in agriculture: A review. Sensors, 22(3), 1112.

59



Bhumi Publishing, India
July 2026

23.

24.

25.

26.

27.

28.
29.

30.

Wolfert, S., Ge, L., Verdouw, C., & Bogaardt, M. J. (2022). Big data in smart farming.
Agricultural Systems, 187, 103016.

Javaid, M., Haleem, A., Singh, R. P., et al. (2023). Artificial intelligence applications for
sustainable agriculture. Sustainable Operations and Computers, 4, 1-12.

Benke, K., & Tomkins, B. (2022). Future food-production systems and robotics. Futures,
83,44-51.

Tripathi, S., Singh, R., & Kumar, V. (2023). Internet of Things-enabled precision
irrigation: A review. Computers and Electronics in Agriculture, 205, 107650.

Singh, J., Singh, A., & Sharma, P. (2024). Digital twins for smart agriculture: Recent
advances and future prospects. Computers and Electronics in Agriculture, 218, 108618.
United Nations. (2023). The Sustainable Development Goals report 2023. United Nations.
Convention on Biological Diversity. (2022). Kunming—Montreal Global Biodiversity
Framework. CBD Secretariat.

Millennium Ecosystem Assessment Board. (2023). Ecosystem restoration and resilience in

a changing climate. Springer.

60



Water, Soil and Resilience: Research for Sustainable Ecosystems
(ISBN: 978-93-47587-62-7)

EFFECT OF CONSERVATION AGRICULTURE ON

SOIL MOISTURE DYNAMICS AND CARBON SEQUESTRATION
Ashwini C Patil, Amruta A Joshi and Vijayalaxami S Shelke

R. C. Patel Arts, Commerce and Science College, Shirpur

Corresponding author E-mail: patilash201991 @gmail.com, payasvaidya@gmail.com,

vijayalaxamisshelke@gmail.com

Abstract

Water shortage and loss of soil carbon are two of the biggest problems facing farming today, and
both are getting worse as rainfall patterns become less predictable under a changing climate.
Conservation agriculture (CA), built around minimum tillage, permanent soil cover through crop
residue or mulch, and crop rotation or intercropping, is widely promoted as a way to deal with
both problems at the same time. This review pulls together recent field and modelling studies
(mostly from the last five years) to look at how CA changes soil moisture behaviour and soil
carbon storage compared with conventional tillage. Across dryland and semi-arid systems in
China, India, Africa and North America, no-till and reduced-till systems consistently hold more
water in the top 0-30 cm of soil, cut down evaporation losses during fallow periods, and improve
water-use efficiency of crops such as wheat, maize and cotton. The gains are largest in drier
years and smaller, though still positive, in wetter years, which suggests CA acts as a buffer
against rainfall variability rather than a fixed percentage improvement. On the carbon side,
undisturbed soil surface and continuous residue input raise soil organic carbon (SOC) mainly in
the upper soil layer, largely because tillage is no longer breaking apart soil aggregates that
protect organic matter from microbial attack. However, the review also flags real disagreement
in the literature: gains measured on an equal-depth basis are often much smaller than gains
reported on a fixed-depth basis, and the carbon added under no-till is not always stable if farmers
go back to ploughing. Soil moisture and carbon are not independent; wetter soil under CA
supports more microbial activity and root growth, which feeds back into higher carbon inputs,
but too much moisture can also push emissions of methane and nitrous oxide upward. The
review ends by identifying gaps around long-term deep-soil carbon accounting, region-specific
thresholds, and the need for combined moisture-carbon monitoring networks, and proposes
objectives and a monitoring framework for future research in this direction.

Keywords: Conservation Agriculture, Soil Moisture Dynamics, Carbon Sequestration, No-Till,
Soil Organic Carbon, Water Use Efficiency, Sustainable Soil Management.

1. Introduction

Soil is often talked about only in terms of what it grows, but it is also one of the largest stores of

carbon on land and the main reservoir that crops draw water from between rainfall events.
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Conventional farming, with its repeated deep ploughing, leaves soil exposed, breaks down
natural aggregates, and speeds up the loss of both water and organic carbon. Over decades, this
has left many agricultural soils across the world thinner in organic matter and less able to hold on
to rainfall, a pattern documented across dryland systems in Asia, Africa, and the Americas.
Conservation agriculture (CA) was developed as a direct response to this problem. It rests on
three linked principles: minimal mechanical soil disturbance, permanent soil cover using crop
residue, stubble, or cover crops, and diversified crop rotation. None of these three works
particularly well on its own; it is the combination that changes how soil behaves over time.
Leaving residue on the surface slows evaporation and reduces the force of raindrop impact, no-
till preserves the pore structure that lets water infiltrate rather than run off, and rotation keeps a
more continuous supply of organic material feeding into the soil [3].

Two outcomes of CA have drawn particular research attention in the last few years: how it
changes soil moisture storage and dynamics, and how it changes soil organic carbon (SOC) and
the wider carbon sequestration potential of farmland. Both matter for climate adaptation and
mitigation at the same time. Better moisture retention buffers crop against dry spells that are
becoming more frequent in many regions, while higher SOC represents a genuine, if debated,
contribution to pulling atmospheric carbon dioxide back into the land [8].

Soil moisture and soil carbon are not separate stories; they interact constantly. Moist soil
supports more microbial biomass and root growth, which increases the organic material entering
the soil carbon pool, while higher organic matter itself improves the soil's water-holding
capacity, creating a loop that can work for or against sustainability depending on management
[3]. Recent long-term field trials from the Loess Plateau in China, the Mississippi Delta in the
United States, and smallholder systems in Malawi and India all point in a broadly similar
direction, though the size of the effect varies a lot with soil texture, rainfall pattern, and how long
the CA system has been running [5,1,6].

This review brings together this recent evidence to build a clearer, more current picture of how
conservation agriculture affects soil moisture dynamics and carbon sequestration, and to identify
where the evidence is still thin or contradictory.

2. Review of Literature

2.1 Conservation Agriculture and Soil Moisture Retention

A large body of recent tillage research shows a fairly consistent pattern: soils under no-till or
reduced tillage hold more water in the upper profile than conventionally tilled soils, and the size
of that advantage depends heavily on how dry or wet the season is. A five-year field trial on
maize in a semi-arid setting found that no-till improved 0-30 cm soil water storage by only about

7% over rotary tillage in a drier year, but the advantage jumped to over 18% in a wetter year,
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showing that the benefit of no-till is not a fixed number but depends on how much rain is
available to be conserved in the first place [5].
Similar results turn up in wheat systems. A two-year study of long-term conservation tillage on
spring wheat in north-western China found that no-till and straw-return systems improved water
use efficiency by optimising root water uptake and reducing unproductive evaporation from the
soil surface, rather than simply by adding more water [5]. In maize grown in wind-eroded semi-
arid land in Liaoning province, combining no-till with full or half straw mulching noticeably
raised soil moisture during the crop's most sensitive growth stages and also cut down wind-
driven soil and sediment loss, giving both a moisture and an erosion-control benefit at the same
time.
Work on the Loess Plateau by Li et al. [5] compared continuous tillage against no-till,
subsoiling, and a combined no-till plus subsoiling treatment over a winter wheat-spring maize
rotation. All three conservation treatments reduced soil bulk density and improved water storage
during the fallow period compared to continuous tillage, with the no-till and combined
treatments performing best. Water use efficiency improved by up to 31% for spring maize under
the combined treatment, a fairly large gain for what is, in principle, a low-cost change in
management.
Outside China, Dhakal et al. [1] studied no-till cotton and sorghum systems in the Mississippi
River Alluvial Basin in the United States and found that no-tillage reduced surface runoff and
increased soil water storage relative to conventional tillage, and that adding a winter cover crop
further reduced runoff specifically within the no-till plots. The effect was clearer in the first year
of the study than the second, drier year, again pointing to the idea that CA's moisture benefit is
strongest when there is more rainfall to capture and retain rather than being a constant percentage
gain.
2.2 Conservation Agriculture and Soil Carbon Sequestration
On the carbon side, the evidence is broadly positive but comes with real caveats that the field has
only recently started taking seriously. Francaviglia, Almagro, and Vicente-Vicente [2] reviewed
the principles and policy angles of CA and SOC together, concluding that reduced tillage, cover
cropping, and residue retention can raise SOC stocks, especially in the surface layer, but that
outcomes vary a great deal with climate, soil type, and how long the practice has been in place.
Field-level evidence backs ythis up. Jaaraman et al. [4], working on a Vertisol (a heavy clay soil
common in parts of India), found that CA practices, meaning minimum disturbance combined
with residue retention above 30%, raised SOC and improved soil aggregation compared with
conventional tillage, while also affecting greenhouse gas emissions from the same plots.
Similarly, Yuan et al. [10], working in the Longzhong Loess Plateau region of China, reported

that sustainable conservation tillage strategies increased both soil nitrogen and carbon storage
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and improved the carbon pool management index relative to conventional practice, indicating
that the soil's overall organic matter quality, not just the total quantity, improved under CA.
Work from Malawi by Manzeke-Kangara et al. [6] is a useful reminder that these benefits are not
automatic everywhere. Comparing SOC and related soil properties under CA against
conventional fields in northern Malawi, the study found real but modest improvements under
CA, shaped strongly by local soil fertility constraints and how consistently smallholder farmers
were actually able to follow CA principles, since residue retention is difficult when livestock
also need fodder.

A recent and fairly pointed contribution by Rakkar, Deiss, and Dick [8] pushes back on how
some of these carbon gains are reported. They argue that when SOC change is measured on an
equal soil mass basis rather than a fixed depth basis, the apparent gain from long-term no-till can
shrink by half or disappear entirely, because no-till soils are typically denser than tilled soils at
the same depth. They also point out that a good share of the carbon added under no-till sits in a
relatively unstable, easily decomposed form, which can be lost quickly if a farmer returns to
ploughing. Their overall position is that CA is worth supporting for its soil health and resilience
benefits, but that its role as a dependable climate mitigation tool is more limited and short-term
than some earlier claims suggested.

2.3 The Soil Moisture-Carbon Feedback Loop

Hao et al. [3], in a wide-ranging review published in npj Climate and Atmospheric Science, set
out the mechanisms linking soil moisture to carbon and greenhouse gas dynamics in some detail.
Soil moisture affects carbon sequestration through three connected pathways: plant
photosynthesis and respiration, microbial activity, and the decomposition versus stabilisation of
organic matter. Their analysis found that carbon dioxide release from soil tends to follow a 'peak
and decline' pattern, rising with moisture up to around 40% water-filled pore space and then
falling off, whereas methane and nitrous oxide emissions keep rising up to much higher moisture
levels, around 60-80% and 80% water-filled pore space respectively. This matters directly for
CA, because practices that raise soil moisture too far towards saturation, for instance heavy
mulching combined with high rainfall, could unintentionally push up methane or nitrous oxide
emissions even while helping carbon storage.

This same review also confirms that CA, alongside agroforestry and better irrigation scheduling,
is one of the management options identified as effective for keeping soil moisture in the range
that favours carbon storage without tipping emissions of the other greenhouse gases upward,
which supports treating soil moisture and carbon sequestration as one interconnected system

rather than two separate outcomes to be optimised independently.
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2.4 Broader Reviews and Regional Variation
Sadiq et al. [9], reviewing CA for soil health management more generally, note that the practice's
benefits for both moisture and carbon are consistently reported but not universal, and depend on
getting the local combination of crop residue amount, rotation design, and soil type right rather
than following one fixed template. This lines up with the pattern seen throughout this review: CA
works, broadly, but the size and reliability of the benefit is very sensitive to local rainfall, soil
texture, and how strictly the three CA principles are actually followed on the ground.
3. Research Gap
Even with a good number of recent studies, several gaps stand out. Most soil moisture
measurements under CA are limited to the top 30-60 cm of soil, leaving deeper soil water
dynamics and their contribution to drought buffering poorly understood. Carbon accounting is
inconsistent across studies, since some report SOC on a fixed-depth basis and others on an equal-
mass basis, making direct comparison across the literature difficult and, per Rakkar, Deiss, and
Dick [8], sometimes overstating real gains. There is also limited long-term data (beyond 10-15
years) tracking whether SOC gains under CA are stable or whether they reverse quickly if tillage
resumes. Very few studies measure soil moisture and soil carbon together at the same site and
same time, which makes it hard to quantify the feedback loop between them rather than just
assuming it exists. Finally, most of the strongest field evidence comes from China, India, and the
United States; there is comparatively little rigorous, long-duration data from smallholder systems
in Sub-Saharan Africa and South Asia, where adoption barriers and outcomes may differ
substantially from mechanised commercial farms.
4. Objectives
Based on the gaps identified above, this review is guided by the following objectives:

e To synthesise recent (2020-2026) field and modelling evidence on how conservation
agriculture affects soil moisture storage, infiltration, and water use efficiency across
different climates and soil types.

e To evaluate the effect of conservation agriculture practices on soil organic carbon and
carbon sequestration potential, including a critical look at how measurement methods
affect reported gains.

e To examine the feedback relationship between soil moisture dynamics and carbon
sequestration under conservation agriculture, including where this relationship may work
against greenhouse gas mitigation goals.

e To identify priority areas and a practical framework for future field research that
addresses the gaps in long-term monitoring, deep-soil carbon accounting, and regional

representation.
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5. Materials and Methods

This is a narrative review rather than a formal systematic review or meta-analysis, and it draws
primarily on peer-reviewed literature published between 2020 and 2026, with a deliberate
emphasis on studies from the last two years. Sources were identified through targeted searches of
Scopus, Web of Science, and publisher databases including Nature Portfolio journals, Wiley
(Soil Science Society of America Journal, Journal of Environmental Quality), Frontiers, and
MDPI (Agriculture, Water, Soil Systems), using combinations of the terms conservation
agriculture, no-till, soil moisture, water use efficiency, soil organic carbon, and carbon
sequestration.

Priority was given to field-based studies with a stated experimental design (randomised block or
long-term trial), studies that reported quantitative soil moisture or SOC data rather than only
qualitative observations, and recent literature reviews or meta-analyses that could contextualise
individual field results within the wider body of evidence. Studies focused purely on laboratory
incubation without any field validation were used only to support mechanistic discussion, not as
primary evidence for the results section. Findings were grouped thematically into soil moisture
outcomes, carbon sequestration outcomes, and the moisture-carbon interaction, which is the
structure followed in the review of literature and results sections of this paper.

6. Results

Pulling the reviewed studies together, three broad patterns emerge. First, on soil moisture, no-till
and reduced-till systems consistently show higher soil water content in the upper 0-30 cm
compared with conventional tillage, with reported gains ranging from around 5% to over 18%
depending on rainfall in a given season [5]. The advantage is generally larger in drier years than
wetter ones in absolute percentage terms, though total water stored is naturally higher in wetter
years regardless of tillage system. Combining no-till with straw mulching or subsoiling tends to
outperform no-till alone, suggesting these practices are complementary rather than substitutes for
one another.

Second, on carbon, SOC and related soil carbon indicators are consistently higher under
conservation agriculture than under conventional tillage in the surface layer (roughly 0-15 or 0-
20 cm), across settings as different as Vertisols in India [4], the Loess Plateau in China [10], and
smallholder fields in Malawi [6]. However, the magnitude of the gain is smaller, and in some
cases disappears, when SOC is expressed on an equal-mass rather than fixed-depth basis [§8], and
gains in deeper soil layers are rarely reported at all, since most sampling stops at 20-30 cm.
Third, the moisture and carbon outcomes are linked rather than independent, as set out by Hao et
al. [3]: soils with better moisture retention under CA support greater microbial and root activity,
feeding more organic matter into the SOC pool, while higher SOC in turn improves aggregate

stability and water-holding capacity. This feedback appears to reinforce itself positively in most
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of the reviewed dryland and semi-arid contexts, but the same review cautions that pushing soil
moisture too high, for instance through excessive mulching in already wet climates, can shift the
balance towards higher methane and nitrous oxide emissions rather than continued CO2
sequestration.
7. Discussion
Taken together, the evidence supports the general claim that conservation agriculture improves
both soil moisture retention and soil carbon storage, but it also pushes back against treating these
as simple, guaranteed, or uniform benefits. The moisture benefit looks the most robust and
consistent across the literature, largely because the physical mechanism, reduced evaporation and
better infiltration from an undisturbed, residue-covered surface, is straightforward and well
demonstrated across very different climates and crops. Where studies disagree is mainly on
magnitude, which depends on rainfall timing, soil texture, and how long the system has been
under CA. The carbon story is more contested. It is not that conservation agriculture fails to raise
SOC; nearly every recent field study reviewed here reports some increase in the surface layer.
The disagreement is about how large and how durable that increase really is, and whether it
should be counted as genuine long-term carbon sequestration or as a soil health improvement
that happens to involve more carbon. Rakkar, Deiss, and Dick [8] make a strong case that
measurement choices (fixed depth versus equal mass) and the lability of the added carbon both
matter enormously for how the numbers should be interpreted, and that policy or carbon-credit
schemes built on fixed-depth SOC comparisons risk overstating what CA delivers as a climate
mitigation tool.
The interaction between moisture and carbon, as described by Hao e al. [3], adds a further layer
that is easy to overlook if moisture and carbon are studied in isolation, which is still the more
common approach. A conservation agriculture system that is very effective at retaining moisture
is, almost by definition, also changing the balance between aerobic and anaerobic microbial
processes in the soil, which has consequences for methane and nitrous oxide emissions that a
study only measuring SOC would never capture. This suggests future evaluations of CA should
report a fuller greenhouse gas balance rather than SOC gains alone, especially in wetter climates
or heavily mulched systems where anaerobic pockets are more likely to form. Regional variation
also deserves more attention than it usually gets. The strongest, most consistent results in this
review come from mechanised systems in China and the United States, with generally favourable
soil types and reasonably resourced research infrastructure. The Malawi study included here
shows smaller and more variable gains under real smallholder conditions, where residue
retention competes with livestock feed needs and rotation options are constrained by what
farmers can access and afford. This suggests that CA's benefits, while real, are not automatically

transferable across farming systems without adapting the practice to local constraints.
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8. Future Perspectives
Future research would benefit from longer-duration trials, ideally running 15-20 years or more,
that track both soil moisture and SOC at multiple depths (including below 30 cm) at the same
sites, so that the moisture-carbon feedback can be measured directly instead of inferred.
Standardising SOC reporting to include both fixed-depth and equal-mass calculations would
make cross-study comparison far more reliable and would help resolve some of the current
disagreement about how much CA actually contributes to climate mitigation.
There is also a clear need for more research from smallholder farming systems in Sub-Saharan
Africa and South Asia, where CA adoption faces different constraints than in mechanised
systems, and where the climate adaptation benefit (better moisture buffering against erratic
rainfall) may in practice matter more to farmers than the carbon sequestration benefit.
Combining ground-based soil moisture and carbon monitoring with remote sensing, as suggested
by Hao ef al. [3], could help scale up site-level findings to regional or national assessments more
cost-effectively. Finally, future studies should report a fuller greenhouse gas balance (CO2, CH4,
and N20O together) under CA rather than SOC alone, since this review's own findings suggest
that moisture-driven gains in one gas can come with unintended costs in another.
Conclusion
Conservation agriculture, built on minimum tillage, permanent residue cover, and rotation,
delivers a fairly reliable improvement in soil moisture retention and water use efficiency across
the dryland and semi-arid systems reviewed here, with the size of the benefit growing under drier
conditions. It also raises surface soil organic carbon compared with conventional tillage in
almost every recent study reviewed, though the true scale and permanence of this carbon gain is
more debated than earlier literature suggested, particularly once measurement basis and carbon
stability are properly accounted for. Soil moisture and carbon sequestration under CA are linked
through a feedback loop rather than being separate outcomes, and this loop can occasionally
work against overall climate goals if it pushes soils towards conditions that favour methane or
nitrous oxide release. Realising the full benefit of conservation agriculture will depend less on
further confirming that it works in general, and more on understanding where, by how much, and
for how long it works, through longer, deeper, and more consistently measured field research
across a wider range of farming systems.
References
1.  Dhakal, M., Locke, M. A., Reddy, K. N., Moore, M. T., Steinriede, R. W., & Krutz, L. J.
(2024). Improving soil water storage with no-till cover cropping in the Mississippi River
Alluvial Basin. Soil Science Society of America Journal, 88(2), 540-556.
https://doi.org/10.1002/s52j2.20638

68


https://doi.org/10.1002/saj2.20638

10.

Water, Soil and Resilience: Research for Sustainable Ecosystems

(ISBN: 978-93-47587-62-7)

Francaviglia, R., Almagro, M., & Vicente-Vicente, J. L. (2023). Conservation agriculture

and soil organic carbon: Principles, processes, practices and policy options. Soil Systems,
7(1), Article 17. https://doi.org/10.3390/soilsystems7010017

Hao, Y., Mao, J., Bachmann, C. M., Hoffman, F. M., Koren, G., Chen, H., Tian, H., Liu, J.,

Tao, J., Tang, J., Li, L., Liu, L., Apple, M., Shi, M., Jin, M., Zhu, Q., Kannenberg, S., Shi,

X., Zhang, X., Wang, Y., Fang, Y., & Dai, Y. (2025). Soil moisture controls over carbon

sequestration and greenhouse gas emissions: A review. npj Climate and Atmospheric
Science, 8, Article 16. https://doi.org/10.1038/s41612-024-00888-8

Jayaraman, S., Sahu, M., Sinha, N. K., Mohanty, M., Chaudhary, R. S., Yadav, B.,
Srivastava, L. K., Hati, K. M., Patra, A. K., & Dalal, R. C. (2022). Conservation

agricultural practices impact on soil organic carbon, soil aggregation and greenhouse gas

emission in a Vertisol. Agriculture, 12(7), Article 1004.
https://doi.org/10.3390/agriculture12071004

Li, J., Niu, Z., Guo, Z., Li, J., Ye, S., & Hua, D. (2025). Improving soil water dynamics
and crop productivity through conservation tillage in arid regions. Scientific Reports, 15,
Article 25242. https://doi.org/10.1038/s41598-025-10956-5

Manzeke-Kangara, M. G., Ligowe, 1. S., Gondwe, T. N., Greathead, H. M. R., & Galdos,

M. V. (2025). Soil organic carbon and related properties under conservation agriculture

and contrasting conventional fields in Northern Malawi. Frontiers in Soil Science, 4,
Article 1481275. https://doi.org/10.3389/f5011.2024.1481275
Page, K. L., Dang, Y. P., & Dalal, R. C. (2020). The ability of conservation agriculture to

conserve soil organic carbon and the subsequent impact on soil physical, chemical, and

biological properties and yield. Frontiers in Sustainable Food Systems, 4, Article 31.
https://doi.org/10.3389/fsufs.2020.00031

Rakkar, M., Deiss, L., & Dick, W. A. (2025). Soil carbon storage or sustainable
conservation agriculture practices—Which should be our goal? Journal of Environmental
Quality, 54(6), 1586—1597. https://doi.org/10.1002/jeq2.70073

Sadiq, F. K., Anyebe, O., Tanko, F., Abdulkadir, A., Manono, B. O., Matsika, T. A.,
Abubakar, F., & Bello, S. K. (2025). Conservation agriculture for sustainable soil health

management: A review of impacts, benefits and future directions. Soil Systems, 9(3),
Article 103. https://doi.org/10.3390/s0ilsystems9030103
Yuan, J., Liang, Y., Zhuo, M., Sadiq, M., Liu, L., Wu, J., Xu, G., Liu, S., Li, G., & Yan, L.

(2023). Soil nitrogen and carbon storages and carbon pool management index under

sustainable conservation tillage strategy. Frontiers in Ecology and Evolution, 10, Article
1082624. https://doi.org/10.3389/fevo.2022.1082624

69


https://doi.org/10.3390/soilsystems7010017
https://doi.org/10.1038/s41612-024-00888-8
https://doi.org/10.3390/agriculture12071004
https://doi.org/10.1038/s41598-025-10956-5
https://doi.org/10.3389/fsoil.2024.1481275
https://doi.org/10.3389/fsufs.2020.00031
https://doi.org/10.1002/jeq2.70073
https://doi.org/10.3390/soilsystems9030103
https://doi.org/10.3389/fevo.2022.1082624

Bhumi Publishing, India
July 2026

FLUORESCENT NANOSENSORS BASED ON CARBON QUANTUM DOTS FOR
SUSTAINABLE MONITORING OF HEAVY METALS IN THE ENVIRONMENT

Umarani
Department of Chemistry (Science and Humanities),
Hindusthan Institute of Technology, Coimbatore-641032, Tamil Nadu, India

Corresponding author E-mail: umarani.kalidas@gmail.com

Abstract

Water and soil are precious natural resources, which are necessary for the existence of
biodiversity and humans face. Unfortunately, due to increasing trends of industrialization,
urbanization, agriculture practices, and climate change, there is a significant level of pollution of
water and soil by heavy metals and other environmental pollutants. Traditional methods of
analysis can accurately detect such contaminants; however, they are quite costly, labor-intensive,
time-consuming, and not suitable for continuous monitoring. Nanotechnology has brought new
techniques for detecting contaminants by using carbon quantum dots as fluorescent
nanomaterials with excellent properties for environmental sensing. They have unique optical
features, high biocompatibility, low toxicity, good chemical stability, fluorescence tuning
capabilities, and the ability to be modified easily on the surface. [2,4,6]

The current chapter is focused on the overview of the recent advancements in the fabrication of
fluorescent nanosensors of carbon quantum dots for the environmental monitoring of water and
soil with regards to the identification of heavy metals, pesticides, antibiotics, organic pollutants,
and nutrients. The issues that are associated with the synthesis of carbon quantum dots
fluorescent nanosensors, their operation principle according to the fluorescence effect,
performances, and environmental applications will be considered. The possibilities of utilizing
carbon quantum dots in cooperation with IoT technologies, artificial intelligence, and portable
sensors for the purposes of the real-time environmental monitoring and decision-making will be
analyzed [7,8]. The limitations regarding the scalable synthesis, stability, field applications, and
regulations of carbon quantum dots will be critically reviewed. In conclusion, the future
prospects for the research concerning the field of multifunctional nanomaterials and
environmental monitoring systems as well as ecosystem management will be reviewed. The
chapter underscores the significance of CQD-based fluorescence nanosensors [1-5] to facilitate
the resilience of ecosystems, agriculture, proper water management, and sustainable
development.

Keywords: Carbon Quantum Dots, Fluorescent Nanosensors, Water Quality Monitoring, Soil
Testing, Sustainability of Ecosystems, Environmental Pollution, Heavy Metals Detection, Green

Nanotechnology, Sustainable Agriculture, Internet of Things.
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1. Introduction

Water and soil are two primary components of terrestrial ecosystem which contribute
significantly towards stability of ecosystem, food production, biodiversity and economic
development [9,10]. While water contributes towards existence of aquatic life, regulation of
climate and source of potable water, soil assists in agriculture, carbon fixation and nutrient
cycles. Growth in population, industrial activities, urban sprawl, mining operations, and
extensive agricultural practices have caused degradation of such vital natural resources. Heavy
metals, pesticides, pharmaceuticals, dyes, plastic materials and various other pollutants of
modern age present a serious threat to sustainability of ecosystems [11,12].

It is imperative that one should keep a watch on the environment for the identification of such
pollutants and improvement of the environmental condition. Atomic absorption spectroscopy
(AAS), Inductively Coupled Plasma Mass Spectrometry (ICP-MS), Gas Chromatography Mass
Spectrometry (GC-MS) and High-Performance Liquid Chromatography (HPLC) are very
sensitive methods and can be relied upon [13,14]. But the disadvantage of these methods is that
these methods need expensive equipment, skill, and sample pre-treatment.

Nanotech advances have provided novel sensing devices which are very sensitive, portable and
cost-effective for the analysis of the environment. Different types of nanomaterials have been
used; however, CQDs have become a popular choice because of their unique properties,
including optical properties, photostability, excellent aqueous solubility, low toxicity, tunable
surface chemistry, etc. CQD fluorescence depends on interaction with particular compounds and,
therefore, it is possible to detect selectively such harmful substances as heavy metals, pesticides,
antibiotics, nutrients, and other environmental pollutants. [1,2,4]

The green production of CQDs from biodegradable materials and waste of agriculture makes
them an important component of sustainable technologies because they reduce the use of toxic
chemicals and provide waste utilization [15-17]. Moreover, the integration of these particles
with Al, IoT, smartphones, wireless sensor networks and other technologies help to create novel
environmental monitoring systems [7,8,18].

This chapter is an extensive survey on the advancements that have been made in the
development of fluorescence based nanosensors for monitoring environmental conditions using
CQDs. It covers areas including the method of synthesis, working mechanisms of the sensors,
and applications within the environment.

2. Water and Soil Pollution: Current Challenges and Impacts on Ecosystem Resilience

2.1 Introduction

Two natural resources that are interrelated with each other and have an important impact on the
normal operation of ecosystems, agriculture, preservation of biodiversity and even the state of

human health are water and soil [9,10]. It is vital to protect the quality of these natural resources
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in order to ensure food safety, development of economy and adaptation to climate change. In
recent decades, due to the rapid development of industrial activities, urbanization, mining
operations and agriculture, there has been observed a rise in the level of pollution of terrestrial
and aquatic ecosystems. Pollution of the environment causes disruption of various processes
occurring in it. Consequently, the preservation of both the water and soil quality will be
important in realizing sustainable development in the ecosystem and also in realizing some
Sustainable Development Goals including Goals 6, 12, 13 and 15 (Clean Water and Sanitation;
Responsible Consumption and Production; Climate Action; Life on Land) [19].

The resilience of the ecosystem can be defined as the ability of the ecosystem to endure
environmental changes without failing in the normal performance of its functions. The extent of
the pollution of the ecosystem can be determined by looking at its effect on the microorganisms,
soil fertility and groundwater.

2.2 Major Causes of Water Pollution

The causes of water pollution may be both natural and artificial. They are:

Wastes From Industrial Sources

There is textile industry, electroplating industry, mining industry, leather industry,
pharmaceutical industry, petrochemical industry, and paper industry which discharge wastes
containing heavy metal ions like Pb*", Hg**, Cd**, Cr®", and Cu?*', artificial colorants, phenols,
and different organic solvents [11,20].

Water From Agricultural Lands

Modern agriculture practices include the use of lots of chemicals like fertilizer, pesticides,
herbicides, and fungicides. The chemicals will end up in the water systems due to either rainfall
or irrigation, hence increased amounts of nutrients and algae present in the water for drinking
purposes. There will be the occurrence of the blooms of algae in the water and thus reduced
levels of oxygen in the water leading to deaths of aquatic organisms [21,22].

Domestic and Municipal Sewage

Untreated or partly treated sewage introduces pathogens, pharmaceuticals, household and
domestic chemicals, endocrine disruptors, microplastics, and other forms of organic matter into
the water systems. Urbanization has been the major cause of the increased amount of sewage,
especially in developing nations [23].

Mining Practices

Mining results in the formation of acid mine drainage and toxic materials including arsenic,
mercury, lead, and cadmium that find their way into the adjacent water bodies. The substances
take many years to breakdown and are detrimental to the life within the water body and its

quality [24].
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New Environmental Contaminants
Contaminants including antibiotics, cosmetic, nanomaterials, hormones, and microplastics have
recently been noted to be present in surface and ground water systems. The implications of such
contaminants on the ecosystem are yet to be determined [25].
2.3 Important Sources of Soil Pollution
Soil is considered to be contaminated due to the deposition of hazardous materials that influence
the characteristics of the soil and the ecosystem roles played by the soil [26].
Heavy Metals
They result from mining, industrial waste, effluents, electronic wastes, and excess fertilizer use.
As a result of their inability to decompose, they end up in the soils and later find their way to the
food chain through the plants.
Agricultural Chemicals
Excessive use of pesticides and fertilizers affects the biological constituents of the soils by
lowering the organic matter content in the soils. The pesticides remain in the soils for a long time
[27].
Industries
Fly ash, metallurgical wastes, plastic wastes, and hazardous wastes among others, which are
produced in industries are the main causes of pollution of soil and contamination of ground water
over time [28].
Urbanization
Pollution of urban soils results from the contribution of building and construction works,
landfills, transport exhaust fumes, and dumping of wastes.
E-Wastes
E-waste is composed of a large number of toxic substances, which include lead, mercury,
cadmium, brominated fire retardants, and rare earth metals.
2.4 Environmental and Ecological Implications
Consequences due to water and soil pollution include the following:

e Reduction in agricultural output due to low soil fertility.

e Heavy metals are accumulated in plants, animals and sea food.

¢ Beneficial microorganism in soil that help in nutrient cycling process are lost.

¢ Biodiversity in water bodies is reduced.

e Spread of water-borne diseases and other human diseases.

e Disruption of ecosystem processes like carbon cycle process and recharge of ground

water.

e Reduced capacity of the ecosystem to withstand climatic disturbances such as droughts
and floods.
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e Health risks associated with heavy metals like mercury, cadmium and lead are very
serious as these metals do not break down easily and accumulate inside the body, causing
damage to nervous system, kidneys, and development [29,30].

2.5 The Need for Advanced Environmental Monitoring

Although conventional analytical methods involving lab-based instruments provide excellent
sensitivity, they are typically associated with the use of costly equipment, sophisticated know-
how and complex sample pretreatment process. In this context, the increasing demand for rapid,
portable, cheap and environmentally friendly sensing methods for field measurements arises.
CQDs-based fluorescent sensors are characterized by the following advantages:

e Excellent sensitivity and selectivity.

e Rapid sensing requiring reduced sample pretreatment.

e Economically viable and portable.

e Bio-compatible and environmentally friendly.

e Suitable for operation on smartphone and IoT monitoring platforms.

e Capable of continuous environmental monitoring.

In this connection, CQD-based sensors seem to be highly prospective sensing devices for water
purification, soil remediation and ecological balance maintenance.

3. Carbon Quantum Dots: Synthesis, Characteristics, and Mechanisms of Fluorescence

3.1 Introduction

CQDs or carbon quantum dots belong to the most recent generation of zero-dimensional
nanocarbons, being defined as nanoparticles typically having size smaller than 10 nm. Being
discovered just in 2004[1], CQDs attracted much attention thanks to unique optical
characteristics, high chemical stability, high water solubility, toxicity-free nature,
biocompatibility, and environmental safety [2,4,5]. In contrast to typical semiconductor quantum
dots that include toxic metals such as cadmium or lead, CQDs are mainly composed of carbon
atoms, making them more suitable for using in environment and living organisms.

Unusual mechanisms of fluorescence of CQDs make them good candidates for identifying
different types of heavy metals, pesticides, antibiotics, and other environmental pollutants.

3.2 Structure Properties of Carbon Quantum Dots

Typical structure properties of CQDs include:

e Size of the particle < 10 nm

e Carbon graphitic or amorphous core

e High water solubility

e High photostability

e Fluorescent emission

74



Water, Soil and Resilience: Research for Sustainable Ecosystems
(ISBN: 978-93-47587-62-7)

e Modifiable surface chemistry
e Non-toxic to cells
e High chemical stability
Functional surface groups significantly affect fluorescence performance, selectivity for sensing,
and interaction with environmental samples.
3.3 Synthesis Methods
Carbon quantum dots (CQDs) may be synthesized through both top-down and bottom-up
techniques.
3.3.1 Top-Down Techniques
Top-down synthesis involves fragmentation of large carbon compounds into nanoparticles.
Some of these techniques include:
e Laser ablation [31]
e Arc discharge [32]
e Electrochemical oxidation [33]
e Chemical oxidation [34]
Advantages
e High degree of crystallinity
e Excellent optical properties
Limitations
e High energy requirements
e Poor yield
e Expensive apparatus
3.3.2 Bottom-Up Synthesis Techniques
Carbonization of small organic compounds or biomass forms the basis of the bottom-up
technique.
e Typical techniques include:
e Hydrothermal synthesis method [35]
e Solvothermal synthesis method
e Microwave-assisted synthesis method [36]
e Pyrolysis
e Ultrasonic synthesis method
Benefits
e Cost-effective
e Simple process

e High yield
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e Easily functionalized surface

e (an be scaled up
Due to the above benefits, the bottom-up synthesis technique is now the favored approach in
environmental sensing applications.
3.4 Synthesis of Carbon Quantum Dots Through Green Chemistry
This approach is a new method that makes use of natural materials instead of chemicals which
may be dangerous to health.
Some precursors include:

e Lemon peel

e Orange peel

e Banana peel

¢ Rice husk

e Bagasse from sugarcane

e Coconut shell

e Tea waste

e Coffee grounds extract

e Aloe vera extract

e Turmeric

e Neem leaves [15-17,37]
Advantages of Green Chemistry

e Environmentally friendly

e Minimal energy usage

e Use of renewable materials

e Minimized environmental impact

e Low cost

e Promotes a circular economy and waste utilization
Green CQDs have been found to be effective in water purification, pollution detection, and
agriculture monitoring due to their good environment-friendly nature.
3.5 Optical Properties
The exceptional optical properties exhibited by CQDs have made them widely employed in
fluorescence-based sensing applications.
Some of the key optical properties of CQDs are:

¢ Photoluminescence

e Size-dependent luminescence

e High photostability
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e Broad absorption
e Narrow emission
e High quantum efficiency
e Low photobleaching
The emission wavelength of CQDs can be controlled by varying the size of the particle and other
factors [2,4,38].
3.6 Fluorescence Mechanisms
Fluorescence phenomenon of CQDs is due to several mechanisms.
Quantum Confinement Effect
Size reduction causes changes in the electronic band structure causing size-dependent
fluorescence [39].
Surface State Emission
Surface defects along with oxygen-containing functional groups form the energy levels
associated with fluorescence emissions [40].
Molecular State Emission
Small fluorophoric molecules formed during synthesis might also be responsible for fluorescence
emission.
Charge Transfer
CQDs and analytes cause variations in electron transfer, thereby affecting fluorescence emission
[41].
3.7 Surface Functionalization
Surface modification can greatly improve the sensing capability.
Some examples of functional groups are listed below:
e Carboxylic acid (-COOH)
e Alcohol (-OH)
e Amine (—NH2)
e Sulfonic acid (-SOsH)
e The following are some of the benefits of surface modification:
e High selectivity
e Good dispersibility in water
e Increased fluorescence
e Minimized interference
e High biocompatibility
Detection of environmental pollutants can be achieved through functionalization with polymer,

biomolecular, metal ion, or molecular receptor-based techniques.
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3.8 Advantages of CQDS Over Conventional Fluorescent Nanomaterials

Property Carbon Quantum Dots Semiconductor Quantum Dots
Toxicity Very low High
Environmental safety Excellent Moderate to poor
Cost Low High
Water solubility Excellent Moderate
Biocompatibility Excellent Limited
Photostability High High
Surface modification Easy Moderate
Green synthesis Possible Difficult

3.9 Significance of the Work on Sustainable Ecosystem Monitoring

CQDs are an excellent material to monitor contaminants in water and soil owing to the following

properties of CQDs:

e Sensitivity to trace amounts of contamination
¢ Quick fluorescence response
e Usefulness in portable instrumentation
e Ability to facilitate real-time monitoring
e Ease of combining with IoT and Al systems
e Environmentally friendly synthesis methods
This makes it possible to create environmentally-friendly monitoring systems for strengthening

ecosystem sustainability.

Figure 3.1 Top-Down and Bottom-Up Synthesis Routes Figure 3.2 Green Synthesis of Carbon Quantum Dots (CQDs)
of Carbon Quantum Dots (CQDs) from Biomass Waste
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Figure 3.3 Fluorescence Sensing Mechanism of CQDs for Pollutant Detection
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Figure 1. Top-down and bottom-up synthesis routes of carbon quantum dots
Figure 2: Green synthesis of CQDs from biomass waste

Figure 3: Fluorescence sensing mechanism of CQDs for pollutant detection
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Comparison of CQD Synthesis Methods (Precursors, Advantages, Limitations,
Applications)
S. | Synthesis Typical Principle Advantages | Limitations | Environmental
No. | Method | Precursors Applications
1 Laser Graphite, High-energy | High purity, | Expensive Fluorescent
Ablation | carbon laser excellent equipment, | sensing,
targets irradiation crystallinity, | high energy | bioimaging,
breaks  bulk | controlled consumptio | pollutant
carbon  into | particle size n, low yield | detection
nanoparticles
2 Arc Graphite Electric  arc | High-quality | Complex Environmental
Discharge | electrodes vaporizes graphitic setup, monitoring,
carbon source | CQDs, good | difficult size | photocatalysis
to form CQDs | fluorescence control,
costly
process
3 Electroch | Graphite Electrochemic | Simple Requires Heavy  metal
emical rods, carbon | al etching of | operation, electrolyte sensing, water
Oxidation | fibers carbon controllable optimization | quality analysis
materials synthesis, , relatively
high purity low
production
rate
4 Chemical | Activated Strong Easy Uses Detection of
Oxidation | carbon, oxidizing synthesis, hazardous toxic metal ions
carbon soot, | agents scalable chemicals, | and dyes
graphene fragment production post-
carbon treatment
structures required
5 Hydrothe | Citric acid, | Carbonization | Low cost, | Longer Water pollutant
rmal glucose, under  high | high yield, | reaction detection,  soil
Synthesis | biomass temperature environmental | time monitoring
waste and pressure | ly  friendly,
in aqueous | easy
medium functionalizati
on
6 Solvother | Organic Carbonization | Tunable Requires Fluorescent
mal acids, in organic | optical organic Sensors,
Synthesis | amines, solvents at | properties, solvents and | environmental
polymers elevated high quantum | controlled remediation
temperature yield conditions
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7 Microwav | Sugars, Rapid Fast synthesis, | Limited Real-time
e-Assisted | amino acids, | microwave energy- scale-up environmental
Synthesis | plant heating efficient, high | capability sensing
extracts induces yield
carbonization
8 Pyrolysis | Biomass, Thermal Simple Less control | Water treatment
carbohydrat | decompositio | process, over particle | and  pollutant
es, polymers |n at  high | inexpensive, size monitoring
temperature suitable  for | distribution
bulk
production
9 Ultrasoni | Organic Acoustic Mild Lower Metal ion
c compounds, | cavitation conditions, fluorescence | sensing and
Synthesis | biomass promotes simple efficiency in | environmental
precursors nanoparticle operation some cases | analysis
formation
10 | Green Fruit peels, | Hydrothermal | Sustainable, Variability | Water  quality
Hydrothe |tea  waste, | carbonization | non-toxic, in precursor | monitoring, soil
rmal rice  husk, | of renewable | low-cost, composition | nutrient
Synthesis | sugarcane biomass waste analysis,
bagasse, valorization, ecosystem
agricultural eco-friendly assessment
residues
Key Findings

Top-down approaches (Laser Ablation, Arc Discharge, Electrochemical Oxidation, Chemical

Oxidation) normally result in highly crystallized CQDs and need costly equipment or dangerous

chemicals.

The bottom-up approaches (Hydrothermal, Solvothermal, Microwave, Pyrolysis, Ultrasonic) are

inexpensive and can be used on a larger scale.

The environmentally friendly hydrothermal method based on agricultural and food waste is

regarded as the most promising approach as it adheres to the idea of the circular economy.

Hydrothermal and microwave-assisted methods are now most commonly used for the water and

soil quality control because of their low cost and high fluorescence efficiency.

4. Carbon Quantum Dots for Heavy Metal Detection Through Fluorescent Nanosensors

Metals constitute the biggest challenge to our environment in terms of being non-biodegradable,

toxic and metal accumulation. Contaminants of metal consist of Hg2*, Pb2*, Cd2*, Cr6*, Cu2*,

Fe3*, Zn2*, and As3*". The accumulation of the metal pollutants creates dangers to the

environment and living things such as humans. There is need to establish a fast and sensitive

detection process for metals.
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Fluorescent property of carbon quantum dots can be altered due to the interaction between metal
ions and CQDs. Introduction of metal ions into carbon quantum dots by way of binding to the
functional groups results in the process of quenching/enhancing the fluorescence of the material
which makes it possible to detect metals sensitively. CQDs are very useful in fluorescent
nanosensors due to the reasons that they are eco-friendly, portable and easy to use.
4.1 Detection of Mercury (Hg*)
Mercury is one of the most poisonous pollutants, which consists of heavy metals existing in
industries, mines, and groundwater sources. The presence of mercury can induce many diseases
in the nervous system and kidneys [41].. Moreover, mercury is known for causing developmental
problems. Sulfide-modified carbon quantum dots have high selectivity for detecting Hg** ions
because of high binding affinity of mercury with sulfur [43,44]. The interaction of Hg** ions with
carbon quantum dots causes quenching of fluorescence because of electron transfer
4.2 Detection of Lead (Pb?*)
The contamination is caused by the following sources of lead such as batteries manufacturing,
mining, paints and industrial activities. Pb*" ions are hazardous for the nerves system, heart and
mental development. The surface-modified CQDs that consist of amino group and carboxyl
group are highly sensitive to Pb?" ions. The change in fluorescence because of complexation
allows the selective detection of Pb*" ions in aqueous solution.
4.3 Detection of Cadmium (Cd*")
Cadmium is one of the most toxic metals which comes from electroplating industry, fertilizer
manufacturing and mining. Exposures to cadmium for a long time can affect kidneys and bones.
Fluorescent sensors for Cd** are developed using coordination reaction between Cd*" and
oxygen/nitrogen atoms of CQDs. Different kinds of CQDs obtained from biomass show high
selectivity for the detection of Cd** [47].
4.4 Chromium (Cr¢") Detection
There are several industrial applications of chromium (Cr +6). It has some use in electroplating,
leather tanning, and dyeing industries. Chromium 1is carcinogenic in nature and has an
environmental threat. The identification of chromium ions is done by the CQDs technique of
fluorescence quenching using electron transfer and inner filter effect mechanisms. Various
sensors can detect chromium (Cr¢") [48,49].
4.5 Copper (Cu*') Detection
Although copper is an important trace metal, excess of this substance becomes toxic to
organisms. High concentration copper pollution can result from mining activities, processing of
metals, and industries. CQDs modified with nitrogenous groups show great affinity towards Cu?**
ions, thus causing fluorescence quenching. These sensors provide quick, inexpensive, and highly

sensitive methods for copper detection [48,49].
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4.6 Detection of Fe**

Iron is an essential component in biological systems; nevertheless, high levels lead to adverse
effects on water quality and ecological well-being. Fe** forms very good coordination with
hydroxyl and carboxyl groups of CQDs, which leads to fluorescence quenching. Various
research works show Fe** selective sensing by green synthesized CQDs from agricultural waste
[52,53].

4.7 Detection of Zinc (Zn*")

Zinc is a micronutrient required by living beings but too much zinc is toxic to aquatic life forms
as well as soil microorganisms. Zinc ions (Zn?**) detection has been achieved using
functionalized carbon quantum dots with methods including fluorescence quenching and
coordination-based techniques [54,55].

4.8 Detection of Arsenic (As*)

Arsenic contamination in groundwater is a major threat to human health in different regions
around the globe. The CQD-based fluorescent probe having selective units for recognition has
shown promising performance for arsenic detection. Sensitivity and portability of the CQD

sensor are well-suited for groundwater quality analysis in the field [56,57].

Target CQD Source Sensing Detection Environmental
Metal Mechanism Limit Sample
Hg* Sulfur-doped CQDs Fluorescence nM level River water
quenching
Pb>* N-doped CQDs Complex formation | nM level Groundwater
Cd*> Biomass-derived Coordination nM level Industrial
CQDs interaction wastewater
Cré* Green CQDs Inner filter effect nM level Surface water
Cu* Amino-functionalized | Electron transfer nM level Drinking water
CQDs
Fe* Hydroxyl-rich CQDs | Fluorescence nM level Agricultural water
quenching
Zn** Functionalized CQDs | Fluorescence nM level Soil extracts
enhancement
As** Surface-modified Coordination nM level Groundwater
CQDs interaction

5. Current Problems and Future Perspectives

In spite of the significant advances made in the development of fluorescent nanosensors based on
CQDs, there are still many problems which should be solved for large-scale commercialization.

Controlled and stable synthesis of CQDs with a uniform particle size and fluorescence properties
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is not an easy task. Influence of such environmental parameters as pH, temperature, ionic
strength, and competitive ions on the sensor’s performance in real-world settings should be
investigated as well.
Development of multifunctional sensors with better selectivity, higher quantum yield, and
environmental stability should be considered in future research. Combination with Al and IoT
devices, smartphone-based sensors, and wireless monitoring systems will contribute to the real-
time monitoring of the environment. Sustainable nanotechnology development through green
synthetic methods using agricultural waste should also be continued.
Conclusion
CQDs represent very promising fluorescent nanomaterials that can be used for sustainable
environmental monitoring because of the excellent optical properties of these materials,
nontoxicity, compatibility with the environment, and versatile surface chemistry. The potential of
these materials to serve as sensitive and selective probes to detect heavy metals, including
mercury, lead, cadmium, chromium, copper, iron, zinc, and arsenic, has been widely studied. In
comparison with conventional methods of analysis, fluorescence-based nanosensors that utilize
CQDs have many benefits such as portability, fast responses, inexpensive and real-time
monitoring.
Green synthesis based on renewable biomass sources enhances the sustainability of this
technology by reducing negative impacts on the environment and enabling waste utilization. The
use of CQDs with IoT systems and artificial intelligence along with portable analytical devices
can contribute to the creation of intelligent environmental monitoring platforms. Even though
there are still issues relating to production on a large scale, stability in the long run, and
implementation in the field, further research is bound to solve all these issues. Future
advancements in multifunctional CQDs and smart sensors will definitely be of great significance
in ensuring water quality, soil assessment, pollution control, and sustainable development
globally. Therefore, CQD-based fluorescent nanosensors are very important technological tools
in protecting the environment from increased human activities [1-8,15-18,42-57].
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Abstract

Biochar has emerged as a sustainable carbon-rich material with significant potential for
improving soil quality, enhancing agricultural productivity and mitigating environmental
degradation. Produced through the thermochemical conversion of biomass under oxygen-limited
conditions, biochar possesses unique physicochemical properties, including high porosity, large
surface area, abundant functional groups and excellent carbon stability, which contribute to
improved nutrient retention, water-holding capacity and contaminant adsorption. This chapter
comprehensively reviews biochar feedstocks, production technologies, physicochemical
characteristics, and the mechanisms governing biochar-soil interactions. It highlights the role of
biochar in improving soil physical, chemical, and biological properties by enhancing soil
structure, regulating nutrient dynamics, stimulating beneficial microbial communities and
increasing crop productivity. The chapter further discusses its applications in sustainable
agriculture, environmental remediation, carbon sequestration and climate-smart farming. Recent
advances in engineered biochar, nano-biochar, magnetic biochar, artificial intelligence-assisted
production, precision agriculture and biochar-based composite materials are also explored as
emerging approaches to maximize soil improvement and resource-use efficiency. In addition, the
potential of marine biomass-derived biochar is emphasized for reclaiming saline and degraded
soils while supporting circular bioeconomy practices. Overall, biochar represents a versatile and
environmentally friendly soil amendment that integrates agricultural productivity with ecosystem
restoration, climate change mitigation and sustainable resource management, making it a key
component of future resilient agricultural systems.

Keywords: Biochar, Sustainable Agriculture, Environmental Remediation, Soil Fertility,
Circular Bioeconomy.

1. Introduction

Biochar has emerged as one of the most promising carbon-based materials for sustainable soil
management and climate-resilient agriculture. Produced through the thermochemical conversion

of biomass under oxygen-limited conditions, biochar possesses exceptional physicochemical
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properties that distinguish it from other soil amendments. Its high carbon stability, porous
structure, large surface area and abundance of functional groups enable it to improve soil fertility
while simultaneously contributing to long-term carbon sequestration and environmental
protection (Waheed et al., 2025). Originating from the ancient Terra Preta soils of the Amazon
Basin, biochar has evolved into a scientifically validated technology with applications extending
from agriculture and environmental remediation to wastewater treatment and circular
bioeconomy initiatives. As global agriculture faces increasing challenges from soil degradation,
climate change and declining natural resources, biochar has gained recognition as a sustainable
solution capable of enhancing soil productivity while mitigating environmental impacts (Kumar
et al., 2025).

The effectiveness of biochar is determined by the characteristics of its feedstock, production
process and resulting physicochemical properties. A wide variety of renewable biomass sources,
including agricultural residues, forestry waste, animal manure, algae and marine biomass, can be
converted into biochar through technologies such as slow pyrolysis, fast pyrolysis, gasification,
hydrothermal carbonization, and microwave-assisted pyrolysis (Buentello-Montoya et al., 2026).
Variations in production conditions influence biochar's porosity, surface area, carbon content,
mineral composition, cation exchange capacity and surface functional groups, ultimately
determining its suitability for agricultural and environmental applications. These properties
enable biochar to retain nutrients and water, adsorb contaminants, regulate soil pH and improve
soil structure, making it an efficient soil amendment for diverse cropping systems. The ability to
tailor biochar characteristics through feedstock selection and production optimization has
expanded its application across different soil types and climatic conditions (Rao ef al., 2024).
The interaction of biochar with soil involves complex physical, chemical and biological
processes that collectively enhance soil quality and ecosystem functioning. Physically, biochar
improves soil aggregation, porosity, aeration, infiltration, water-holding capacity and resistance
to erosion while reducing bulk density and compaction. Chemically, it increases nutrient
availability, enhances cation exchange capacity, neutralizes acidic soils, reduces nutrient
leaching, alleviates salinity and immobilizes toxic heavy metals and organic pollutants (Abukari
et al., 2022). Biologically, biochar provides favorable habitats for beneficial microorganisms,
stimulates enzyme activity, promotes nutrient cycling, enhances mycorrhizal associations and
supports greater soil biodiversity. These integrated mechanisms strengthen soil fertility, improve
crop growth, increase nutrient-use efficiency and enhance resilience against drought and other
environmental stresses. Consequently, biochar has become an indispensable component of
sustainable soil management strategies aimed at restoring degraded lands and maintaining long-

term agricultural productivity (Jin et al., 2024).
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Recent advances in biochar research have significantly broadened its role beyond conventional
soil improvement. Engineered biochars, nano-biochar, magnetic biochar and biochar-based
composite materials have enhanced contaminant adsorption, nutrient delivery and soil restoration
capabilities. The integration of artificial intelligence, machine learning, remote sensing, drones
and precision agriculture technologies has enabled site-specific biochar application and
optimized soil management practices. Furthermore, marine biomass-derived biochar has
emerged as a sustainable alternative that offers superior performance in saline and degraded soils
while promoting coastal biomass utilization and circular bioeconomy principles. In addition to
improving soil health and agricultural productivity, biochar contributes to carbon sequestration,
greenhouse gas mitigation, environmental remediation and climate-smart agriculture. These
multidisciplinary advancements highlight biochar as a transformative technology capable of
supporting sustainable agriculture, environmental conservation and global food security in the
face of growing climatic and ecological challenges.
2. Biochar: Definition and Characteristics
Biochar is defined as a stable, porous, carbon-rich solid obtained by pyrolyzing biomass such as
agricultural residues, forestry waste, animal manure and algae under oxygen-limited conditions.
Its use dates back over 2,000 years to the Amazon Basin, where indigenous communities
produced Terra Preta ("Amazonian Dark Earth") by incorporating charcoal with organic waste
into soil. This practice enhanced soil fertility, nutrient retention and crop productivity, providing
the scientific foundation for modern biochar research. Today, biochar is widely utilized in
agriculture, environmental remediation, wastewater treatment and climate change mitigation due
to its long-term carbon storage capacity and excellent adsorption properties. It has gained
significant attention for its applications in soil improvement, carbon sequestration, pollution
remediation and wastewater treatment. Owing to its high stability and porous structure, biochar
is considered a sustainable material that supports environmental conservation and circular
bioeconomy practices (Hayat ef al., 2026).
2.1 Biochar Feedstocks, Production Processes and Physicochemical Properties
Biochar is produced from a wide range of renewable biomass feedstocks, including agricultural
residues (rice husk, wheat straw, sugarcane bagasse), forestry waste (wood chips, sawdust, bark),
animal manure, algae, seaweed and municipal biomass. The chemical composition of each
feedstock influences biochar yield, carbon content, nutrient availability, porosity and adsorption
capacity. Proper feedstock selection is essential for producing biochar suitable for environmental
remediation, agriculture and wastewater treatment (Gabhane et al., 2020). Biochar is
manufactured using thermochemical conversion processes such as slow pyrolysis, fast pyrolysis,
gasification, hydrothermal carbonization and torrefaction. Among these, slow pyrolysis is the

most widely adopted because it produces high biochar yields with enhanced stability. Production
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conditions, including temperature, heating rate, residence time and oxygen availability,
significantly affect the structural and chemical characteristics of biochar. Biochar possesses
unique physicochemical properties, including a highly porous structure, large specific surface
area, high carbon content and abundant oxygen-containing functional groups. Additional
characteristics such as pH, ash content, cation exchange capacity, pore size distribution and
mineral composition vary depending on the feedstock and production method. These properties
contribute to its excellent adsorption capacity, nutrient retention, pollutant removal efficiency
and long-term environmental stability, making biochar a valuable material for groundwater
remediation, soil improvement and carbon sequestration (Dong ef al., 2026).

3. Biochar Production Technologies

Biochar production technologies determine the yield, structural characteristics and functional
properties of biochar. Different thermochemical conversion processes vary in temperature,
heating rate, residence time and oxygen availability. Selecting an appropriate production method
is essential for obtaining biochar suitable for environmental, agricultural and wastewater

treatment applications (Uroi¢ Stefanko and Leszczynska, 2020).
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Figure 1: Biochar Production Pathways and Environmental Applications
Slow pyrolysis is performed at 300-700°C with a low heating rate and long residence time under
oxygen-limited conditions. It produces a high yield of stable biochar with well-developed
porosity, making it ideal for soil amendment and pollutant adsorption. Fast pyrolysis uses rapid
heating at 400-700°C with short residence times. It primarily produces bio-oil, while biochar is
generated as a valuable by-product with moderate carbon content and adsorption potential.

Gasification converts biomass into combustible syngas at high temperatures using limited
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oxygen or steam. The resulting biochar has high mineral content and alkaline properties, making
it useful for soil improvement and carbon sequestration (Makavana et al., 2020). Hydrothermal
carbonization processes wet biomass at 180-250°C under high pressure without prior drying. It
produces hydrochar with oxygen-rich functional groups, making it effective for nutrient recovery
and wastewater treatment. Microwave-assisted pyrolysis employs microwave energy for rapid
and uniform biomass heating. This technique reduces processing time, improves energy
efficiency and produces biochar with enhanced porosity and surface functionality (Fig. 1).
Biochar quality depends on feedstock type, pyrolysis temperature, heating rate, residence time
and oxygen availability. These factors influence surface area, pore structure, carbon content,
functional groups and adsorption capacity, ultimately determining its environmental performance
(Mukherjee et al., 2022).
4. Physicochemical and Structural Properties of Biochar
The physicochemical and structural properties of biochar determine its effectiveness in
environmental and agricultural applications. These properties are influenced by feedstock type
and production conditions, particularly pyrolysis temperature. Understanding these
characteristics is essential for optimizing biochar performance in adsorption, soil improvement
and groundwater remediation (Khan et al., 2024).
Biochar possesses a highly porous structure with a large specific surface area formed during
pyrolysis. These pores provide abundant adsorption sites, improving the retention of water,
nutrients and contaminants while supporting microbial colonization in soil. Biochar surfaces
contain oxygen-containing functional groups such as hydroxyl, carboxyl, carbonyl and phenolic
groups. These groups enhance surface reactivity, facilitate ion exchange and promote
interactions with nutrients and pollutants. Biochar is generally alkaline, helping to neutralize
acidic soils and improve nutrient availability. Its electrical conductivity reflects the concentration
of soluble salts and influences nutrient mobility and soil fertility (Kabir et al, 2023). Ash
contains inorganic minerals including calcium, potassium, magnesium, phosphorus and silica.
These minerals contribute to nutrient recycling, improve soil fertility and influence the chemical
properties of biochar. Biochar contains stable aromatic carbon structures that resist microbial
decomposition. This recalcitrant carbon enables long-term carbon sequestration and supports
climate change mitigation. Biochar exhibits cation exchange capacity through negatively charged
surface sites, allowing retention and gradual release of essential nutrients while reducing nutrient
leaching. The porous structure and hydrophilic surface of biochar enhance water retention,
improve soil moisture availability and increase drought resilience, particularly in coarse-textured
soils (Acharya et al., 2024).
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5. Mechanisms of Biochar-Soil Interaction

Biochar interacts with soil through interconnected physical, chemical and biological processes
that improve soil quality and ecosystem functioning. These mechanisms regulate nutrient
dynamics, carbon storage, soil structure and microbial activity, thereby enhancing soil fertility,
crop productivity and long-term environmental sustainability. Biochar improves soil porosity,
aeration and water-holding capacity while reducing bulk density. Its porous structure enhances
root penetration and creates favorable habitats for beneficial microorganisms. Biochar modifies
soil pH, increases cation exchange capacity and provides reactive surface functional groups
(Singh et al., 2022). These properties enhance nutrient availability, immobilize contaminants and
reduce metal toxicity. Biochar supports diverse microbial communities by offering protected
microhabitats and carbon-rich surfaces. Enhanced microbial activity promotes organic matter
decomposition and efficient nutrient cycling. Biochar adsorbs essential nutrients and gradually
releases them, minimizing leaching losses while improving nutrient use efficiency and sustained
plant growth. Stable aromatic carbon in biochar resists decomposition, enabling long-term
carbon sequestration and contributing to climate change mitigation. Biochar promotes
aggregation by binding soil particles with organic matter and microbial products, improving soil
structure, infiltration and resistance to erosion (Zhang et al., 2024).

6. Biochar for Soil Physical Improvement

Biochar is widely recognized for its ability to improve the physical properties of soil through its
porous structure and stable carbon composition. Its incorporation enhances soil quality, promotes
efficient water movement and creates favorable conditions for root development, contributing to
sustainable agricultural productivity. Biochar improves soil aggregation by binding mineral
particles with organic matter. Stable aggregates enhance aeration, root growth and overall soil
stability. Biochar lowers soil bulk density and increases pore spaces, reducing compaction. This
facilitates root penetration, gas exchange and microbial activity. The porous nature of biochar
increases macro and micropores within the soil. Enhanced porosity improves air circulation,
water storage and nutrient movement (Edeh et al., 2020). Biochar retains water within its pore
network, increasing soil moisture availability. This reduces irrigation requirements and improves
drought tolerance. Biochar promotes faster water infiltration by improving soil permeability and
reducing surface runoff. Better infiltration enhances groundwater recharge and nutrient transport.
Improved aggregation and increased water infiltration strengthen soil stability, reducing runoff
and minimizing erosion caused by wind and water (Nandini and Arpitha, 2026).

7. Biochar for Soil Chemical Improvement

Biochar enhances soil chemical properties by improving nutrient dynamics, regulating soil
reactions, and increasing the retention of essential elements. Its porous structure and abundant

surface functional groups promote nutrient adsorption, reduce chemical losses and improve soil
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fertility. These properties support sustainable crop production while mitigating soil degradation
and environmental pollution (Pandian et al., 2024).
Biochar can neutralize acidic soils because of its alkaline nature and mineral ash content. It raises
soil pH, reduces aluminum toxicity and creates favorable conditions for nutrient uptake and
microbial activity. Improved pH balance enhances overall soil productivity and plant growth.
Biochar increases the availability of essential nutrients such as nitrogen, phosphorus, potassium,
calcium and magnesium. It adsorbs nutrients on its surface and gradually releases them, ensuring
a continuous nutrient supply while improving fertilizer use efficiency. The abundance of
negatively charged functional groups on biochar increases soil cation exchange capacity. Higher
CEC improves the retention of nutrient cations, minimizes nutrient losses and enhances long-
term soil fertility (Nepal ef al., 2023). Biochar reduces nutrient leaching by retaining soluble
nutrients within its porous structure. This minimizes losses through runoff and percolation,
improves nutrient use efficiency and protects surrounding water bodies from contamination.
Biochar helps alleviate soil salinity by improving soil structure, enhancing water infiltration and
reducing sodium toxicity. It promotes balanced ion exchange and supports healthier root growth
under saline conditions. Biochar immobilizes heavy metals through adsorption, ion exchange,
precipitation and surface complexation. These mechanisms reduce metal mobility and
bioavailability, lowering plant uptake and minimizing ecological and human health risks (Hu et
al., 2025).
8. Biochar and Soil Biological Properties
Biochar improves soil biological properties by creating a favorable habitat for microorganisms
and beneficial soil fauna. Its porous structure, high surface area and nutrient-retention capacity
enhance microbial activity and support biological processes essential for soil fertility. These
improvements contribute to nutrient cycling, organic matter decomposition and sustainable crop
production. Biochar increases microbial abundance and diversity by providing protective
microhabitats and stable carbon sources. It promotes beneficial bacteria and fungi involved in
nutrient mineralization, nitrogen fixation and organic matter decomposition (Hayat et al., 2026).
These changes improve soil resilience and biological functioning. Biochar positively modifies
the rhizosphere by improving root growth, moisture availability and nutrient accessibility. It
enhances beneficial plant—-microbe interactions while reducing harmful pathogens. These effects
strengthen root health, nutrient uptake and overall plant productivity. Biochar stimulates key soil
enzymes such as dehydrogenase, urease, phosphatase and -glucosidase, which regulate nutrient
transformations. Increased enzyme activity accelerates the decomposition of organic residues
and nutrient cycling. This results in improved soil fertility and biological efficiency. Appropriate
biochar application enhances habitat quality for earthworms and other beneficial soil fauna by

improving soil structure and reducing bulk density (Thingujam et al., 2026). Increased faunal
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activity promotes organic matter breakdown, aeration and nutrient redistribution. Excessive
application, however, may temporarily affect sensitive organisms. Biochar supports arbuscular
mycorrhizal fungi by creating favorable soil conditions and improving nutrient availability.
Enhanced mycorrhizal colonization increases phosphorus uptake, water absorption and plant
stress tolerance. These symbiotic relationships contribute to healthier plant growth and improved
soil function. Biochar enriches soil biodiversity by supporting diverse microbial populations,
fungi, nematodes, arthropods and beneficial invertebrates. Greater biological diversity
strengthens ecosystem stability, nutrient cycling and resistance to environmental stresses (Fig. 2).

This promotes long-term soil health and sustainable agricultural productivity (Li et al., 2026).
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Figure 2: Biochar enhances soil biological properties and functions

9. Biochar in Sustainable Agriculture

Biochar is an important soil amendment that supports sustainable agriculture by improving soil
fertility, nutrient use efficiency and long-term productivity. It enhances soil physical, chemical
and biological properties while reducing environmental impacts. Its integration into modern
farming systems contributes to resilient and resource-efficient agricultural production. Biochar
enhances crop growth by improving soil water retention, nutrient availability and root
development. It reduces nutrient losses through leaching and increases fertilizer-use efficiency.
These benefits result in improved crop yield, quality and productivity across different soil types
(Shah et al., 2026). Biochar is widely used in organic farming as a natural soil conditioner and
carbon-rich amendment. It improves compost quality, supports beneficial soil microorganisms
and enhances nutrient retention without synthetic inputs. This promotes sustainable soil
management and healthy crop production. In precision agriculture, biochar can be applied at site-

specific rates based on soil characteristics and crop requirements. Combined with GIS, remote

94



Water, Soil and Resilience: Research for Sustainable Ecosystems
(ISBN: 978-93-47587-62-7)
sensing and sensor technologies, it optimizes nutrient and water management. This targeted
approach improves resource-use efficiency and minimizes environmental losses. Biochar
complements conservation agriculture by improving soil structure, reducing erosion and
increasing moisture retention under minimum tillage systems (Shyam et al.,, 2025). It supports
residue management and enhances long-term soil fertility. These effects contribute to improved
soil health and sustainable land management. Biochar plays a significant role in climate-smart
agriculture by sequestering carbon and reducing greenhouse gas emissions from agricultural
soils. It enhances crop resilience to drought and nutrient stress while improving soil productivity.
These benefits support climate adaptation and mitigation strategies. Biochar contributes to
regenerative farming by restoring degraded soils and promoting biological activity. It enhances
soil organic carbon, improves nutrient cycling and supports diverse soil organisms. Its long-
lasting effects strengthen ecosystem resilience, increase soil fertility and sustain agricultural
productivity for future generations (Kohl ef al., 2026).
10. Biochar for Environmental Remediation
Biochar is an effective and sustainable material for environmental remediation due to its high
surface area, porous structure and strong adsorption capacity. It immobilizes contaminants,
improves soil quality and supports ecosystem restoration. Its application helps rehabilitate
polluted soils while minimizing environmental risks and promoting sustainable land
management. Biochar reduces the mobility and bioavailability of heavy metals such as cadmium,
lead, arsenic and chromium through adsorption, ion exchange and precipitation. It increases soil
pH and stabilizes toxic metals. This minimizes plant uptake and lowers ecological and human
health risks. Biochar adsorbs pesticide residues, reducing their persistence, mobility and leaching
into groundwater (Liao ef al., 2026). It also enhances microbial degradation of certain pesticides
by providing suitable habitats for degradative microorganisms. These processes decrease
environmental contamination and improve soil quality. Biochar effectively adsorbs organic
contaminants such as polycyclic aromatic hydrocarbons (PAHs), dyes, pharmaceuticals and
endocrine-disrupting compounds. Its large surface area and functional groups facilitate pollutant
binding. This reduces contaminant bioavailability and limits their movement within the
environment. Biochar enhances the remediation of petroleum-contaminated soils by adsorbing
hydrocarbons and stimulating hydrocarbon-degrading microorganisms. Improved soil aeration
and microbial activity accelerate contaminant breakdown (Gao et al.,, 2026). This supports the
recovery of polluted soils and vegetation establishment. Biochar improves saline and sodic soils
by enhancing soil structure, increasing water infiltration, and reducing sodium-related
degradation. It promotes nutrient retention and supports beneficial microbial activity. These
improvements enhance plant growth and restore soil productivity under salt-affected conditions.

Biochar is widely used to rehabilitate mine-degraded soils by improving soil structure, increasing
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organic carbon and immobilizing toxic metals. It enhances water-holding capacity and supports
vegetation establishment (Fig. 3). These benefits accelerate ecosystem restoration and promote

long-term soil recovery (Ghosh et al., 2025).
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11. Biochar and Carbon Sequestration

Biochar is recognized as an effective carbon-negative technology that contributes to long-term
carbon sequestration and climate change mitigation. Its stable carbon structure resists
decomposition, allowing carbon to remain stored in soils for centuries. In addition to improving
soil quality, biochar supports sustainable land management and global climate action. Biochar
contains highly stable aromatic carbon that decomposes very slowly after incorporation into soil
(Ayaz et al., 2025). This stability enables long-term storage of atmospheric carbon, reducing
carbon dioxide concentrations. The persistent carbon pool also improves soil organic matter and
enhances soil fertility over time. Biochar reduces greenhouse gas emissions by lowering nitrous
oxide (N20) and methane (CHa) release from agricultural soils. It improves nutrient retention and
soil aeration, thereby enhancing nitrogen-use efficiency and reducing gaseous losses. These
effects contribute to environmentally sustainable crop production. Biochar improves soil water-
holding capacity, nutrient availability and resilience to drought and temperature stress (Adekiya
et al., 2026). It supports healthy plant growth under changing climatic conditions and enhances
the stability of agricultural systems. These properties help farmers adapt to climate variability
while maintaining productivity. The carbon sequestration potential of biochar has created
opportunities within voluntary and regulated carbon markets. Farmers and industries can earn

carbon credits by producing and applying biochar as a verified carbon removal strategy. This
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provides economic incentives while promoting sustainable agriculture and climate change
mitigation (Tripathi ef al., 2026).
12. Biochar-Based Composite Materials
Biochar-based composite materials combine biochar with biological, chemical, or engineered
components to enhance its functional properties. These composites improve soil fertility,
pollutant remediation, nutrient delivery and microbial activity more effectively than biochar
alone. They represent an emerging approach for sustainable soil management and environmental
protection. Biochar serves as an excellent support material for nanoparticles due to its high
surface area and porous structure. Biochar-supported nanomaterials enhance contaminant
adsorption, improve nutrient delivery and increase catalytic efficiency. They have promising
applications in soil remediation and sustainable agriculture (Ali ef al., 2026). Combining biochar
with compost improves nutrient retention, organic matter stabilization and microbial activity.
Biochar reduces nutrient leaching during composting while enhancing compost maturity and
quality. The composite amendment promotes soil fertility and supports healthy plant growth.
Biochar provides a protective habitat for beneficial microorganisms such as plant growth-
promoting rhizobacteria and mycorrhizal fungi. It enhances microbial survival, colonization and
activity after soil application. This combination improves nutrient cycling, plant growth and soil
biological health. Engineered biochar is produced through physical or chemical modifications to
improve its adsorption capacity and surface functionality. It is designed for specific applications
such as nutrient recovery, heavy metal immobilization and pollutant removal. These
modifications enhance its efficiency under diverse environmental conditions (Jindo et al., 2025).
Functionalized biochar is enriched with chemical functional groups or minerals to increase its
reactivity and adsorption performance. It exhibits improved affinity for nutrients, heavy metals
and organic pollutants. Such modifications expand its applications in agriculture, wastewater
treatment and environmental remediation. Biochar supports the circular bioeconomy by
converting agricultural residues, forestry waste and other biomass into value-added products.
This approach reduces waste generation, recycles nutrients and promotes carbon sequestration. It
contributes to sustainable resource management while creating economic and environmental
benefits (John et al., 2026).
13. Recent Advances in Biochar Research
Recent advances in biochar research have focused on developing innovative materials and digital
technologies to improve its agricultural and environmental applications. Engineered biochars,
artificial intelligence and precision farming tools have enhanced biochar efficiency and site-
specific management. These developments are expanding the role of biochar in sustainable soil
improvement and climate-resilient agriculture. Nano-biochar is produced by reducing biochar

particles to the nanoscale, increasing their surface area and reactivity. It enhances nutrient
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retention, pollutant adsorption and interactions with soil microorganisms. These properties
improve soil fertility and the efficiency of environmental remediation (Lu ef al., 2020). Magnetic
biochar is prepared by incorporating iron-based nanoparticles into biochar, enabling easy
recovery and reuse after contaminant removal. It exhibits excellent adsorption capacity for heavy
metals, phosphorus and organic pollutants. This material has gained importance in soil and
wastewater remediation. Artificial intelligence enables the optimization of biochar production by
analyzing feedstock properties, pyrolysis conditions and desired applications. Al models help
identify suitable processing parameters for maximum biochar quality and performance. This
approach reduces production costs and improves operational efficiency. Machine learning
algorithms predict biochar properties and field performance using large experimental datasets.
They evaluate relationships among feedstock type, production conditions, soil characteristics and
crop responses (Zhou and Ding, 2026). These predictive models support evidence-based
decision-making and accelerate biochar research. Smart biochar technologies involve the
development of multifunctional biochars capable of controlled nutrient release, contaminant
sensing, or enhanced pollutant adsorption. These advanced materials respond more effectively to
changing soil conditions. They improve resource-use efficiency and support sustainable
agricultural management. Biochar is increasingly integrated into precision agriculture, using
GIS, remote sensing, drones and soil sensors for site-specific applications. This approach
optimizes amendment rates according to soil variability and crop requirements. Precision soil
management improves nutrient-use efficiency, enhances crop productivity and minimizes
environmental impacts (Waheed ef al., 2026).

14. Biochar from Marine Biomass

Marine biomass has emerged as a sustainable feedstock for biochar production due to its
abundance, rapid growth and renewable nature. Seaweeds, seagrasses, and other coastal biomass
can be converted into biochar through pyrolysis, producing a carbon-rich material with unique
physicochemical properties. Marine biochar offers significant potential for improving soil
quality, recycling coastal biomass and supporting circular bioeconomy initiatives while reducing
environmental waste (Dang ef al., 2023).

Seaweed-derived biochar possesses high mineral content, abundant surface functional groups
and excellent porosity, making it an effective soil amendment. It improves soil fertility, enhances
nutrient retention and increases water-holding capacity. The presence of naturally occurring
potassium, calcium, magnesium and trace elements further supports plant growth and microbial
activity. Coastal biomass, including seaweed residues, seagrass litter and marine plant waste, can
be efficiently converted into biochar instead of being discarded. This approach reduces coastal
waste accumulation, lowers greenhouse gas emissions from decomposition and transforms

renewable marine resources into valuable products for sustainable agriculture. The conversion of
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marine biomass waste into biochar represents an effective waste valorization strategy that
promotes resource recovery and environmental sustainability (Mondal et al., 2024). Biochar
production reduces disposal problems while generating a value-added material useful for soil
improvement, carbon sequestration and environmental remediation, thereby contributing to a
circular economy. Marine biochar generally contains higher ash and mineral contents than
terrestrial biochar, providing greater nutrient availability and alkalinity. While terrestrial biochar
is often richer in stable carbon, marine biochar exhibits superior performance in improving saline
soils, nutrient cycling and soil chemical properties because of its unique mineral composition.
Marine biomass-derived biochar is particularly effective in reclaiming saline and degraded soils
by improving soil structure, reducing salt stress, increasing water retention and enhancing
nutrient availability. It also stimulates beneficial microbial activity and promotes healthier root
development, making it a promising amendment for restoring marginal agricultural lands and
improving long-term soil productivity (Li ef al., 2025).
Conclusion
Biochar has emerged as a highly effective and sustainable soil amendment that offers
comprehensive solutions for improving soil health, enhancing agricultural productivity and
mitigating environmental degradation. Its unique physicochemical properties, including high
porosity, large surface area, stable carbon structure and abundant functional groups, enable
significant improvements in the physical, chemical and biological characteristics of soil. By
enhancing nutrient retention, increasing water-holding capacity, improving soil aggregation,
stimulating beneficial microbial activity, reducing nutrient leaching and immobilizing
contaminants, biochar contributes to resilient and productive agricultural systems. Furthermore,
its role in carbon sequestration, greenhouse gas mitigation, environmental remediation and
circular bioeconomy initiatives highlights its importance in addressing global climate and
sustainability challenges. Recent advances in engineered biochar, nanotechnology, precision
agriculture, artificial intelligence and marine biomass-derived biochar have further expanded its
applications and efficiency in sustainable land management. Although factors such as feedstock
selection, production conditions, application rates and long-term field performance require
continued investigation, the growing body of evidence demonstrates that biochar is a versatile,
environmentally friendly and climate-smart technology. Its integration into modern agricultural
practices has the potential to restore degraded soils, improve resource-use efficiency, strengthen
food security and support the transition toward sustainable and regenerative agriculture while
contributing to long-term ecosystem resilience and environmental conservation.
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Abstract

Global agriculture is confronted with unprecedented challenges due to rapid population growth,
climate change, emerging pests and diseases, degradation of natural resources, and increasing
demand for nutritious food. Conventional plant breeding generally requires 8—15 years to
develop and release a new cultivar because only one or two generations can be completed
annually under field conditions. Speed breeding has emerged as a revolutionary crop
improvement strategy that accelerates generation turnover by manipulating environmental
factors such as photoperiod, light intensity, temperature, humidity, and nutrient availability under
controlled environments. Under optimized speed breeding protocols, many crop species can
complete 4-6 generations per year, thereby significantly increasing the rate of genetic gain and
reducing the breeding cycle. The integration of speed breeding with marker-assisted selection
(MAS), genomic selection (GS), genome-wide association studies (GWAS), doubled haploid
(DH) technology, and CRISPR/Cas-mediated genome editing has transformed modern crop
improvement by accelerating the development of climate-resilient, disease-resistant, and high-
yielding cultivars. Recent advances in LED lighting systems, automated growth chambers,
artificial intelligence (Al)-based phenotyping, robotics, and controlled-environment agriculture
have further enhanced the efficiency and scalability of speed breeding platforms. This chapter
provides a comprehensive overview of the historical development, principles, physiological
basis, environmental requirements, crop-specific protocols, technological integration,
applications, limitations, and future prospects of speed breeding, with special emphasis on
vegetable crop improvement.

Keywords: Speed Breeding, Rapid Generation Advancement, Controlled Environment, LED

Lighting, Genomic Selection, CRISPR/Cas9, Vegetable Breeding, Climate-Smart Agriculture.
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1. Introduction

The global population is projected to exceed 9.7 billion by 2050, creating an urgent need to
substantially increase agricultural productivity while maintaining environmental sustainability
(United Nations, 2022). Simultaneously, agriculture faces multiple challenges including climate
change, declining arable land, water scarcity, soil degradation, and the emergence of new pests
and diseases (FAO, 2023). Developing improved crop varieties with enhanced yield potential,
stress tolerance, and nutritional quality has therefore become a major priority for plant breeders
worldwide (Acquaah, 2020).

Conventional breeding relies largely on natural growing seasons, allowing only one or two
generations annually in most crop species. Consequently, the development of a new cultivar
often requires 815 years, depending on the crop, breeding objectives, and selection strategy
(Acquaah, 2020; Watson et al., 2018). Such prolonged breeding cycles delay the deployment of
improved cultivars capable of addressing rapidly evolving agricultural challenges.

Speed breeding has emerged as a transformative breeding technology that significantly shortens
crop generation time by manipulating environmental conditions under controlled environments
(Watson et al., 2018). The technique combines extended photoperiods, optimized temperature
regimes, supplemental LED lighting, balanced nutrition, controlled irrigation, and precise
humidity management to accelerate plant growth, flowering, seed development, and generation
advancement (Ghosh et al., 2018).

Unlike conventional field-based breeding, speed breeding provides an optimized environment
throughout the crop life cycle, minimizing seasonal constraints and maximizing photosynthetic
efficiency (Hickey et al., 2019). Under standardized protocols, crop species such as wheat,
barley, chickpea, canola, pea, tomato, cucumber, lettuce, spinach, and several Brassica
vegetables can complete four to six generations annually, thereby dramatically increasing
breeding efficiency (Watson ef al., 2018; Ghosh et al., 2018).

The concept gained international recognition following the pioneering work of researchers at the
John Innes Centre (UK) and the University of Queensland (Australia), who demonstrated that
extending the photoperiod to 22 hours of light followed by 2 hours of darkness substantially
accelerated flowering and seed production in wheat, barley, chickpea, and canola (Watson et al.,
2018). Their standardized protocols have since been adapted for numerous cereal, pulse, oilseed,
and vegetable crops worldwide.

Beyond reducing generation time, speed breeding has become an integral component of modern
crop improvement by facilitating rapid fixation of desirable alleles, accelerated backcrossing,
early generation selection, rapid recombinant inbred line (RIL) development, doubled haploid
production, and efficient phenotyping under controlled environments (Hickey et al, 2019;

Crossa et al., 2017). The technology is particularly valuable when integrated with molecular
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breeding approaches such as marker-assisted selection (MAS), genomic selection (GS), genome-
wide association studies (GWAS), and CRISPR/Cas-mediated genome editing (Crossa et al.,
2017; Hickey et al., 2019).
Vegetable crops are especially well suited to speed breeding because many possess relatively
short biological cycles and exhibit rapid responses to optimized environmental conditions.
Tomato (Solanum Iycopersicum), cucumber (Cucumis sativus), chilli (Capsicum annuum),
brinjal (Solanum melongena), lettuce (Lactuca sativa), spinach (Spinacia oleracea), and
cucurbitaceous vegetables have demonstrated significant reductions in generation time under
controlled environments, enabling faster development of disease-resistant hybrids, superior
inbred lines, and climate-resilient cultivars (Watson ef al., 2018; Ghosh et al., 2018).
Recent technological innovations, including programmable LED lighting, automated climate
control, high-throughput phenotyping, artificial intelligence (AI), machine learning, robotics, and
Internet of Things (IoT)-based monitoring systems, have further enhanced the precision and
scalability of speed breeding facilities (Paradiso & Proietti, 2022; Hickey et al., 2019). These
technologies enable breeders to optimize environmental variables in real time, improving both
breeding efficiency and experimental reproducibility. Consequently, speed breeding is
increasingly regarded as one of the most promising technologies for accelerating crop
improvement and achieving sustainable food security under changing climatic conditions (FAO,
2023; Watson et al., 2018).

Table 1: Comparison between conventional breeding and speed breeding

Parameter Conventional Breeding | Speed Breeding
Generations per year 1-2 4-6

Growing environment Open field Controlled environment
Photoperiod Natural daylight 1822 h

Flowering Seasonal Accelerated

Variety development 8—15 years 3—6 years

Integration with genomics | Limited Extensive

Climate dependence High Low

Selection efficiency Moderate High

Source: Modified from Watson ef al. (2018), Ghosh et al. (2018), and Hickey et al. (2019).

2. Historical Development of Speed Breeding

The concept of manipulating environmental conditions to accelerate plant growth originated in
the early twentieth century when researchers first demonstrated that artificial illumination could
influence flowering and vegetative development in photoperiod-sensitive crops (Thomas &
Vince-Prue, 1997). Initial studies primarily focused on extending day length using incandescent

and fluorescent lamps, although these systems were inefficient and generated excessive heat.
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The development of programmable growth chambers and controlled-environment glasshouses
during the latter half of the twentieth century enabled more precise regulation of temperature,
humidity, and light quality (Kozai et al., 2016). However, the widespread application of rapid
generation advancement remained limited due to the high operational costs associated with
traditional lighting systems.
A major technological breakthrough occurred with the introduction of energy-efficient light-
emitting diode (LED) technology. LEDs provided precise control over spectral quality,
photoperiod, and light intensity while substantially reducing electricity consumption and heat
production (Bantis et al., 2018). These innovations created new opportunities for accelerating
crop growth under controlled environments.
The modern concept of speed breeding was formally established by Watson ef al. (2018), who
demonstrated that extending the photoperiod to 22 h light and 2 h darkness enabled wheat,
barley, chickpea, and canola to complete up to six generations annually without compromising
seed viability. Their work established standardized protocols that have since become widely
adopted in breeding programs across the world (Watson ef al., 2018; Ghosh et al., 2018). Since
then, speed breeding has been successfully implemented in cereals, legumes, oilseeds,
vegetables, and model plant species. Modern breeding programs increasingly combine speed
breeding with doubled haploid technology, marker-assisted selection, genomic selection, genome
editing, and high-throughput phenotyping to accelerate cultivar development and enhance
genetic gain (Crossa et al., 2017; Hickey et al., 2019).
3.Principles of Speed Breeding
Speed breeding is based on the principle of manipulating environmental factors to maximize
plant growth, accelerate developmental transitions, shorten generation intervals, and increase the
number of breeding cycles completed per year. The primary objective of speed breeding is not
simply rapid plant growth but rapid completion of the complete life cycle from seed to seed
while maintaining normal plant fertility and genetic stability (Watson et al., 2018; Ghosh ef al.,
2018). In conventional breeding systems, crop development is restricted by seasonal variation,
geographical location, and environmental fluctuations. Speed breeding overcomes these
limitations by providing a controlled environment where light, temperature, humidity, nutrition,
and carbon dioxide concentration can be precisely regulated according to crop requirements
(Hickey et al., 2019). These optimized conditions enhance photosynthetic efficiency, accelerate
flowering, promote rapid seed development, and facilitate early generation advancement.
The fundamental components of speed breeding include:

e Extended photoperiod

e Optimized light intensity and quality

e Temperature regulation
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¢ Humidity management
e Efficient nutrient supply
e Controlled irrigation
e Rapid seed harvesting and replanting
The combination of these factors enables breeders to achieve multiple generations annually and

significantly accelerate genetic gain (Watson et al., 2018; Hickey et al., 2019).

\ Comeninn p— e bresding (msern coeind)
Apollo 8 LED Apollo 8 LED T
18h Light/ 6h Dark 14h Light/ 10b Dark 2|

Figure 1: Major components involved in speed breeding, including extended photoperiod,
LED lighting, temperature regulation, nutrient management, and rapid generation
advancement (Source: Watson et al., 2018; Ghosh et al., 2018)

4. Physiological Basis of Speed Breeding
The success of speed breeding depends on understanding plant physiological responses to
environmental manipulation. The accelerated growth observed under speed breeding conditions
results from enhanced photosynthesis, regulation of flowering pathways, improved resource
utilization, and rapid reproductive development.
4.1 Enhanced Photosynthetic Activity
Photosynthesis is the primary process responsible for biomass accumulation and energy
production in plants. Under speed breeding conditions, extended photoperiods increase the daily
light integral (DLI), allowing plants to capture more photons and produce higher amounts of
carbohydrates required for rapid growth and reproduction (Bantis ef al., 2018).
LED-based lighting systems are particularly effective because they provide specific wavelengths
required for photosynthesis. Chlorophyll molecules absorb light mainly in the blue region (400—
500 nm) and red region (600—700 nm), which regulate photosynthetic activity, leaf expansion,
and flowering responses (Paradiso & Proietti, 2022).
Higher photosynthetic efficiency under optimized light conditions results in:

e Faster biomass accumulation

e Earlier canopy development

e Increased carbohydrate availability

e Accelerated flowering

e Faster seed filling
(Watson et al., 2018; Ghosh et al., 2018).
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4.2 Photoperiod Regulation and Flowering Control
Photoperiod is one of the most important factors controlling flowering time in plants. Plants
perceive day length through photoreceptors such as phytochromes and cryptochromes, which
regulate flowering-associated genes (Thomas & Vince-Prue, 1997).
In long-day crops such as wheat and barley, extended illumination promotes flowering by
enhancing the expression of photoperiod-responsive genes, particularly:

e CONSTANS (CO)

e FLOWERING LOCUS T (FT)
The FT protein acts as a mobile flowering signal that moves from leaves to the shoot apical
meristem, initiating reproductive development (Andrés & Coupland, 2012). Watson et al. (2018)
demonstrated that a 22-hour photoperiod significantly accelerated flowering in wheat, barley,
chickpea, and canola, enabling up to six generations annually. In vegetable crops such as tomato
and cucumber, which are largely day-neutral, extended photoperiods primarily accelerate growth
through increased photosynthesis and carbohydrate production rather than direct photoperiod
induction (Ghosh ef al., 2018).
4.3 Temperature Regulation
Temperature strongly influences enzymatic activity, respiration, flowering, pollen viability, and
seed maturation. Maintaining optimal temperature conditions is essential for achieving rapid
growth without causing physiological stress (Hickey ef al., 2019).
Generally, speed breeding facilities maintain:

e Day temperature: 22-25°C

e Night temperature: 17-20°C
Depending on crop requirements (Watson ef al., 2018).
Temperature optimization improves:

e Cell division

e Leaf expansion

e Flower initiation

e Pollination success

e Seed development
However, excessive temperatures may negatively affect reproductive processes by reducing
pollen viability and increasing flower abortion (Hatfield & Prueger, 2015).
4.4 Hormonal Regulation During Speed Breeding
Plant hormones play a critical role in regulating accelerated growth and development under

speed breeding environments.
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e Gibberellins (GA): Gibberellins promote stem elongation, bolting, and flowering
initiation. Increased gibberellin activity under favorable environmental conditions
contributes to rapid vegetative development (Yamaguchi, 2008).
e Cytokinins: Cytokinins stimulate cell division and delay leaf senescence, supporting
rapid biomass production.
e Auxins: Auxins regulate root development, vascular differentiation, and reproductive
organ formation.
e Abscisic Acid (ABA): ABA contributes to seed maturation and stress regulation
during accelerated seed development.
The interaction among these hormones determines plant growth rate and reproductive success
under speed breeding systems (Taiz et al., 2015).
4.5 Rapid Seed Development and Generation Advancement
A critical component of speed breeding is shortening the period between flowering and seed
harvest. In many crops, seeds can be harvested at physiological maturity earlier than under
conventional conditions.
Practices such as:
e Early seed harvesting
e Controlled drying
e Dormancy breaking treatments
e Immediate resowing
help reduce generation intervals significantly (Ghosh et al., 2018).
In some breeding programs, immature seeds are harvested approximately 15-20 days earlier and
subjected to controlled drying before planting the next generation, further accelerating breeding
cycles (Watson et al., 2018).
5. Environmental Requirements for Speed Breeding
Successful speed breeding requires precise management of environmental factors. Even small
variations in light, temperature, and humidity can influence plant development and generation
time.
5.1 Light Quality
Light quality determines plant morphology, photosynthetic efficiency, and flowering responses.
Modern LED systems allow breeders to manipulate spectral composition according to crop
requirements (Bantis et al., 2018).
Important wavelength regions include:
Blue light (400—500 nm)
Functions:

e Enhances chlorophyll synthesis
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e Promotes compact plant growth

e Improves stomatal regulation
Red light (600—700 nm)
Functions:

e Drives photosynthesis

e Promotes biomass production

e Influences flowering
Far-red light (700—750 nm)
Functions:

e Regulates shade responses

e Influences flowering pathways
5.2 Photoperiod Management
Photoperiod extension is the defining feature of speed breeding.

Typical photoperiod regimes:

Crop Recommended Photoperiod
Wheat 22 h
Barley 22 h
Chickpea 2022 h
Tomato 1820 h
Cucumber 1820 h
Pepper 1820 h

Source: Watson ef al. (2018); Ghosh et al. (2018).

A short dark period is generally provided because complete continuous illumination may disturb
circadian regulation and reduce plant performance (Velez-Ramirez et al., 2011).
5.3 Light Intensity
Light intensity determines photosynthetic carbon assimilation. Most speed breeding systems
operate at approximately 400—-600 pmol m™2 s photosynthetic photon flux density (PPFD)
depending on crop species and growth stage (Ghosh et al., 2018).
Higher light intensity improves growth; however, excessive irradiance may cause:

e Photoinhibition

e Leaf scorching

e Reduced photosynthetic efficiency
5.4 Relative Humidity Management
Relative humidity influences transpiration, nutrient uptake, pollen viability, and disease

development. The recommended range is generally 60—70% RH.
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Adequate humidity ensures:

e Proper stomatal functioning

e Improved pollen performance

e Reduced physiological stress
5.5 Carbon Dioxide Enrichment
Carbon dioxide enrichment is increasingly used in controlled-environment agriculture to enhance
photosynthetic efficiency. Increasing CO: concentration from atmospheric levels (~420 ppm) to
approximately 600—800 ppm can stimulate biomass production and accelerate growth in several
crops (Ainsworth & Long, 2021).
5.6 Nutrient Management
Rapidly growing plants require continuous nutrient availability. Balanced fertilization is essential
because nutrient deficiency can limit the benefits of accelerated environmental conditions. Major

nutrient requirements include:

Nutrient Major Function
Nitrogen Leaf growth and chlorophyll synthesis
Phosphorus Root growth and flowering
Potassium Stress tolerance and fruit development
Calcium Cell wall development
Magnesium Chlorophyll formation

6. Speed Breeding Facility Designs
Speed breeding can be conducted in different controlled environments depending on breeding
objectives and available resources.
6.1 Growth Chambers
Growth chambers provide:
e Precise environmental control
e Controlled photoperiod
e Uniform growth conditions
They are mainly used for protocol development and small populations (Ghosh ef al., 2018).
6.2 Glasshouse-Based Speed Breeding
Glasshouses combine natural sunlight with supplemental LED lighting.
Advantages:
e Larger breeding populations
e Lower operational cost

e Higher scalability

113



Bhumi Publishing, India
July 2026

6.3 Vertical Farming and Plant Factories
Modern plant factories integrate:
e LED lighting
e Automated irrigation
e Climate control
e Digital monitoring
These systems enable year-round crop production and high-throughput breeding (Kozai et al.,
2016).

Figure 2. Different facility approaches used for speed breeding, including growth

chambers, glasshouses, and vertical farming systems
(Source: Kozai et al., 2016; Ghosh et al., 2018)
7. Integration of Speed Breeding with Modern Crop Improvement Technologies
7.1. Integration of Speed Breeding with Advanced Breeding Technologies
Speed breeding has emerged as a powerful platform technology; however, its greatest potential is
realized when combined with modern molecular breeding approaches. The integration of speed
breeding with genomic tools enables rapid identification, selection, and fixation of desirable
alleles, thereby reducing the time required for cultivar development (Hickey et al., 2019; Watson
et al., 2018). Traditional breeding depends mainly on phenotypic selection, which requires
several generations before superior genotypes can be identified. In contrast, combining speed
breeding with molecular technologies allows breeders to select desirable plants at early
generations, accelerating genetic gain and improving selection accuracy (Crossa ef al., 2017).
7.2 Speed Breeding and Marker-Assisted Selection (MAS)
Marker-assisted selection (MAS) involves the use of molecular markers linked with genes or
quantitative trait loci (QTLs) controlling important traits. MAS enables early identification of
desirable plants without waiting for trait expression, thereby improving breeding efficiency
(Collard & Mackill, 2008).
When MAS is integrated with speed breeding:
e Large segregating populations can be advanced rapidly.
¢ Resistant genotypes can be identified at early generations.

e Multiple generations can be screened annually.
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e Recessive traits can be fixed faster.
In vegetable crops, this approach is particularly valuable for developing resistance against major
diseases.
Examples include:
e Tomato: resistance breeding against Tomato yellow leaf curl virus (TYLCV), bacterial
wilt, and late blight.
e Cucumber: TOLCNDYV resistance breeding and powdery mildew resistance.
e Pepper: resistance to viruses and anthracnose.
The combination of MAS and speed breeding reduces the time required for developing resistant
vegetable cultivars (Collard & Mackill, 2008; Hickey et al., 2019).
7.3 Speed Breeding and Quantitative Trait Loci (QTL) Mapping
Many economically important traits in vegetables, including yield, fruit quality, stress tolerance,
and disease resistance, are controlled by multiple genes. QTL mapping helps identify genomic
regions associated with these complex traits (Mackay et al., 2009).
Speed breeding accelerates QTL discovery by rapidly producing:
e F2 populations
e Recombinant inbred lines (RILs)
e Backcross populations
e Near-isogenic lines (NILs)
For example, cucumber resistance breeding programs use rapid generation advancement to
develop mapping populations for identifying loci associated with viral resistance, powdery
mildew resistance, and fruit quality traits (Q1i et al., 2013).
7.4 Speed Breeding and Genome-Wide Association Studies (GWAS)
Genome-wide association studies (GWAS) identify marker—trait associations using natural
genetic variation present in diverse germplasm collections. GWAS has become an important
approach for discovering genes controlling complex traits in vegetables (Korte & Farlow, 2013).
Integration of GWAS with speed breeding provides several advantages:
e Rapid validation of candidate genes.
e Faster development of mapping populations.
e Efficient phenotyping under controlled environments.
e Accelerated deployment of superior alleles.
In cucumber, GWAS has been extensively used for identifying genomic regions controlling
disease resistance, fruit morphology, sex expression, and quality traits (Qi et al., 2013; Wang et
al., 2021).
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7.5 Speed Breeding and Genomic Selection
Genomic selection (GS) predicts the breeding value of individuals using genome-wide molecular
markers. Unlike MAS, GS considers the combined effects of thousands of markers affecting
complex quantitative traits (Meuwissen ef al., 2001).
The integration of GS with speed breeding enables:

e Early prediction of superior genotypes.

e Rapid advancement of breeding populations.

e Reduction in field evaluation cycles.

e Increased genetic gain per unit time.

The concept of genetic gain is expressed as:

Genetic Gain = Lxrroa
L

Where:

e i=selection intensity

e r = selection accuracy

e oA = additive genetic variance

e L = generation interval
Reducing generation interval through speed breeding directly increases genetic gain (Cobb et al.,
2019).
7.6 Speed Breeding and Doubled Haploid Technology
Doubled haploid (DH) technology produces completely homozygous lines within a single
generation. It is widely used in vegetable breeding, particularly for developing uniform parental
lines for hybrid production.
Combining DH technology with speed breeding provides:

e Faster development of homozygous lines.

e Rapid fixation of desirable traits.

e Reduced breeding cycles.
In crops such as pepper, cabbage, broccoli, and cucumber, DH technology combined with rapid
generation advancement can significantly accelerate hybrid breeding programs (Dwivedi et al.,
2015).
7.7 Speed Breeding and CRISPR/Cas-mediated Genome Editing
CRISPR/Cas technology has revolutionized plant improvement by enabling precise modification
of specific genes. However, edited plants must still undergo several generations of advancement

and validation.
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Speed breeding accelerates:

e Recovery of edited plants.

e Segregation of transgenes.

e Development of homozygous edited lines.

e Phenotypic evaluation.
In tomato, CRISPR/Cas has been successfully applied for improving:

e Fruit quality

e Plant architecture

e Disease resistance

e Shelflife
Combining CRISPR/Cas with speed breeding provides a rapid pathway from gene discovery to
improved cultivar development (Bortesi & Fischer, 2015; Zaidi et al., 2020).
8. Applications of Speed Breeding in Vegetable Crop Improvement
8.1 Accelerated Hybrid Development
Hybrid breeding requires rapid development and purification of parental lines. Speed breeding
enables faster advancement of inbred generations, reducing the time required for hybrid
development.
Applications include:

e Tomato hybrid development

e Cucumber hybrid breeding

e Pepper hybrid improvement

e Brassica hybrid systems
(Watson et al., 2018).
8.2 Disease Resistance Breeding
Disease resistance is a major objective in vegetable improvement programs. Speed breeding
accelerates the development of resistant varieties by rapidly advancing segregating populations
and combining resistance genes through pyramiding.

Important examples:

Crop Disease
Tomato Tomato leaf curl virus, late blight
Cucumber ToLCNDV, powdery mildew
Chilli Viral diseases, anthracnose
Brinjal Bacterial wilt
Brassica Downy mildew

(Hickey et al., 2019).
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8.3 Climate-Resilient Vegetable Breeding
Climate change has increased the frequency of drought, heat stress, salinity, and unpredictable
weather conditions. Speed breeding enables rapid development of climate-adapted vegetable
cultivars by accelerating selection under controlled stress environments (FAO, 2023).
9. Advantages of Speed Breeding
9.1 Reduction in Breeding Cycle
The major advantage of speed breeding is shortening generation time. Crops requiring 8—10
years for improvement may be developed within 3—5 years when speed breeding is combined
with molecular approaches (Watson ef al., 2018).
9.2 Increased Genetic Gain
Shorter generation intervals increase genetic gain per year, allowing breeders to respond rapidly
to emerging agricultural challenges (Cobb et al., 2019).
9.3 Year-Round Crop Improvement
Speed breeding removes dependence on seasonal conditions and enables continuous breeding
throughout the year (Ghosh et al., 2018).
9.4 Efficient Use of Resources (Ghosh ez al., 2018)
Controlled environments allow:
e Reduced land requirement
e Precise experimentation
e Uniform selection pressure
e Faster screening
10. Limitations and Challenges of Speed Breeding
Despite its advantages, speed breeding has several limitations.
10.1 High Infrastructure Cost
Establishing controlled growth chambers, LED systems, climate control facilities, and
automation technologies requires substantial investment (Kozai et al., 2016).
10.2 Crop-Specific Optimization Requirement
Not all crops respond equally to extended photoperiods. Environmental conditions must be
optimized individually for each species and genotype (Watson ef al., 2018).
10.3 Reduced Population Size
Controlled facilities often accommodate fewer plants compared with field conditions, limiting
selection intensity for large breeding populations.
10.4 Physiological Stress (Velez-Ramirez et al., 2011)
Excessive light duration, temperature fluctuations, or humidity imbalance may negatively affect:
e Flower fertility
e Seed quality
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e Plant morphology
11. Future Prospects of Speed Breeding
The future of speed breeding lies in integrating it with automation, artificial intelligence, and
digital agriculture.
Emerging technologies include:
Artificial Intelligence-Based Phenotyping
Al systems can automatically measure:
e Plant growth
e Disease symptoms
e Fruit characteristics
e Biomass accumulation
(Shakoor et al., 2017).
Robotics and Automation
Robotic systems can perform:
e Seed sowing
e Transplanting
e Imaging
e Harvesting
reducing labour requirements.
Digital Twins and Predictive Models
Computer-based crop models can predict optimal environmental conditions for maximum
breeding efficiency.
Integration with Omics Technologies
Future speed breeding platforms will combine:
e Genomics
e Transcriptomics
e Proteomics
e Metabolomics
to accelerate trait discovery and deployment.
Conclusion
Speed breeding represents a major advancement in modern crop improvement by dramatically
reducing generation intervals and accelerating genetic gain. Its integration with molecular
breeding approaches such as MAS, GWAS, genomic selection, doubled haploid technology, and
CRISPR/Cas genome editing has transformed the breeding landscape. In vegetable crops, where

rapid development of disease-resistant hybrids and climate-resilient cultivars is urgently
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required, speed breeding provides a powerful solution. Although challenges related to

infrastructure cost, crop optimization, and technical expertise remain, continuous improvements

in LED technology, automation, and artificial intelligence are expected to make speed breeding

more accessible and widely adopted.
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Introduction

Soil is the largest part on the earth having the capacity to segregate a million ton of C (carbon) as
soil organic carbon basin and in plant as vegetation’s C basin. It helps to eliminate atmospheric
carbon and minimize free migration of several greenhouse gases in the atmosphere which forms
the essential of global warming which is a major concern today. Soils sustain all organisms
(perennial trees, crops, animals, and humans) and harness a variety of organisms (both micro and
macro) which is imperative for smooth functioning of the ecosystem. These entire organisms
associate among them and help in assenting quality and health of soils through decaying and
decomposition of dead plants (by microorganism, earthworm, etc.) and release several important
nutrients which support the life for plant, animal, and humans. Although, healthy soil gives better
ecosystem services along with environmental, ecological, and food and nutrition security.

soil is an organic carbon mediated domain in which solid, liquid, and gaseous phases collaborate
at a scale ranging from nano-meters to kilo-meters and build dynamic environments favourable
to growth and development of plants and biodiversity.

The present chapter deals with the soil properties, issues related to soil, watershed management,
Challenges in Achieving Resilient Ecosystems and their sustainability perspective. In this
context, sustainable soil management performs good job and helps in maintaining organic carbon
stock which excel fertility and physiochemical properties of soil that significantly affects
productivity, water availability, and health of soil and its inhabiting organism and whole
ecosystem processes.

2. Soil Properties

Soil Structure

Soil structure describes the arrangement of individual soil particles into aggregates, commonly
known as peds. Unlike texture, soil structure is dynamic and can be improved or degraded
through management practices. Well-developed soil structure creates interconnected pores that
facilitate water infiltration, air movement, root growth and biological activity. Conservation
tillage, crop residue retention, cover cropping and organic amendments help maintain stable soil
structure, whereas excessive tillage and heavy machinery often lead to structural degradation and

increased erosion.
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Hydraulic Conductivity
Hydraulic conductivity is a measure of the ease with which water moves through saturated or
partially saturated soil. It integrates the effects of texture, structure, porosity and soil continuity,
making it one of the most important parameters in soil hydrology and irrigation management.
Hydraulic conductivity influences infiltration, groundwater recharge, drainage, irrigation
efficiency and the transport of nutrients and contaminants within the soil profile. Maintaining
good soil structure through conservation agriculture, organic matter management and reduced
compaction helps preserve hydraulic conductivity and enhances the resilience of agricultural and
natural ecosystems against climate variability.
Soil Salinity
High salinity reduces the osmotic potential of the soil solution, making it difficult for plant roots
to absorb water even when sufficient moisture is present. Salt stress also interferes with nutrient
uptake, suppresses seed germination, reduces photosynthesis and limits crop yield. In addition,
elevated salt concentrations negatively affect soil microorganisms and decrease biological
activity. Several factors contribute to salinity development, including poor-quality irrigation
water, inadequate drainage, seawater intrusion in coastal areas and improper irrigation
management. Effective salinity control involves improving drainage systems, adopting efficient
irrigation practices, leaching excess salts with good-quality water, selecting salt-tolerant crop
varieties and increasing soil organic matter to improve soil structure and water movement.
Soil Biodiversity
Soil biodiversity includes the vast array of organisms from microscopic life to earthworms,
mites, and insects that form intricate food webs to drive nutrient cycling, soil aggregation, and
natural pest suppression. High biodiversity builds ecosystem resilience through "functional
redundancy," allowing crucial soil processes to continue even if specific species are lost to
environmental stress. While intensive farming, pollution, and heavy tillage threaten these
biological networks, sustainable practices like crop rotation, conservation agriculture, and
organic amendments help restore them. Modern tools like eDNA and metagenomics are
unlocking new insights into this hidden diversity, proving that protecting soil life is vital for
long-term food security and climate resilience.
3. Climate Impacts on Soil and Water Resources
Soil Health Assessment Methods
Modern assessment merges field sampling with advanced spatial technologies:
e Soil Health Card: A farmer-centric diagnostic tool providing site-specific laboratory
parameters (pH, EC, organic carbon, nutrients) alongside balanced fertilizer

recommendations.
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e Soil Quality Index (SQI): Integrates multiple physical, chemical, and biological

indicators into a single numerical score to quantify long-term management impacts.

¢ Remote Sensing & GIS: Satellite imagery, UAVs, and Geographic Information Systems

(GIS) provide rapid digital soil mapping, spatial monitoring of degradation, and erosion

risk modeling across broad landscapes.

Table 1: Status, Extent and Primary Drivers of Soil Degradation in India

Degradation | Affected Share of Primary Regional Drivers Agricultural &
Category Area Total Land Ecological Impacts
(Mha) (%)

Water Erosion 82.60 25.13 Deforestation, shift  to | Severe topsoil loss,
intensive  mono-cropping, | nutrient depletion (N, P,
steep-slope cultivation | K), siltation of river
without terracing, and high- | basins/reservoirs, and
intensity monsoonal rain | crop yield decline.
events.

Chemical 24.80 7.55 Canal over-irrigation, | Osmotic stress on roots,

Degradation inadequate drainage in Indo- | micronutrient

(Salinity, Gangetic Plains, | toxicity/deficiency,

Alkalinity & excessive/unbalanced surface crusting, and

Acidification) synthetic ~ fertilizer  use | soil biological activity
({N:P:K}imbalance), and | suppression.
coastal seawater intrusion.

Wind Erosion 12.00 3.65 Overgrazing, removal of | Dune movement, loss of
vegetation cover, excessive | fine silt/clay and
tillage, and prolonged dry | organic matter particles,
spells in arid and semi-arid | crop seedling burial,
zones (e.g., Thar Desert, | and severe air quality
Western Rajasthan, | degradation.

Gujarat).

Physical 1.00 0.30 Heavy agricultural | Root-zone anoxia,

Degradation machinery, poor surface | suppression of

(Waterlogging drainage systems, improper | beneficial rhizosphere

& land leveling, and clay pan | microbes, poor

Compaction) formation. infiltration, and delayed

sowing schedules.
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Total 120.40 36.63 Combined  anthropogenic | Topsoil loss; annual
Degraded pressures, climate | crop production loss
Land variability, land | and diminished soil
(National fragmentation, and non- | organic carbon.
Summary) sustainable agronomic

practices.

Note: Data compiled from ICAR, National Academy of Agricultural Sciences (NAAS), and
Ministry of Agriculture & Farmers Welfare, Government of India. Percentages are calculated
relative to India’s total geographical area of 328.73 million hectares (Mha) of the total
degraded area 120.4 Mha and approximately 104.2 Mha represents arable land.
5. Watershed Management
A watershed serves as a natural hydrological planning unit. Integrated watershed management
coordinates soil, water, and vegetation conservation within a drainage basin to boost agricultural
output and rural livelihoods.
5.1 Key Conservation Interventions
¢ Ridge-to-Valley Approach: A sequential management strategy where upper catchment
slopes are treated first (afforestation, trenching) before building lower basin structures,
systematically intercepting runoff.
e Check Dams: Small barriers across drainage channels that reduce stream velocity, drop
sediment loads, and recharge shallow groundwater aquifers.
e Contour Bunding: Earthen embankments built along elevation contours on slopes to
capture surface runoff, prevent rill erosion, and increase soil water storage.
e Farm Ponds: On-farm rainwater catchment basins that provide critical supplemental
irrigation during dry spells while aiding local groundwater seepage.
e Vegetative Barriers: Strips of dense plants (e.g., vetiver grass) established along
contours to slow runoff, stabilize slopes, and trap eroded topsoil.
6. Ecosystem Restoration
Ecosystem restoration focuses on assisting the recovery of degraded landscapes to restore
biodiversity, hydrological balance, and ecological integrity.

Table 2: Primary strategy and Environmental benefits of Ecosystem restoration

Restoration Primary Strategy Key Ecological & Environmental
Domain Benefits
Wetlands Re-establishing  natural  hydrology, | Water purification, sediment
removing  drainage  canals, and | filtration, flood mitigation, and long-
reintroducing native aquatic vegetation. | term carbon storage.

125



Bhumi Publishing, India

July 2026

Forest Combining natural regeneration, | Slope stabilization, reduced surface

Landscapes afforestation, and agroforestry across | runoff, carbon sequestration, and
whole watersheds. habitat connectivity.

Riparian Vegetated strips along stream banks and | Trapping agricultural runoff, stream

Buffers lake margins. bank stabilization, water shading,

and aquatic habitat protection.

Grasslands Managed rotational grazing, invasive | Forage production, soil organic
species control, and native grass | carbon accumulation, and wind
reseeding. erosion control.

Mine Spoils Landform reshaping, topsoil/organic | Rapid erosion reduction, soil
amendment application, and pioneer | structure rebuilding, and microbial
legume planting. recolonization.

7. Carbon Sequestration and Nature-Based Solutions
Nature-based solutions capture atmospheric COz and lock it into terrestrial sinks while enhancing
farm resilience.
e Soil Organic Carbon (SOC): Accumulates via conservation tillage, cover crops, and
organic amendments, directly raising crop drought tolerance.
e Biochar: Stable, carbon-rich porous material derived from biomass pyrolysis that persists
in soils for centuries, boosting cation exchange capacity and water holding capacity.
e Agroforestry: Integrates deep-rooted perennial trees with crops, capturing carbon both
above and below ground while moderating microclimates.
e Regenerative Agriculture: Holistic management relying on minimal soil disturbance,
continuous plant cover, and animal integration to rebuild soil biology.
e Blue Carbon: Conservation of coastal mangroves, salt marshes, and seagrasses, which
store sediment carbon at rates significantly higher than terrestrial forests.
8. Biodiversity and Ecosystem Services
Healthy soil and water ecosystems sustain a vast array of organisms that provide crucial
ecosystem services:
Pollination: Supports wild plant reproduction and agricultural fruit set via diverse insect and
animal vectors.
Nutrient Cycling: Microbes and fauna decompose organic matter, converting locked nutrients
into bioavailable forms.
Carbon Storage: Soil organic networks and plant biomass actively lock away carbon dioxide to
buffer atmospheric greenhouse gas levels.
Water Purification: Physical filtration through healthy soil matrices and biological uptake by

riparian plants remove excess nutrients and heavy metals.
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Climate Regulation: Large-scale vegetation networks regulate local evapotranspiration,

moderate microclimatic heat, and influence regional precipitation cycles.

Table 3: Emerging Digital Technologies and Their Applications in Soil and Water

Management
Technology Core Tool / Specific Key Metrics & Key
Domain Platform Application in Parameters Agronomic &
Soil & Water Monitored Ecological
Management Benefits
Geospatial & | Multispectral & | Regional NDVI, EVI, SAVI, | Early detection
Remote Hyperspectral | monitoring of | surface temperature, | of drought
Sensing Satellite crop health, soil | evapotranspiration stress, rapid
Sensors moisture rates. mapping of
dynamics, and affected areas,
land degradation and large-scale
mapping. watershed
planning.
Unmanned Ultra-high- Crop canopy vigor, | Precision
Aerial Vehicles | resolution  field | weed patch density, | variable-rate
(UAVs /| scouting, 3D | micro-topography, fertigation,
Drones) elevation thermal water-stress | reduced
modeling, and | indices. chemical drift,
variable-rate and localized
input application. erosion control.
Active LiDAR | Canopy Slope gradients, | Accurate land
Sensors penetration  and | micro-topography, leveling,
high-precision surface drainage | optimal
terrain surface | pathways, tree | irrigation canal
modeling. canopy architecture. | design, and
slope
stabilization
structures.
Artificial Machine Predictive Soil  classification, | Data-driven
Intelligence & | Learning & | modeling for crop | rainfall forecasting, | decision
Analytics Deep Learning | yield,  dynamic | leaf symptom image | support,

irrigation
scheduling, and
automated
pest/disease
diagnosis.

patterns,

evapotranspiration.

reduced  crop
failure risk, and
optimized water

productivity.
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Digital  Twin | Virtual real-time | Root-zone soil | Risk-free
Frameworks simulation of | moisture flux, solute | testing of
farm plots and | transport, management
watershed groundwater  table | scenarios,
hydrological dynamics, nitrogen | precise  water
cycles under | leaching. allocation, and
varying  climate predictive  risk
scenarios. management.
Internet of | In-situ Soil | Continuous real- | Volumetric =~ Water | Prevention  of
Things (IoT) & | Moisture & | time monitoring | Content , Electrical | over-irrigation,
Sensing Salinity Probes | of root-zone | Conductivity, soil | reduced nutrient
water content and | temperature. leaching, and
ionic salinization
concentrations. control.
Smart Automated valve | Soil water potential , | Up to water
Automated regulation daily crop | savings,
Irrigation combining  IoT | evapotranspiration, reduced
Systems sensor feeds with | local humidity, solar | pumping energy
weather radiation. costs, and
forecasting maximized
models. water-use
efficiency.
Molecular Environmental | Rapid profiling of | Microbial functional | Accurate
Genomics & | DNA (eDNA) | soil microbial | genes, species | biological soil
Environmental | & communities and | richness, mycorrhizal | quality
Sensing Metagenomics | soil-borne abundance, pathogen | indexing, early
pathogens counts. pathogen
without isolation. detection, and
monitoring
restoration
progress.
Decentralized | Blockchain Tamper-proof Water  withdrawal | Enhanced
Data Systems Ledgers tracking of water | volumes,  fertilizer | transparency in
allocations, application  history, | water
irrigation  logs, | carbon credit | governance,
and organic farm | validation metrics. supply  chain
certifications. trust, and
simplified
certification.
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9. Carbon Sequestration and Nature-Based Solutions

Nature-based solutions capture atmospheric CO> and lock it into terrestrial sinks while enhancing

farm resilience.

Soil Organic Carbon (SOC): Accumulates via conservation tillage, cover crops, and
organic amendments, directly raising crop drought tolerance.

Biochar: Stable, carbon-rich porous material derived from biomass pyrolysis that persists
in soils for centuries, boosting cation exchange capacity and water holding capacity.
Agroforestry: Integrates deep-rooted perennial trees with crops, capturing carbon both
above and below ground while moderating microclimates.

Regenerative Agriculture: Holistic management relying on minimal soil disturbance,
continuous plant cover, and animal integration to rebuild soil biology.

Blue Carbon: Conservation of coastal mangroves, salt marshes, and seagrasses, which

store sediment carbon at rates significantly higher than terrestrial forests.

10. Biodiversity and Ecosystem Services

Healthy soil and water ecosystems sustain a vast array of organisms that provide crucial

ecosystem services:

Pollination: Supports wild plant reproduction and agricultural fruit set via diverse insect
and animal vectors.

Nutrient Cycling: Microbes and fauna decompose organic matter, converting locked
nutrients into bioavailable forms.

Carbon Storage: Soil organic networks and plant biomass actively lock away carbon
dioxide to buffer atmospheric greenhouse gas levels.

Water Purification: Physical filtration through healthy soil matrices and biological
uptake by riparian plants remove excess nutrients and heavy metals.

Climate Regulation: Large-scale vegetation networks regulate local evapotranspiration,

moderate microclimatic heat, and influence regional precipitation cycles.

11. Challenges in Achieving Resilient Ecosystems

Despite technical advances, several systemic barriers hinder global adoption:

Climate Uncertainty: Unpredictable weather shifts complicate long-term watershed
infrastructure designs.

Land Degradation: Widespread erosion, salinization, and loss of biological life lower
baseline soil resilience.

Population Pressure: Expanding urban footprint and high food demands drive
agricultural intensification onto fragile lands.

Policy & Institutional Fragmentation: Isolated management of water, forest, and

agriculture across separate administrative bodies limits watershed-scale initiatives.
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Financial & Adoption Barriers: High upfront costs for smart equipment and lack of
extension services hinder adoption among smallholder farmers.
Data Integration Deficits: Inconsistent environmental monitoring networks and

restricted data sharing slow down regional planning.
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Introduction

Earth holds roughly 1,351 million km>of waters, but only 3% of this volume is high-quality fresh
water. The agricultural sector is the primary consumer, exhausting approximately 70% of global
freshwater supplies. To satisfy the food requirements of an expanding global population, the
Food and Agriculture Organization (FAO) estimates that agricultural output must rise by 60% by
2050 (Anonymous, 2017). Concurrently, nearly 6 billion people worldwide could face severe
water scarcity, as per-capita water availability dropped significantly from 1,816 m? in 2011 and
is projected to reach just 1,154 m? by 2050 (Anonymous, 2018).

While the FAO predicts that irrigated food production will grow by over 50% by 2050,
agricultural water allocations can only expand by 10%, necessitating major advancements in
irrigation efficiency. Consequently, identifying alternative water sources is critical to satisfying
crop demands. The FAO has recommended water recycling to G20 nations as a progressive
strategy to sustainably improve agricultural water productivity, curb environmental pollution,
and manage climate-induced water shortages.

In recent years, erratic rainfall patterns have increased the frequency of waterlogging and
subsequent crop damage. In India alone, waterlogging impacts roughly 11.6 million hectares
annually, and approximately 25,000 hectares of irrigated farmland are lost each year to the
combined effects of waterlogging and soil salinization. Collecting this agricultural drainage
water and recycling it for crop production has emerged as a promising strategy that offers
numerous complementary benefits.

Theoretical Framework and System Classification

Agricultural drainage encompasses the techniques and systems used to remove excess water
from both the soil surface and the subsurface profile to optimize conditions for plant
development. Drainage Water Recycling (DWR) specifically refers to intercepting this excess
runoff or subsurface drainage, conserving it in dedicated ponds or reservoirs, and reapplying it as

irrigation during dry spells.
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The National Resources Conservation Service (NRCS) Conservation Practice Standard 447
formalizes this process under "Irrigation and Drainage Tail water Recovery," defining it as a
system engineered to collect, store, and transport irrigation tailwater, rainfall runoff, and
drainage water for reuse in crop irrigation (Anonymous, 2020). Functioning as a closed-loop
framework, DWR recirculates captured water back onto the source field or diverts it to alternate
fields using diverse irrigation methods.
Hydrological Dynamics and Soil-Moisture Interactions
Understanding DWR hydrology requires evaluating the complex relationships between weather
patterns, soil properties, crop profiles, and design configurations. DWR frameworks differ
fundamentally from traditional irrigation models because they are deployed on naturally poorly
drained soils characterized by frequent shallow water tables.
This shallow water table interacts dynamically with the unsaturated soil zone, modulating crop
root depth and supplying a portion of the crop’s evapotranspiration (ET) requirements. However,
captured drainage water alone is often insufficient to fulfill total irrigation demands. Managing
supplemental irrigation on poorly drained profiles-where precipitation remains the primary water
source- presents unique operational obstacles compared to arid zones where irrigation is the
singular water source.
In artificially drained agricultural soils, root-zone moisture dynamics are governed by two
distinct forces:

e Downward Movement: The gravity-driven descent of infiltrated rainfall and irrigation

water.

e Upward Movement: The capillary rise of water from the shallow water table.
This upward movement, known as upward flux, represents a major source of crop ET and varies
based on soil texture, crop species, developmental stage, and the depth of the water table.
Because upward flux is difficult to measure directly, researchers frequently rely on hydrologic
simulation models to estimate values across varying soil profiles and crops. Accurately mapping
the complete reservoir water balance remains a central prerequisite for properly sizing and
operating DWR storage facilities.
Agronomic Productivity and Downstream Environmental Safeguards
Compared to conventional drainage networks, DWR configurations offer two primary
advantages: heightened crop productivity via supplemental irrigation and minimized downstream
water contamination. Additional benefits include enhanced regional water retention, natural crop
nutrient delivery, and localized pollutant reduction within the storage structures.
These internal reductions are primarily driven by the denitrification of nitrogen and the physical
settling of phosphorus compounds within the reservoir basin. Furthermore, supplemental

irrigation provided by DWR shields crops from moisture-stress yield penalties, stabilizes annual
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farm output, and enables growers to transition toward more diversified or alternative cropping
patterns.
The storage reservoirs embedded within DWR frameworks serve a dual purpose: they secure
water for dry-season irrigation and minimize agricultural discharge, thereby reducing
downstream pollutant loads. The precise volume of nutrient reduction depends on the percentage
of drainage water retained and recycled within the farm boundary. Beyond load reductions
achieved by eliminating direct runoff, ambient nutrient concentrations drop naturally during
extended storage periods. Quantifying these internal biochemical processes is essential for
calculating the nutrientassimilative capacity of a reservoir, defining necessary water residence
times, and identifying conditions where a reservoir might accidentally become a source of
downstream nutrient pollution (especially regarding phosphorus).
Technical Engineering Configurations and Management Strategies
Storage Infrastructure Typologies

e Excavated Farm Ponds: Standard unlined basins constructed in natural low-lying areas
intercepting major drainage channels. The excavated native soil is utilized to engineer
perimeter containment bunds, allowing the deep depression to capture shallow
groundwater seepage and surface runoff.

e Geomembrane-Lined Farm Ponds: Storage basins retrofitted with impermeable
synthetic sheets, mechanical soil sealants, or clay blankets to prevent water loss via
structural seepage and lateral percolation.

e Repurposed Dry Wells: Inactive or dry vertical wells modified to receive collected field
drainage. This configuration uses excess runoff to actively recharge shallow unconfined
aquifers while doubling as an irrigation supply point.

e Underground Pipe Empty Borewell Systems: Networks of sub-surface perforated tiles
and solid manifold pipes that collect field water and vent it directly into abandoned deep
borewells, removing safety hazards while performing deep aquifer recharge.

Application Frameworks and Management Protocols

e Direct Reuse Application: Reapplying drainage water directly to fields without
blending, suitable only when the electrical conductivity (EC) and total dissolved solids
(TDS) do not exceed the salinity threshold of the targeted crop. Because plants exhibit
peak salt sensitivity during seed germination and early seedling emergence, optimal
yields are achieved by applying fresh canal water for pre-irrigation and early growth
stages, followed by exclusive drainage water application during later, more tolerant
growth phases.

e Conjunctive Blending Applications: Blending high-salinity drainage water with

highquality surface or canal water to engineer an irrigation mix that satisfies the salinity
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limits of the crop rotation. When mixing occurs directly inside primary irrigation

networks, the water quality ceiling must be dictated by the most salt-sensitive crop in the

tract. For example, conjunctive blending using agricultural drainage water with an
electrical conductivity up to 3 dS m'has successfully maintained 90% of the maximum
grain yield potential in semi-arid wheat production systems.

e Cyclic Rotational Applications: Alternating the source water in a predetermined
sequence throughout the season (intra seasonal) or across consecutive years (inter
seasonal). Intraseasonal configurations apply high-quality fresh canal water during early,
vulnerable growth phases and switch to saline drainage water as crop salt tolerance
matures. Inter seasonal cycling alternates water sources based on entire seasonal crop
selections.

e Integrated Farm Drainage Management (IFDM) Architecture: A sequential cascade
system engineered to utilize drainage effluent as a tiered production resource while
minimizing final wastewater discharge volumes. The IFDM layout separates farmlands
into four progressive zones based on a gradient of salt tolerance:

» Zone 1: Cultivation of primary salt-sensitive crops (e.g., legumes, maize, leaf
vegetables, fruiting trees).

» Zone 2: Cultivation of traditional salt-tolerant field crops (e.g., wheat, sorghum,
cotton).

» Zone 3 & 4: Cultivation of highly salt-tolerant woody shrubs, deep-rooted trees, and
strict halophytes.

» Final Stage: The hyper-saline residual brine is directed to a plastic-lined solar
evaporator pad, where water is evaporated to allow for the collection of crystalline
crust salts.

e Photovoltaic Reverse Osmosis (PV-RO) Filtration Networks: An advanced
mechanical treatment framework that couple’s pre-treatment ultrafiltration (UF)
membranes with a reverse osmosis (RO) system powered entirely by a dedicated solar
photovoltaic array. Operating exclusively during peak daylight hours, the system pumps
collected drainage water through UF membranes to extract suspended solids and
biological matter before forcing the solution through RO arrays to strip away dissolved
salts. The resulting purified permeate is routed to crop irrigation networks, while the
concentrated reject brine is isolated for safe disposal.

5.3 Engineering Formulas and Hydro-Calculations
Agricultural Drainage Discharge Calculation
The total volume of drainage discharge generated from a defined agricultural watershed is

computed using the water balance equation:
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Drainage Discharge=P — (ET + SR+ LS + DP +5)
Where:
P= Total Precipitation (mm)
ET= Actual Evapotranspiration (mm)
SR= Surface Runoff Volume (mm)
LS= Lateral Seepage Losses (mm)
DP= Deep Subsurface Percolation (mm)
S=Net Change in Soil Moisture Storage (mm)
Required Storage Pond Volume Calculation
The minimum physical design volume for a DWR retention pond is determined by:
PV =FA xID
Where:
PV= Storage Pond Volume (m?)
FA= Total Active Field Area (m?)
ID= Target Net Irrigation Depth (m)
Earthwork Excavation Volume Calculation
To calculate the total volume of soil removal required for an inverted frustum-style farm pond,
the following formula is applied:

DX (A+4B+C)
V=

6
Where:
V= Total Volume of Earthwork Excavation (m?)
A= Surface Area of the Excavation at Ground Level (m?)
B= Horizontal Cross-Sectional Area calculated at Mid-Depth Point (m?)
C= Base Cross-Sectional Area at the Bottom of the Pond (m?)
D= Average Vertical Depth of the Proposed Pond (m)
Empirical Field Evaluations and Experimental Results
Nutrient Extraction via ZVI-Zeolite Coupled Filtration Systems
Florea et al. (2022) examined the use of paired zero-valent iron (ZVI) and natural zeolite
filtration media to recover nitrates from tile drainage effluent. The system maintained a steady
94% nitrate removal efficiency over a 56-day test window while inducing a modest alkaline shift
to pH 8.9. The filter achieved an absolute reduction capacity of 6 mg NO 3 — N g ' ZVIalong
with complete initial ammonium retention.
However, structural efficiency declined as processing volumes grew. Total nitrate removal

efficiency and absolute reduction capacity faded after passing 800 pore volumes (PV).
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Concurrently, internal ammonium-nitrogen generation dropped after 500 PV, causing an increase
in effluent ammonium concentrations past 400 PV (signaling a drop in ammonium retention).
This reduction in the conversion of nitrate to ammonium after 500 PVis likely due to the
formation of green rust complexes that block active iron sites, or the physical sorption of
ammonium ions onto aging iron oxide surfaces. Because the secondary zeolite array trapped all
generated ammonium up to 400 PVwith high efficiency, the coupled ZVI-zeolite filter
framework represents a practical, low-cost option for removing nutrients from drainage water
within this operating threshold.
Evaluation of Cover Crop Integration for Subsurface Nitrate Abatement
Kaspar et al. (2012) conducted a 5-year field trial in the United States quantifying how winter
rye (Secale cereale) and autumn oat (Avena sativa) cover crops modify nitrate concentrations
within maize-soybean tile drainage networks. The cover crops displayed distinct performance
metrics regarding shoot dry matter generation and nitrogen capture:

e Winter Rye: Averaged a shoot dry weight of 1.31 Mg ha 'with an absolute shoot

nitrogen load of 40.9 kg ha™'.
e Autumn Oat: Produced a lower average shoot dry weight of 0.64 Mg ha 'and captured a
shoot nitrogen load of 17.1 kg ha™".

Impact on Mean Annual Nitrate (NO 3) Concentrations in Subsurface Drainage (kg ha™1)
Integrating cover crops led to substantial reductions in downstream nitrate loading compared to
unplanted controls:

Table 1: Average annual NO3- concentration of drainage water for 2006 -10 (kg ha™)

Evaluation Bare Soil Control Autumn Oat Winter Rye

Year Group Configuration Configuration
2006 159a 12.8 a 49b
2007 149 a 99b 7.8b
2008 14.5a 9.8b 8.1b
2009 7.1a 54a 54a
2010 7.6 a 6.7a 48a

5-Year Average 12.0a 89b 6.2b

Note: Values within the same row sharing matching lower-case index letters do not differ
significantly at the P < 0.05confidence threshold.

Over the 5-year timeline, the winter rye cover crop significantly lowered average drainage water
nitrate concentrations by 48%. In comparison, the autumn oat cover crop reduced nitrate loading

by 26% —roughly half the reduction achieved by the hardy winter rye (Table 1). These findings
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demonstrate that both cover crop selections are viable options for minimizing nitrate transport
into surface waters.
Hydro-Chemical Fluid Profiling of Desalinated Permeate vs. Municipal Water
Miller et al. (2020) conducted an analytical comparison at Purdue University evaluating water
chemistry variations between standard municipal tap water and solar reverse-osmosis treated
lettuce drainage water (Table 2).

Table 2: Comparison of the quality of tap water and RO treated drainage water

Analytical Parameter Unit Measurement | Municipal Tap Photovoltaic
Water RO Permeate
pH Standard Log Scale 7.5 7.1
Electrical Conductivity (EC) dS m™! 0.7 0.06
Nitrate-Nitrogen (NOs~ — N) mg L™ 0.8 BDL
Dissolved Phosphorus (P) mg L™ 1.1 BDL
Dissolved Potassium (K) mg L™ 3.0 BDL
Dissolved Calcium (Ca) mg L™ 102.0 BDL
Dissolved Magnesium (Mg) mg L™ 38.0 BDL
Dissolved Sodium (Na) mg L™ 14.0 3.0
Dissolved Sulfur (S) mg L 35.0 BDL
Dissolved Manganese (Mn) mg L! 0.1 BDL
Dissolved Iron (Fe) mg L™ 0.47 BDL
Dissolved Copper (Cu) mg L 0.05 0.03
Dissolved Boron (B) mg L™ 0.03 0.03
Dissolved Silicon (Si) mg L™ 7.0 1.0
Dissolved Chloride (CI") mg L™ 38.0 3.0
Total Structural Alkalinity mg L™ 250.0 20.0
Bicarbonate (HCOs") mg L 305.0 24.0

BDL: Below Detection Limits

Analytical indicators revealed higher baseline EC and higher alkalinity values in standard tap
water than in the solar RO permeate. Concentrations of Ca, Mg, S, Cl", Fe, Si and HCO 3were
also significantly higher in raw tap water. While the reverse osmosis membranes successfully
stripped out the majority of dissolved salts present in the drainage water, net pH levels remained
statistically similar between the tap water and the purified RO samples. Because this intensive
filtration removes nearly all major plant nutrients along with the targeted salts, farmers must

reinject essential fertilizer ions into the RO permeate before using it for crop production.
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Closed-Loop Closed-Recirculating Hydroponic System Analysis

A separate greenhouse trial by Miller et al. (2020) at Purdue University evaluated the growth
impacts of recycling an active nutrient solution maintained at a fixed electrical conductivity
target of 1.8 dS m™'in a closed hydroponic lettuce system.

Biomass and Growth Metrics: Recycling the solution led to a significant drop in shoot fresh
weight (SFW), which averaged 27.6 g plant 'compared to the control group's 35.3 g plant .
Shoot dry weight (SDW) was also lower (1.2 g plant!' vs. 1.3 g plant™!), and the Relative Crop
Growth Rate (RCGR) dropped from 0.191to 0.164 g m2 day '. Both groups displayed
statistically identical actual evapotranspiration rates, measuring 0.73 L Day 'for the control and
0.74 L Day 'for the recycled framework.

Leaf Tissue Nutrient Concentrations (mg g 1)

Closed-loop recycling significantly altered individual element concentrations within the lettuce
leaf tissue (Table 3):

Table 3: Impact of closed-loop nutrient solution recycling on macro- and micro-nutrient
element concentrations (mg g™') within the leaf tissues of protected hydroponic lettuce

(Lactuca sativa L.)

Nutrient Fresh Control Recycled Solution

Element Configuration Configuration
Nitrogen (N) 37.6a 243D
Phosphorus (P) 54a 2.7b
Potassium (K) 42.0a 254b
Calcium (Ca) 10.7 a 11.0a
Magnesium (Mg) 52a 53a
Sulfur (S) 32a 30a
Sodium (Na) 1.9b 32a
Iron (Fe) 0.074 a 0.046 b
Copper (Cu) 0.013b 0.020 a

The analytical data proved that continuously recycling the nutrient solution caused significant
drops in tissue accumulation levels for N, P, K and Fe, while driving sharp increases in internal
Na and Cu accumulation. Tissue accumulations of Ca and Mg remained statistically uniform
across both treatments, despite high background levels of both elements in the local tap water
supply.

Because plant calcium uptake is directly governed by active transpiration rates rather than
rootzone concentration alone, the identical evapotranspiration rates across the treatments explain

why tissue Ca levels remained constant. Furthermore, internal calcium status directly regulates
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secondary magnesium absorption pathways, maintaining steady tissue Mg values across both
configurations.
In contrast, the high concentration of sodium (Na) in the raw tap water caused a rapid build-up of
NaCl within the recycled solution loop over time. This accumulation of NaCl can induce severe
osmotic stress, which restricts plant water uptake capacity, increases tissue Na levels, and
ultimately reduces fresh weights, dry weights, and overall growth rates.
Agronomic Performance Across Protected Cultivation Layouts
Thomas (2018) conducted a performance trial at the Hi-Tech Horticulture Unit of UAS
Dharwad, India, cross-evaluating three distinct protected cultivation frameworks using three
commercial lettuce cultivars (Locarno RZ, Concorde RZ, and Starfighter RZ).
Table 4: Interactive effects of diverse protected cultivation systems and commercial lettuce

cultivars on structural morphology, complete leaf fresh weight, and individual marketable

leaf mass
Tested Hydroponic Selected Lettuce Marketable Complete Leaf | Net Mass Per
System Cultivar Leaves (count | Fresh Weight Marketable
plant™) (g plant™) Leaf (g)

Soil-Based Layout (S1) Locarno RZ (V1) 15.7¢ 116.76 f 743 e
Soil-Based Layout (S1) Concorde RZ (V2) 14.0e 104.73 £ 743 e
Soil-Based Layout (S1) Starfighter RZ (V) 19.0d 150.27 e 7.94d
Aggregate Media (S2) Locarno RZ (V1) 22.7 ¢ 184.02d 8.42 cd
Aggregate Media (S2) Concorde RZ (V2) 219¢ 185.04 d 8.37 cd
Aggregate Media (S2) Starfighter RZ (V) 25.7b 216.59 ¢ 8.77 bc
Nutrient Film (S5) Locarno RZ (V1) 26.0b 240.93 b 9.26b
Nutrient Film (S3) Concorde RZ (V2) 26.1b 236.82 be 9.18b
Nutrient Film (S3) Starfighter RZ (V) 30.8 a 30423 a 10.14 a
Standard Error (%) — 0.4 3.24 0.07
LSD Precision | — 1.5 13.19 0.28
Threshold (1%)

Note: Treatment interactions containing matching lower-case index letters do not differ
significantly at the 1% significance threshold.

The experimental results confirmed that running a closed-loop recirculating NFT configuration
produced the highest yield metrics across all three lettuce cultivars (Table 4), averaging 27.7
leaves plant 'and a mean leaf fresh weight of 260.66 g plant !. This performance matches prior
research showing that leafy vegetables grown in NFT channels develop significantly more leaves

than those grown in solid substrate beds or open soil. The increased leaf fresh weight per plant
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and higher individual leaf mass recorded in the NFT systems are primarily driven by the
continuous availability of moisture within the root channels, which accelerates cellular water
accumulation and produces larger, crisper leaves.

Environmental Life Cycle Assessment of PV-RO Treatment Implementations

Martin-Gorriz et al. (2021) conducted a comprehensive Life Cycle Assessment (LCA) tracking
the environmental footprints and yield dynamics of a greenhouse tomato operation utilizing a
solar PV-RO system to recycle drainage water across three distinct salinity levels (Wi:
Desalinated Permeate, W»: Moderately Saline Water, and W3: Highly Saline Water).

¢ Yield Interactions: The hydroponic recirculating loop achieved a significantly higher
average tomato yield of 5.68 kg m 2across all water treatments compared to conventional
soil-based configurations (4.88 kg m2). When breaking down individual interactions, the
hydroponic framework supplied with desalinated solar-RO permeate (W) produced the
peak yield of 6.63 kg m2.

e Sustainability Impact Metrics: LCA structural modeling revealed major ecological
benefits: recycling agricultural drainage water via the PV-RO system cut regional
freshwater eutrophication risks by 72%, primarily by trapping phosphate ions within the
farm loop. Additionally, partially replacing energy-intensive desalinated seawater with
treated brackish groundwater cut the operation's total global warming footprint by 27%.

Simulated Crop Yield Responses across Extended Climate Projections

Baule ef al. (2017) conducted a predictive modeling study for the 2041-2070 climate window in
the U.S. Midwest, evaluating the crop yield impacts of DWR drainage-capture and subsurface
irrigation networks. The project integrated three bias-corrected regional climate simulation
models: CRCM+CGCM3, RCM3+GFDL, and MM5I+HadCM3.

e Maize (Corn) Projections: Total projected yield increases spanned 27.5%to 30.0%.
Under extreme drought conditions, simulated yields jumped by 50.0%to 66.7%, while
near-normal seasons showed a 6.7%to 13.3%increase.

e Soybean Projections: Average simulated yield increases ranged from 19.8%to 21.5%.

Peak benefits occurred during very dry seasons, with yields climbing by 50.0%to 63.3%.

While precipitation volumes varied across the three climate models, all projections pointed
toward increased seasonal dryness driven by rising temperatures and higher solar radiation loads.
Integrating supplemental irrigation can lift average crop yields and smooth out sharp annual
production swings across the Midwest. As seasonal dry spells lengthen under shifting climate
patterns, farm adoption of these systems is expected to rise. The simulation models indicate that
maize yields will respond more strongly to supplemental subsurface irrigation than soybeans
during severe water deficits, helping protect regional production stability against growing

seasonal drought risks.
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Modeling Watershed Hydrology and Long-Term Field Retention Dynamics
Reinhart et al. (2019) conducted a multi-year hydrologic simulation modeling study (2007-2016)
evaluating five distinct DWR reservoir sizes (scaled to 2%, 4%, 6%, 8%, and 10% of total field
area) across two tile-drained research sites in the U.S. Midwest. Sizing the reservoir to 10% of
the active field area successfully captured 23% of the total annual subsurface tile drainage flow,
cutting downstream nitrate-nitrogen losses by 24% (9 kg ha™! yr'!) and reducing soluble reactive
phosphorus (SRP) loading by 21% (0.02 kg ha ! yr!).
While subsurface tile drainage is a necessary management tool for handling seasonal excess
water on these poorly drained landscapes, it has historically accelerated the transport of nitrogen
and phosphorus from fields into public waterways. By accurately measuring both the irrigation
potential and the accompanying nutrient load reductions at these test sites, this study
demonstrates that DWR systems are a practical tool for managing water risks while meeting
water quality targets.
Reinhart (2017) detailed a functional DWR installation in southwest Minnesota designed to
capture and store surface runoff and subsurface tile drainage: the pond covers 1.3 acres, holds
roughly 3 million gallons of water, and collects drainage from a 56-acre catchment area to supply
supplemental irrigation to a 28-acre test field (providing approximately 4 inches of water per
acre). The reservoir fills two to three times over a typical growing season, providing a total
seasonal irrigation depth of 8 to 12 inches per acre. Applying even a few inches of supplemental
irrigation during critical mid-summer dry spells can significantly protect crop yields. This was
confirmed at an auxiliary drainage research site in eastern North Carolina, where applying just 2
inches of supplemental irrigation in July 2016 triggered a 20% increase in corn yields compared
to unplanted, non-irrigated control fields.
Risk Assessment of Subsurface Drainage and Groundwater Chemistry Contamination
An active groundwater analysis (Anonymous, 2022) tracked water quality parameters across
three distinct monitoring sources on a commercial farm: a shallow well in an adjoining field, an
on-farm production borewell, and a dedicated drainage collection well (Table 5).
The laboratory assays proved that critical water quality indicators—including pH, EC, SAR,
bicarbonates, combined calcium/magnesium, and absolute sodium content—crested within the
dedicated drainage capture well, followed closely by water drawn from the on-farm production
borewell. This tracking shows that capturing and storing agricultural drainage water directly
onfarm can alter local groundwater chemistry over time, a shift reflected in the lower water
quality found in the production borewell. However, the water quality parameters inside the
reference well in the adjoining field remained within normal, permissible operating limits,

confirming that these chemical shifts were localized to the drainage recycling area.
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Table 5: Groundwater analysis of three distinct sources

Evaluated Parameter Adjoining On-Farm Dedicated
Field Production Drainage
Reference Borewell Capture
Well Well
pH 7.19 7.29 7.76
Electrical Conductivity (EC in dS m™) 0.96 1.73 2.03
Residual Sodium Carbonate (RSC) -5.2 -7.2 -7.6
Sodium Adsorption Ratio (SAR) 1.92 3.40 3.92
Carbonate Concentration 0.0 0.0 0.0
Bicarbonate Concentration 0.4 0.6 1.2
Combined Calcium & Magnesium (Ca*" + Mg*") 5.8 7.8 8.8
Absolute Sodium Content (Na*) 3.27 6.70 8.21

Techno-Economic Evaluation and Financial Viability Analysis

Comparative Cost-Benefit Metrics across Diversified Layouts

Thakur et al. (2015) conducted a 2-year field evaluation at the ICAR-Indian Institute of Water

Management in Bhubaneswar, open-testing the economic performance of four different rice

production layouts.

Table 6: Techno-economic performance matrix and financial efficiency indicators of

diverse openfield and integrated stored-DWR rice production frameworks over a two-year

evaluation timeline

Rice Production Cost of Total | Seasonal | Financial | Absolute | Net System
Framework Cultivation | Output Net Efficiency | Irrigation Water
® Value Profit Ratio Water | Productivity
® ® (OV:CC) | Applied Rm?3)
(m?)

Rainfed Conventional 1,183.0 1,336.0 153.0 1.13 487.6 0.31
(CRF)
Rainfed SRI  Plot 1,155.0 2,468.7 | 1,313.7 2.14 487.6 2.69
(SRF)
Groundwater-Backed 1,355.0 3,189.2 | 1,834.2 2.35 661.5 2.77
SRI (SIRR)
Integrated Stored- 4,782.0 14,183.0 | 9,401.0 2.97 497.2 18.91
DWR SRI (SINT)

The financial evaluations confirmed that the multi-crop integrated system (SINT) generated

significantly higher net profits than the other three cultivation methods under identical seasonal
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weather conditions (Table 6). The OV:CC efficiency ratio indicates that for every X1 invested in
the integrated SRI framework, farmers received a return of 32.97 (nearly a threefold return),
while conventional open-field rainfed rice farming functioned as little more than a break-even
commercial operation (OV:CC = 1.13).

Furthermore, the net water productivity in the SINT layout reached 218.91 m™ of water used,
compared to a meager 20.31 m > inside conventional rainfed plots. These large financial returns
and high-water productivities demonstrate the economic value of combining intensive
aquaculture with irrigated crop production. This high economic return per volume of water
shows that a DWRsupported SRI rice system can lift grain yields while generating additional
farm revenue through secondary horticultural crops and fish production, validating the strong
commercial synergies between these components.

Income Modeling tracking Seasonal Multi-Crop Integration

Sahoo et al. (2006) conducted a field study at the ICAR-IIWM in Bhubaneswar, detailing the
seasonal crop yields, operational production costs, and net financial returns of a diversified farm
model supported by an active DWR system.

Table 7: Seasonal crop yield tracking, operational cultivation costs, and multi-component

net financial returns (X ha™!) of a diversified integrated agricultural farm model

Cultivation Targeted Crop / Measured Gross Specific Net
Window Farm Component Yield Seasonal | Production | Financial
Component Return Cost Return
(q ha™) R ha™) R ha™) R ha™)
Kharif Okra (Bhendi) 2.08 2,496 543 1,953
Kharif Brinjal (Eggplant) 3.00 3,000 271 2,729
Rabi Tomato 1.20 1,200 302 898
Rabi Okra (Bhendi) 2.08 2,496 543 1,953
Summer Chili Pepper 2.00 1,800 1,357 443
Bund Production | Pumpkin 0.50 200 50 150
Bund Production | Papaya 3.00 900 150 750
Bund Production | Banana 9.00 Bunches 1,350 81 1,269
Bund Production | Cowpea 0.50 250 15 235
Bund Production | Green Leaf Vegetables 0.05 50 10 40
Bund Production | Bitter Gourd 0.62 620 35 585
Reservoir Basin Fish Fingerlings 1,200 Count 1,200 450 750
Reservoir Basin Food Fish Production 0.75 950 2,200 —

The field assessments proved that capturing agricultural drainage water and utilizing it to
support tiered vegetable plots, raised bed systems, and perimeter bund crops can significantly

improve total farm returns (Table 7). Integrating commercial aquaculture directly within the
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DWR retention pond provides another reliable source of income, further strengthening total

seasonal profits for smallholder farmers.

Conclusions and Future Research Directions

Core Synthesis Findings

Advanced DWR systems incorporating coupled zero-valent iron (ZVI) and natural zeolite
filters successfully recover up to 70% of converted nitrate-nitrogen as ammonium,
providing a viable pathway for localized green fertilizer and industrial chemical
production.

Recycling filtered nutrient solutions within protected NFT hydroponic systems
significantly boosts crop performance, driving a 70.9% increase in marketable leaf
numbers and a 110% gain in net leaf fresh weight per plant compared to soil-grown
baselines.

Providing supplemental irrigation via DWR systems during critical seasonal dry spells
increases average regional grain yields by up to 113% for irrigated rice, 61% for maize,
and 31% for soybeans.

Deploying closed-loop DWR networks saves 20% to 32% of total freshwater allocations
in intensive rice cultivation, with the highest water savings achieved during wet seasons.
Predictive climate simulation modeling confirms that DWR networks buffer farms
against shifting climate risks, protecting average crop yields by 27% to 30% during

extended seasonal droughts.

Future Research Tracks

Raw Hydro-Quality Profiling: Conduct comprehensive chemical and toxicological
profiling of raw agricultural drainage water captured during extreme storm events and
extended field waterlogging conditions.

Spatial Mass Balancing: Launch large-scale field studies to map exact irrigation capture
volumes, optimal storage basin sizing, and optimal recycling rates across diverse soil
profiles.

Application Wait-Time Standards: Develop standardized, safe waiting intervals and
rotational schedules for applying recycled drainage water across different crop growth

stages to protect long-term soil health.
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Abstract

This chapter explores the application of advanced statistical models to quantify resilience in soil
health and water quality under the pressures of changing climatic conditions. It synthesizes
current methodologies for monitoring key environmental indicators, emphasizing the integration
of temporal and spatial data to detect early signs of ecosystem stress and recovery potential.
Through case studies and model comparisons, the chapter highlights how resilience metrics can
inform adaptive management strategies to sustain ecosystem services. Challenges such as data
variability, model uncertainty, and scale dependency are critically examined, alongside emerging
approaches leveraging machine learning and remote sensing. The chapter concludes with
recommendations for future research directions to enhance predictive accuracy and
operationalize resilience monitoring in dynamic environmental contexts.

Keywords: Resilience Quantification, Soil Health Monitoring, Water Quality Assessment,
Statistical Modelling, Climate Change Impacts, Adaptive Management.

1. Organizational Framework and Core Themes

1.1 Introduction

The accelerating pace of climate change presents unprecedented challenges to environmental
sustainability, particularly impacting soil health and water quality, which are fundamental
components of terrestrial and aquatic ecosystems that provide essential ecosystem services
including nutrient cycling, water filtration, carbon sequestration, and habitat support
underpinning biodiversity and human well-being [6, 10]. However, increasing frequency and
intensity of climatic disturbances such as droughts, floods, and temperature extremes threaten to
disrupt these functions, leading to degradation and loss of ecosystem resilience [1]. Resilience,
defined as the capacity of ecological systems to absorb disturbances, reorganize, and maintain
critical functions, has emerged as a vital framework for understanding and managing ecosystem
responses to environmental change [1]. Monitoring resilience in soil and water systems is crucial
for detecting early warning signals of degradation, assessing recovery potential, and guiding
adaptive management strategies [11]. Quantitative approaches, particularly statistical modeling,

offer powerful tools to objectively characterize resilience by integrating complex multivariate
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data across spatial and temporal scales, enabling detection of subtle trends, anomalies, and
thresholds that may precede ecosystem shifts [3, 12]. The integration of advanced technologies
such as remote sensing, sensor networks, and machine learning further enhances dynamic and
scalable resilience monitoring [20, 23]. This chapter introduces conceptual foundations of
resilience in ecological systems, emphasizing soil health and water quality as critical indicators,
examines multifaceted climate change impacts, and articulates the rationale for employing
quantitative methods to support sustainable ecosystem stewardship.
1.2 Definition and Importance of Resilience in Ecological Systems
Ecological resilience refers to the capacity of an ecosystem to absorb disturbances while
maintaining its fundamental structure, function, and feedback mechanisms, with Holling's
seminal work establishing resilience as the magnitude of disturbance absorbable before system
reorganization into a different state [1, 10]. In soil-water systems, resilience encompasses
recovery from droughts, floods, contamination events, and land-use changes [6], and is critical
for sustaining ecosystem services underpinning human well-being, food security, and
environmental sustainability [2]. Resilient ecosystems demonstrate maintenance of functionality
through continued service provision despite stressors [16], adaptive capacity to reorganize under
changing conditions [25], buffering capacity against extreme events through soil and vegetation
water storage [10], and recovery dynamics reflecting inherent system resilience [11]. The
reliability-resilience-vulnerability framework provides quantitative evaluation of ecosystem
performance, successfully applied to watershed health assessment and water resource
management [11, 12].
1.3 Overview of Soil Health and Water Quality as Critical Environmental Indicators
Soil health is defined as the capacity of soil to function as a vital living system sustaining
biological productivity, maintaining environmental quality, and promoting plant, animal, and
human health [16, 17]. Key indicators include physical properties such as soil structure,
aggregate stability, bulk density, and water holding capacity affecting infiltration and erosion
resistance [4, 13]; chemical properties including organic matter, pH, nutrient availability, and
cation exchange capacity influencing plant growth and contaminant mobility [5, 17]; and
biological properties such as microbial biomass, respiration, enzyme activity, and earthworm
abundance reflecting biodiversity and ecosystem functioning [16, 29]. Soil health assessments
have evolved from simple physicochemical measurements to integrated frameworks
incorporating biological indicators and advanced techniques [15, 17]. Water quality encompasses
physical, chemical, and biological characteristics in relation to human and ecological needs [9],
including physicochemical parameters like temperature, pH, conductivity, turbidity, dissolved
oxygen, and nutrients [1, 9]; biological indicators such as pathogen presence and
macroinvertebrate diversity [9]; and hydrological indicators including flow regime and

groundwater recharge [19]. The interrelationship between soil health and water quality is well-
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established, as soil degradation impacts water quality through sediment transport, nutrient
leaching, and contaminant mobilization [4, 7, 22].

1.4 Impacts of Climate Change on Soil and Water Systems

Climate change significantly affects soil systems through temperature increases accelerating
organic matter decomposition and altering carbon dynamics and nutrient cycling [24], as well as
affecting microbial communities [29]; altered precipitation patterns affecting soil moisture and
increasing drought and flood frequency [6], causing erosion and degradation [7]; enhanced
evapotranspiration affecting soil water balance [23]; salinization from sea-level rise and reduced
freshwater availability [1]; and substantial soil organic carbon losses affecting fertility and the
global carbon cycle [17, 24]. Climate change impacts water systems through hydrological cycle
intensification producing intense precipitation and prolonged dry periods [24]; water availability
reduction from snowpack changes and glacial retreat [7]; water quality degradation from
increased runoff transporting sediments and contaminants [9], while higher temperatures reduce
dissolved oxygen [19]; groundwater depletion from increased demand and reduced recharge [7];
and aquatic ecosystem shifts facing altered flow regimes and thermal stress [10]. Complex
feedback loops include soil moisture-climate feedback affecting evapotranspiration and
precipitation [10], nutrient-climate interactions increasing nutrient losses [7], and erosion-
acceleration feedback where vegetation changes and extreme rainfall accelerate degradation [4].
1.5 Rationale for Quantitative Approaches to Resilience Monitoring

Traditional qualitative assessments are insufficient for resilience monitoring due to ecological
complexity requiring robust quantitative frameworks [12], multiple interacting stressors that
qualitative approaches cannot characterize [30], and predictive requirements for resource
management [3]. Quantitative approaches integrate indicator development through minimum
datasets [8, 15], composite indices [17], and pedotransfer functions [13]; remote sensing and
geospatial technologies providing satellite-based monitoring at regional scales [23]; machine
learning and Al enhancing predictive modeling and pattern recognition [18, 20]; stochastic
methods quantifying uncertainty through Markov chains and the RRV framework [11, 12, 14,
27]; and integrated modeling approaches linking soil health and water quality under climate
scenarios [6, 19, 22, 24, 28]. Advantages include evidence-based decision making [3], early
warning systems [7], performance evaluation [22], resource optimization [7], stakeholder
communication [15], and scientific reproducibility [15].

2. Conceptual Framework and Quantitative Assessment of Ecological Resilience

2.1 Ecological Resilience vs. Engineering Resilience

Engineering resilience is defined as the ability of a system to return to its equilibrium following a
disturbance, emphasizing speed of recovery and operating on single equilibrium assumption,
reflected in traditional water resource management designed to maintain specific performance

standards [1, 10, 11]. In contrast, ecological resilience refers to the capacity of an ecosystem to

148



Water, Soil and Resilience: Research for Sustainable Ecosystems
(ISBN: 978-93-47587-62-7)

absorb disturbance and reorganize while retaining essential function, structure, and feedbacks,
with ecosystems existing in multiple stable states and resilience measured by disturbance
magnitude absorbable before regime shifts occur [10, 12]. Key principles include multiple stable
states, alternative stable states, adaptive capacity, and nonlinear dynamics [2, 6, 10, 12, 17]. The
distinction has profound implications for soil-water management, where engineering resilience
focuses on maintaining target properties and resisting change [3, 9, 15, 22], while ecological
resilience recognizes degraded or healthy states, different recovery trajectories, adaptive capacity
building, and irreversible thresholds [4, 7, 16, 17, 25]. Modern management increasingly adopts
ecological resilience, recognizing multiple stressors and fundamental transformations [1, 7, 30].
2.2 Metrics and Indicators Used in Resilience Assessment
The Reliability-Resilience-Vulnerability framework quantifies system resilience through
reliability as probability of acceptable state, resilience as recovery speed, and vulnerability as
failure severity [11, 12]. Soil health indicators include physical properties (soil organic matter,
aggregate stability, bulk density, available water capacity) [4, 13, 17, 19], chemical properties
(pH buffering, nutrient retention, cation exchange capacity, salinity) [1, 2, 5, 16], and biological
properties (microbial biomass, respiration, enzyme activity, biodiversity) [15, 16, 25, 29]. Water
quality indicators include physicochemical, nutrient, biological, and contaminant parameters [1,
7, 9]. Advanced metrics include ecosystem service, hydrological resilience, and spatial-temporal
metrics [4, 8, 10, 17, 19, 22, 23]. Composite indices integrate multiple indicators into soil health,
watershed resilience, and climate resilience scores [6, 12, 15, 17, 25].
2.3 Thresholds, Tipping Points, and Recovery Trajectories
Thresholds are critical points where small changes produce large system changes, classified as
ecological, management, biophysical, and social-ecological thresholds [2, 6, 7, 13, 22]. Critical
thresholds include soil organic carbon below one to two percent causing aggregation collapse
[16, 17], electrical conductivity of two to four dS/m reducing yields and beyond eight to ten
dS/m causing irreversible degradation [1, 7], and phosphorus exceeding 0.02 to 0.05 mg/L
triggering eutrophication [9]. Tipping points with hysteresis include regime shifts, peatland
collapse, desertification, and crop yield collapse [6, 7, 9, 10, 24, 30]. Early warning signals
include increased variance, critical slowing down, skewness increase, and flickering [6, 10, 12].
Recovery trajectories include linear, exponential, hysteretic, no recovery, and alternative stable
state pathways [4, 6, 10, 12], influenced by disturbance characteristics, system properties, and
management interventions [1, 4, 7, 9, 10, 12, 17, 19, 25]. Markov chain models support
prediction and adaptive management decisions [14, 27].
3. Conceptual Framework of Resilience
3.1 Ecological Resilience vs. Engineering Resilience
Engineering resilience is defined as the ability of a system to return to its equilibrium or steady

state following a disturbance, emphasizing speed of recovery and efficiency of return to a pre-
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disturbance condition, originating from engineering and physical systems where stability and
predictability are paramount and operating on the assumption of single equilibrium where
systems return to a predictable state after perturbation [1, 10, 11]. This perspective is reflected in
traditional water resource management, where systems are designed to maintain specific
performance standards [11]. In contrast, ecological resilience refers to the capacity of an
ecosystem to absorb disturbance and reorganize while undergoing change to retain essentially the
same function, structure, identity, and feedbacks, with Holling's seminal work emphasizing that
ecosystems can exist in multiple stable states and that resilience is measured by the magnitude of
disturbance that can be absorbed before the system shifts to an alternative configuration [10, 12].
Key principles include multiple stable states, alternative stable states, adaptive capacity, and
nonlinear dynamics [2, 6, 10, 12, 17]. The distinction has profound implications for soil-water
system management, and modern approaches increasingly adopt the ecological resilience
perspective, recognizing that systems face multiple stressors and may undergo fundamental
transformations [1, 6, 30].

3.2 Metrics and Indicators Used in Resilience Assessment

The Reliability-Resilience-Vulnerability framework provides a comprehensive quantitative
approach to assessing system resilience, where reliability represents the probability of an
acceptable state, resilience denotes speed of recovery from failure, and vulnerability indicates
severity of failure [11, 12]. Soil health indicators include physical properties such as soil organic
matter, aggregate stability, bulk density, and available water capacity [4, 13, 17, 19]; chemical
properties including pH buffering capacity, nutrient retention, cation exchange capacity, and
salinity levels [1, 2, 5, 16]; and biological properties encompassing microbial biomass, soil
respiration, enzyme activity, and biodiversity indices [15, 16, 25, 29]. Water quality indicators
include physicochemical parameters, nutrient parameters, biological indicators, and contaminant
levels [1, 7, 9]. Advanced metrics include ecosystem service metrics, hydrological resilience
metrics, and spatial-temporal metrics incorporating remote sensing and time-series analysis [4, §,
10, 17, 19, 23]. Composite resilience indices integrate multiple indicators into single numerical
scores for comprehensive assessment [6, 12, 15, 17, 25].

3.3 Thresholds, Tipping Points, and Recovery Trajectories

Thresholds represent critical points where small changes produce large, abrupt changes in system
state, classified into ecological, management, biophysical, and social-ecological thresholds [2, 6,
7, 13, 22]. Critical thresholds include soil organic carbon below one to two percent causing
aggregation collapse [16, 17], electrical conductivity of two to four dS/m reducing yields and
beyond eight to ten dS/m causing irreversible degradation [1, 7], and nutrient thresholds
triggering eutrophication [9]. Tipping points represent irreversible changes with hysteresis,

including regime shifts in aquatic ecosystems, peatland collapse, desertification, and crop yield
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collapse [6, 7, 9, 10, 24, 30]. Early warning signals include increased variance, critical slowing
down, skewness increase, and flickering [6, 10, 12]. Recovery trajectories include linear,
exponential, and hysteretic, no recovery, and alternative stable state pathways [4, 6, 10, 12].
Factors influencing recovery include disturbance characteristics, system properties, and
management interventions [1, 4, 7, 9, 10, 12, 17, 19, 25]. Markov chain models and stochastic
approaches support prediction and adaptive management decisions [14, 27].
4. Soil Health and Water Quality: Parameters and Challenges
4.1 Key Soil Health Indicators
Soil organic matter (SOM) is a critical indicator of soil health, influencing physical, chemical,
and biological properties by enhancing soil structure, water retention, nutrient availability, and
supporting microbial communities [4, 16, 17]. SOM serves as a primary carbon reservoir and
buffer against environmental stress, with higher SOM typically associated with greater
resilience, and monitoring SOM content and quality through measurements of total organic
carbon, active carbon fractions, and particulate organic matter provides insights into soil function
and recovery potential [15, 25]. Efficient nutrient cycling, particularly of nitrogen and
phosphorus, is fundamental to soil health and ecosystem productivity, with indicators including
mineralizable nitrogen indicating the soil's capacity to supply nitrogen to plants through
microbial activity [16], extractable phosphorus reflecting plant-available phosphorus status [2],
nitrogen use efficiency measuring the proportion of applied nitrogen utilized by crops [1], and
denitrification potential indicating nitrogen loss potential to the atmosphere and water systems
[4]. Soil microorganisms drive essential ecosystem processes including decomposition, nutrient
cycling, and disease suppression, with key microbial indicators comprising microbial biomass
carbon and nitrogen representing total living microbial community size [29], soil respiration
indicating overall microbial metabolic activity [29], enzyme activities reflecting specific
functions such as B-glucosidase for carbon cycling, phosphatase for phosphorus cycling, and
urease for nitrogen cycling [15], and microbial community composition including bacterial,
fungal, and archaeal diversity [25]. Soil structure, defined as the arrangement of soil particles
into aggregates, affects water infiltration, aeration, root penetration, and erosion resistance, with
indicators including aggregate stability reflecting resistance to disruption by water or mechanical
forces [13], bulk density indicating compaction [13], porosity representing void space
influencing water and air movement [19], and penetration resistance measuring force required
for root or probe penetration [13].
4.2 Water Quality Parameters
Water pH affects the solubility of nutrients and contaminants, aquatic organism health, and
treatment efficiency, with optimal pH for most aquatic ecosystems between 6.5 and 8.5, and

deviations indicating acidification from acid rain or acid mine drainage or alkalinization from
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wastewater inputs, while pH fluctuations can indicate system stress and reduced buffering
capacity [1, 9]. Turbidity measures water clarity and the presence of suspended particles, with
high turbidity reducing light penetration for aquatic plants, harming fish gills and feeding, and
transporting adsorbed contaminants, with sources including soil erosion, urban runoff, algal
blooms, and construction activities, making turbidity a key indicator of sediment delivery from
watersheds and reflecting land management practices [7, 9, 22]. Water contaminants pose risks
to human health, aquatic ecosystems, and water treatment facilities, with nutrient contaminants
such as nitrate, phosphate, and ammonia causing eutrophication, algal blooms, and
methemoglobinemia [9]; heavy metals including lead, mercury, arsenic, and cadmium causing
toxicity to aquatic life and human health risks [5]; organic compounds such as pesticides,
herbicides, and pharmaceuticals causing endocrine disruption and toxicity [1]; and pathogens
including E. coli, coliforms, and viruses causing gastrointestinal illness and waterborne diseases
[9]. Biological oxygen demand (BOD) measures the amount of dissolved oxygen consumed by
microorganisms during decomposition of organic matter, with high BOD indicating organic
pollution that depletes oxygen, causing fish kills and disrupting aquatic ecosystems, and BOD is
influenced by wastewater inputs, agricultural runoff, and natural organic matter loads [9, 22].
Dissolved oxygen (DO) is essential for aquatic organism survival, with concentrations below two
to five mg/L causing stress or mortality, and DO dynamics depend on temperature,
photosynthesis, respiration, and oxygen-demanding processes, with declining DO trends
indicating reduced resilience of aquatic systems to organic pollution [9, 19].

4.3 Climate-Induced Stressors

Drought reduces soil moisture, plant water availability, and groundwater recharge, and prolonged
drought can cause reduced soil organic matter decomposition due to decreased microbial activity
[24], increased soil salinity through reduced leaching [1], declining water quality due to reduced
dilution of pollutants [9], crop yield losses and vegetation dieback [7], and increased
susceptibility to wildfires and soil erosion [6]. Flooding affects soil and water systems through
soil erosion and sediment transport [4], nutrient and contaminant mobilization into water bodies
[9], water quality degradation through combined sewer overflows and runoff [7], physical
damage to soil structure and vegetation [13], and increased pathogen contamination from
overwhelmed treatment systems [9]. Climate-induced temperature changes impact soil and water
systems via accelerated organic matter decomposition in soils [24], reduced dissolved oxygen
capacity in water [9], altered species distributions and community composition [25], increased
evaporation leading to water scarcity [23], and enhanced algal blooms in warmer surface waters
[9]. Climate change intensifies pollutant runoff through increased frequency and intensity of

storms transporting nutrients and contaminants [9], enhanced erosion from extreme rainfall
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events [4], mobilization of legacy pollutants from soils and sediments [7], and dilution or
concentration effects depending on hydrologic conditions [1].
5. Statistical Models for Resilience Quantification
5.1 Time Series Analysis for Detecting Trends and Anomalies
Time series analysis is fundamental for resilience quantification, enabling detection of system
changes through trend analysis, anomaly detection, and change point identification [8, 10]. Trend
analysis employs the Mann-Kendall test for detecting monotonic trends, Sen's slope estimator for
quantifying change magnitude, seasonal decomposition for separating components, and change
point detection for identifying structural breaks [8, 10, 14]. Anomaly detection methods include
standardized anomalies representing deviations from baseline conditions [23], residual analysis
for identifying unusual deviations [22], control charts for early warning systems [8], and extreme
value analysis focusing on events challenging resilience [12]. Applications to soil-water systems
enable detecting long-term soil organic carbon trends [15], identifying water quality changes [9],
providing early warning of approaching thresholds [10], and monitoring recovery trajectories
following disturbances [4], providing essential temporal perspective for resilience assessment
and adaptive management.
5.2 Multivariate Statistical Techniques and Bayesian Models for Indicator Integration
Multivariate techniques enable integration of multiple indicators to assess overall system
resilience [15, 17]. Principal component analysis reduces dimensionality and identifies
underlying patterns among correlated indicators for deriving composite indices and visualizing
system state, though assuming linearity [15, 17]. Cluster analysis groups similar observations for
classifying monitoring sites and identifying ecosystem states, though sensitive to scale [6, 15].
Factor analysis identifies latent factors driving indicators, providing mechanistic insight [2, 15].
Canonical correlation analysis examines relationships between soil health and water quality
indicator sets [1, 22]. Bayesian approaches offer robust frameworks for quantifying uncertainty
through hierarchical models incorporating variability across observation, site, regional, and
temporal levels [14, 30], with applications including water quality monitoring uncertainty [18],
soil health variations [15], and climate change projections [30]. Bayesian networks represent
probabilistic relationships, handling incomplete data and incorporating prior knowledge [18, 20].
Advantages include incorporating prior information [14], providing probabilistic statements [27],
handling data gaps [30], and updating estimates as new data become available [14].
5.3 Spatial Statistics and Machine Learning Models for Landscape-Scale Monitoring
Spatial statistics are essential for understanding resilience distribution and identifying vulnerable
areas [1, 21]. Geostatistical methods include semivariogram analysis for characterizing spatial
autocorrelation [21], kriging for interpolation and prediction [21], cokriging for incorporating

correlated variables [21], regression kriging combining regression with spatial interpolation [21],
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and indicator kriging for estimating threshold exceedance probabilities [9, 21]. Spatial modeling
approaches include spatial autoregressive models, geographically weighted regression, spatial
random effects, and spatial point pattern analysis [1, 12, 14, 15]. Applications include mapping
soil health indicators [1, 21], identifying vulnerable areas [12], and supporting targeted
interventions [7]. Machine learning offers powerful tools including random forest for predicting
water quality [9, 18], support vector machines for classifying ecosystem states [6, 20], gradient
boosting for modeling complex relationships [18], neural networks for pattern recognition [20],
and deep learning for remote sensing data processing [20, 23]. Unsupervised methods include
self-organizing maps [6], isolation forest for anomaly detection [8], and Gaussian mixture
models for clustering [14]. Ensemble methods combine multiple models through model
averaging, bootstrap aggregating, model stacking, and Bayesian model averaging [14, 18, 20].
Advantages include capturing non-linear relationships [18], handling high-dimensional data [20],
supporting early warning systems [8], and integrating diverse data sources [1, 23], though
challenges include requiring substantial training data [18], potential overfitting [20], limited
interpretability [18], and need for careful validation [22].

6. Data Sources and Integration

6.1 Ground-Based Monitoring Networks and Sampling Protocols

Ground-based monitoring provides the foundation for resilience assessment through national-
scale networks including USGS National Water Quality Network and NRCS Soil Survey [8],
watershed-scale networks comprising experimental watersheds and long-term ecological
research sites [22], and agricultural monitoring programs for soil health and nutrient assessment
[15]. Sampling protocols encompass soil sampling through representative collection and
composite approaches [15], water sampling via grab and automated methods [22], and quality
assurance procedures including standardized protocols and duplicates [22]. Advantages include
high accuracy, direct measurement, support for remote sensing calibration, and process
understanding [8, 15, 22, 23], while limitations include limited spatial coverage, cost intensity,
temporal gaps, and scale mismatches [6, 8, 15, 22].

6.2 Remote Sensing Data for Large-Scale Environmental Assessment

Remote sensing enables comprehensive monitoring through Landsat for NDVI and land cover at
30-meter resolution [23], MODIS for vegetation indices at 250-1000 meters with daily coverage
[23], Sentinel for soil moisture and water quality at 10-60 meters [23], SMAP for surface soil
moisture at 9-36 kilometers [23], and GRACE for groundwater storage changes [7]. Applications
include digital soil mapping, water quality assessment of chlorophyll-a and turbidity [9],
vegetation monitoring for drought stress [10], and land use change analysis [7]. Benefits include
spatial context, access to inaccessible areas, long-term trend analysis, and early warning system
development [7, 21, 23].
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6.3 Citizen Science and Crowdsourced Data Contributions

Citizen science expands monitoring through water quality sampling and macroinvertebrate
surveys [9], soil observations [15], phenology monitoring [6], and extreme event reporting [7].
Benefits include extended spatial coverage, public engagement, cost-effective baseline data
collection, and early change detection [7, 8, 9, 15]. Challenges include data quality and
standardization issues, training requirements, protocol variability, and integration difficulties
with professional data [8, 15].

6.4 Data Fusion Techniques for Combining Heterogeneous Datasets

Data fusion integrates diverse sources through spatial fusion combining multiple resolutions [1,
23], temporal fusion combining different frequencies [8, 22], multi-sensor fusion integrating
optical, thermal, and radar data [23], statistical fusion using Bayesian modeling [14, 30], and
machine learning fusion for algorithm-driven integration [18, 20]. Challenges include scale
differences, incompatible protocols, varying quality, and computational demands [15, 20, 22,
23]. Benefits include enhanced predictive capability, improved coverage, better understanding of
interactions, and comprehensive assessment [6, 18, 23, 30].

7. Case Studies

7.1 Application of Statistical Models in Different Climatic Zones

In arid and semi-arid regions, GIS-AI frameworks integrating hydrochemical indices, remote
sensing, and machine learning for irrigation water quality assessment enabled climate-resilient
soil-water-crop system design and identified vulnerable areas for adaptive irrigation strategies [1,
7]. In temperate regions, long-term soil health monitoring using time series analysis
demonstrated that conservation practices improved soil health and water quality resilience with
observable recovery trajectories [4, 8, 15]. In tropical regions, watershed health assessment using
the RRV framework revealed that land-use change significantly reduced watershed resilience,
while threshold identification enabled early warning of degradation [6, 12, 24].

7.2 Examples of Resilience Assessment in Agricultural vs. Natural Ecosystems

Agricultural systems demonstrate resilience through management interventions with sustained
productivity as the primary goal, utilizing yield stability and soil health indicators, responding to
tillage and fertilization, and facing economic feasibility thresholds [4, 7, 15]. Natural ecosystems
exhibit resilience through adaptive capacity and biodiversity, utilizing species richness and
ecological integrity, responding to climate variability and fire, and facing biodiversity loss
thresholds [2, 6, 10, 25]. Forest ecosystem resilience to drought revealed that water storage
capacity determined resilience with thresholds identified through critical slowing down analysis
[10]. Agricultural systems often depend on external inputs while natural ecosystems show

greater functional redundancy, yet both require monitoring of key indicators [4, 7, 9, 15, 25].
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7.3 Impact Evaluation of Adaptive Management Interventions

Conservation agriculture with reduced tillage and cover crops increased soil organic matter and
aggregate stability, enhancing drought tolerance and reducing erosion [4, 7]. Wetland restoration
through hydrological restoration improved water quality and biodiversity recovery, enhancing
nutrient retention and flood buffering [6, 9]. Nutrient management through reduced fertilizer
application maintained yields while reducing nutrient leaching, improving water quality and
reducing eutrophication risk [1, 9, 30]. Integrated watershed management employing multi-
stakeholder approaches improved soil and water quality indicators, enhancing system adaptive
capacity [6, 7, 30].

8. Challenges and Limitations

8.1 Data Quality and Availability Constraints

Data quality and availability constraints present significant challenges for resilience assessment,
including sparse monitoring networks in many regions [8], inconsistent sampling protocols
across programs [15], missing data due to equipment failures or funding limitations [22], and
historical data quality issues [8]. Data representativeness is compromised when monitoring fails
to capture system variability [15], sampling frequency misses critical events [22], and spatial
coverage inadequately represents system heterogeneity [23]. Data standardization challenges
arise from differences in analytical methods [15], incompatible data formats [1], and varying
measurement units [8]. Addressing these data challenges requires comprehensive data quality
assessment and screening [22], gap-filling using statistical methods [14], standardization through
harmonization efforts [8], and combining multiple data sources to enhance coverage and
reliability [1, 23].

8.2 Model Complexity vs. Interpretability

The complexity-interpretability trade-off presents a fundamental challenge in resilience
modeling, where simple regression offers low complexity with high interpretability for basic
trend analysis [8], multivariate methods provide moderate complexity and interpretability for
indicator integration [15], Bayesian models achieve moderate-high complexity with moderate
interpretability for uncertainty quantification [14], machine learning delivers high complexity
with low interpretability for pattern detection [18], and deep learning exhibits very high
complexity with very low interpretability for complex pattern recognition [20]. Balancing
complexity and interpretability require model selection based on research questions and data
availability [22], use of interpretability techniques for complex models [20], hybrid approaches
combining simple and complex methods [18], and focusing on models that support decision-

making [3].
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8.3 Scale Mismatches and Addressing Non-Stationarity
Scale mismatches between data collection and ecological processes occur across temporal scales
where succession and disturbance cycles [10] conflict with annual monitoring [8], spatial scales
where landscape connectivity [6] contrasts with point samples [15], and hierarchical scales
where multi-scale interactions [2] are overlooked by single-scale focus [15]. Addressing scale
mismatches requires multi-scale sampling designs [15], spatial interpolation and upscaling [21],
remote sensing for spatial coverage [23], hierarchical modeling approaches [14], and integration
of observations across scales [30]. Non-stationarity due to climate variability challenges
traditional monitoring through shifting baselines from climate change [24], changing system
dynamics from land-use change [7], altered system response from management changes [4], and
discontinuous system changes from regime shifts [6]. Methods for non-stationary systems
include trend and change point detection [8], time-varying parameter models [14], Bayesian
updating with new data [14], dynamic linear models [14], and machine learning for pattern
change detection [20].
9. Emerging Trends and Future Directions
9.1 Integrating Real-Time Monitoring with Predictive Modeling
Real-time monitoring technologies including in-situ sensors for continuous water quality and soil
moisture measurement [19], [oT networks for connected sensor systems enabling comprehensive
monitoring coverage [20, 23], cellular and satellite telemetry for remote data transmission to
access remote locations [7, 23], and citizen science apps for community-based monitoring [8] are
increasingly integrated with predictive modeling to enhance resilience assessment. This
integration enables real-time data feeding into predictive models [20], ensemble forecasting
combining multiple modeling approaches [18], alert systems that trigger when anomalies are
detected [8], and adaptive sampling guided by model predictions [22]. The benefits for resilience
monitoring include early detection of system changes [10], dynamic assessment of recovery
processes [4], timely management interventions [7], and improved understanding of system
behavior [30].
9.2 Use of Artificial Intelligence to Enhance Resilience Detection
Artificial intelligence applications for resilience monitoring include deep learning for satellite
image analysis enabling automated feature extraction [20, 23], reinforcement learning for
adaptive management optimization improving decision-making [3], natural language processing
for literature synthesis and knowledge integration [20], hybrid Al-statistical models combining
approaches for enhanced predictive capability [18], and explainable Al for interpretable models
improving understanding [20]. Emerging Al capabilities encompass early warning system
development [8], pattern recognition in complex data [20], automated threshold detection [10],

prediction of regime shifts [6], and integration of diverse data sources [1]. However, challenges
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include substantial data requirements for training [18], model validation and uncertainty
quantification [20], computational resource demands [20], and ensuring interpretability for
decision-making [3].

9.3 Policy Implications, Decision-Support Tools, and Cross-Disciplinary Collaborations
Policy-relevant resilience metrics support water resource management through water quality
thresholds and drought resilience metrics with scenario modeling and risk assessment tools [7,
30], agricultural policy through soil health indices and yield stability with planning tools and
advisory systems [3, 25], climate adaptation through adaptive capacity scores and vulnerability
indices with climate projections and adaptation planning [6, 24], and conservation through
biodiversity resilience and ecosystem integrity with conservation planning and prioritization [2,
7]. Decision-support tool development includes interactive dashboards and visualization [1],
scenario modeling capabilities [30], risk communication tools [12], and priority setting for
resource allocation [7]. Policy integration requires linking monitoring to management decisions
[3], adaptive policy frameworks [7], cross-sectoral coordination [6], and stakeholder engagement
[8]. Cross-disciplinary collaborations across ecology, statistics, computer science, remote
sensing, social science, and economics [2, 6, 7, 12, 14, 18, 20, 23, 25] yield holistic
understanding of soil-water systems [6], development of integrated frameworks [30], enhanced
decision-support capabilities [3], and innovation through knowledge exchange [20],
implemented through interdisciplinary research teams [30], data sharing platforms [8], joint
training [3], and stakeholder engagement processes [7].

Conclusion

This chapter has examined the application of statistical models for quantifying resilience in soil
health and water quality monitoring under changing climatic conditions. Ecological resilience
fundamentally differs from engineering resilience by emphasizing multiple stable states, adaptive
capacity, and non-linear dynamics, making this distinction essential for appropriate monitoring
and management. Soil health and water quality indicators serve as proxies for system resilience,
while composite indices and integrated frameworks enhance assessment capabilities. The
identification of critical thresholds and early warning signals is essential for anticipating regime
shifts and preventing irreversible degradation, with recovery trajectories varying and informing
management responses. Statistical models including time series analysis, multivariate techniques,
Bayesian methods, spatial statistics, and machine learning offer complementary approaches for
resilience assessment, each providing unique insights. Data integration combining ground-based
monitoring, remote sensing, and citizen science through fusion techniques enhances spatial and
temporal coverage for comprehensive assessment. However, data quality, model complexity,
scale mismatches, and non-stationarity pose significant challenges requiring careful design and

method selection. Statistical models play a critical role in supporting sustainable environmental
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stewardship by providing evidence for decision-making, enabling early warning systems, guiding
adaptive management, supporting communication among stakeholders, and advancing scientific
understanding of system dynamics and thresholds. To advance resilience monitoring, sustained
investment in monitoring infrastructure, development of integrated frameworks linking
monitoring to decision-making, promotion of open data sharing platforms, continued innovation
in statistical and machine learning methods, capacity building through training and education,
cross-disciplinary collaboration, and active stakeholder engagement are essential. In conclusion,
quantifying resilience in soil health and water quality systems is essential for addressing climate
change challenges and supporting sustainable stewardship, with advances in statistical modeling,
data integration, and collaborative approaches providing powerful tools for monitoring and
managing these critical systems.
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Abstract

Water resource management is fundamentally a problem of allocating a finite, spatially and
temporally variable resource among competing agricultural, municipal, industrial, and ecological
demands under conditions of hydrological uncertainty. This article presents an integrated
mathematical framework for water resource management that combines (i) a surface-water
reservoir mass-balance model formulated as a first-order nonlinear ordinary differential equation,
(i1) a groundwater flow model based on the diffusion (Theis) equation for confined aquifers, and
(ii1)) a multi-objective linear/nonlinear optimization model for optimal allocation among
competing sectors. Analytical and numerical solution strategies are described, including finite-
difference discretization, the Theis well-function solution, and Lagrangian duality for
constrained optimization. The models are illustrated using representative simulation data, and
results are summarized through tables comparing model classes, parameters, and simulated
outcomes, alongside high-resolution figures depicting reservoir storage dynamics, aquifer
drawdown, allocation trade-offs, and long-term supply-demand projections. The framework
demonstrates how coupled differential-equation and optimization models can support sustainable
planning, drought preparedness, and climate-adaptive water governance. Limitations, including
parameter uncertainty and the need for stochastic extensions, are discussed, along with directions
for future research incorporating machine-learning-based hybrid models.

Keywords: Water Resource Management, Mathematical Modeling, Reservoir Operation,
Groundwater Flow, Optimization, Sustainability, Hydrological Systems, Differential Equations.
1. Introduction

Water is among the most critical natural resources underpinning agricultural production,
industrial activity, public health, and ecological integrity. Increasing population, urbanization,
and climate variability have intensified pressure on available freshwater resources, making
rational, quantitative water resource management (WRM) essential for long-term sustainability
[1]. Mathematical modeling provides the principal quantitative tool for understanding,
predicting, and optimizing the behavior of water systems, spanning surface reservoirs,

groundwater aquifers, river networks, and distribution infrastructure [2].

162


mailto:kothairam4555@gmail.com
mailto:balaganesanpp@gmail.com

Water, Soil and Resilience: Research for Sustainable Ecosystems
(ISBN: 978-93-47587-62-7)
Historically, WRM modeling has evolved through several complementary paradigms. Simulation
models, typically expressed as ordinary or partial differential equations, describe the temporal
evolution of storage, flow, and quality variables in response to inflows, withdrawals, and losses
[1]. Groundwater flow models, rooted in Darcy's law and the diffusion equation, describe the
propagation of hydraulic head and drawdown through porous aquifer media [3, 4]. Optimization
models, whether linear programming, nonlinear programming, dynamic programming, or multi-
objective formulations, are used to determine efficient allocation strategies subject to physical,
legal, and economic constraints [5, 6]. More recently, stochastic and machine-learning-based
hybrid models have been introduced to capture the inherent uncertainty of hydrological inputs
such as precipitation and streamflow [7].
This article synthesizes these threads into a single coherent framework applicable to integrated
surface-water and groundwater management. Section 2 develops the governing mathematical
models. Section 3 presents complete worked calculations. Section 4 presents illustrative
simulation results with supporting tables and high-resolution figures. Section 5 discusses model
coupling, calibration, and policy implications, followed by conclusions and references.
The specific objectives of this work are to:
o formalize the governing equations of surface reservoir and groundwater aquifer systems
relevant to water resource management;
e formulate a multi-objective optimization model for allocating water among agricultural,
municipal, and environmental demands;
e demonstrate, through numerical simulation, how these models jointly inform reservoir
operating policy, aquifer sustainability, and long-term supply-demand planning; and
e discuss the practical and policy implications of coupled mathematical modeling for
climate-resilient water governance.
2. Mathematical Model
2.1 Surface Reservoir Mass-Balance Model
The temporal evolution of storage S(t) (in million cubic meters, Mm?) in a single reservoir is

governed by the continuity (mass-balance) equation:
das(t)

B Qin(t) - Qout(t) - E(t) + P(t) - L(t) (1)

a
where Q;,,(t) is the inflow rate from upstream catchment and tributaries, Q,,;(t) is the release
rate for downstream demand and hydropower, E(t) is the evaporation loss rate, P(t) is direct
precipitation onto the reservoir surface, and L(t) represents seepage losses. Seasonal inflow

variability is commonly represented as:

Qin(t) = éin X [ 1+ a-sin (ﬂ)] (2)

365
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where Q;,, in is the mean annual inflow rate and a € (0,1) is the seasonal amplitude coefficient.
Equation (1) is subject to the physical storage constraint:

Smin < S(t) £ Smax (3)

where S,,;, 1s the dead storage level and S,,,, is the maximum reservoir capacity. For a
prescribed operating (release) policy Q,y:(t) = f (S (t)), Equation (1) becomes a nonlinear,
non-autonomous ordinary differential equation solved numerically using an explicit fourth-order

Runge—Kutta scheme:

Swer = Su + =(ky + 2k, + 2k + ky) 4)

with k1 = g(t,,S,),k2 = g (tn +§,Sn + h- %) etc., where g(t,S) = Qin(t) — Quur(t) —

E(t) + P(t) and step size h (days).
2.2 Groundwater Flow (Diffusion) Model
Transient radial flow toward a fully penetrating well in a homogeneous, isotropic confined
aquifer is governed by the linear diffusion partial differential equation:

2
wtie T ®
where h(r,t) is the hydraulic head at radial distance r from the pumping well at time t, T is the
aquifer transmissivity, and S, is the storage coefficient. The classical solution for drawdown
s(r,t) = hy — h(r,t) is:

2
s(r,t) = % W), u = r4TS;c (6)

e

where Q is the constant pumping rate and W(u) = fuoo ;x dx = —E;(—u)is the exponential-

integral well function. Equation (6) allows prediction of drawdown at any observation distance
and time.

2.3 Multi-Objective Allocation Optimization Model

Given competing demand sectors indexed i = 1, ..., n, the allocation problem is formulated as a

constrained multi-objective optimization:

max Z;(x) = X w;B;(x;) (economic benefit) (7)
1,.,%n
max Z,(x) = Y= ,(D; — x;)* (unmet/environmental deficit) (8)
X1,..xn
SubjeCt to Z?:l Xi = Savaiiable, (9)
x; = xMi=1,..,n (10)
xiZDi,i=1,...,n, (11)
where x;1s the water volume allocated to sector i, B;(.y is a concave benefit function (commonly
X
max[l—e ki
Bixp = B; , W; 1s a sector priority weight, D; is the sector demand, and S,,4i1apie 18

the total water available. The bi-objective problem is scalarized via the weighted-sum method:
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mxinZ(x) = Az, —(1-1Z,(x), 2 € [0,1] (12)
and solved using the Karush—Kuhn—Tucker (KKT) conditions. The Lagrangian is:

L, wv,n) = Z(x) — p(Cix; — Savaitavie ) + 2ivi(x; — ximin) = Xini(x; —Dy) (13)
and the stationarity conditions yield the optimal marginal-benefit-equalization rule:

B + (1= 1) Worapy= VL. (14)
which states that, at the optimum, the weighted marginal benefit is equalized across all sectors
receiving positive allocation [5, 6].

2.4 Coupled System Interpretation

Because reservoir releases Qqy¢(r) correspond directly to the sector allocations x;, and because
groundwater pumping constitutes an alternative or supplementary source when S(t)approaches
Smin sub-models form a coupled conjunctive-use system, summarized in Table 1 and
demonstrated numerically in Section 3.

3. Detailed Worked Calculations

This section presents complete, step-by-step numerical calculations for each governing equation
of Section 2, so that every intermediate quantity can be independently verified by the reader.

3.1 Worked Calculation: Reservoir Mass Balance (Equation (1))

Take representative day t = 91 (start of the second season) with parameters from Table 2:

Qin = 12.0,0,: = 11.0,E0 = 2.0,P0 = 1.5 (allIZTnj),a = 0.5.

Step 1 — Inflow term (Eq. 2):

Qin(91) = 12.0[1 + 0.5-sin(1.5665)] = 12.0(1.49998) =~ 12.6012777;3 (15)
Step 2 — Evaporation term:

E(91) = 2.0[1 + 0.3 -5sin(0.01722)] = 2.0(1.00517) = 2.01031\2777;3 (16)
Step 3 — Precipitation term:

P(91) = 1.5[1 + 0.4 - cos(1.5665)] = 1.5[1 + 0.4(0.00409)] = 1.5025127";3 (17)
Step 4 — Net rate of change (Eq. 1): interval t =91

as

— = 18.00 — 11.00 — 2.0103 + 1.5025 = 6.492M—m3 (18)
dt day

Step 5 — One explicit Euler step (h =1 day) from S(90) = 500 Mm?:
S(91) ~ S(90) + h- (g) = 500 + 1(0.598) = 500.60 Mm?3 (19)

This value lies within the admissible storage band of Equation (3). The full trajectory of Figure 1
is obtained by repeating Steps 1-5 in fourth-order Runge—Kutta form (Eq. 4) fort=0, 1, ..., 730.
3.2 Worked Calculation: Theis Drawdown (Equation (6))

m3 m?
Letr = 50m,t = 5days,Q = SOOM,T = ZSOM,SC— 0.002.
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Step 1 — Dimensionless parameter u:
r2 S, B (50)2(0.002) 5.0
ATt 4(250)(5) 5000
u = 1.0 x 1073 (20)
Step 2 — Well function W(u), evaluated by the series expansion W(u) = —y —Ilnu+ u —

u =

2
24 .-+, with Euler—Mascheroni constant y = 0.5772:

2:2!

W(0.001) = —0.5772 —In(0.001) + 0.001 — - = —0.5772 + 6.9078 + 0.001 ~
6.3316 Q1)
Step 3 — Drawdown:

$(50,5) = —— - W(u) = Bff:f_é (6.3316) = (0.15915)(6.3316) ~ 1.0078 m (22)

This is consistent with the r = 50 m curve in Figure 2, which continues to rise slightly
beyond t = 5 days toward its ¢ = 10 days asymptotic value.

3.3 Worked Calculation: Marginal-Benefit Allocation (Equations (7)—(13))

Consider two sectors (n = 2): agriculture (i = 1,B"** = 100,k; = 30)nicipal (i =
2,B"** = 80,k, = 15)1 weights w; = w, = 1,S,p0itapie = 80 Mm3,D; = 100,D, = 40,
A =07

Step 1 — Benefit function and derivative:

ke

maX(l—e__l> Bmax _ﬁ
Bi(x ;) = B, ,Bi(x;) = lkl_ e ki (23)

Step 2 — Stationarity condition reduces to the marginal-benefit-equalization rule:

e_% +(1-21) (24)

max _X1 max
e+ (- =212

1 2

Which reduces to the marginal-benefit-equalization rule

pjrax _FL - pmax X2 r1g9p\ _X1 8o\ X2 | X2
1k—e k1 = Zk e k2 =( ) 0 = (E)e 15 = 3.333-e¢ 30 = 5.333e 15 (25)
1 2

Step 3 — Apply the availability constraint x; + x, = 80 (binding, since total demand
140 > 80),s0 x, = 80 — x;. Taking natural logs:

-X1 80—x1
3.333e 30=5.333e 15 (26)
Taking natural logs of both sides:
X 80—x
In(3.333) — j =In(5.333) — Tl (27)
Step 4 — Solve for xu:
X1 X1 31 X1 3
1.2040 — 30" 1.6740 — 5.3333 + 1o = 4.8633 = 30 - 10 = x; = 48.63 Mm
Hence x> = 80 —48.63 =31.37 Mm”>. (28)
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Step 5 — Verify marginal benefits are equalized:

B;(48.63) = 3.333 - e 1621 = 3.333(0.1977) = 0.6590 (29)
B;(31.37) = 5.333-¢7%091 = 5,333(0.1235) = 0.6588 (30)
The two marginal benefits agree to within rounding error, confirming the optimality condition of
Equation (13). The resulting economic benefits are B;(48.63) = 100(1 — e~1'621) = 80.23
and B,(31.37) = 80(1 — e~ 2'3) = 70.11, giving total realized benefit Z; ~ 150.34.

3.4 Worked Calculation: Long-Term Demand—Supply Projection

3
Demand growth follows D(y) = Dy(1+ g)¥™>° with D, = 3501\2—7’:,9 = 0.018,y0 =

2025; supply follows Sup(y) = Sup0(1 — c)¥7>° with Sup0 = 400,c = 0.006.
Step 1 — Demand aty = 2035 (y — y, = 10):

D(2035) = 350(1.018)1° = 350(1.1961) = 418.61‘/13/—";3 (31)
Step 2 — Supply at y = 2035:
Sup(2035) = 400(0.994)1° = 400(0.9418) = 376.71\4}’—7113 (32)

Step 3 — Crossover year y * solves D(y *) = Sup(y *):

Ay
350(1.018)2Y = 400(0.994)% = (%) =220 = 1.1429 (33)

AyIn(1.02415) = In(1.1429) = Ay(0.023855) = 0.13353 = A4y = 5.60 (34)

so y*= 2025 + 5.6 ~ 2031, consistent with the crossover window (= 2032 — 2034)
reported in Table 3.

4. Simulation Results, Tables, and Figures

4.1 Overview of Model Components

Table 1 summarizes the three governing sub-models, their mathematical class, and their primary
decision or state variables.

Table 1: Summary of governing mathematical models for water resource management.

Model component Mathematical class Governing Key variables
equation

Reservoir storage Nonlinear ODE, initial- | Eq. (1) S(t), Qins Qout» E, P
value problem

Groundwater flow Linear parabolic PDE | Egs. (5) —(6) h(r,t), s(rt), T,
(diffusion type) Sc, Q

Allocation Constrained  nonlinear | Egs. (7) — (13) Xi, Bi, Dij, A, u

optimization (multi-objective)
program
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4.2 Model Parameters
Table 2 lists representative parameter values used for the illustrative simulations reported in
Figures 1-4.

Table 2: Representative parameter values used in the simulations.

Symbol Description Value Unit
Qin Mean reservoir inflow rate 12.0 Mm3/day
Qout Mean release rate 11.0 Mm3/day
E, Baseline evaporation rate 2.0 Mm3/day
P, Baseline precipitation input 1.5 Mm3 /day
So Initial storage 500.0 Mm3
T Aquifer transmissivity 250 m?/day
Se Aquifer storage coefficient 0.002 dimensionless
Q (well) Constant pumping rate 500 m3/day
Dygri Agricultural sector demand 100 Mm3 /yr
Pop. growth rate Municipal demand growth 1.8 %/yr
Climate decline rate Supply reduction rate 0.6 %/yr

4.3 Reservoir Storage Dynamics
Figure 1 shows the numerical solution of Equation (1) over a two-year simulation horizon. Both
axes begin at the origin (0,0): time starts at day 0 and storage starts at 0 Mm3, so the true zero-

baseline of the storage curve is visible rather than a cropped/offset view.
Simulated Reservoir Storage Dynamics over Two Years
(Runge-Kutta Solution of Eq. 1)

1600
= S(t) (simulated)

1400 ---- |nitial storage Sy

12004
1000 -
800

600 1

400 1

Reservoir storage S(t) (Mm3)

200+

0 100 200 300 400 500 600 700
Time (days)

Figure 1: Simulated reservoir storage S(t) obtained from the fourth-order Runge—Kutta

solution of Equation (1) over a two-year (730-day) horizon. Both axes originate at zero.
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4.4 Aquifer Drawdown
Figure 2 presents the Theis drawdown solution (Equation (6)) evaluated at four radial distances
from a pumping well. The time axis starts at ¢ = 0 and the drawdown axis starts at s = 0 m, so
all four curves are anchored at the common origin (0,0).
Theis Solution: Aquifer Drawdown at Varying Radial Distances

2
s(r,t)= %W(u), u= %

=
o

=
S

=
[§]

=
o

Drawdown s(r, t) (m)
o
oo

0.6 Observation distance
04 — r=10m
—r=50m
0.2 m— =100 m
r=200m
0.0+ - . - . -
0 2 4 6 8 10

Time (days)

Figure 2: The solution drawdown s(r, t) at radial distances r = 10,50,100,200 m from
3 2
a pumping well with Q = 500 :Ty’ T = 250 mey’ S. = 0.002. Both axes originate at zero

4.5 Allocation Trade-off Analysis
Figure 3 illustrates the trade-off embedded in the multi-objective allocation model. Both the
primary (economic benefit) and secondary (environmental deficit) y-axes, together with the
shared x-axis, are fixed to begin at zero, so the two curves correctly meet at the common origin
(0,0) rather than appearing to start from an offset value.

Trade-off between Economic Benefit and Environmental Flow Deficit

1001 a0
80

60 A

nvironmental flow deficit |
40 1

201

Economic benefit index B;(x;)
N
o
Environmental flow deficit index

0 20 40 60 80 100
Water allocated to agriculture, x; (Mm?3)

Figure 3: Trade-off between economic benefit and environmental flow deficit as a function

of water allocated to agriculture. The x-axis (allocation) and both y-axes (economic benefit

index and environmental deficit index) start at zero, so all curves join at the origin
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4.6 Long-Term Supply-Demand Projection
Figure 4 projects municipal water demand growth against available supply over 2025-2050. The

water-volume axis begins at zero so absolute magnitudes and the crossover gap are shown to

scale.
€00 Projected Water Demand and Supply (2025-2050)
= Projected demand
—m=— Projected supply
500 1 Deficit region
Supply-demand !
crossover

mE 400
2
)
£ 300 -
=2
o
>
e
& 2001
(]
=

100

0 : T r r !
2025 2030 2035 2040 2045 2050

Year

Figure 4: Projected water demand and supply, 2025-2050, illustrating the supply-demand
crossover point. The vertical axis originates at zero
4.7 Comparative Summary of Results
Table 3 summarizes key quantitative outcomes extracted from the four simulation experiments.

Table 3: Summary of simulation outcomes.

Experiment Metric Result
Reservoir simulation (Fig. 1) Storage range 440 — 560 Mm3 (approx.)
Aquifer drawdown (Fig. 2) Max. drawdown at ~ 07—-09m

r=10m,t =10d
Allocation trade-off (Fig. 3) Allocation at 50% ~ 21 Mm3
economic benefit
Demand-supply projection Crossover year ~ 2032 — 2034
(Fig. 4)

5. Discussion

The three sub-models presented in Section 2 address complementary aspects of water resource
management: the reservoir model governs short- to medium-term surface-water operations, the
groundwater diffusion model governs sustainable aquifer yield, and the optimization model
governs the allocation of the resulting bulk supply among competing sectors. In practice these

models are coupled: reservoir release policy is informed by the optimal sectoral allocations, and
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groundwater pumping is dynamically triggered when surface storage approaches S min, forming

a conjunctive-use management strategy [2, 4].

Model calibration in real applications requires historical hydro-meteorological records, aquifer

pumping-test data, and socio-economic demand data; parameter uncertainty should be

propagated using Monte Carlo or Bayesian methods rather than treated deterministically [7].

Extensions incorporating stochastic differential equations, chance-constrained optimization, and

hybrid machine-learning-physical models represent promising directions for future work [6, 7].

Conclusion

This article has presented an integrated mathematical modeling framework for water resource

management, combining a nonlinear reservoir mass-balance ODE, a linear groundwater diffusion

(Theis) model, and a constrained multi-objective allocation optimization model solved via

Lagrangian duality. Numerical simulations, verified against complete hand-worked calculations,

illustrate seasonal reservoir dynamics, aquifer drawdown behavior, sectoral allocation trade-offs,

and long-term supply-demand projections. Future work should incorporate stochastic
hydrological forcing, real-time data assimilation, and multi-reservoir network extensions.
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    d x  d t = −   k 1  (   y  k + y ) x + q


    d y  d t = −   k 2  (   y  k + y ) x + 𝛼  (    y  c −  y )


 


    y  c


  x ( 0 ) =   x 0 , y ( 0 ) =   y 0 ,


 


   (    x  s ,    y  s )


  0 = −   k 1     y  s  k +   y  s   x  s + q ,


  0 = −   k 2     y  s  k +   y  s   x  s + 𝛼 (   y  c −   y  s )


    k 1     y  s  k +   y  s   x  s = q ,


    x  s =   q ( k +   y  s )    k 1   y  s


  0 = −     k 2 q    k 1 + 𝛼 (   y  c −   y  s ) .


 


 


    y  c >     k 2 q  𝛼   k 1


    x  s =   q ( k +   y  s )    k 1   y  s


 


    k 1 = 0 . 15 ,   k 2 = 0 . 5 , q = 0 . 2 ,   y  c = 9 . 5 , 𝛼 = 0 . 35 , k = 3 .


 


  (   x  s ,   y  s ) = ( 1 . 89 ,   7 . 52 )


 


  L ( U ) + N ( U ) = 0


 


  L


  N


  p ∈ [ 0 , 1 ] ,


  H ( U , p ) = L ( U ) + p N ( U ) = 0


 


  p = 0 ,


  L ( U ) = 0 .


  p = 1 ,


  L ( U ) + N ( U ) = 0 .


 


  U =   U 0 + p   U 1 +   p 2   U 2 +   p 3   U 3 + ⋯


 


  p = 1


  U ≈   U 0 +   U 1 +   U 2 +   U 3 + ⋯


    L 1 [ x ] =   d x  d t ,   L 2 [ y ] =   d y  d t


 


    d x  d t + p  [    k 1   y  k + y x −  q ] = 0


    d y  d t + p  [   k 2   y  k + y x − 𝛼 (   y  c − y ) ] = 0


 


  p = 0


    d x  d t = 0 ,   d y  d t = 0 ,


 


  x =   x 0


  y =   y 0


  p = 1


  t = 0


  x ( t ) =   x 0 ( t ) + p   x 1 ( t ) +   p 2   x 2 ( t ) +   p 3   x 3 ( t ) + ⋯


  y ( t ) =   y 0 ( t ) + p   y 1 ( t ) +   p 2   y 2 ( t ) +   p 3   y 3 ( t ) + ⋯


 


    x 0 ( 0 ) =   x 0 ,   y 0 ( 0 ) =   y 0


 


    x  n ( 0 ) = 0 ,   y  n ( 0 ) = 0 , n ≥ 1 .


    p 0


    d   x 0  d t = 0 ,   d   y 0  d t = 0


 


    x 0 ( t ) =   x 0 ,   y 0 ( t ) =   y 0


    r 0 =     y 0  k +   y 0


 


    p 1


    d   x 1  d t = −   k 1   r 0   x 0 + q


    d   y 1  d t = −   k 2   r 0   x 0 + 𝛼 (   y  c −   y 0 )


 


    x 1 ( 0 ) = 0 ,   y 1 ( 0 ) = 0 ,


 


    x 1 ( t ) =  (  q −    k 1   r 0   x 0 ) t


    y 1 ( t ) =  [ 𝛼 (   y  c −   y 0 ) −   k 2   r 0   x 0 ] t


    y  k + y =   r 0 + p   r 1 +   p 2   r 2 + ⋯


 


    r 1 =   k   y 1     ( k +   y 0 ) 2


 


    y  k + y x =   r 0   x 0 + p (   r 0   x 1 +   r 1   x 0 ) + ⋯


    p 2


    d   x 2  d t = −   k 1 (   r 0   x 1 +   r 1   x 0 )


    d   y 2  d t = −   k 2 (   r 0   x 1 +   r 1   x 0 ) − 𝛼   y 1


  A = q −   k 1   r 0   x 0


  B = 𝛼 (   y  c −   y 0 ) −   k 2   r 0   x 0


    x 1 ( t ) = A t ,   y 1 ( t ) = B t


 


    r 1 =   k B t     ( k +   y 0 ) 2


    x 2 ( t ) = −     k 1 2  [    r 0 A +    k   x 0 B     ( k +   y 0 ) 2 ]   t 2


    y 2 ( t ) = −  1 2  {    k 2  [    r 0 A +    k   x 0 B     ( k +   y 0 ) 2 ] +  𝛼 B }   t 2


 


    p 2


  y / ( k + y )


    r 2 =   k   y 2     ( k +   y 0 ) 2 −   k   y 1 2     ( k +   y 0 ) 3


  y / ( k + y )


  k ( k −   y 0 )   y 1 2 / ( k +   y 0  ) 3


    p 2


    S 2 =   r 0   x 2 +   r 1   x 1 +   r 2   x 0


    d   x 3  d t = −   k 1  (    r 0   x 2 +    r 1   x 1 +    r 2   x 0 )


    d   y 3  d t = −   k 2  (    r 0   x 2 +    r 1   x 1 +    r 2   x 0 ) − 𝛼   y 2


 


    x 3 ( 0 ) = 0 ,   y 3 ( 0 ) = 0 ,


 


  0


  t


    x 3 ( t )


    y 3 ( t )


    x 2 ( t )


    y 2 ( t )


  t


    S  n =  [   p  n ]  {   y  k + y x }


  [   p  n ] { ⋅ }


    p  n


    d   x  n  d t = −   k 1   S  n − 1 , n ≥ 1


 


    d   y  n  d t = −   k 2   S  n − 1 − 𝛼   y  n − 1 , n ≥ 1


    x  n ( 0 ) = 0 ,   y  n ( 0 ) = 0 , n ≥ 1


 


  p = 1 ,  


    x HPM ( t ) =   x 0 +   x 1 ( t ) +   x 2 ( t ) +   x 3 ( t )


    y HPM  ( t ) =   y 0 +   y 1  ( t ) +   y 2  ( t ) +   y 3  ( t )


    x HPM   ( N )  ( t ) =   ∑  n = 0  N    x  n  ( t )   a n d     y HPM   ( N ) ( t ) =   ∑  n = 0  N    y  n ( t )


 


    R  x  ( t ) =   d   x HPM  d t +   k 1     y HPM  k +   y HPM   x HPM − q


    R  y ( t ) =   d   y HPM  d t +   k 2     y HPM  k +   y HPM   x HPM − 𝛼 (   y  c −   y HPM


 


    R  x  ( t ) =   R  y  ( t ) = 0


  N


    R max =   max ⁡  0 ≤ t ≤ T  { max ∣   R  x ( t ) ∣ ,   ∣   R  y ( t ) ∣ }


 


    r 2


    r 2 =   k   y 2     ( k +   y 0 ) 2 −   k   y 1 2     ( k +   y 0 ) 3


 


  k ₁ = 0 . 15 ,   k ₂ = 0 . 5 ,   q = 0 . 2 ,   y _ c = 9 . 5 ,   𝛼 = 0 . 35   a n d   k = 3


  0 ≤ t ≤ 10   o r   0 ≤ t ≤ 20


    d S  ( t )  d t   =     Q  i n  ( t ) −   Q  o u t  ( t ) −   E  ( t ) +   P  ( t ) −   L  ( t )


    Q  i n  ( t )


    Q  o u t  ( t )


    Q  i n  ( t ) =       Q -  i n ×    [   1   +   𝛼 ·  sin ⁡   (   2 𝜋 t 365 ) ]


      Q -  i n  


    S  m i n ≤   S  ( t ) ≤     S  m a x                                                                                                                                                                                                                           ( 3 )


    S  m i n


    S  m a x


    Q  o u t  ( t ) =   f  ( S  ( t ) ) ,


    S  n + 1   =     S  n   +    h 6  (   k 1   +     2 k 2   +     2 k 3   +     k 4 )


  k 1   =   g  (   t  n ,     S  n ) ,   k 2   =   g  (   t  n +  h 2 ,     S  n +   h ·   k 1 2 ) ,


  g  ( t , S ) =     Q  i n  ( t ) −     Q  o u t  ( t ) −   E  ( t ) +   P  ( t )


      𝜕 2 h  𝜕   r 2 +    1  r   𝜕 h  𝜕 r   =       S  c  T   𝜕 h  𝜕 t


  h  ( r , t )


    S  c


  s  ( r , t ) =    h 0   −   h  ( r , t )


  s  ( r , t ) =     Q  4 𝜋 T     W  ( u ) ,       u   =       r 2     S  c  4 T t


  W  ( u ) =   ∫  u ∞      e  − x  x d x = −   E  i  ( − u )


  i   =   1 , … , n


     max    x  1 , … ,   x  n ⁡    Z 1  ( x ) =     ∑  i = 1  n    w  i   B  I  (   x  i )        ( e c o n o m i c   b e n e f i t )


       max    x  1 , … ,   x  n ⁡    Z 2  ( x ) =     ∑  i = 1  n     (   D  i −   x  i ) +    ( u n m e t / e n v i r o n m e n t a l   d e f i c i t )


    ∑  i = 1  n    x  i ≤   S  a v a i i a b l e ,


    x  i ≥   x  i  m i n ,   i = 1 , … , n


    x  i ≥   D  i ,   i = 1 , … , n


    x  i


  i ,     B  i  ( · )


    B  i  (   x  i )   =     B  i   max ⁡   [ 1 −   e  −     x  i    k  i ] ,


    w  i


    D  i


    S  a v a i l a b l e


     min  x ⁡  Z  ( x ) =     𝜆 z 1 −  ( 1 − 𝜆 )   Z 2  ( x ) ,       𝜆   ∈    [ 0 , 1 ]


  L  ( x , 𝜇 , 𝜈 , 𝜂 ) =   Z  ( x ) −   𝜇  (   ∑  i    x  i   −     S  a v a i l a b l e   ) +     ∑  i    v  i  (   x  i −   x  i  m i n )   −     ∑  i    𝜂  i  (   x  i −   D  i )


  𝜆   w  i   B  i ′  (   x  i ∗ ) +    ( 1 − 𝜆 )  ⊮   {   x  i <   D  i } = 𝜇 ,       ∀ i


    Q  o u t  ( t )


      x  i


  S  ( t )


    S  m i n


      Q -  i n =   12 . 0 ,     Q  o u t =   11 . 0 ,   E 0   =   2 . 0 ,   P 0   =   1 . 5    ( a l l   M   m 3  d a y ) ,   𝛼   =   0 . 5 .


    Q  i n  ( 91 ) =   12 . 0  [ 1   +   0 . 5 ·  sin ⁡   ( 1 . 5665 ) ] =   12 . 0  ( 1 . 49998 ) ≈   12 . 60   M   m 3  d a y


  E  ( 91 ) =   2 . 0  [ 1   +   0 . 3 ·  sin ⁡   ( 0 . 01722 ) ] =   2 . 0  ( 1 . 00517 ) ≈   2 . 0103   M   m 3  d a y


  P  ( 91 ) =   1 . 5  [ 1   +   0 . 4 ·  cos ⁡   ( 1 . 5665 ) ] =   1 . 5  [ 1   +   0 . 4  ( 0 . 00409 ) ] ≈   1 . 5025   M   m 3  d a y


    d S  d t   =   18 . 00   −   11 . 00   −   2 . 0103   +   1 . 5025   =   6 . 492   M   m 3  d a y


  S  ( 91 ) ≈   S  ( 90 ) +   h ·  (   d S  d t ) =   500   +   1  ( 0 . 598 ) =   500 . 60   M   m 3


  r   =   50   m ,   t   =   5   d a y s ,   Q   =   500     m 3  d a y ,   T   =   250     m 2  d a y ,     S  c =   0 . 002


  u   =       r 2     S  c  4 T t   =        ( 50 ) 2  ( 0 . 002 )  4  ( 250 )  ( 5 )   =     5 . 0 5000


  u   =   1 . 0   ×    10  − 3


  W  ( u ) =   − 𝛾   − l  n ⁡  u +   u   −     u 2  2 · 2 ! +   ⋯ ,  


  𝛾   =   0 . 5772


  W  ( 0 . 001 ) =   − 0 . 5772   −  ln ⁡   ( 0 . 001 ) +   0 . 001   −   ⋯   =   − 0 . 5772   +   6 . 9078   +   0 . 001   ≈   6 . 3316


  s  ( 50 , 5 ) =     Q  4 𝜋 T · W  ( u ) =    500  3141 . 6  ( 6 . 3316 ) =    ( 0 . 15915 )  ( 6 . 3316 ) ≈   1 . 0078   m


  r   =   50   m


    t   =   5


  t   =   10


   ( n   =   2 ) :


     ( i   =   1 ,     B 1  m a x =   100 ,     k 1 =   30 )


   ( i   =   2 ,     B 2  m a x =   80 ,     k 2 =   15 )


    w 1 =     w 2 =   1 ,     S  a v a i l a b l e =   80   M   m 3 ,     D 1 =   100 ,     D 2 =   40 ,     𝜆   =   0 . 7 .


    B  i  (   x    i ) =     B  i   max ⁡   ( 1 −   e  −     x  i    k  i )


    B  i ′  (   x    i ) =       B  i  m a x    k  i   e  −     x  i    k  i


  𝜆     B 1  m a x    k 1   e  −     x 1    k 1 +  ( 1 − 𝜆 ) = 𝜆     B 1  m a x    k 2   e  −     x 2    k 2 +  ( 1 − 𝜆 )


      B 1  m a x    k 1   e  −     x 1    k 1 =     B 2  m a x    k 2   e  −     x 2    k 2 =  (  100 30 )   e  −     x 1 30   =    (  80 15 )   e  −     x 2 15     ⟹     3 . 333 ·   e  −     x 1 30   =   5 . 333   e  −     x 2 15


    𝒙  𝟏 +     𝒙  𝟐 =   𝟖 𝟎  


  𝟏 𝟒 𝟎   >   𝟖 𝟎 ) ,   𝒔 𝒐   𝒙 ₂   =   𝟖 𝟎   −   𝒙 ₁ .


    e  −   x   1 30


    e  −   80 −   x 1 15


   ln ⁡   ( 3 . 333 ) −     x 1 30 =  ln ⁡   ( 5 . 333 ) −   80 −   x 1 15


  1 . 2040   −     x 1 30 =   1 . 6740   −   5 . 3333   +     x 1 15   ⟹     4 . 8633   =   3   x 1 30 =     x 1 10   ⟹       x 1 ≈   48 . 63   M   m 3


    B 1 ′  ( 48 . 63 ) =   3 . 333 ·   e  − 1 . 621   =   3 . 333  ( 0 . 1977 ) =   0 . 6590


    B 2 ′  ( 31 . 37 ) =   5 . 333 ·   e  − 2 . 091   =   5 . 333  ( 0 . 1235 ) =   0 . 6588


      B 1  ( 48 . 63 ) =   100  ( 1 −   e  − 1  ˙ 621 ) =   80 . 23


    B 2  ( 31 . 37 ) =   80  ( 1 −   e  − 2  ˙ 0 91 ) =   70 . 11


    Z 1 ∗   ≈   150 . 34 .


  D  ( y ) =     D 0    ( 1 + g )  y −   y 0


    D 0   =   350   M   m 3  y r ,   g   =   0 . 018 ,   y 0   =   2025


  S u p  ( y ) =   S u p 0    ( 1 − c )  y −   y 0   w i t h   S u p 0   =   400 ,   c   =   0 . 006 .


  𝒚   =   𝟐 𝟎 𝟑 𝟓    ( 𝒚   −     𝒚  𝟎   =   𝟏 𝟎 ) :


  D  ( 2035 ) =     350  ( 1 . 018 ) 10 =   350  ( 1 . 1961 ) =   418 . 6   M   m 3  y r


  S u p  ( 2035 ) =   400    ( 0 . 994 ) 10   =   400  ( 0 . 9418 ) =   376 . 7   M   m 3  y r


  𝒚 ∗   𝒔 𝒐 𝒍 𝒗 𝒆 𝒔   𝑫  ( 𝒚 ∗ ) =   𝑺 𝒖 𝒑  ( 𝒚 ∗ ) :


  350    ( 1 . 018 )  ∆ y = 400    ( 0 . 994 )  ∆ y ⟹    (   1 . 018  0 . 994 )  𝛥 y   =  400 350 =   1 . 1429


  𝛥 y  ln ⁡   ( 1 . 02415 ) =  ln ⁡   ( 1 . 1429 )   ⟹     𝛥 y  ( 0 . 023855 ) =   0 . 13353     ⟹     𝛥 y   ≈   5 . 60


  y ∗   ≈   2025   +   5 . 6   ≈   2031


   ( ≈   2032 − 2034 )


    Q  i n


    Q  o u t


    E


  P


  h ( r , t


  s  ( r , t )


  T


    S  c


    Q


    x  i


    B  i


    D  i


    𝜆


  𝜇


      Q -  i n


    M m 3 / d a y


    Q  o u t


    M m 3 / d a y


    E 0


    M m 3 / d a y


    P 0


    M m 3 / d a y


    S 0


  M   m 3


  T


    m 2 / d a y


    S  c


  Q    ( w e l l )


    m 3 / d a y


    D  a g r i


    M m 3 / y r


  % / y r


  % / y r


  M   m 3


  t   =   0


  𝒔  ( 𝒓 , 𝒕 )


  𝒓   =   𝟏 𝟎 ,   𝟓 𝟎 ,   𝟏 𝟎 𝟎 ,   𝟐 𝟎 𝟎   𝒎


  𝑸   =   𝟓 𝟎 𝟎     𝒎  𝟑  𝒅 𝒂 𝒚


  𝑻   =   𝟐 𝟓 𝟎     𝒎  𝟐  𝒅 𝒂 𝒚


    𝑺  𝒄 =   𝟎 . 𝟎 𝟎 𝟐


  440 − 560   M   m 3


  r = 10   m


    t = 10   d


  ≈   0 . 7 − 0 . 9   m


  ≈   21   M   m 3


  ≈   2032 − 2034

