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FOREWORD 

I am honoured to introduce this latest issue to the International Journal of Environment, Agriculture and 

Biotechnology (IJEAB). Our journal is dedicated to disseminating high-quality research and innovative 

findings that contribute to advancing knowledge in these critical fields. 

In this issue, we present a collection of papers that exemplify the diversity and depth of contemporary 

environmental, agriculture, and biotechnology research. The articles include various topics, from sustainable 

agricultural practices and environmental conservation strategies to cutting-edge biotechnological 

innovations. Each contribution has undergone a rigorous peer-review process, ensuring the publication of 

only the most significant and original research. 

Our commitment at IJEAB is to provide a robust platform for researchers, academicians, and practitioners to 

share their work and engage with a global audience. By fostering an interdisciplinary approach, we aim to 

bridge the gaps between different areas of study and promote holistic understanding and solutions to the 

challenges we face in these domains. 

We are grateful to our dedicated authors, whose hard work and intellectual rigour are the backbone of our 

journal. We also extend our appreciation to our reviewers and editorial board members, whose expertise and 

diligence ensure the high standards of our publication. Finally, we thank our readers for their continued 

support and engagement. 

We hope you find the articles insightful and inspiring as you explore this issue. We encourage you to 

contribute your research to future issues and join us in our mission to advance knowledge and drive positive 

change in the environment, agriculture, and biotechnology fields. 

Sincerely, 

Editor-in-Chief 

International Journal of Environment, Agriculture and Biotechnology (IJEAB) 

NAAS Score Journal 

www.ijeab.com  
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Abstract— Traditional, lecture-based pedagogical models often fail to translate environmental knowledge 

into real-world sustainable habits, creating a persistent "knowledge-action gap" among young learners. 

While students may memorize theoretical facts, they frequently lack the practical social consciousness 

required to drive meaningful green campus transformations. This study evaluated the efficacy of an activity-

led instructional intervention in enhancing environmental responsibility and sustainability literacy among 

secondary school students. The research focused on critical dimensions that are sustainable lifestyles and 

eco-conscious practices, energy usage patterns and their broader environmental footprints and resource 

conservation and energy efficiency. A quasi-experimental research design was employed with 11th 70 grade 

students from a CBSE-Board school in Lucknow city. The experimental group (N=35) received a 45-day 

structured instructional program using cooperative learning strategies, while the control group (N=35) 

followed the traditional teaching learning. Data were analysed using non-parametric Wilcoxon Signed 

Ranks and Mann-Whitney U tests via SPSS to measure internal growth and comparative significance. The 

findings revealed that the activity-led program caused a highly significant improvement in the experimental 

group across all dimensions. Notably, the energy usage dimension showed a near-universal internal 

improvement rate. Comparative analysis proved the experimental group achieved significantly higher mean 

ranks than the control group in resource conservation and energy efficiency, demonstrating the superior 

impact of structured interventions. The study demonstrates that specialized, activity-based interventions are 

superior to conventional methods in fostering ecological stewardship. It recommends integrating hands-on 

modules into mainstream curricula to bridge the gap between environmental awareness and active 

conservation. 

Keywords— Activity-Led Learning, Energy Footprints, Environmental Responsibility, Green Campus 

Transformation, Sustainable Practices. 

 

I. INTRODUCTION 

"Education is the most powerful weapon which you can 

use to change the world". 

- Nelson Mandela 

These words of Nelson Mandela establish the foundation 

for this research that the escalating global environmental 

crisis requires a profound internal transformation of human 

behavior. By 2024, the global average surface temperature 

reached roughly 0.55 ° C above pre-industrial levels, with 

atmospheric CO2 concentrations hitting 420 ppm 

(IPCC,2024). The decade of 2024–2025 officially ranks as 

the warmest on record, creating a "Red Alert" for 

biodiversity and human civilization. Despite these critical 

figures, a persistent "knowledge-action gap" prevents 

younger generations from translating theoretical awareness 

into responsible ecological stewardship. UNESCO 

emphasizes that education for sustainable development is 

the essential bridge to empower learners to make informed 

decisions for environmental integrity (UNESCO, 2020). In 
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India, the National Education Policy (NEP) 2020 explicitly 

recognizes this urgency, advocating for holistic, 

multidisciplinary, and experiential learning to address 

sustainability challenges (NEP, 2020). UNESCO aligns 

with the "Green School" movement and the UNESCO 

Greening Education Partnership, which officially began its 

core mission on June 5, 2024, to get "Every Learner 

Climate-Ready" (UNESCO, 2024). The present research is 

designed as a structured instructional intervention aimed at 

bridging the gap between theoretical knowledge and 

practical action. Utilizing a quasi-experimental design with 

11th grade 70 students in Lucknow city, this study evaluates 

the efficacy of a specialized instructional program against 

traditional pedagogical methods. By focusing on active, 

participatory modules, the study supports national visions 

like Viksit Bharat @2047 and the "Ek Ped Maa Ke Naam" 

campaign launched in 2024, which aims to plant 40 crore 

trees by March 2025 (MoEFCC, 2024). Ultimately, this 

intervention seeks to transform students from passive 

observers into active agents of a green campus 

transformation. 

 

II. REVIEW OF RELATED LITERATURE 

The reviewed studies are highly relevant to this research as 

they provide strong evidence for the effectiveness of 

structured interventions in improving Sustainable Practices 

and Energy Usage patterns, while highlighting the need for 

active learning to bridge the knowledge-action gap in these 

specific areas. Ablak and Yeşiltaş (2020) empirically 

demonstrated that secondary school students generally 

possess a favorable level of baseline awareness regarding 

basic, highly visible ecological concepts. This baseline is 

often built through everyday observation rather than just 

formal instruction. Aldawsari et al. (2025) concluded that 

teaching comprehensive green education successfully 

bridges the gap between fragmented theoretical knowledge 

and deep, practical environmental responsibility. Ayerbe 

López and Perales Palacios (2024) noted that traditional 

teaching methods are frequently insufficient for conveying 

complex ecological topics effectively. They argued that 

innovative methodologies are required to connect students 

emotionally to the natural world. Barman (2023) observed 

that dedicated, school-based environmental initiatives exert 

a massive positive influence on young learners. The study 

proved that targeted curriculums are essential for helping 

students successfully comprehend complex ecological 

problems that are often ignored in traditional settings. 

Fernandes et al. (2024) conducted a document analysis 

revealing that environmental education in standard high 

school curricula is often treated too generically. Their work 

highlights that traditional frameworks lack the deep 

practical application required for genuine behavior change. 

Firmanshah et al. (2023) found a very strong positive 

connection between environmental knowledge, attitudes, 

and awareness. Their results prove that high environmental 

knowledge consistently leads to better ecological attitudes 

in students. Khofi (2024) found that green school concepts 

significantly improve students' environmental awareness 

and influence their pro-environmental behavior. Lace-

Jeruma and Birzina (2009) demonstrated how standard 

biology lessons frequently integrate practical sustainability 

goals. However, the research noted that without specialized 

modules, students often miss the deeper connection to 

global environmental systems. Lozano et al. (2022) found 

that utilizing active teaching methodologies greatly 

improves students' knowledge about climate change. The 

study also highlighted that such programs successfully 

trigger strong positive emotions toward scientific learning. 

Mahinay et al. (2023) explored the relationship between 

environmental literacy levels and pollution, finding that 

higher ecological knowledge directly shapes student 

behaviors. Specifically, students with higher literacy 

displayed a much stronger willingness to take responsible 

actions against pollution. Marcelino et al. (2024) 

established that integrating ecology into the formal 

curriculum is fundamental for developing conscious 

citizens. Their theoretical investigation supports the role of 

basic curricular science in delivering the structural 

framework of ecological knowledge. Mavhungu (2023) 

investigated students' perceptions and found a favorable 

correlation between human capital aspiration and individual 

approach to new environmental initiatives. Mebane et al. 

(2023) emphasized that promoting climate change 

awareness requires specialized socio-affective education 

and empowerment training. Their research confirmed that 

instructional programs provide students with the intellectual 

clarity needed to transform anxiety into structured, 

scientific awareness. Reutotar (2023) found that students 

build their baseline awareness through physical encounters 

with issues like improper waste segregation in their 

immediate environments. This experiential, real-world 

learning acts as a vital supplement to traditional classroom 

instruction. Sass et al. (2024) developed a framework to 

advance action competence in sustainability education. 

Their research emphasizes shifting pedagogical focus from 

passive learning to "climate-ready" competencies. 

Suarez Solis (2024) established that structured intervention 

programs are essential for cultivating ecological 

consciousness. The research proved that dedicated 

environmental initiatives produce highly measurable 

benefits compared to control groups. Suarlin (2023) 

established that integrating environmental education into 

formal schooling is absolutely necessary to form 
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"environmental care characters". The research highlighted 

that structured, active interventions result in massive 

improvements in environmental knowledge and positive 

behavioral shifts. Zogaj et al. (2024) pointed out that 

regions facing severe pollution problems urgently need 

effective environmental education systems. Their data 

confirmed that higher ecological education directly 

correlates with better awareness and more responsible daily 

practices. Despite existing awareness, current educational 

models often treat environmental topics too generically, 

failing to bridge the knowledge-action gap. This research 

addresses the lack of structured, activity-led interventions 

specifically designed to transform theoretical knowledge 

into practical sustainable practices and energy-saving 

behaviours among students. 

 

III. SIGNIFICANCE OF THE STUDY 

The importance of this research lies in its strategic response 

to the ecological and social needs of 2026. While it directly 

addresses the "knowledge-action gap," with a primary 

reason to combat the urgent need of “Environmental 

Apathy". In today’s digital world, many people feel 

disconnected from the physical damage happening to our 

planet. This study provides a practical way to fix that broken 

connection between human choices and the health of nature. 

Additionally, this research is vital because it moves past the 

limits of traditional classroom teaching, which often leaves 

students informed but uninspired to make a difference. By 

using a structured instructional program, this study gives 

learners the tools to take real, measurable action. This work 

is highly relevant to today's society as it aligns with India's 

National Education Policy (NEP) 2020 and the Viksit 

Bharat @2047 vision. Instead of just memorizing facts, it 

focuses on building the skills and values needed for a 

sustainable future. Ultimately, this study offers a tested 

model for schools to turn passive awareness into active care, 

protecting the natural systems that keep our world alive. 

RESEARCH QUESTIONS 

Question 1: What is the effect of an activity-led 

instructional intervention on the post-test scores of 11th 

grade students in the domain of long-term sustainable 

lifestyles and eco-conscious practices? 

Question 2: How does the implementation of an activity-

led instructional intervention change a student’s capacity to 

analyze and manage their daily energy usage patterns and 

environmental footprints? 

Question 3: Is there any significant difference exist 

between Post-test scores of students receiving activity-led 

instruction and those receiving conventional instruction on 

the dimension of resource conservation and energy 

efficiency? 

RESEARCH OBJECTIVES 

Objective 1: To compare the effect of a structured activity-

led instructional program on the Pre-test and Post-Test 

scores of experimental group on sustainable lifestyles and 

eco-conscious practices. 

Objective 2: To compare the effect of a structured activity-

led instructional program on the Pre-test and Post-Test 

scores of experimental group on personal energy usage 

patterns and their broader environmental footprints.  

Objective 3: To compare between the Post-test scores of 

the Experimental Group and Control Group on the 

dimension of resource conservation and energy efficiency.  

RESEARCH HYPOTHESIS  

H1: There is a significant difference between the Pre-test 

and Post-test scores of sustainable lifestyles and eco-

conscious practices of the Experimental Group. 

H2: There is a significant difference between the Pre-test 

and Post-test scores of personal energy usage patterns and 

their broader environmental footprints of the Experimental 

Group. 

H3: There is a significant difference between the Post-test 

scores of the Experimental Group and Control Group on the 

dimension of resource conservation and energy efficiency. 

 

IV. METHODOLOGY 

Research Method 

The study adopts a quantitative research approach, for 

exploring the insights of environmental responsibility.  

Research Design 

The researcher employed a Quasi-Experimental Research, 

specifically the Pre-test Post-test Non-Equivalent Control 

Group design. 

Variables of the Study 

Independent Variable: Activity-Led Instructional 

Program, defined as a structured, participatory instructional 

intervention delivered via cooperative learning strategies. 

Dependent Variable: Environmental Responsibility, 

which serves as the metric of the students' cognitive and 

affective growth across critical environmental dimensions. 

Population of the study: Students of 11th class of CBSE 

Board of secondary schools of Uttar Pradesh as population 

of the study. 

Target Population: Students of 11th class of CBSE Board 

in Lucknow City as target 
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population.  

Sample Size: A total sample of 70 students was utilized for 

the study. 

Sampling Technique: Purposive Sampling was employed 

for the research. 

Group Distribution: The sample was divided into an 

Experimental Group (N=35) and a Control Group (N=35). 

Tool for data collection 

The primary tool for data collection was a self-developed 

Environmental Awareness Test. It was administered as a 

Pre-test to establish a statistical baseline and as a Post-test 

to evaluate the change following the intervention period. 

Experimental Procedure and Intervention 

The study was conducted over an intensive 45-day duration. 

Phase I (Pre-test): Both groups were assessed to determine 

their initial environmental awareness scores. 

Phase II (Treatment): The Experimental Group received 

the activity-led instructional program, utilizing mechanics 

such as the Jigsaw II strategy and Problem-Based Learning 

(PBL). The Control Group was exposed exclusively to the 

traditional academic curriculum. 

Phase III (Post-test): After the intervention, both groups 

were reassessed to measure cognitive and behavioral shifts. 

V. ANALYSIS AND DISCUSSION 

Statistical analysis was performed using SPSS at a 0.05 

level of significance. Due to the non-parametric nature of 

the data, the following tests were utilized. 

➢ Wilcoxon Signed Ranks Test: To analyze the 

significance of internal growth within each group 

(Pre-test vs. Post-test). 

➢ Mann-Whitney U Test: To determine the 

comparative superiority of the instructional 

intervention by analysing the difference in post-

test scores between the independent groups. 

Analysis 1: 

Objective 1: To compare the effect of a structured activity-

led instructional program on the Pre-test and Post-Test 

scores of experimental group on sustainable lifestyles and 

eco-conscious practices. 

H01: There is no significant difference between the Pre-test 

and Post-test scores of sustainable lifestyles and eco-

conscious practices of the Experimental Group.  

 

 

 

Table 1. (A): Wilcoxon Signed Ranks Test for 

Experimental Group (Sustainable Lifestyles and Eco-

Conscious Practices). 

Ranks N Mean 

Rank 

Sum of 

Ranks 

Negative Ranks 0 0.00 0.00 

Positive Ranks 34 7.50 595.00 

Ties 1   

Total  35   

 

Table 1. (B): Test Statistics for Sustainable Lifestyles and 

Eco-Conscious Practices (Experimental Group) 

Test Statistic Value 

Z-value -5.487 

Asymp. Sig. (2-tailed) 0.001 

 

Tables 1. (A) and 1. (B) present the comparison between the 

pre-test and post-test scores of the experimental group on 

the dimension of sustainable lifestyles and eco-conscious 

practices. The Wilcoxon Signed Ranks Test was applied to 

determine whether a significant difference existed between 

the two sets of scores. The results indicate that 34 students 

obtained higher scores in the post-test, while no student 

showed a decline in performance. One case remained 

unchanged. The calculated Z value is -5.487 and the p-value 

is .001, which is lower than the 0.05 level of significance. 

Therefore, the difference is statistically significant, proving 

that the instructional program significantly improved 

students’ understanding of sustainable practices. 

Consequently, the null hypothesis is not accepted. 

Analysis for Objective 2: 

Objective 2: To compare the effect of a structured activity-

led instructional program on the Pre-test and Post-Test 

scores of experimental group on personal energy usage 

patterns and their broader environmental footprints. 

H02: There is no significant difference between the Pre-test 

and Post-test scores of personal energy usage patterns and 

their broader environmental footprints of the Experimental 

Group.  

Table 2.1 (A): Wilcoxon Signed Ranks Test for 

Experimental Group (Energy Usage Patterns and their 

broader environmental footprints) 

Ranks N Mean 

Rank 

Sum of 

Ranks 

Negative Ranks 0 0.00 0.00 

Positive Ranks 35 8.00 630.00 
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Ties    

Total  35   

 

Table 2.2 (B): Test Statistics for Energy Usage Patterns 

and their broader environmental footprints (Experimental 

Group) 

Test Statistic Value 

Z-value -5.593 

Asymp. Sig. (2-tailed) 0.001 

 

Tables 2.1(A) and 2.2(B) detail the comparison of pre-test 

and post-test scores for the experimental group regarding 

energy footprints and their broader environmental 

footprints. The data indicates that all 35 students achieved 

positive ranks, representing a 01% rate of internal 

improvement without negative ranks or ties. The obtained Z 

value is -5.593 and the p-value is .001, which is less than 

the 0.05 significance level. It is concluded that the 

instructional program significantly enhanced students’ 

understanding of energy footprints and their environmental 

impacts. This mastery demonstrates that structured modules 

can effectively dismantle the complexity of abstract 

technical concepts. Thus, the null hypothesis is not 

accepted. 

Analysis for Objective 3 

Objective 3: To compare between the Post-test scores of 

the Experimental Group and Control Group on the 

dimension of resource conservation and energy efficiency.  

H03: There is no significant difference between the Post-test 

scores of the Experimental Group and Control Group on the 

dimension of resource conservation and energy efficiency. 

Table 3.1.  Ranks for Post-test Scores of Control and 

Experimental Groups (N=70) 

Group N Mean 

Rank 

Sum of 

Ranks 

Control Group 35 23.50 822.50 

Experimental 

Group 

35 47.50 1662.50 

Total 70 
  

 

Table 3.2. Mann-Whitney U Test Statistics for Post-test 

Scores on Resource Conservation and Energy Efficiency 

Test Statistic Value 

Mann-Whitney U 92.500 

Wilcoxon W 822.500 

Z-value -5.545 

Asymp. Sig. (2-tailed) .000 

 

Table 3.3. Summary of Mann-Whitney U Test Results for 

Resource Conservation and Energy Efficiency 

D
im

en
si

o
n

 

G
ro

u
p

 

N
 

M
ea

n
 R

a
n

k
 

U
 

Z
 

p
 

Resource 

Conserv

ation & 

Energy 

Efficienc

y 

Control 35 23.

50 

92.5

00 

-

5.5

45 

<.0

01 

 
Experim

ental 

35 47.

50 

   

 

Table 3.1 displays the rank distribution for the post-test 

scores of 70 students across two independent cohorts. The 

Experimental Group (N=35) achieved a Mean Rank of 

47.50, which is substantially higher than the Mean Rank of 

23.50 recorded for the Control Group (N=35). This 

descriptive gap in mean ranks suggests that the students 

who underwent the activity-led instructional program 

demonstrated a higher level of mastery in resource 

conservation and energy efficiency than those taught via 

traditional pedagogy. The Mann-Whitney U test was 

utilized to determine if the observed difference between the 

groups was statistically significant. As per the test statistics 

in Table 3.2, the calculated Mann-Whitney U value is 

92.500 with a Z-value of -5.545. The associated Asymptotic 

Significance (p-value) is .001. The significance is tested at 

the 0.05 level. Since the obtained p-value (.001) is less than 

the alpha level of 0.05, the result is statistically significant. 

Table 3.3 provides a comprehensive summary of the 

comparative analysis between the specialized instructional 

program and traditional methods. The statistical divergence 

(U = 92.500, Z = -5.545, p < .001) necessitates the non-

acceptance of the null hypothesis (H03), which stated there 

would be no significant difference between the groups. 

 

VI. OVERALL DISCUSSION 

The overall discussion of this research is grounded in a 

critical interpretation of the data obtained through the 

comparative analysis of post-test scores across the 

experimental and control cohorts. It serves as the analytical 

heart of the dissertation by transforming raw scores into 
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meaningful scientific findings that prove the efficacy of the 

instructional intervention. While internal growth was 

observed in both groups over the academic term, this 

comparative analysis serves as the definitive analytical 

crucible by isolating the true impact of the activity-led 

variable. By directly contrasting the final performance of 70 

eleventh-grade students (35 per group), the study provided 

empirical evidence that the specialized instructional 

program was superior to standard pedagogy in fostering 

environmental responsibility. In the dimension of 

Sustainable Practices, the experimental group achieved a 

significantly higher mean rank compared to the control 

group, yielding a p-value of .001. This statistical divergence 

highlights that traditional "chalk-and-talk" methods are 

often insufficient for teaching complex sustainability 

frameworks, which demand active and targeted learning 

environments to bridge the gap between theoretical 

knowledge and practical application. 

The superiority of the activity-led approach was further 

evidenced in the dimension of Energy Usage Patterns, 

where the experimental group demonstrated a statistically 

significant advantage. The analysis revealed that students 

who underwent the specialized modules were better able to 

internalize technical concepts, such as energy footprints, 

which are often perceived as abstract or distant by 

adolescent learners. By utilizing participatory strategies and 

real-life examples, the experimental program successfully 

demystified these concepts, whereas standard textbooks in 

the control group failed to connect global energy depletion 

to personal daily habits. The statistically significant 

difference between the two groups clearly indicates that 

traditional teaching methods are less effective in promoting 

sustainability-oriented thinking and energy conservation 

awareness. 

The final evaluation of Overall Environmental 

Responsibility demonstrated a massive victory for the 

specialized program, with the experimental group achieving 

a considerably higher mean rank compared to the control 

group. This holistic improvement proves that the 

instructional program did not merely impart isolated facts 

but successfully developed a comprehensive, 

interconnected environmental mind-set. In conclusion, 

while standard schooling imparts basic vocabulary and 

theoretical awareness, it often fails to alter deep-rooted 

habits or foster an active conservation consciousness. The 

consistent improvement observed in the experimental group 

across the major dimensions underscores the necessity of 

integrating specialized green pedagogies into the modern 

educational framework to equip students with the skills and 

attitudes necessary to address future environmental 

challenges. 

 

VII. FINDING 

The findings of this study provide empirical evidence that a 

structured, activity-led instructional program is 

significantly more effective than traditional pedagogical 

methods in fostering environmental responsibility among 

secondary students. Through a quasi-experimental analysis 

of 70 eleventh-grade students, the research revealed that the 

experimental group achieved a highly significant 

improvement across all assessed environmental 

dimensions, including sustainable practices and energy 

usage patterns. Notably, the dimension of energy footprints 

saw a near-universal internal growth rate within the 

experimental cohort, suggesting that participatory strategies 

like Problem-Based Learning (PBL) successfully demystify 

complex technical concepts that standard textbooks often 

fail to address. Comparative data using the Mann-Whitney 

U test confirmed the superior impact of the intervention, as 

the experimental group secured substantially higher mean 

ranks in sustainable practices (Z = -5.545, p < .001) and 

energy management compared to the control group. While 

traditional "Chalk-And-Talk" schooling was found to 

establish a basic theoretical vocabulary, it reached a 

"Theoretical Ceiling" that failed to bridge the persistent 

"Knowledge-Action Gap" or alter deep-rooted habits. 

Ultimately, the study concludes that transforming learners 

from passive observers into active participants through 

specialized green pedagogy is essential for developing a 

comprehensive, interconnected ecological mind-set and 

preparing a "Climate-Ready" generation. 

 

VIII. CONCLUSION 

The conclusion of this study provides a definitive synthesis 

of the research findings, confirming the transformative 

power of activity-led instructional programs in fostering 

environmental stewardship. Based on the rigorous statistical 

analysis of the experimental group, it is concluded that a 

structured, activity-based intervention is significantly more 

effective than traditional lecture-based methods in 

enhancing ecological literacy and bridging the persistent 

"Knowledge-Action Gap". While traditional schooling 

establishes a basic theoretical vocabulary, the specialized 

modules utilized in this research allowed students to master 

abstract and technical dimensions, such as energy usage 

patterns and sustainable practices, which are often lost in 

conventional pedagogical setups. The near-universal 

improvement observed among the participants suggests that 

when learners are transformed from passive observers into 

active participants through cooperative learning and 

problem-solving, they develop a deeper, internalized 

connection to environmental issues. Furthermore, the study 
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establishes that the instructional intervention successfully 

cultivated a comprehensive and interconnected 

environmental mind-set, effectively sensitizing students to 

the long-term consequences of human activities. By 

rejecting the null hypotheses across the major dimensions 

of sustainable responsibility, the research provides 

undeniable empirical evidence that moving beyond the 

"Theoretical Ceiling" of standard pedagogy is essential for 

preparing a "Climate-Ready" generation. Ultimately, these 

findings underscore the urgent need for curricular reform 

that prioritizes experiential and learner-centred strategies, 

as advocated by national educational frameworks. In 

summary, this research validates that specialized green 

pedagogy is not merely a beneficial supplement but a 

necessary requirement to equip modern students with the 

robust, measurable knowledge needed to protect the 

planet’s future. 
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Abstract— Landscape elements within tertiary institutions play a significant role in enhancing users’ 

physical, psychological, and social well-being by providing spaces for relaxation, interaction, and 

environmental comfort. In rapidly urbanizing environments such as Lagos State, public tertiary institutions 

often experience high population density and infrastructural pressure, making the quality and effectiveness 

of outdoor landscapes critical to users’ daily experiences. However, many institutional landscapes face 

challenges such as poor maintenance, inadequate design, limited vegetation, and insufficient seating or 

shading, which may reduce their potential benefits. While previous studies have examined green spaces in 

urban contexts, limited research has focused on how specific landscape elements within tertiary institutions 

influence users’ well-being. This study therefore assesses the effectiveness of landscape elements on users’ 

well-being in selected public tertiary institutions in Lagos State. The objectives are to identify key landscape 

elements, examine users’ perceptions, and evaluate their impact on physical, psychological, and social well-

being. A quantitative research approach will be adopted using structured questionnaires and site 

observations. Data will be analyzed using descriptive and inferential statistics. The study aims to provide 

evidence-based recommendations for improving landscape design and management in tertiary institutions 

to enhance user well-being and overall campus experience. 

Keywords— Landscape elements, User well-being, Tertiary institutions, Campus environment, Green 

infrastructure, Lagos State. 

 

I. INTRODUCTION 

Landscape elements are essential components of campus 

environments, contributing significantly to environmental 

quality, user comfort, and overall well-being (Sadeq, Ismail, 

& Manaf, 2026). In tertiary institutions, outdoor spaces such 

as courtyards, gardens, walkways, and green areas provide 

opportunities for relaxation, social interaction, and informal 

learning. 

In densely populated cities like Lagos, where academic 

environments are often characterized by intense schedules 

and high stress levels, access to well-designed landscapes 

becomes increasingly important (Akindejoye, Ezedinma, & 

Ike, 2021). Landscape elements such as trees, lawns, water 

features, and shaded seating areas help reduce 

environmental stressors, improve microclimate conditions, 

and promote mental and physical well-being (Tongyun, 

Wei & Fei, 2024). 

Natural environments have been widely recognized for their 

restorative effects. The Attention Restoration Theory 

suggests that exposure to natural settings helps improve 

concentration and reduce mental fatigue, while the Stress 

Reduction Theory highlights the calming effects of green 

environments (Berto, 2014). 

Problem Statement 

However, despite the importance of landscape elements in 
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tertiary institutions, there are challenges such as poor 

landscaping maintenance and a lack of vegetation and green 

cover. Lack of usable outdoor furniture, Insufficient 

shading and thermal comfort, poor spatial planning of 

outdoor spaces. 

These factors limit the potential of landscape spaces in 

promoting the well-being of users. 

Moreover, there is a lack of empirical research that 

establishes the connection between certain landscape 

elements (vegetation, outdoor furniture, shading, walkways, 

among others) and the physical, psychological, and social 

well-being of users in Nigerian tertiary institutions. 

Aim of the study 

This study aims to assess the effectiveness of landscape 

elements on users” well-being in selected public tertiary 

institutions in Lagos State 

Objectives of the study 

The study aims to: 

• Identify key landscape elements within selected 

tertiary institutions 

• Examine users’ perceptions and usage patterns of 

these landscape spaces 

• Evaluate the relationship between landscape 

elements and users’ well-being 

• Provide recommendations for improving campus 

landscape design and management 

 

II. LITERATURE REVIEW 

Landscape architecture is an essential tool for the promotion 

of health benefits. Various studies have shown that the 

presence of well-designed outdoor spaces is beneficial for 

physical health, reduces stress levels, and promotes social 

interaction. 

Vegetation is one of the most important landscape elements, 

contributing to microclimate regulation, air quality 

improvement, and psychological restoration (Murugadoss, 

Singh & Thakur, 2024). Trees and green areas provide 

shade, reduce heat, and create calming environments that 

improve mood and reduce anxiety (Gungormus, & Pérez-

Mármol,2025). 

Accessibility and usability of outdoor spaces also influence 

their effectiveness (Yin, Wang, Xu, & Heng,2025). Well-

connected walkways, seating areas, and open spaces 

encourage frequent use and social engagement (Alnaim, 

Dano & AlQahtany,2025). 

Maintenance of the built environment is an essential 

determinant of user satisfaction. Poorly maintained built 

environments are not beneficial for the creation of user 

satisfaction. 

2.1. Key Concepts 

Landscape Elements 

Landscape elements are the physical features of the outdoor 

environment. It includes the presence of vegetation, 

walkways, seating areas, water features, lighting, and space. 

User Well-Being 

User well-being is the physical comfort, psychological 

restoration, and social interaction experienced by the user 

of the environment. 

Campus Landscape 

Campus landscape is the outdoor spatial environment of an 

educational institution, encompassing all open spaces, 

natural elements, and built features that exist outside the 

enclosed structures. It includes a wide range of components 

such as green areas (lawns, gardens, and tree canopies), 

circulation networks (pedestrian walkways, roads, and 

bicycle paths), recreational and social spaces (courtyards, 

plazas, and sports fields), as well as hardscape elements like 

pavements, seating, lighting, and water features. 

2.2. Conceptual Model 

In this study, landscape elements are conceptualized as an 

independent variable impacting users' well-being in some 

public tertiary institutions in Lagos State. In more specific 

terms, landscape elements are defined by some critical 

physical and environmental attributes, including density of 

vegetation, provision of shades, provision of sitting areas, 

walkability, aesthetic qualities, and maintenance of 

landscape spaces. Together, they capture the quality and 

performance of outdoor spaces in campus environments. 

Users' well-being is conceptualized as a multi-dimensional 

construct encompassing physical comfort, psychological 

restoration, and social interaction. Physical comfort pertains 

to users' thermal satisfaction and usability of outdoor 

spaces, while psychological restoration pertains to users' 

stress reduction and mental relaxation through landscape 

spaces, and finally, social interaction pertains to users' 

experience of communication and group activities through 

landscape spaces. 

In essence, the conceptual model posits that better 

landscape qualities would positively impact each dimension 

of users' well-being, thereby enhancing overall users' 

satisfaction and experience in campus environments. 

Moreover, the model posits that landscape elements would 

not only positively impact users' well-being but also their 

conditions, designs, and maintenance would influence their 

effectiveness in impacting users' well-being. 

2.3. Theoretical Framework 
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Attention Restoration Theory 

Attention Restoration Theory (Kaplan & Kaplan, 1989) 

suggests that natural environments help individuals recover 

from mental fatigue caused by prolonged concentration and 

cognitive effort. Natural settings such as parks provide 

restorative experiences that improve mental focus and 

emotional balance. 

Stress Reduction Theory 

Stress Reduction Theory (Ulrich, 1984) proposes that 

exposure to natural environments reduces psychological 

stress and promotes relaxation. Green landscapes, water 

features, and open spaces create calming environments that 

enhance emotional well-being. 

Biophilia Hypothesis 

The Biophilia Hypothesis, introduced by Wilson (1984), 

suggests that humans have an innate connection with nature. 

Interaction with natural environments therefore satisfies 

psychological needs and contributes to improved well-

being. 

These theories explain why urban parks can significantly 

influence physical, psychological, and social well-being 

when properly designed and maintained. 

 

III. METHODOLOGY 

This study adopts a quantitative approach to examine the 

relationship between landscape elements and users’ well-

being in selected public tertiary institutions in Lagos State. 

The methodology is designed to capture users’ perceptions, 

behavioral patterns, and well-being outcomes associated 

with campus landscape usage, while also incorporating 

physical observations of landscape conditions. The 

approach integrates survey-based data with environmental 

assessment to provide a comprehensive understanding of 

how landscape attributes influence user experience. The 

methodological framework is structured to ensure 

representativeness, statistical reliability, and analytical 

depth suitable for empirical research in campus 

environmental studies. 

3.1. Research Design 

A quantitative research approach was adopted to assess the 

relationship between landscape elements and user well-

being. This approach is widely used in environmental and 

public health studies to measure user perceptions and 

behavioral patterns Rhee, Ma, Seo, & Cha, 2022). 

A cross-sectional research design was employed to collect 

data from park users at a single point in time. This design is 

appropriate for identifying relationships between 

environmental variables and human responses. 

3.2. Study Area and Campus Selection 

The study will be conducted in selected public tertiary 

institutions in Lagos State chosen based on Student 

population, Availability of landscape features and 

Accessibility 

• Caleb University, Imota Lagos State 

• Lagos State University of Science and 

Technology, Ikorodu Lagos State 

• Lagos State University Teaching Hospital, 

Department of Medicine, Idi-araba, Surulere, 

Lagos State 

Sample Size and Sampling Technique 

A total sample size of 300 respondents was adopted to 

ensure statistical robustness. The sample was evenly 

distributed across the 3 universities (100 respondents per 

park). 

A systematic random sampling method was adopted for 

collecting data. Every third user encountered during the 

study period in the chosen landscapes of the tertiary 

institution was chosen for the study, provided they were 

using the outdoor spaces of the institution and were willing 

to respond to the queries. This sampling method has reduced 

the chances of selection bias and has provided a wide 

coverage of various categories of users at different times of 

the academic session. 

3.3. Data Collection Methods 

Questionnaire Survey 

A structured questionnaire was administered to 

respondents. The instrument was divided into 

four major sections: 

i. Demographic characteristics 

ii. landscape accessibility and functionality 

iii. aesthetic and ecological quality  

iv. impact on physical health. 

Site Observation 

The campuses were assessed based on: 

i. Vegetation quality 

ii. Cleanliness 

iii. Shading 

iv. Seating availability 

v. Accessibility 

 

IV. DATA ANALYSIS AND RESULTS 

Data were analyzed using SPSS through: 

https://dx.doi.org/10.22161/ijeab.113.2
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i. Descriptive statistics (mean, frequency, 

percentage) 

ii. Correlation analysis 

iii. Multiple regression analysis 

DEMOGRAPHIC DISTRIBUTION 

Table 4.1: Demographic Distribution 

Demographic Variable Category Number Percentage (%) 

Gender 

Female 136 45% 

Male 137 45% 

Prefer not to say 27 9.1% 

Age 

15–20 years 245 80% 

21–25 years 54 17% 

26–30 years 2 0.3% 

31 years and above 0 0% 

Academic Level 

Undergraduate 192 64% 

Postgraduate (MSc) 96 32% 

Postgraduate (PhD) 12 4% 

Average Hours Spent on Campus 

Less than 4 hrs 63 21% 

4–8 hrs 192 64% 

More than 8 hrs 45 15% 

Years Spent on Campus 

1 year 60 20% 

2 years 120 40% 

3 years 30 10% 

4 years and above 60 20% 

 

LANDSCAPE ACCESSIBILITY AND FUNCTIONALITY 

 

Fig.1: Pie chart showing students access to landscape areas 

 

ANALYSIS 

The results indicate a mixed perception of landscape 

distribution across the campus. While 36.4% of 

respondents agree that landscaped areas are well 

distributed, an equal proportion (36.4%) disagree, 

suggesting inconsistency in spatial planning. Additionally, 

27.3% remain neutral, indicating uncertainty or variability 

in user experience. 

Overall, this implies that landscape distribution is not 

uniformly effective, and improvements are needed to 
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ensure balanced accessibility across the campus 

destinations. Weekly usage dominance reflects structured 

recreational patterns, while daily users are more associated 

with physical exercise and routine relaxation activities. 

LANDSCAPE ELEMENTS CHARACTERISTICS 

Table 4.2: Perception of landscape elements 

Variable Mean Std. Dev 

Vegetation Quality 4.18 0.68 

Accessibility 3.95 0.72 

Walkability 3.88 0.75 

Maintenance Condition 3.62 0.83 

Shading Provision 3.79 0.77 

Seating Availability 3.34 0.91 

 

Analysis 

Vegetation quality recorded the highest mean score, (4.18), 

which implies that students are highly satisfied with 

greenery and natural elements in the campus environment. 

Accessibility and walkability also recorded high mean 

scores, implying that most students can easily access 

landscaped environments. 

However, seating availability recorded a lower mean score, 

(3.34), implying that students are concerned about 

insufficient outdoor furniture in the campus landscape. In 

addition, maintenance condition recorded a lower mean 

score, (3.62), implying that students are concerned about the 

poor maintenance of the campus landscape. Shading 

provision recorded a moderate mean score, implying that 

although some areas are comfortable, more improvement is 

needed. 

USER WELL-BEING INDICATOR 

Table 4.3: Well-Being Indicators 

Indicator Mean Std. Dev 

Psychological Restoration 4.26 0.63 

Mood Improvement 4.08 0.69 

Physical Comfort 3.87 0.74 

Social Interaction 3.76 0.80 

 

Analysis 

Psychological restoration showed the highest mean value 

for psychological restoration, at 4.26. This showed that 

campus elements play a significant role in alleviating stress 

and promoting mental relaxation. Improvement of mood 

showed a high mean value, showing the positive effects of 

a green environment on mood. 

For physical comfort, a moderate mean value of 3.87 was 

noted. This showed that physical comfort is generally 

satisfactory. For social interaction, a slightly low mean 

value of 3.76 was noted. 

Site Observation Analysis 

Observations in different tertiary institutions showed that: 

• Areas with high vegetation density, such as tree 

canopies, showed higher concentrations of users, 

especially on hot days 

• Inadequate seating arrangements resulted in a 

lower time spent in outdoor areas 

• Shaded areas showed higher usage compared to 

open areas 

• Maintenance levels directly affected users' 

perceptions of cleanliness and usage 

• Walkways with good connectivity showed higher 

pedestrian activity 

4.1. DESCRIPTIVE STATISTICS 

  Descriptive analysis based on 300 respondents revealed 

that: 

• Most of the users belonged to the 18-30 age group, 

thus campus landscapes were used by young adults 

• Frequent users of landscaped areas had higher 

well-being 

• Landscapes with better vegetation, accessibility, 

and shading had higher satisfaction levels 

• Landscapes with poor maintenance and 

insufficient seating had a negative effect on the 

comfort of users and increased usage 

4.2. CORRELATION BETWEEN LANDSCAPE 

ELEMENTS AND USER WELL-BEING 

Correlation Analysis (Pearson’s r) 

Variables Correlation (r) Significance 

Vegetation vs 

Psychological 

Restoration 

0.71 p < 0.01 

Shading vs Physical 

Comfort 

0.64 p < 0.01 

Seating vs Social 

Interaction 

0.58 p < 0.05 

Maintenance vs 

Overall Satisfaction 

0.66 p < 0.01 

Accessibility vs 

Usage Frequency 

0.60 p < 0.01 
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Interpretation 

A strong positive correlation exists between vegetation and 

psychological restoration, implying that the greener the 

campus environment, the better the mental well-being. 

There is also a strong positive correlation between shading 

and physical comfort, which implies the significance of the 

feature in the environment. The seating availability 

moderately correlates with social interaction, implying that 

the provision of seating areas can enhance the interaction of 

the environment's users. Maintenance condition has a strong 

impact on satisfaction, while accessibility has a significant 

impact on the use of the environment. 

4.3. MULTIPLE REGRESSION ANALYSIS 

A regression model was developed to predict overall well-

being: 

Model Summary: 

• R² = 0.66 

• Adjusted R² = 0.64 

• F (6, 293) = 142.5, p < 0.001 

INFLUENCE OF PARK CHARACTERISTICS ON 

WELL-BEING 

Regression Coefficients 

Variable Beta (β) Significance 

Vegetation 0.45 p < 0.001 

Shading 0.33 p < 0.01 

Maintenance 0.29 p < 0.01 

Accessibility 0.21 p < 0.05 

Walkability 0.18 p < 0.05 

Seating 0.15 p < 0.05 

 

Interpretation 

Vegetation was found to be the most important predictor of 

users' well-being, reinforcing the significance of green 

spaces in campus design. Shading and maintenance were 

also found to be important, suggesting that users' comfort 

with the environment, as well as maintenance, are vital. The 

model accounts for 66% of the variance in users' well-being, 

indicating a strong relationship between users' outcomes 

and landscape elements. 

 

SUMMARY OF FINDINGS 

This analysis has shown that: 

1. Campus landscape elements contribute to 

psychological restoration and satisfaction 

2. Vegetation and greenery have the greatest impact 

on user experiences 

3. Shading and maintenance have a critical impact on 

physical satisfaction and comfort 

4. Accessibility and walkability have an impact on 

the frequency of use 

5. V Lack of seating provision impacts social 

interaction and stay duration  

 

V. DISCUSSION 

The findings of this study confirm that landscape elements 

within public tertiary institutions significantly influence 

users’ well-being in Lagos State. The strong relationship 

between vegetation and psychological well-being supports 

recent studies which show that exposure to green spaces is 

positively associated with improved mental health, reduced 

loneliness, and enhanced overall well-being (Zhang, 

Mavoa, Zhao, Raphael, & Smith, 2020). 

The high impact of vegetation also aligns with 

contemporary research emphasizing the restorative capacity 

of natural environments, where interaction with greenery 

enhances cognitive functioning, emotional stability, and 

mental recovery (Wang, Lin, & Lin,2025). Within the 

campus context, this suggests that students exposed to well-

designed green landscapes experience reduced academic 

stress and improved concentration levels. 

Shading, accessibility, and overall spatial quality were 

found to significantly influence landscape usage, which is 

consistent with recent studies identifying accessibility, 

comfort, and safety as fundamental determinants of 

effective public space utilization and user engagement 

(Huang, Ye, & Chen, 2025). Similarly, maintenance 

conditions influenced user satisfaction, supporting recent 

findings that emphasize the importance of landscape quality 

and upkeep in enhancing user experience and perceived 

environmental value. 

The findings also support recent research indicating that 

well-designed and frequently used green spaces contribute 

to improved life satisfaction, physical activity, and overall 

health outcomes. The high levels of psychological 

restoration, mood improvement, and physical comfort 

observed in this study further confirm the critical role of 

landscape elements in promoting users’ well-being within 

tertiary institutions 

5.1. Conclusion 

This study, therefore, sought to investigate the significance 

of landscape elements in enhancing the well-being of users 

in tertiary institutions in Lagos State. From the study, the 

significance of vegetation, shading, maintenance, 

accessibility, walkability, and seating in enhancing the well-
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being of users in tertiary institutions was confirmed. In 

particular, this study showed that vegetation is a very 

significant factor in enhancing the well-being of users in 

tertiary institutions in Lagos State. Shading and 

maintenance are also very significant factors in enhancing 

the well-being of users in tertiary institutions in Lagos State. 

From this study, it is also evident that the campus landscape 

is highly used by young adults, particularly students in 

tertiary institutions in Lagos State. It is also evident that the 

campus landscape is a regular space used by users in tertiary 

institutions in Lagos State. However, the moderate levels of 

social interaction and physical comfort in the campus 

landscape suggest that more inclusive, functional, and user-

centered design strategies are needed to cater to the diverse 

needs of users in tertiary institutions in Lagos State. 

5.2. Recommendations 

According to the findings, the study recommends that: 

• Campus planners and administrators should strive 

for the incorporation of GI in tertiary institutions 

for psychological restoration and student well-

being 

• The management of institutions should strive for 

improved security and safety in the campus 

landscape for increased usage and user comfort 

• Maintenance and management of the landscape 

should be enforced for sustainability of 

environmental quality and user satisfaction 

• The landscape should be designed with adequate 

seats, shaded areas, and interactive spaces for 

increased social interaction and usage 

• The campus landscape should be made inclusive, 

accommodating users of different ages, physical, 

and academic needs in the institution 
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Abstract— Conducting long-term spatiotemporal monitoring of ecological environment quality and 

identifying its driving mechanisms are of great significance for coordinating ecological protection with 

high-quality regional economic development. Based on Landsat remote sensing data from 2005 to 2025 on 

the Google Earth Engine (GEE) platform, this study employed Principal Component Analysis (PCA) to 

construct the Remote Sensing Ecological Index (RSEI), analyzing the spatiotemporal evolution patterns of 

RSEI in Yantai City. The study further utilized the explainable extreme gradient boosting model 

(XGBoost-SHAP) to reveal key natural and anthropogenic drivers of ecological environment quality, along 

with their nonlinear and interactive effects. The results indicate that: (1) On a temporal scale, the RSEI of 

Yantai City exhibited a fluctuating trend of initial decline followed by an increase, then another decline and 

subsequent rise, with a multi-year average of 0.438, indicating an overall moderate level of ecological 

environment quality; (2) Spatially, the RSEI in the study area showed significant heterogeneity, with 

high-value areas concentrated in central Yantai and low-value areas distributed near the coast; (3) 

Ecological quality was primarily driven by land use type and precipitation, with anthropogenic factors also 

playing a significant role. This research provides methodological references and scientific foundations for 

ecological monitoring, risk assessment, and territorial spatial optimization in coastal cities. 

Keywords— Remote Sensing Ecological Index (RSEI), XGBoost-SHAP Model, Google Earth Engine 

(GEE), Principal Component Analysis (PCA), Ecological Environment Quality (EEQ), Yantai City 

 

I. INTRODUCTION 

Environmental degradation caused by human 

activities, along with intensive urbanization, has posed 

severe crises and challenges to global ecosystems (Yang et 

al., 2024). The ecological environment serves as a critical 

foundation for the sustainable development of human 

society, directly influencing regional economic growth 

potential and residents' well-being (Liu et al., 2024). In the 

face of these pressing ecological challenges, effectively 

monitoring environmental changes has become a key 

priority in current conservation efforts. Remote sensing 

technology, with its advantages of large-scale, rapid, 

comprehensive, and continuous observation, enables 

holistic monitoring of ecological changes (Geng et al., 

2022). Building on this, Xu Hanqiu (2013) proposed the 

Remote Sensing Ecological Index (RSEI) (Xu, 2013), 
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which integrates multiple indicator factors based on 

remote sensing data. It identifies greenness, wetness, heat, 

and dryness as four crucial indicators linked to human 

survival, development, and subjective perception of 

ecological conditions. By synthesizing various ecological 

factors, RSEI provides a quantitative method for assessing 

ecosystem health and environmental quality, now widely 

applied for rapid and objective evaluation of regional 

ecological conditions (Huang et al., 2024). 

Moreover, long-term ecological environment quality 

(EEQ) monitoring is essential for a comprehensive 

understanding of environmental changes and for providing 

substantial data to support decision-making. However, this 

approach heavily relies on large-scale, high-frequency 

remote sensing data, and traditional assessment methods 

are often constrained by bottlenecks in acquiring and 

preprocessing massive remote sensing datasets. Google 

Earth Engine (GEE), with its integrated multi-source data 

resources and powerful cloud computing capabilities, 

effectively addresses the time-consuming and 

labor-intensive challenges of conventional methods. The 

platform eliminates the need for local downloads and 

complex preprocessing steps such as radiometric 

calibration and atmospheric correction, enabling efficient 

large-scale time-series analysis. It has been widely applied 

in regional long-term ecological environment quality 

research (Wang et al., 2025; Zhang et al., 2025). 

Accurately identifying the key drivers of ecological 

environment quality changes is fundamental to 

scientifically formulating conservation and restoration 

strategies and implementing targeted measures. Current 

studies commonly employ methods such as multiple 

regression analysis (Wei et al., 2021), structural equation 

modeling (Xu et al., 2025), geographically weighted 

regression (Sun et al., 2024), and geographical detectors 

(Zhang et al., 2024). In contrast, machine learning 

approaches, with their strong nonlinear fitting and 

high-dimensional data processing capabilities, offer a new 

research pathway for identifying and attributing RSEI 

driving factors. Among these, the extreme gradient 

boosting (XGBoost) algorithm combined with Shapley 

additive explanations (SHAP) models establishes an 

analytical paradigm that balances predictive performance 

and interpretability, significantly outperforming traditional 

methods (Bao et al., 2025). This approach has been widely 

adopted across numerous fields. 

Currently, there is limited research on ecological 

environment monitoring in coastal cities. Therefore, this 

study takes the coastal city of Yantai as an example, using 

the RSEI index to conduct ecological monitoring and 

analysis of the area. It constructs and calculates the remote 

sensing ecological index of Yantai City to promptly and 

objectively assess the quality of the ecological 

environment and its spatiotemporal distribution 

characteristics. The aim is to provide a scientific basis for 

urban construction and ecological environmental 

protection under the context of rapid urbanization (Yuan et 

al., 2022). 

 

II. STUDY AREA AND DATA SOURCES 

2.1 Study Area   

Yantai City is located in the eastern part of the 

Shandong Peninsula (between E121°57′~E119°34′ and 

N38°23′~N36°16′), situated between the two major 

economic zones of Beijing-Tianjin-Hebei and the Yangtze 

River Delta, serving as a crucial port city in the Bohai Rim 

region (Figure 1). The city administers five municipal 

districts—Zhifu, Fushan, Muping, Laishan, and 

Penglai—as well as six county-level cities: Longkou, 

Laiyang, Laizhou, Zhaoyuan, Qixia, and Haiyang, 

boasting significant geographical advantages. The region 

is predominantly characterized by low mountains and hills, 

featuring a composite landform of mountains, hills, and 

plains, with distinct spatial variations in hydrothermal 

conditions and underlying surface types. 

As a typical area of land-sea interaction and rapid 

urbanization, its ecosystem is driven by both natural 

evolution and human activities, resulting in prominent 

spatiotemporal heterogeneity in environmental quality. 

This study employs the RSEI and XGBoost models to 

dynamically assess ecological environment quality, 

providing an interpretative method for identifying the 

evolution of ecological quality and its driving mechanisms 

in the region. 
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Fig.1 Topographic Overview Map of Yantai City 

 

2.2 Data Sources 

The data used in this study can be broadly categorized 

into two types: (1) RSEI data generated from remote 

sensing imagery and (2) various data sources for driving 

factor analysis, as detailed below. 

(1) RSEI Data Generated from Remote Sensing 

Imagery 

The Landsat remote sensing imagery data from the 

Google Earth Engine (GEE) platform consists of Tier 1 

(T1) Surface Reflectance (SR) products (Wang et al., 

2023). The remote sensing data involved include surface 

reflectance data from Landsat 5 (TM) and Landsat 8 (OLI), 

with a spatial resolution of 30 meters. These datasets have 

undergone preprocessing steps such as radiometric 

correction, atmospheric correction, and geometric 

correction. 

GEE provides a robust cloud-based platform capable 

of processing and analyzing large-scale remote sensing 

datasets, making RSEI computation faster and more 

convenient. Additionally, GEE's parallel cloud computing 

capabilities significantly enhance image processing 

efficiency, addressing issues of data gaps caused by cloud 

cover. This platform also holds potential for expanding the 

application of RSEI in large-scale, long-term ecological 

monitoring. 

Based on the aforementioned Landsat SR data, the 

four core component indicators for calculating RSEI were 

extracted and computed in GEE: Normalized Difference 

Vegetation Index (NDVI), Normalized Difference Bare 

Soil and Built-up Index (NDBSI), Wetness Component 

(WET), and Land Surface Temperature (LST). 

Subsequently, principal component analysis (PCA) was 

applied to integrate these four indicators, constructing the 

comprehensive EEQ index RSEI. To ensure the scientific 

validity and reliability of the inversion results, the 

selection and correction of image data adhered to strict 

standards. Considering the impact of vegetation 

phenological differences on image data, this study 

exclusively utilized images from the peak vegetation 

growth season (June to October) (Li et al., 2025), with 

water bodies masked (threshold value of 0.05). 

(2) Various Data Sources for Driving Factor Analysis 

The formation of regional ecological environments is 

the result of interactions between natural factors and 

human activities. Drawing on previous research and 

considering the actual conditions of the study area, ten 
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indicators were selected from two dimensions—natural 

and human activities. These include: 

X1: Slope (SLO), X2: Elevation (DEM), X3: 

Population distribution (POP), X4: Annual precipitation 

(PRE), X5: GDP, X6: Annual mean air temperature (AT), 

X7: Nighttime light intensity (NTL), Under the Land use 

type (China Land Cover Dataset, CLCD): X8: Built-up 

land (BL), X9: Grassland (GL), X10: Forest land (FL). 

These indicators are used to explore the influencing 

mechanisms of RSEI in the study area for each year, as 

detailed in Table 1. Among them, 

A. NDVI, NDBSI, WET, and LST were derived from 

calculations on the GEE platform. 

B. AT data was sourced from the China Meteorological 

Data Network, with a spatial resolution of 1000m; used to 

explore the driving factors of RSEI. 

C. PRE data was obtained from the National Tibetan 

Plateau Data Center, with a spatial resolution of 

1000m; used to explore the driving factors of RSEI. 

D. DEM data was sourced from the Geospatial Data 

Cloud, with a spatial resolution of 30m; used to 

explore the driving factors of RSEI. 

E. Slope data was calculated from DEM, with a spatial 

resolution of 30m; used to explore the driving factors 

of RSEI. 

F. Land use data was derived from Wuhan University's 

China 30m Annual Land Cover Dataset (CLCD), with 

a spatial resolution of 30m; used to explore the driving 

factors of RSEI. 

G. NTL data was sourced from the National Oceanic and 

Atmospheric Administration (NOAA), with a spatial 

resolution of 1000m; used to explore the driving 

factors of RSEI. 

H. POP data was obtained from the Oak Ridge National 

Laboratory's LandScan Global Population Dataset, 

with a spatial resolution of 1000m; used to explore the 

driving factors of RSEI. 

For data preprocessing, the fishnet tool in ArcGIS 10.8 

was used to create a 1km × 1km grid, followed by 

processing natural factor data (including AT, PRE, DEM, 

SLO, and CLCD) and human activity factor data 

(including NTL, GDP, and POP) using the "Extract Multi 

Values to Points" tool for subsequent RSEI influencing 

factor analysis. All geographic data in this study were 

uniformly projected in the WGS_1984_UTM_Zone_50N 

coordinate system. 

 

Name Source Purpose 

NDVI  

Generated from running on the GEE platform

（https://developers.google.cn/earth-engine?hl=zh-cn） 

 

For subsequent RSEI 

calculations 
NDBSI 

WET 

LST 

Temperature(AT) China Meteorological Data Network（http://data.cma.cn/）  

 

 

 

 

 

 

 

To explore the driving 

factors of RSEI 

Average annual 

precipitation(PRE) 

Qinghai-Tibet Plateau Scientific Data Center 

(https://data.tpdc.ac.cn/) 

Elevation(DEM) Geospatial Data Cloud（https://www.gscloud.cn/） 

Slope (SLO) Calculated from DEM 

Land use(CLCD) Wuhan University’s CLCD China 30m Annual Land Cover 

Dataset（https://doi.org/10.5281/zenodo.18180184） 

Population(POP) Oak Ridge National Laboratory, USA, LandScan Global 

Population Dataset（https://landscan.ornl.gov/） 
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Table 1: Required Data and Sources 

 

III. METHODOLOGY 

3.1 Method 

This study utilized the GEE platform to acquire remote 

sensing ecological indicator data, including NDVI, WET, 

NDBSI, and LST metrics. These indicators were 

synthesized into an ecological index (RSEI) through PCA 

to interpret the spatiotemporal distribution patterns after 

grading. The XGBoost model was employed to establish 

nonlinear response relationships between ecological quality 

and driving factors. Key driving mechanisms were then 

analyzed using SHAP importance analysis and PDP (Partial 

Dependence Plot). Finally, a coupled analysis of the results 

was conducted to derive scientific evidence for the study 

area (Figure 2). 

 

Fig.2 The Technical Roadmap of the Study 

 

3.2 Construction Principle of RSEI 

RSEI is a comprehensive model for quantitatively 

assessing regional ecological environment quality based on 

multi-source remote sensing data. This model integrates 

four key ecological parameters: greenness (NDVI), wetness 

(WET), dryness (NDBSI), and heat (LST). It converts the 

values of these factors into dimensionless index values 

ranging from [0,1], where higher values indicate better 

regional ecological environment quality (Zhang et al., 

2026). 

Referencing the five-level classification concept from 

the "Technical Criterion for Eco-Environmental 

Assessment" (HJ/T192-2006) and following the RSEI 

grading convention established by Xu Hanqiu et al. (2013), 

the normalized RSEI values (0-1) are divided into five 

levels at intervals of 0.2: 0.8-1.0 (Excellent), 0.6-0.8 

(Good), 0.4-0.6 (Moderate), 0.2-0.4 (Fair), and 0-0.2 (Poor) 

(Zhou et al., 2023). 

The Normalized Difference Vegetation Index (NDVI) is 

one of the core indicators of RSEI, calculated as shown in 

Equation (1). 

 

Here, NIR represents the near-infrared band reflectance, 

and R is the red band reflectance. NDVI utilizes the strong 

absorption of the red band and the high reflectance of the 

near-infrared band by vegetation to measure vegetation 

coverage and growth vitality. A higher NDVI indicates 

denser vegetation, reflecting stronger ecosystem functions 

such as photosynthetic production and soil-water 

conservation. Conversely, a lower NDVI suggests sparser 

vegetation, which may indicate issues like bare land 

expansion, urban development, or ecological degradation. 

The Wetness Index (WET) is constructed based on the 

Tasseled Cap Wetness (TCW) transformation, with tailored 

algorithms for different sensors (e.g., the Landsat series). 

Taking Landsat 8 as an example, WET is derived from a 

linear combination of reflectance values in the blue, green, 

GDP China GDP Spatial Distribution Dataset

（https://github.com/thestarlab/ChinaGDP） 

 

Nighttime light data 

(NTL) 

Earth Observation Group under the National Oceanic and 

Atmospheric Administration (NOAA) of the United States（Earth 

Observation Group, EOG）（https://payneinstitute.mines.edu/eog/） 
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red, near-infrared, shortwave infrared 1, and shortwave 

infrared 2 bands. The formula is (2): 

  (2) 

The Wetness Index (WET) simulates the moisture 

content of an ecosystem. High values correspond to wet 

surface conditions (such as water bodies, wetlands, and 

areas with high vegetation coverage), indicating good water 

retention and regulation in wetland systems. Low values 

correspond to dry conditions (such as arid regions and 

built-up areas), representing water stress in ecosystems or 

disruption of the hydrological cycle due to human 

interference. 

The Dryness Index employs the Normalized Difference 

Built-up and Barren Index (NDBSI) to focus on surface 

desiccation and human construction disturbances, 

calculated using formulas (3), (4), and (5). 

         (3) 

  (4) 

         (5) 

The NDBSI integrates bare soil and construction 

information, with high values corresponding to built-up 

areas and bare land, reflecting the compression of 

ecological space and surface desiccation caused by human 

development, which are typical indicators of ecological 

degradation. Low values are associated with ecological land 

such as vegetation and water bodies, representing the 

natural baseline of the ecosystem. 

The Heat Index is derived from Land Surface 

Temperature (LST) retrieved through remote sensing. 

Taking Landsat 8 as an example, the thermal infrared band 

(TIRS) is first used to calculate radiance via the radiative 

transfer equation, which is then converted to land surface 

temperature, as shown in Formula (6). 

          (6) 

Among them, K1 and K2 are sensor calibration 

parameters, Lλrepresents radiance, and LST reflects the 

energy balance and thermal environmental stress of the 

ecosystem. The following conclusions can be drawn: the 

LST in urban heat island (UHI) areas and industrial 

agglomeration zones is significantly higher than in other 

regions, indicating that human activities continuously 

intensify surface thermal stress and disrupt the spatial 

structure of biological habitats and material cycles in 

ecosystems. In contrast, the LST in natural vegetation areas 

and water bodies is lower than average, demonstrating their 

stronger thermal regulation capacity within the ecosystem. 

3.3 Calculation and Standardization of RSEI 

Due to the significant differences in dimensions and 

value ranges among NDVI, WET, NDBSI, and LST, 

normalization is required to compress their values into the 

[0,1] interval, calculated as Equation (7): 

 

Among them, X is the original indicator value, and 

Xmin and Xmax are the minimum and maximum values of 

the indicator in the study area, respectively. To ensure that 

all indicators are positively correlated (i.e., the higher the 

indicator value, the better the ecological quality), it is 

necessary to normalize and then reverse-process indicators 

such as NDBSI and LST. The normalized NDVI, WET, 

NDBSI (after reversal), and LST (after reversal) are 

incorporated into PCA to extract the first principal 

component (PC1). PC1 contains the maximum variance 

information of the original indicators and can 

comprehensively reflect the main differences in ecological 

quality. The RSEI is constructed using PC1 and calculated 

as shown in Equation (8). 

 

The final RSEI value ranges between [0,1]. A value 

closer to 1 indicates better ecological quality, while a value 

closer to 0 signifies poorer ecological quality. By 

integrating multiple indicators through PCA, the RSEI 

achieves a comprehensive quantification of the 

"greenness-wetness-dryness-heat" interactions within 
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ecosystems and provides regionalized results for remote 

sensing quality assessment (Xu and Deng, 2022). 

 

3.4 XGBoost Model 

This study employs the XGBoost algorithm to 

investigate the independent and interactive effects of 

natural and anthropogenic factors on the dependent variable 

RSEI. The XGBoost algorithm, proposed by Chen et al. 

(2016), is an efficient gradient boosting technique (Chen 

and Guestrin, 2016). As a forward additive model, it 

sequentially constructs multiple decision trees and 

combines them into a strong classifier. The final prediction 

for each sample is obtained by aggregating the results from 

all individual decision trees (Meng et al., 2016). Using the 

selected RSEI influencing factors mentioned above, the 

model is trained to generate an optimal objective function 

(Obj) for the decision trees, calculated as Equation (9). 

     (9)      

In the equation, represents the sum of the 

gradients for all samples gi belonging to the j-th leaf node, 

where gi is the first-order derivative of the function; 

, denotes the sum of all samples hi 

belonging to the j-th leaf node, where hi is the second-order 

derivative of the loss function; Tis the number of leaf nodes; 

λ and γ are hyperparameters. The above formula is used to 

measure the quality of the tree structure, where a smaller 

value indicates a better tree structure. The mean absolute 

error (MAE), root mean square error (RMSE), and 

coefficient of determination (R²) are selected as metrics to 

evaluate the accuracy of model simulation (Niazkar et al., 

2024). The calculation formulas are given by (10), (11), and 

(12). 

 

In the equation, yi represents the actual value, and yi' 

represents the predicted value. The coefficient of 

determination R² ranges from (−∞, 1], and the closer it is to 

1, the better the model's performance, indicating that the 

predicted results are closer to the true values. MAE and 

RMSE measure the difference between the model's 

predicted values and the true values, with smaller values 

indicating more accurate model results. The training and 

validation of the model were implemented using Python's 

XGBoost package. 

3.5 SHAP Interpretability Analysis 

Although machine learning models excel in predictive 

performance, their "black box" nature often limits 

interpretability, making it difficult to uncover the 

underlying mechanisms between independent and 

dependent variables. To address this issue and further 

reveal the intrinsic mechanisms and contribution levels of 

various natural and human activity factors on RSEI, this 

study applies SHAP (Shapley Additive Explanations) value 

analysis. SHAP analysis, proposed by Lundberg et al. 

(2017), is an interpretable artificial intelligence method 

based on game theory (Lundberg and Lee, 2017). Its core 

idea is to provide consistent and reliable local and global 

explanations for model predictions by calculating the 

average marginal contribution of each independent variable 

across all possible feature combinations (i.e., Shapley 

values). 

SHAP values quantify the independent contribution of 

each variable to the final RSEI prediction for a specific 

sample (positive values indicate an increase in RSEI, while 

negative values indicate a decrease). Through aggregated 

analysis, they can reveal the global importance ranking of 

variables and their nonlinear relationship patterns with 

RSEI. Additionally, SHAP interaction values further 

quantify the strength and direction of the interaction effects 

between any two independent variables on RSEI, enabling 

an in-depth exploration of the complex interplay between 

natural and human activity factors. For detailed SHAP 

calculation methods, refer to Lundberg and Lee (2017). In 

this study, SHAP values and their interactions were 

computed and visualized using the Python shapviz package 

(Yao et al., 2026). 

3.6 PDP Model 
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The Partial Dependence Plot (PDP) is a model-agnostic 

global interpretability analysis method that characterizes 

the marginal effect of one or two features on the model's 

prediction results, intuitively revealing linear, monotonic, 

or nonlinear relationships between features and target 

variables (Friedman, 2001). Its core principle is to calculate 

the average of the model's prediction results when the target 

feature takes different values while keeping the distribution 

of other features unchanged, as mathematically defined in 

Equation (13). 

(13) 

In practical calculations, the Monte Carlo method is 

usually adopted for approximate estimation, as shown in 

Formula (14). 

(14) 

This study combines the results of SHAP feature 

importance ranking, selects key driving factors to plot PDP 

curves, analyzes the nonlinear response relationship of each 

factor to the ecological environmental quality (RSEI) of 

Yantai City, breaks the "black box" dilemma of the 

XGBoost model, and provides a more targeted explanatory 

basis for the driving mechanism of ecological 

environmental quality (Friedman, 2001). 

 

IV. ANALYSIS AND RESULTS 

4.1 Rationality Analysis of RSEI 

The analysis shows that the contribution rate of PC1 

ranges from 81.40% to 86.34%, indicating that the first 

principal component effectively explains the major 

variations in the ecological environmental quality of Yantai 

City (Table 2). In terms of load coefficients, NDBSI (-0.68) 

and NDVI (+0.58) have the largest absolute values, which 

suggests that the expansion of built-up land and vegetation 

coverage are the two core factors driving the changes in 

ecological quality of Yantai. Moreover, this dominant 

mechanism remained highly stable from 2009 to 2025 

(Figure 3). 

Additional implications are as follows: 

1. The contribution rate of PC1 reaches as high as 

80%-86%, proving that RSEI is indeed an efficient 

ecological evaluation tool. 

2. Driving mechanism: NDBSI and NDVI play a 

dominant role, indicating that the ecological environmental 

quality of Yantai mainly depends on the interplay between 

"urbanization construction (negative effect)" and 

"vegetation restoration (positive effect)". 

Table 2 PC1 of RSEI in Yantai City during 2005—2025 

Index/Year 2005 2009 2016 2021 2025 

NDVI 0.59256 0.5774 0.57534 0.58728 0.59135 

WET 0.36562 0.3965 0.39452 0.35905 0.35947 

NDBSI -0.69304 -0.68623 -0.68779 -0.69899 -0.68904 

LST -0.18659 -0.19616 -0.20072 -0.19388 -0.21521 

Eigenvalue 0.02327 0.2791 0.03699 0.03939 0.04263 

Contribution 

Rate/(%) 

81.4091 84.8255 
86.3346 

86.1506 85.7708 
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Fig.3 Loading Coefficients of the PC1 of RSEI in Yantai City, 2005—2025 

 

4.2 Spatiotemporal Characteristics of EEQ 

4.2.1 Annual Variation of RSEI 

In terms of temporal variation, the multi-year average 

of the RSEI from 2005 to 2025 is 0.438, and the overall 

EEQ is at the average level (Figure 4), showing a 

fluctuating trend of initial decline, subsequent rise, another 

decline and then a further rise. The above periodic 

fluctuations are closely related to policy orientation in 

different periods. 

From 2005 to 2009, affected by the rapid advancement 

of urbanization, investment in ecological governance was 

relatively insufficient, leading to a slight decline in 

ecological quality. During 2009 to 2016, driven by 

ecological construction policies such as "Forest City" and 

"Water Ecological Civilization City", the ecological 

quality continued to improve and reached its peak. From 

2016 to 2021, with the development of new urban areas 

and the expansion of industrial land, ecological space was 

squeezed, resulting in a marked drop in ecological quality. 

From 2021 to 2025, with the implementation of the "Three 

Lines and One List" zoning control, ecological restoration 

projects and green low-carbon development policies, the 

ecological quality has shown a steady improvement trend. 

Essentially, the periodic fluctuations of ecological quality 

in Yantai City stem from the interactive effect of 

development policies and ecological policies in different 

stages. 

 

Fig.4 Annual RSEI and Multi-year Mean Value 

4.2.2 Spatiotemporal Variation Analysis of RSEI 

From 2005 to 2025, the spatial pattern of RSEI in 

Yantai City exhibited significant phased evolution (Figure 

5). In 2005, the overall ecological quality was 

predominantly moderate, with high-value areas 
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concentrated in the mountainous and hilly regions of 

Penglai, Zhaoyuan, Laizhou, and Haiyang. The 

mountainous areas of Qixia were mainly at a moderate 

level, with localized low-value patches (Figure 6a). By 

2009, ecological quality declined across the entire region, 

with a significant shrinkage of high-value areas in Qixia, 

forming contiguous low-value zones in the eastern and 

western plains and urban areas (Figure 6b). In 2016, 

ecological quality improved slightly, with the core 

high-value area in Qixia strengthening and forming a 

contiguous high-value zone with surrounding regions 

(Figure 6c). After 2021, ecological quality declined again, 

with Qixia becoming the core low-value area of the entire 

region, forming an east-west contiguous low-value belt 

with Laizhou and Zhaoyuan (Figure 6d). By 2025, the 

overall pattern showed a "central collapse and coastal 

isolation" scenario, with only fragmented high-value 

patches remaining in the coastal areas of Penglai, Longkou, 

Laizhou, and Haiyang. Ecological quality returned to a 

below-moderate level, highlighting the intensifying 

pressure of human activities on ecological spaces (Figure 

6e). 

 

Fig.5 Mean RSEI from 2005 to 2025 

 

  

（a)2005 RSEI （b)2009 RSEI 
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（c)2016 RSEI （d)2021 RSEI 

 

 

（e)2025 RSEI  

Fig.6 Grading Results of Ecological Environment Quality in Yantai City  

 

From 2005 to 2025, the EEQ of Yantai City 

underwent a significant phased transformation, 

characterized by initial deterioration followed by 

restoration, with an overall positive trend (Figures 7 and 8). 

In 2005, the ecological quality of Yantai was 

predominantly at moderate and relatively poor levels, with 

poor-grade areas accounting for only 3%, relatively 

poor-grade areas reaching 30%, and moderate-grade areas 

constituting the highest proportion at 44%. Good and 

excellent-grade areas accounted for merely 17% and 6%, 

respectively, indicating that the ecological foundation was 

primarily moderate, with a relatively low proportion of 

high-quality ecological space. 

With rapid urbanization from 2005 to 2021, the 

ecological environment faced sustained pressure: both the 

area and proportion of poor and relatively poor grades 

increased sharply. By 2021, poor-grade areas rose to 26%, 

and relatively poor-grade areas reached 42%, together 

accounting for nearly 70% of the total. The proportion of 

moderate-grade areas significantly shrank to 17%, while 

good-grade areas declined to 10%, and excellent-grade 

areas remained low. During this period, urban expansion 

and the encroachment of construction land on ecological 

spaces, coupled with declining vegetation coverage, led to 

continuous degradation of ecological quality in central 

urban areas and northern coastal plains. 

From 2021 to 2025, ecological restoration efforts 

yielded remarkable results, with quality grades showing a 

comprehensive rebound: the proportion of poor-grade 

areas decreased from 26% to 17%, and relatively 

poor-grade areas dropped from 42% to 37%, with both 

categories experiencing simultaneous reductions in area. 

The proportion of moderate-grade areas rebounded to 27%, 

good-grade areas increased to 12%, and excellent-grade 

areas recovered to 8%, reflecting a continued expansion of 

high-quality and moderate ecological spaces. 
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Fig.7 Statistics on Land Area of Each Ecological Environment Quality Grade, 2005–2025 

 

 

Fig.8 Proportions of Graded Areas of Ecological Environment Quality in Yantai City, 2005–2025 

 

4.3 Analysis of Driving Factors for EEQ 

4.3.1 Analysis Based on the XGBoost-SHAP Model 

2016 was the peak year for RSEI, exhibiting the most 

typical spatial differentiation of ecological conditions 

(Figure 4). Therefore, this year was selected for driving 

mechanism analysis. The 2016 dataset and influencing 

indicators were fitted using the XGBoost model in Python, 

with a random 70%/30% split between the training and 

testing sets. The model evaluation results showed an R² of 

0.6485, RMSE of 0.1513, and MAE of 0.151. This R² 

value indicates that the selected factors explain 

approximately 65% of the RSEI variation, while the 

remaining portion may be influenced by factors such as 

soil type, human policies, local micro-topography, etc. 

Figure 9 displays the ranking of the importance of 

various environmental features in predicting RSEI using 

the XGBoost model. The results show that built-up land 

(BL) contributes the most to RSEI prediction, followed by 

precipitation (PRE), forest land (FL), annual average 

temperature (AT), and grassland (GL), indicating a strong 

nonlinear relationship between urbanization intensity and 

ecological quality in the model. Additionally, elevation 

(DEM), slope (SLO), population (POP), GDP, and 
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nighttime light data (NTL) also exhibit significant importance, exerting notable effects on RSEI distribution. 

 

Fig.9 SHAP-based Feature Importance Ranking 

 

Figure 10 further reveals the nonlinear response 

characteristics of various environmental variables to RSEI 

predictions. Regions with higher annual precipitation 

generally correspond to higher RSEI predictions, 

indicating that sufficient moisture is conducive to 

improving regional ecological quality. Areas with higher 

forest coverage also promote RSEI enhancement, which 

aligns with the regulatory role of water in vegetation 

growth and surface ecological processes. Construction 

land has a significant negative impact on RSEI, meaning 

that regions with a higher proportion of construction land 

tend to exhibit a declining trend in RSEI, while grassland 

also shows a negative inhibitory effect on RSEI. 

Areas with a higher proportion of construction land 

tend to have lower RSEI levels, which may be related to 

ecological degradation processes such as the expansion of 

impervious surfaces, reduced vegetation cover, and 

deterioration of surface thermal environments. Indicators 

reflecting high-quality vegetation conditions, such as 

forest cover, generally exhibit a positive influence on 

RSEI in the SHAP scatter plot, suggesting that vegetation 

growth status is one of the key controlling factors for the 

spatial distribution of RSEI. The influence patterns of 

annual average temperature and elevation on RSEI are 

more complex, indicating that their relationship with RSEI 

may be jointly regulated by the interaction of multiple 

climatic and topographic factors. 

The interpretative analysis based on SHAP reveals 

that land use type, precipitation conditions, and human 

activity intensity are the dominant environmental drivers 

influencing the spatial distribution of RSEI in the study 

area, providing a scientific basis for formulating regional 

ecological protection and land-use optimization strategies. 
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Notes：X1：SLO  X2：DEM  X3：POP  X4：PRE  X5：GDP  X6：AT  X7：NTL  X8：BL  X9：GL X10: FL 

Fig.10 SHAP Feature Dependence Distributions 

 

4.3.2 Interpretability Analysis Based on the PDP Model 

According to the analysis results of the PDP (Figure 

11), the ecological environment quality (RSEI) of Yantai 

City exhibits significant nonlinear response characteristics 

to various driving factors. Combined with the ranking 

results of feature importance, core driving factors with 

high contribution rates, including built-up land (BL), 

annual average precipitation (PRE), forest land (FL), and 

annual average temperature (AT), are selected to further 

analyze their nonlinear response patterns. 

The PDP curve of annual average precipitation (X4) 

indicates that within the range of 440~480 mm, the RSEI 

remains at a high level above 0.56 and stays relatively 

stable. When the precipitation exceeds 480 mm, the RSEI 

drop rapidly, reaches a trough around 540 mm, and then 

rebounds slightly but remains significantly lower than the 

initial level. The results reveal that moderate precipitation 

can maintain the stability of regional ecosystems, while 

excessive precipitation is prone to triggering ecological 

problems such as soil erosion and runoff scouring, thereby 

leading to the deterioration of ecological environment 

quality. 

The PDP curve of annual average temperature (X6) 

shows that in the range of 12.6~12.8℃, the predicted 

RSEI value rises rapidly and peaks near 12.8℃. Within 

12.8~13.4℃, the RSEI decreases continuously with the 

rise of temperature and falls to the minimum value around 

13.4℃. After the temperature exceeds 13.4℃, the RSEI 

presents a rising trend again. This characteristic suggests 

that appropriate temperature conditions can optimize the 

regional hydrothermal matching status and promote 

vegetation growth and the virtuous cycle of ecosystems. 

Excessively high temperature will intensify evaporative 

dissipation, induce drought stress, and exert a negative 

impact on ecological environment quality. In the 

high-temperature range, as thermal conditions further 

increase, ecosystems gradually adapt to the 

high-temperature environment, resulting in a certain 

rebound of the RSEI. 

The PDP curve of built-up land (X8) demonstrates 

that when the proportion of built-up land is lower than 0.2, 

the predicted RSEI value stays at a relatively high level 

above 0.49. With the continuous increase in the proportion 

of built-up land, the RSEI shows a sustained downward 

trend; the decline slows down and remains at a low level 

within the range of 0.6~0.8, and the RSEI plummets 

sharply when the proportion approaches 1.0. This feature 

indicates that the expansion of built-up land has a 

significant negative stress effect on ecological 

environment quality, and the higher the intensity of urban 
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development, the more prominent the risk of regional 

ecological quality degradation. 

The PDP curve of forest land (X10) shows that the 

RSEI is at a low level when the proportion of forest land 

approaches 0. As the proportion of forest land increases, 

the RSEI rises rapidly and continuously, with the most 

obvious growth in the range of 0~0.2, followed by a steady 

increase and maintenance at a high level in the high-value 

interval. This characteristic proves that forest land 

coverage has a significant positive promoting effect on 

ecological environment quality, serving as a core positive 

driving factor for the improvement of regional ecological 

quality. The higher the proportion of forest land, the 

stronger the stability of the ecosystem. 

The short vertical lines at the bottom of Figure 11 

mark the distribution density of sample data. The response 

curves of all factors are mainly concentrated in the 

sample-dense interval, which verifies the reliability of the 

analysis conclusions. Overall, PDP analysis reveals the 

nonlinear response mechanism of ecological environment 

quality in Yantai City to key driving factors including 

built-up land, precipitation, forest land and temperature. 

Among them, low proportion of built-up land, moderate 

precipitation, high forest land coverage and suitable 

temperature jointly form the optimal environmental 

interval for maintaining and improving regional ecological 

quality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11 PDP Analysis of Key Environmental Factors 

 

V. CONCLUSION 

This study constructs the RSEI of Yantai City from 

2005 to 2025 based on GEE platform data, adopts the 

XGBoost-SHAP model to analyze its influencing factors, 

and systematically explores the spatiotemporal 

characteristics of ecological quality in Yantai City during 

2005–2025. The main conclusions are as follows: 

(1) From 2005 to 2025, the temporal variation of 

EQQ showed a fluctuating upward trend with an overall 

moderate grade, experiencing phased changes of 

"deterioration—improvement—degradation—restoration", 

and the multi-year average value was 0.438. The phased 

fluctuation of ecological quality in Yantai City resulted 

 

（a) Precipitation 

 

（b) Air Temperature 

 

（c)Built-up Land 

 

（d) Forest Land 
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from the interactive effect of development policies and 

ecological policies in different periods. 

(2) The ecological quality of Yantai City underwent 

phased changes from 2005 to 2025, eventually forming a 

spatial pattern of "central depression and coastal isolated 

high-value zones", with the overall ecological quality 

declining and the interference effect of human activities 

intensifying. In terms of spatial differentiation, high-value 

areas were periodically concentrated in the Qixia 

mountainous area in the central part, while low-value areas 

were contiguously distributed in plains and urban built-up 

areas. 

(3) RSEI analysis indicates that NDBSI and NDVI 

are the core characteristic indicators affecting the 

ecological quality of Yantai City, corresponding 

respectively to the negative stress of construction land 

expansion and the positive promotion effect of vegetation 

coverage. The XGBoost model further reveals that land 

use type and annual precipitation are the key factors 

driving the spatiotemporal evolution of ecological quality. 

Construction land and forestland serve as the 

anthropogenic and natural foundations for ecological 

quality changes by directly altering the surface cover 

pattern; annual precipitation indirectly regulates the 

contribution of NDVI to ecological quality by affecting 

vegetation growth status. The three factors jointly form a 

complete driving chain of "climate-vegetation 

cover-anthropogenic disturbance". 

Based on GEE and the XGBoost-SHAP model, this 

study realizes long-time series ecological quality 

monitoring and interpretable attribution analysis, which 

can provide scientific support for ecological protection and 

restoration as well as territorial spatial optimization of 

coastal cities. The limitations of this study lie in the failure 

to incorporate variables such as soil type and policy 

intervention, and the model coefficient of determination R² 

is 0.65. Subsequent research can introduce more feature 

variables or adopt deep learning models to further improve 

the model interpretability and explanatory power. 
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Abstract—  This study evaluated the effects of soil properties from five locations in Benue State, Nigeria, 

on the early growth of Tectona grandis (teak) seedlings. Bulk composite soil samples (0–30 cm depth) were 

collected 500 m from teak plantations in Amilogodo (Oju), Aghan (Makurdi), Mbagba (Ushongo), Ihugh 

(Vandekiya), and Ijami (Ohimini). Soils were analyzed for physico-chemical properties, and treated seeds 

were germinated then transplanted into polypots for six months. Growth parameters included seedling 

height (cm), leaf number, leaf area index (LAI; cm²), and dry biomass (g). Data were analyzed using one-

way ANOVA and LSD tests (p< 0.05). Soil E (Ohimini; pH 6.10, CEC 7.52 cmol kg−1, organic C 2.28%, 

total N 0.09%, available P 6.75 mg kg-1) yielded superior performance (height 11.74 cm, LAI 11.30 cm², 

dry biomass 4.44 g). Well drained loamy soil with high nitrogen content, high CEC, organic matter content 

and available phosphorus is most suitable for the establishment of Tectona grandis plantation. Therefore, 

soils with characteristics similar to that of sample E (Ohimini) is recommended for the establishment of 

Teak (Tectona grandis) plantation Benue State.  

Keywords— Growth performance, Teak, Seedling, Soil samples and Leaf Area Index 

 

I. INTRODUCTION 

Naturally, plant species perform according to the 

productive capacity of the soil under good management, 

this explains the intrinsic relationship between plant 

growth and soil fertility. Where nutrients necessary for 

plant to perform optimally are not available or inadequate, 

the need to supplement the soil nutrient is a key factor in 

agriculture, forestry, horticulture (Lal, 2015).  Teak 

(Tectona grandis): Family Verbenaceae is a plantation 

species that was probably introduced to Nigeria from 

Burma. The first recorded planting of teak in Nigeria was 

made in 1889, when it was introduced to the Botanical 

Gardens at Ebute-metta Unwin (1920), and the oldest teak 

plantation in Nigeria was raised from Burma teak seeds 

and established at Olekemeji in Abeokuta province. Teak 

(Tectona grandis) is one of the most important hardwoods 

of the world trade. In Nigeria, teak is used as a subsidiary 

species to most indigenous species in plantation centers. It 

is a favoured species in Nigeria because it supports 

agroforestry and commercial plantations, also, its fast 

growth, site tolerance, and good stem form, straight and 

durable boles which can produce valuable immediate and 

final yield of wood makes if a highly value wood crop 

(Akor, 1981). Teak is one of the exotics, which its main 

uses relay on its aesthetic and decorative quality and its 

excellent working properties.  

Recent studies highlight teak's sensitivity to soil pH (5.5–

7.5), organic matter, N, P, and CEC, with optimal growth 

in loamy, moderately acidic soils (Behera et al., 2019; 

Onyekwelu et al., 2021). In Nigeria, low N and P often 

limit seedling vigor (Adebayo et al., 2023; Eze et al., 

2024). This study assesses soil properties from Benue 

State teak sites on seedling performance, building on 

foundational work (Harpstead, 1973) with contemporary 

data to guide plantation establishment. 

II. MATERIALS AND METHODS 
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2.1 Description of the Study Area 

The experiment was conducted at the Teaching and the 

Research Farm of the Joseph Sarwuan Tarka University 

Makurdi, (JOSTUM) in Benue state, Nigeria between the 

months of December 2024 and May 2025. JOSTUM is 

located at latitude 7.41ON and longitude 8.35OE at an 

elevation of about 97 meters above the sea level. This 

location falls within the Southern Guinea Savanna Agro-

ecological zone of Nigeria. 

2.2 Experimental Design and soil sampling   

The experimental design was a completely randomized 

design (CRD) with five treatments (soil samples A–E) and 

five replicates (n=25). The purpose for this type of design 

is to subject all samples to equal distribution of treatment 

regimes. Composite and undisturbed soil samples in 

replicates were obtained from the five locations. The 

samples were collected randomly at about 500 m from the 

edges of teak plantations at the depth of 0-30 cm. This was 

to minimize the influence of litter deposit on the soil 

around the perimeter of the plantations. The various bulk 

soil samples were then taken to the advance soil testing 

Laboratory, Joseph Sarwaun Tarka University, Makurdi, 

for analysis.  

2.3 Soil Analysis 

 The soil samples were analyzed for selected physical and 

chemical properties.  Physical properties such as Particle 

Size Distribution (PSD) were determined by hydrometer 

method, Bouyoucos (1951), while the soil textures were 

determined by the USDA textural triangle. Soil Bulk 

Density (BD) was determined using the core method. The 

chemical properties of the soil such as, the soil pH in KCl 

(1:1), Organic Carbon content of the soil were determined 

by electrometric method and wet oxidation method by 

Walkley and Black (1934) respectively. Macro-Kjeldahl 

digestion method was used in determining the total 

Nitrogen.  Cation Exchange Capacity (CEC) was 

determined by neutral, 1N Ammonium acetate method 

while Bray-1 method of molybdate blue colorimetry was 

used to determine the extractable phosphorus.  

2.4 Seed Source and Pre-treatments 

Teak seeds were sourced locally from stands in the 

University Staff quarters of JOSTUM. The seeds were 

subjected to pre-treatments, where, 80 fruits soaked in 

running water (2 or 3 days, with alternate drying for 

cracking). Seeds germinated in boxes for 2 weeks, then 

transplanted to polypots and watered uniformly for the 

period of the experiment. 

Seedling height (cm), leaf number, LAI (Watson, 1947), 

and dry biomass (g; oven-dried at 70°C) were measured at 

6 months. Analysis of variance test (ANOVA) and least 

significant difference (LSD) (P< 0.05) were performed in 

R (v4.4). 

 

III. RESULTS 

3.1 Soil Analysis 

The result of the particle size distribution presented in 

Table 1 indicated different textural composition of the 

soils. While sample E is a loamy soil, sample A belongs to 

the textural class of loamysand, soil samples B, C, and D 

are sandyloam. Also in Table 1, bulk density (BD) of the 

samples ranged from 1.51gcm-3 at A to 1.64gcm-3 at E.  

The result in Table 1 shows that soil samples A, B, C, D 

and E have pH values that range from 6.10 to 6.55 

(Average 6.36) which is slightly acidic. These are typical 

characteristics of savanna soils. Harpstead (1973) reported 

that Guinea Savanna soils are less leached and are of 

moderate to near neutral acid condition. The CEC varied 

from 5.35 cmol/kg.  to 7.52 Cmol/kg.  The organic carbon 

varied from 1.91% to 2.29% (Average 2.26%) while the 

total nitrogen and phosphorus varied from 0.03% to 0.09% 

averaging 0.06% and 5.70 mg kg-1 and 6.04 mg kg-1 

respectively. From the result, a soil of   pH 6.3, CEC 6.48 

mol/kg, organic carbon 1.91% and total nitrogen and 

phosphorus 0.06% and 6.04 mg/kg. 

3.2 Measures of performance: 

Evaluation of early growth performance of Teak are 

presented in Table 2. Treatment E recorded the highest 

mean height (11.74cm) followed by A (10.5cm) with 

treatment C coming last (7.99cm). Though difference in 

height measurements were observed in the different soil 

samples (treatments). ANOVA, however, showed no 

significant difference in height among the treatments 

(Table 3). Number of leaves per plant showed a similar 

trend with plant height, the highest leave numbers were 

recorded in treatment E (13.60) while the least was 

recorded in treatment C (12.00) Table 2. 
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Table 1: Physico-Chemical Properties of the Soil samples 
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Table 2: Effect of soil properties on early growth parameters of Teak 

Parameters A B C D E LSD (p>0.05) 

Height (cm) 10.5 9.28 7.99 9.40 11.74 2.87 

Leaf number 12.8 12.4 12.0 12.4 13.6 2.93 

LAI (cm²) 9.8 7.3 7.5 8.6 11.3 2.55 

Dry biomass (g) 3.84 1.94 2.07 2.81 4.44 2.58 

 

Table 2 further showed average leaf area index for each 

treatment at the end of the experiment. Treatment E 

recorded the highest mean leaf area index (11.30cm) 

followed by A (9.80cm) with treatment B coming last 

(7.30). ANOVA Table 3 showed significant difference 

between the treatments. A follow-up test was carried out 

using LSD and significant differences were observed 

between treatment E and B, and C as shown in Table 4.       

The average biomass for each treatment at the end of the 

experiment are also presented in Table 2.  Treatment E 

recorded the highest mean dry weight (4.44 g), followed 

by A (3.84g), with the treatment B coming last (1.94 g). 

The variation in the dry matter was tested with ANOVA, 

which showed significant difference between the 

treatments (Table 3). A follow up test was carried out 

using least significant difference (LSD >0.05) and 

significant differences were observed between treatments 

E and B, and C, E and D,A and B, A and C and finally 

between A and D as shown in Table 4. 
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Table 3: The ANOVA for plant height, number of leaves, leaf area index and dry matter biomass 

 

Table 4: Follow up test LSD (t= 0.05,df = 20)  for leaf area index and dry matter biomass 

*Significantly difference 

 

3.3 Effect of soil properties on the early growth 

performance of Teak 

The data in Table 5 summarizes the relationship between 

soil properties and early growth performance of Teak 

(Tectona grandis) across five soil treatments (A–E). Teak 

seedlings in Treatment E (Ohimini) grew tallest, 

suggesting more favorable soil conditions, possibly linked 

to higher nutrient availability or improved soil structure. A 

higher leaf count here, also indicates better vegetative 

growth and photosynthetic capacity in Treatment E. Leaf 

area correlates with nutrient uptake efficiency; Treatment 

E equally promotes greater canopy development. The 

biomass accumulation trend aligns with height and leaf 

index, confirming more robust growth in Treatment E. 

SV df Ss Ms F.cal       F. Tab 

5%                     1% 

Plant height 

      

Treatment 4 39.68 9.92    2.49 2.87                    4.43 

Error 20 79.64 3.98   

Total 24 119.32    

      

Leaf area index 

Treatment 4 55.90 13.975 5.12 2.87               4.43 

Error 20 54.60 2.73   

Total 24 110.50    

      

Dry matter biomass 

Treatment 4 23.90 5.975       5.10       2.87              4.43 

Error 20 23.41 1.1705   

Total 24 47.31    

      

 * E A D C B 

Leaf area index  (3.352) 

B 7.30 11.30 9.80 8.64 7.54 7.30 

C 7.50 4.00* 2.50 1.30 -  

D 8.60 3.80* 2.30 -   

A 9.80 2.70 -    

E 11.30 -     

       

Dry matter biomass  (0.984) 

B 1.94  4.44 3.84 2.81 2.07 1.94 

C 2.07 2.50* 1.90* 0.87 - - 

D 2.81 2.37* 1.77* -   

A 3.84 1.63* -    

E 4.44 -     
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Treatment E consistently produced superior growth 

outcomes, while B and C lagged (Table 5), implying 

differences in soil fertility, nutrient balance, and possibly 

moisture-holding capacity. The pH range of 6.10 – 6.52 

across all the treatment (Table 5) are indicative of slightly 

acidic to neutral state of the soils, this are optimal for teak 

growth. Cation exchange capacity CEC were highest (7.52 

cmol kg-1) in treatment E and lowest in D (5.10 cmol kg-1) 

(Table 5). High CEC in E is an indication of greater 

nutrient retention, supporting better growth. Organic 

carbon (%) was relatively stable (Table 5). Although B had 

the highest OC (2.91%), its poor growth suggests that OC 

alone wasn’t the dominant factor possibly due to low 

nitrogen or imbalance in other nutrients. Total nitrogen 

(%) was highest in A and E (0.09%), Table 5. Nitrogen is 

essential for foliage and shoot growth, which aligns with 

taller plants and more leaves in these treatments. 

 Available phosphorus (mg kg-1) was highest in E 

(6.75). Adequate P enhances root formation and early 

vigor directly explaining higher dry matter and height.  

Table 5. Summary of effect of soil properties on the early growth performance of Teak 

 

IV. DISCUSSION 

Treatment E (the soils from Ohimini) offers the most 

fertile combination moderate pH (6.10), highest CEC 

(7.52), balanced OC (2.28%), and high N and P 

availability. These factors together enhance nutrient 

absorption, root proliferation, and photosynthetic 

efficiency, leading to superior height, leaf area, and 

biomass. By contrast, Treatments B and C, though slightly 

higher in pH and OC, show reduced nitrogen and 

phosphorus, resulting in stunted growth. That aligns with 

the nutrient limitation patterns noted by Abankwa et al. 

(2017), where teak plantations with nutrient deficiencies 

(especially N and P) demonstrated significantly reduced 

growth. 

Soil E's superior performance correlates with higher CEC, 

N, P, and loam texture, facilitating nutrient retention and 

root development consistent with teak's preferences 

(Behera et al., 2019). Low N in B/C mirrors poor biomass 

in Nigerian savanna soils (Adebayo et al., 2023). Leaf area 

index (LAI) and biomass sensitivity underscores their 

utility for early vigor assessment (Onyekwelu et al., 2021; 

Eze et al., 2024), linking to photosynthesis and biomass 

allocation. Unlike height, these reflect fertility gradients, 

aligning with Williams & Richardson (1987) that nitrogen 

is the most important in tree nutrition and it accounts for 

about 1-3% dry weight of tree composition. And that high 

acidic condition of the soil inhibits activities of many 

common bacteria, algae and actinomycetes. Also 

phosphorus is vital to life and portion of all green plants. 

High organic carbon indicates high nutrient deposition. 

Although, significant differences were not noted in the 

parameters like leaf count and height, dry matter and Leaf 

Area Index (LAI) showed significant differences. It is 

important to monitor the distribution and changes of LAI 

so that growth and vigour of vegetation on planet can be 

assessed. Important parameters for climate models and 

land-surface processes are obtained from LAI. Various 

processes such as photosynthesis, respiration, transpiration 

and rain interception which controls the links between 

biosphere and atmosphere are determined in the variables 

representing the amount of leaf material in ecosystems. 

The characteristics of all the parameters observed were 

more outstanding in sample E followed by A, this is an 

indication that, the nutrients available especially nitrogen 

supported the growth of the trees. High dry weights of 

treatment E and A could be attributed to high nitrogen 

composition, phosphorus, organic carbon and all other 

requisite for the growth of tree. 

Parameters                                                                                       Treatments 

   A   B   C  D   E 

Average  height (cm) 10.5 9.28 7.99 9.40 11.74 

Average no of leaves 12.80 12.40 12.00 12.40 13.60 

Leaf index(g) 9.8 7.30 7.50 8.60 11.30 

Dry matter(g) 3.84 1.94 2.07 2.81 4.44 

pH 6.18 6.62 6.55 6.50 6.10 

CEC cmol/kg 5.50 5.90 6.45 5.10 7.52 

Organic carbon (%) 2.29 2.91 2.51 1.91 2.28 

Total nitrogen (%) 0.09 0.03 0.03 0.06 0.09 

Available phosphorus(p) (mg kg-1) 6.40 5.70 6.20 6.10 6.75 
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V. CONCLUSION AND RECOMMENDATION 

A study was undertaken to evaluate the influence of soil 

nutrients on the early growth performance of Teak 

(Tectona grandis) in Benue state. The physical properties 

of the soil such as the Bulk density (BD), Particle size 

distributions (PSD) and the chemical properties such as the 

soil pH, total nitrogen, phosphorus, organic carbon and 

Cation Exchange Capacity (CEC) were analyzed. Also, 

data on plant parameters such the plant height, number of 

leave per plant, dry matter as well as leave area index were 

assessed to check their response to the soil nutrient 

elements studied.  

Early growth performance of Tectona grandis is strongly 

influenced by nitrogen level, CEC, and available 

phosphorus. Treatments with higher nutrient-holding 

capacity and balanced soil chemistry (especially E) 

produced superior results. The study showed that the soil 

sample E from Ohimini, a deep and well drained loamy 

soil gave the highest response in terms of growth 

performance with respect to the soil nutrient elements 

studied. 

 Based on the findings of this investigation, the following 

recommendations have been advanced with respect to 

establishment of teak plantation. 

1.  Well drained loamy soil with high nitrogen 

content, high CEC, organic matter content and 

available phosphorus is most suitable for the 

establishment of Tectona grandis plantation. 

Therefore, soils with characteristics similar to that 

of sample E (Ohimini) is recommended for the 

establishment of Teak (Tectona grandis) 

plantation Benue State. 

2.  It is also recommended that similar research be 

carried out for a longer duration to cover the 

growth period beyond nursery to maturity, so as 

to assess its response to different soil conditions.         

3. Furthermore, government should encourage the 

establishment of teak plantation because of its 

economic importance through subsidies on inputs 

so as to encourage prospective farmers to venture 

in the production.   
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Abstract— Taking Guangdong Province as the study area, this research integrates multi-source geospatial 

data—including DEM, precipitation, soil, and land cover—and couples the USLE and InVEST models. The 

study calculates five core factors: rainfall erosivity (R), soil erodibility (K), slope length and steepness (LS), 

vegetation cover (C), and conservation practice (P), to reveal the spatial heterogeneity and formation 

mechanisms of both potential and actual soil erosion. The results indicate that rainfall erosivity exhibits a 

spatial pattern that is generally higher in the south and west, and lower in the north and east. High values 

of soil erodibility are concentrated in the core Pearl River Delta (PRD) region and the coastal areas of 

western Guangdong (Zhanjiang), while low values are distributed in the mountainous and hilly regions of 

northern and eastern Guangdong. Land use is dominated by forestland, whereas construction land is 

clustered within the PRD urban agglomeration. High-risk zones for potential soil erosion are primarily 

located in the Nanling Mountains of northern Guangdong and the hilly areas of western Guangdong, 

largely controlled by natural background conditions such as topography and soil properties. Although 

vegetation cover and conservation measures significantly mitigate regional soil erosion intensity, moderate 

to severe erosion risks persist in the Leizhou Peninsula and the low-hilly agricultural areas of northern 

Guangdong. This study clarifies the spatial distribution patterns of soil erosion, providing a scientific basis 

for precise soil and water loss prevention, ecological restoration, and territorial spatial planning. 

Keywords— Guangdong Province, USLE model, InVEST model, Soil Erosion 

 

I. INTRODUCTION 

Soil erosion is a natural process in which the Earth's 

surface soil is detached, transported, and deposited under 

the action of wind and water. This process leads to the 

thinning of soil layers, the decline of soil fertility, and the 

reduction of water retention capacity, ultimately resulting 

in land degradation, climatic deterioration, ecological 

degradation, and an increase in natural disasters [1]. 

Currently, soil erosion has become one of the major 

environmental issues on a global scale [2], posing severe 

threats to regional ecological security and the sustainable 

development of agriculture. Scientifically assessing 

regional soil erosion and revealing its spatial heterogeneity 

are fundamental to implementing precise prevention and 

control of soil and water loss, as well as optimizing 

ecosystem services. 

The Universal Soil Loss Equation (USLE) is a classic 

method for the quantitative assessment of soil erosion. In 
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conducting regional soil erosion assessments and 

predictions, some researchers have developed their own 

slope soil erosion prediction models by using the USLE as 

a reference framework and integrating local actual 

conditions [3-10]. Although the USLE can efficiently 

estimate slope soil erosion, it has certain limitations, as it 

tends to overlook sediment retention capacity at the plot 

scale and watershed hydrological processes during 

calculations [11]. The InVEST (Integrated Valuation of 

Ecosystem Services and Tradeoffs) model, jointly 

developed by Stanford University, the World Wide Fund 

for Nature (WWF), and other institutions, can integrate 

multi-source data such as topography, climate, soil, and 

land use. By accounting for both upslope sediment 

interception and the impact of watershed reservoirs, the 

InVEST model achieves precise quantification and spatial 

visualization of soil conservation services, thereby 

overcoming the shortcomings of the traditional USLE 

model [12-13]. 

Regarding the application of the InVEST model in 

soil conservation, foreign scholars have already conducted 

relevant studies. For instance, Marques et al. (2021) 

modeled sediment retention services and soil erosion 

changes in Portugal using a spatiotemporal analysis 

method [14], and Ureta et al. (2021) quantified the 

ecological benefits of landscapes through an analysis of 

the impacts of land cover change on ecosystem services in 

the United States [15]. Domestically, scholars have also 

successively applied the InVEST model to soil erosion 

research. For example, Zhou et al. (2010) simulated soil 

erosion in the mountainous areas of Beijing [2]; Wang et al. 

(2014) studied the soil conservation function of the 

ecosystem in Ningde, Fujian [16]; Chen et al. (2020) 

investigated the current status and function of soil 

conservation in the Qilian Mountain National Nature 

Reserve [17]; He et al. (2019) researched the 

characteristics of soil erosion in the Qihe River Basin of 

the Taihang Mountains [18]; and Wang et al.(2019) 

examined the soil erosion intensity in Yan'an City before 

and after the Grain for Green Program [19]. 

Located on the southern coast of China, Guangdong 

Province features a subtropical monsoon climate with 

abundant rainfall and concentrated rainstorms. The terrain 

is dominated by mountains and hills with complex 

geological conditions. Coupled with rapid urbanization 

and intensive land development, the risk of soil erosion in 

the region is prominent. Currently, existing studies on soil 

erosion in Guangdong mostly adopt a single model (either 

USLE or InVEST) or are limited to specific watersheds. At 

the provincial scale, there is a scarcity of research that 

systematically couples USLE (for calculating erosion 

potential) with InVEST (for ecosystem service assessment) 

to analyze the entire erosion-retention process. Meanwhile, 

relevant studies have largely focused on specific 

watersheds or local areas, and systematic analyses of 

erosion characteristics based on the coupling of USLE and 

InVEST models at the provincial scale remain relatively 

lacking. Therefore, this paper takes Guangdong Province 

as the study area and couples the USLE and InVEST 

models to quantitatively assess actual and potential soil 

erosion. It aims to clarify the spatial distribution patterns 

and driving factors of erosion, providing a scientific basis 

for soil and water loss prevention, ecological protection 

and restoration, and the optimization of territorial space. 

 

II. DATA AND METHODS 

2.1. Overview of the Study Area 

Guangdong Province is located between 20°13′N–

25°31′N and 109°39′E–117°19′E at the southernmost tip of 

mainland China. It borders Fujian Province to the east, 

Guangxi to the west, Hunan and Jiangxi provinces to the 

north, and faces the South China Sea to the south, with a 

total land area of approximately 179,800 km². The 

province administers 21 prefecture-level cities and features 

a prominent land-sea location, characterized by a vast sea 

area and a mainland coastline stretching 4,114.3 km (Fig. 

1). 

The overall terrain is high in the north and low in the 

south. The geomorphology is dominated by mountains and 

hills, which together account for nearly 60% of the 

province's area, while terraces and plains make up the 

remaining 40%. The northern Nanling Mountains and the 

eastern Lianhua Mountains have relatively high elevations, 

with Shikengkong (1,902 m) being the highest peak in the 

province. The central region features an alternating 

distribution of hills and basins, while the south and coastal 

areas are mainly composed of the Pearl River Delta, 

Chaoshan Plain, and Leizhou Terrace. Granite is the most 
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widely distributed bedrock in the region, followed by 

sandstone and metamorphic rocks. Large areas of 

limestone are distributed in northwestern Guangdong. The 

complex lithology easily induces natural soil erosion. 

Climatically, the province belongs to the East Asian 

monsoon region, spanning the central subtropical, southern 

subtropical, and tropical zones from north to south. The 

annual average temperature ranges from 19 to 24℃, and 

the annual average precipitation reaches 1,771 mm. 

Rainfall is concentrated from April to September, with 

frequent rainstorms and typhoons. The high intensity and 

concentrated duration of rainfall provide sufficient 

hydrodynamic conditions for soil erosion. The dominant 

soil types include red soil, latosolic red soil, laterite, and 

paddy soil. These soils are generally heavy in texture, with 

poorly developed aggregate structure and relatively weak 

anti-erodibility and anti-scourability. 

Land use is primarily composed of forestland, 

cultivated land, and construction land. Forestland is 

concentrated in the northern and eastern mountainous and 

hilly regions, while cultivated land is mostly distributed in 

coastal and river valley areas. The expansion of 

construction land is particularly significant in the Pearl 

River Delta and the central urban areas of various cities. 

Influenced by the combined effects of complex topography, 

a rainy climate, fragile soil texture, and high-intensity 

human activities, the risk of soil erosion in mountainous 

and hilly areas is prominent. Therefore, conducting 

research on soil erosion characteristics in this region holds 

significant practical implications. 

 

Fig. 1 Topographic overview of Guangdong Province 

 

2.2. Data Sources 

The operation of the InVEST model requires raster 

layers and parameter tables with consistent resolution and 

projected coordinate systems. In this study, all raster data 

were uniformly processed to a 90 m × 90 m resolution 

under the WGS_1984_EASE_Grid_Global projected 

coordinate system. The data required for the model and 

their sources are listed in Table 1. Specifically: 

(1) The Rainfall Erosivity (R) layer was derived from 

the monthly precipitation data for the year 2020, which 

were downloaded from the Geographical Resources 

Sub-center of the National Earth System Science Data 

Center (National Science and Technology Infrastructure of 

China), and subsequently calculated using ArcGIS raster 

calculator. 

(2) The Soil Erodibility (K) layer was calculated 
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using the Erosion-Productivity Impact Calculator (EPIC) 

model, based on the China soil dataset from the 

Harmonized World Soil Database (HWSD) downloaded 

from the National Tibetan Plateau Data Center. 

(3) The Slope Length and Steepness factors (L, S) 

were derived from the 90 m SRTM DEM data downloaded 

from the Geospatial Data Cloud, and calculated using the 

topographic relief tools in ArcGIS. 

(4) The watershed data for the study area were 

extracted from the 90 m SRTM DEM data (sourced from 

the Geospatial Data Cloud) using the hydrological analysis 

tools in ArcGIS. 

(5) The land cover raster data were obtained from the 

annual 30 m resolution land cover dataset for China 

released by Professors Jie Yang and Xin Huang of Wuhan 

University, available on the Zenodo platform, and 

subsequently processed through reclassification in ArcGIS. 

(6) The Biophysical Table consists of the land use 

code (lucode), the cover-management factor (usle_c), and 

the support practice factor (usle_p). 

Table 1 Research data and their sources 

Data Requirements Data Sources Purpose 

Annual precipitation 

data 
(https://gre.geodata.cn) Generate R factor layer 

Soil texture data （https://data.tpdc.ac.cn/home） Generate K factor layer 

90m DEM data （https://www.gscloud.cn/home#page1/1） Generate K factor layer 

Land cover raster data （https://zenodo.org/records/18180184） Generate land use layer 

 

2.3. Research Methods 

2.3.1. Technical Route 

This study is based on data including 90m DEM, 

precipitation in 2020, HWSD, and land cover raster data of 

Guangdong Province. The main analysis steps (as shown 

in Fig. 2) are as follows: 

(1) Preparation of parameters required for the 

InVEST model operation: The 90m DEM data were 

mosaicked and extracted by mask to obtain the 

topographic relief of the study area using the Focal 

Statistics tool in ArcGIS. Subsequently, the mosaicked 

90m DEM data were processed using the Hydrological 

Analysis tools in ArcGIS to extract the watershed data of 

the study area. 

(2) The monthly precipitation data for 2020 were 

extracted by mask. The annual precipitation was first 

calculated using the Raster Calculator in ArcGIS, and then 

the R factor was computed based on the R factor formula. 

(3) The HWSD data were extracted by mask, and the 

K factor was calculated using the Raster Calculator in 

ArcGIS based on the EPIC model. 

(4) The land cover raster data were reclassified 

according to the Current Land Use Classification (GB/T 

21010—2017) standard to obtain the land use data meeting 

the model requirements. 

(5) The values for the C and P factors were assigned 

based on existing literature. 

(6) The above parameters were input into the InVEST 

model to obtain the actual and potential soil erosion 

moduli. 
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Fig. 2 Flowchart of the technical route 

 

2.3.2 USLE and InVEST Models 

The InVEST model is a comprehensive assessment 

tool for ecosystem services and tradeoffs. Supported by the 

Natural Capital Project, it was successfully developed in 

2007 through the collaboration of Stanford University, the 

World Wildlife Fund (WWF), and The Nature 

Conservancy (TNC). Currently, it has been widely applied 

both domestically and internationally. The model not only 

achieves quantitative assessment of ecosystem service 

functions but also realizes their spatial expression with the 

support of 3S technology. The assessment results are 

presented in the form of maps, which can reflect the spatial 

heterogeneity of ecosystem service functions, enabling 

decision-makers to better grasp the actual situation and 

make further plans and countermeasures [20]. 

According to module service types, InVEST can be 

divided into three groups: supporting services, ultimate 

services, and enhancement tools (Table 2) [21]. Among 

them, supporting services serve as the foundation for other 

types of ecosystem services, from which humans cannot 

directly benefit. Ultimate services are divided into two 

parts: biophysical provision and services, from which 

humans can directly benefit [22]. 

Table 2 InVEST Model Framework 

Supporting Services 

Ultimate Services 

Enhancement Tools 
Provision: Services 

Undifferentiated Provision 

and Services 

Habitat Quality Forest Carbon Edge Effect 
Timber Production and 

Management 

Scenario Generator: 

Proximity Based 

Habitat Risk Assessment Coastal Blue Carbon Wave Energy Production Coastal Vulnerability 
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Crop Pollination 
Carbon Storage and 

Sequestration 

Visitation: Recreation and 

Tourism 
DelineateIt  

Water Quality Water Yield  Coastal Protection Scenario Generator 

 Nutrient Delivery Ratio Wind Energy Production Script and API 

 Viewshed: Scenic Quality Marine Fisheries Production Route DEM 

 
Sediment Delivery Ratio

（SDR） 
Marine Aquacultur GLOBIO 

 Nutrient Delivery Ratio Crop Production  

 

This study employs the Sediment Delivery Ratio 

(SDR) module within the soil conservation component. 

This module represents various integrated measures 

capable of preventing soil erosion, conserving soil 

resources, and maintaining or enhancing land productivity. 

The soil conservation service function refers to the ability 

of surface cover, such as vegetation, to reduce soil erosion 

on a given plot while simultaneously intercepting sediment 

originating from upstream areas [23]. 

The Universal Soil Loss Equation (USLE) is 

currently the most widely used method for calculating soil 

conservation. Its principle involves calculating the 

potential soil erosion (RKLS) and the actual soil erosion 

(USLE) for each raster cell, respectively. The soil 

conservation for each cell is then obtained by subtracting 

the actual erosion from the potential erosion. The relevant 

formulas are as follows (1) and (2): 

RKLS=R×K×LS  ... ... ... ... ...（1）  

ULSE=R×K×LS×C×P  ... ...（2） 

where R is the rainfall erosivity factor, K is the soil 

erodibility factor, LS is the topographic factor, C is the 

cover-management factor, and P is the support practice 

factor. 

However, in the actual soil erosion process, not all 

actual soil erosion reaches the watershed outlet. There 

exists a Sediment Delivery Ratio (SDR) in this process, 

because downstream plots cause deposition of the 

sediment load coming from upstream plots. The amount 

deposited during the entire flow process towards the 

watershed outlet is defined as the sediment deposition 

amount [24]. 

The InVEST model calculates regional soil 

conservation based on an improvement of the Universal 

Soil Loss Equation. Specifically, the InVEST model fully 

accounts for sediment deposition, thereby enabling a more 

accurate estimation of regional soil conservation services. 

The relevant formulas are as follows (3), (4), and (5): 

SMi=RKLSi－USLEi＋SRi   ... ... ...（3）  

SRi=SEi－1×(1－SDRi)   ... ... ... ...（4）  

SEi=USLEi＋SEi－1×SDRi  ... ... ...（5）  

where SM is the soil conservation amount, SR is the 

sediment deposition amount, SE is the sediment transport 

amount, and i－1 represents the upstream pixel of pixel i. 

2.4 Model Parameter Construction 

2.4.1 Rainfall Erosivity Factor (R) 

Rainfall erosivity is the primary foundational factor 

of the USLE model. It is a dynamic indicator used to 

evaluate rainfall-induced soil detachment and transport, 

reflecting the potential impact of rainfall conditions on soil 

erosion [18]. In this study, following the Guidelines for 

Calculating Soil Loss in Production and Construction 

Projects (SL773-2018), the rainfall erosivity factor R was 

assigned the value of Rd after obtaining the average 

precipitation data for 2020. The annual average 

precipitation erosivity factor was calculated using Formula 

(6): 

Rd=0.067 Pd 
1.627  ... ... ...（6） 

In Formula (6): Rd is the annual precipitation 

erosivity factor, with units of MJ·mm/(hm²·h); Pd is the 

annual average precipitation, with units of mm. 

2.4.2 Soil Erodibility Factor (K) 

Soil erodibility is a crucial indicator for evaluating 

the sensitivity of soil to erosion and is also a vital 

parameter for soil erosion prediction [25]. The most 

commonly used methods for determining the K value 

include the median particle size method, direct 

measurement, and the EPIC model. Most of these methods 

require numerous soil property parameters, such as soil 
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texture, structure, organic matter, and permeability. 

However, acquiring data on soil structure and permeability 

is often challenging. Therefore, this study adopts the K 

value calculation method from the Erosion-Productivity 

Impact Calculator (EPIC) model proposed by Williams et 

al. [26-27] as a surrogate model. This method is primarily 

related to the contents of sand, silt, clay, and organic matter. 

Focusing more on soil properties, this model can 

scientifically reflect soil erodibility. Thus, it was calculated 

using soil particle composition and organic carbon content 

data. The result was multiplied by 0.1317 to convert it to 

international units. The calculation method is shown in 

Formula (7): 

K= {0.2+0.3exp[-0.0256 SAN(1－SIL/100)]}  

[SIL/(CLA + SIL)]0.2 {1－0.25C / [C+exp(3.72

－2.95C)]} 

{1－0.7SN₁/ 

[SN₁+exp(-5.51+22.9SN₁)]}  ... ... ... ... ... ...（7） 

In Formula (7): K is the soil erodibility [ t·hm2·/

（MJ·mm·hm2）]; SAN is the sand content (%); SIL is the 

silt content (%); CLA is the clay content (%); SN1=1－

SAN/100; C is the organic carbon content (%) [28]. 

2.4.3 Slope Length and Steepness Factors (L, S) 

The L and S factors are among the most critical 

parameters in the USLE equation. They reflect the 

relationship between slope gradient and the land surface, 

and their essence lies in the distance a raindrop or 

sediment travels until its energy is exhausted. Slope height 

characterizes ground flatness; generally, slope length refers 

to the specific projection length of the water flow 

trajectory on the slope surface onto the horizontal plane. 

The steeper the slope, the more severe the soil erosion; 

conversely, the longer the slope, the more the runoff 

formation tends to decrease. The InVEST model 

automatically completes the calculation of the L and S 

factors based on user-inputted slope thresholds and 

generates the corresponding L and S layers [18]. It is worth 

noting that the model automatically selects different 

formulas for calculations in low-slope and high-slope areas 

[12]. 

2.4.4 Land Cover Raster Data 

Land cover raster data can reflect the different land 

use types within the study area. Since different land use 

types have varying erosion intensities and soil and water 

conservation measures, they must be analyzed and 

understood. In this study, we downloaded the annual land 

cover raster data of China with a 30-meter resolution, 

released by Professors Yang Jie and Huang Xin from 

Wuhan University, via the Zenodo platform. According to 

the Current Land Use Classification (GB/T 

21010—2017) standard, the remote sensing image data 

were reclassified into six land use types: cultivated land, 

forest land, grassland, water bodies, unused land, and 

construction land. 

2.4.5 Cover-Management Factor (C) 

The cover-management factor C is defined as the 

ratio of soil erosion under a specific vegetation cover and 

management condition to the soil erosion on a 

continuously fallow, clean-tilled plot. It reflects the impact 

of vegetation or crops and management practices on soil 

loss, with values ranging between 0 and 1 [29]. 

2.4.6 Support Practice Factor (P) 

In the InVEST or USLE model, the P factor is 

typically not determined by a formula but is assigned 

empirically based on land use types and soil and water 

conservation engineering. The support practice factor P 

refers to the ratio of soil loss after adopting conservation 

measures to the soil loss when planting along the slope (up 

and down the slope). Its value ranges from 0 to 1; an 

extreme value of 0 represents an area with no erosion, 

while an extreme value of 1 indicates an area where no 

conservation measures have been taken [13]. According to 

previous studies [30], after years of soil and water loss 

control in the local area, soil erosion in some regions has 

been effectively controlled. 

 

III. RESULTS AND ANALYSIS 

3.1. Spatial Distribution of the R Factor 

The rainfall erosivity factor is the core driver of soil 

erosion. The data results (Fig. 3) show that the rainfall 

erosivity (R factor) in Guangdong Province generally 

exhibits a spatial pattern of "higher in the south and lower 

in the north, and higher in the west and lower in the east." 

The northern Guangdong mountainous areas (Shaoguan, 

Qingyuan, Meizhou) and the eastern coastal regions 

(Chaozhou, Shantou, Jieyang, Shanwei) are low-value 

zones, with the R factor dropping to as low as 6428.13 

MJ·mm/(hm²·h). In contrast, the southern part of Jiangmen 
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City and the southeastern part of Yangjiang City are 

high-value zones, with the R factor peaking at 16793.8 

MJ·mm/(hm²·h). Although the eastern Guangdong region 

is coastal, it contains many mountainous areas. Influenced 

by the leeward slope effect or the seasonal distribution of 

precipitation, the rainfall erosivity index in this area is 

relatively low. In the core area of the Pearl River Delta 

(such as Guangzhou and Foshan), high urbanization and 

the urban heat island effect have altered the local 

microclimate. Additionally, station interpolation is affected 

by impervious surfaces, resulting in relatively low R factor 

values in this region compared to the rest of the province. 

 

Fig. 3 Spatial distribution of the R factor 

 

3.2. Spatial Distribution of the K Factor 

Soil erodibility reflects the sensitivity of soil to 

erosion. Data analysis results indicate significant spatial 

differences in the soil erodibility factor (K factor) across 

Guangdong Province (Fig. 4). High-value zones are 

concentrated in the core area of the Pearl River Delta and 

the coastal zones of Zhanjiang in western Guangdong. 

These areas are dominated by latosolic red soil and laterite, 

characterized by heavy soil texture and loose structure, 

resulting in weak resistance to erosion. Low-value zones 

are mainly distributed in the mountainous and hilly regions 

of northern and eastern Guangdong, where red soil and 

yellow soil prevail. These soils have relatively high 

organic matter content and well-developed aggregate 

structure, leading to lower erodibility. Overall, the intrinsic 

soil conditions in the Pearl River Delta and coastal plain 

areas are more susceptible to erosion, making them key 

regions for soil conservation efforts. 

https://dx.doi.org/10.22161/ijeab.113.5


Wen et al.                  Characteristics of Soil Erosion in Guangdong Province Based on the USLE and InVEST Models 

ISSN: 2456-1878 (Int. J. Environ. Agric. Biotech.) 
https://dx.doi.org/10.22161/ijeab.113.5                                                                 38 

 

Fig. 4 Spatial distribution of the K factor 

 

 

Fig. 5 Spatial distribution of the L and S factors 

 

3.3. Spatial Distribution of the L and S Factors 

The spatial distribution maps of the slope length (L) 

and steepness (S) factors, extracted based on a 90 m × 90 

m resolution DEM, reveal that the topographic relief in 
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Guangdong Province exhibits a distinct gradient feature of 

"higher in the north and lower in the south, and higher in 

the west and lower in the east" (Fig. 5). This pattern aligns 

closely with the distribution of geomorphological units in 

the province. 

The high-value zones of the L and S factors are 

mainly concentrated in the Nanling Mountains of northern 

Guangdong (Shaoguan, northern Qingyuan), the Yunwu 

Mountain system of western Guangdong (Yunfu, northern 

Maoming), and the Lianhua Mountains of eastern 

Guangdong (Meizhou, eastern Heyuan). These areas are 

characterized by high elevation, intense terrain dissection, 

and extended slope lengths, constituting the peak zones for 

the L and S factors. In the absence of vegetation cover and 

human intervention, these regions serve as the strongest 

natural driving sources of potential soil erosion. The 

low-value zones of the LS factors are widely distributed 

across the Pearl River Delta alluvial plain (Guangzhou, 

Foshan, Dongguan, southern Huizhou) and coastal zones 

(Zhanjiang, southern Maoming, and the Chaoshan Plain in 

Shantou). These areas feature flat terrain, minimal slopes, 

and short slope lengths. The slow velocity of water flow 

convergence results in a weak topographic driving force 

for soil erosion. 

3.4. Spatial Distribution of Land Use 

Land use directly influences surface cover and the 

intensity of human activities. The land use pattern in 

Guangdong Province is dominated by forest land (Fig. 6), 

which accounts for over 60% of the total area. It is mainly 

concentrated in the mountainous and hilly regions of 

northern and eastern Guangdong, playing a significant 

positive role in soil conservation. Cultivated land is 

primarily distributed in Zhanjiang (western Guangdong), 

the periphery of the Pearl River Delta, and the plains of 

eastern Guangdong, serving as the main area of 

disturbance from agricultural activities. Construction land 

is concentrated in the urban agglomerations of the Pearl 

River Delta (such as Guangzhou, Shenzhen, and 

Dongguan) and the central urban areas of various 

prefecture-level cities, exhibiting a distribution pattern that 

radiates from the center outward. High-intensity 

development in these areas tends to destroy surface 

vegetation and exacerbate local erosion risks. Water bodies, 

grassland, and unused land account for a relatively low 

proportion, being sporadically distributed along rivers, 

coastal zones, and the edges of mountainous areas. 

 

Fig. 6 Spatial distribution of land use types 
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3.5. Assignment of C and P Factors 

The values of the C factor were referenced from the 

studies of Ma Guofu and Pan Meihui et al. [31-32]. The 

value was assigned as 0.05 for cultivated land, 0.03 for 

forest land, 0.04 for grassland, 0 for water bodies and 

construction land, and 1 for unused land, as shown in 

Table 3. 

Table 3 C factor assignment table 

lucode USLE_C 

1（Cultivated land） 0.05 

2（Forest land） 0.04 

3（Grass land） 0.03 

4（Water） 0 

5（Unused land） 1 

6（Building） 0 

The values of the P factor were referenced from the 

study of Li Ting et al. [13]. The P value for cultivated land 

was assigned as 0.35. Except for water bodies and 

construction land, which were assigned a value of 0 as no 

erosion occurs, the remaining land use types were assigned 

a value of 1, as no soil and water conservation measures 

were adopted. The specific assignments are shown in Table 

4. 

Table 4 P factor assignment table 

lucode USLE_P 

1（Cultivated land） 0.35 

2（Forest land） 1 

3（Grass land） 1 

4（Water） 0 

5（Unused land） 1 

6（Building） 0 

 

3.6. Soil Erosion Characteristics 

The distribution of potential soil erosion (RKLS) in 

Guangdong Province exhibits distinct spatial 

differentiation between mountainous areas and plains (Fig. 

7). Data analysis results show that areas with intense and 

extremely intense erosion are concentrated in the Nanling 

Mountains of northern Guangdong (such as Shaoguan and 

Qingyuan) and the hilly regions of western Guangdong 

(such as Yunfu and Maoming). These areas are 

characterized by drastic topographic relief. Influenced by 

natural topography (L and S factors) and soil properties (K 

factor), they constitute the natural high-risk background 

for soil erosion across the province. 

In contrast, the Pearl River Delta region (surrounding 

Guangzhou and Shenzhen) and coastal plains (such as 

Zhanjiang and Chaoshan) are predominantly shown in 

dark green and light green, indicating slight and mild 

erosion. This indicates that under ideal conditions 

excluding the interference of vegetation and human 

activities, the flat terrain greatly weakens the erosive 

power of surface runoff, keeping the potential erosion risk 

in plain areas at an extremely low level. 

With the introduction of vegetation cover (C factor) 

and soil and water conservation measures (P factor), the 

spatial pattern of actual soil erosion (USLE) undergoes 

significant changes, and the overall erosion intensity is 

substantially mitigated compared to potential erosion (Fig. 

8). The most prominent feature is that the color of the 

mountainous areas in northern Guangdong (Shaoguan and 

Qingyuan) has noticeably faded from the orange-yellow in 

the RKLS map to predominantly light green, indicating a 

decline in erosion intensity from intense to mild or 

moderate levels. This shift intuitively reflects the 

remarkable effectiveness of large-scale afforestation 

projects in this region, where forest land effectively 

intercepts storm runoff and reduces the actual erosion 

modulus. 

However, in western Guangdong and some low 

mountainous and hilly gentle slope areas of northern 

Guangdong, the actual erosion map still retains a 

considerable number of yellow and partially light orange 

patches, indicating the presence of moderate erosion and 

some intense erosion. These areas are often associated 

with a lack or simplification of vegetation cover caused by 

agricultural reclamation (such as dryland farming and 

orchards). This suggests that human agricultural activities 

have, to a certain extent, offset the improvement of natural 

geographical conditions, leading to relatively obvious risks 

of soil and water loss in local areas. 
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Fig. 7 Spatial distribution of potential soil erosion 

 

 

Fig. 8 Spatial distribution of actual soil erosion 
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IV. CONCLUSIONS AND PROSPECTS 

4.1. Conclusions 

Based on the USLE and InVEST models, combined 

with multi-source geospatial data from Guangdong 

Province, this study calculated the rainfall erosivity factor 

(R), soil erodibility factor (K), slope length factor (L), 

slope steepness factor (S), vegetation cover factor (C), and 

support practice factor (P). Consequently, the spatial 

distribution map of soil erosion in the study area was 

generated to analyze the regional soil erosion 

characteristics. 

Rainfall Erosivity (R factor): Exhibits a spatial 

pattern of "higher in the south and lower in the north, and 

higher in the west and lower in the east." High-value zones 

are concentrated in the southern parts of Jiangmen and the 

southeastern parts of Yangjiang. Low-value zones are 

distributed in the mountainous areas of northern 

Guangdong (Shaoguan, Qingyuan, Meizhou) and the 

eastern coastal regions (Chaozhou, Shantou, etc.). The 

rainfall erosivity in eastern Guangdong is relatively low 

due to the leeward slope effect, while the R factor in the 

Pearl River Delta remains at a low level due to localized 

microclimate changes caused by urbanization and 

interpolation deviations. 

Soil Erodibility (K factor): High-value zones are 

concentrated in the core area of the Pearl River Delta and 

the coastal areas of Zhanjiang (dominated by latosolic red 

soil and laterite, characterized by heavy texture and weak 

erosion resistance). Low-value zones are distributed in the 

mountainous and hilly regions of northern and eastern 

Guangdong (dominated by red soil and yellow soil, with 

high organic matter content and good aggregate structure). 

This indicates that the intrinsic soil conditions in plain and 

coastal areas are more susceptible to erosion. 

Land Use: The province is dominated by forest land 

(accounting for over 60%, concentrated in northern and 

eastern Guangdong). Cultivated land is mainly distributed 

in Zhanjiang, the Pearl River Delta, and the plains of 

eastern Guangdong, while construction land is 

concentrated in the urban agglomerations of the Pearl 

River Delta. 

Potential Erosion (RKLS): Dominated by natural 

factors (topography LS, soil K, and rainfall R), high-value 

zones (intense/extremely intense erosion) are concentrated 

in the Nanling Mountains of northern Guangdong 

(Shaoguan, Qingyuan) and the hilly regions of western 

Guangdong (Yunfu, Maoming), constituting the natural 

high-risk background for the entire province. In contrast, 

potential erosion in the Pearl River Delta and coastal 

plains is predominantly slight/mild due to the flat terrain. 

Actual Erosion (USLE): Significantly modulated by 

anthropogenic factors (vegetation C and measures P). In 

the mountainous areas of northern Guangdong, large-scale 

afforestation projects have reduced the erosion intensity 

from a potentially high level to mild/moderate. However, 

in the gentle slope areas of western Guangdong and the 

low mountains and hills of northern Guangdong, 

moderate/intense erosion patches persist due to the lack of 

vegetation cover caused by agricultural reclamation 

(dryland farming, orchards). This reflects the mutual 

offsetting effect between human agricultural activities and 

natural erosion resistance. 

In summary, natural factors (R, K, LS) determine the 

potential high-risk areas for soil erosion, while 

anthropogenic factors (land use, vegetation cover, and soil 

and water conservation measures) are the key modulating 

variables for actual erosion intensity. Ecological 

engineering can effectively reduce erosion levels in natural 

high-risk areas such as northern Guangdong, whereas 

unreasonable agricultural activities exacerbate erosion 

risks in regions like western and northern Guangdong. 

4.2. Limitations and Prospects 

This study still has certain limitations, and future 

research can be deepened in the following directions: 

(1) Data Precision and Parameter Optimization 

The current study employs data with a 90 m 

resolution, which has limited accuracy in depicting 

small-scale erosion (such as on sloping farmland and 

construction sites). Furthermore, the C and P factors were 

assigned based on empirical values without calibration 

using local measured data from Guangdong Province. 

Future research can utilize long-term positioning 

monitoring and high-resolution satellite remote sensing 

(such as Sentinel-2) to retrieve dynamic C factors, thereby 

improving the localization level of the parameters. 

(2) Quantitative Disentanglement of Driving Factors 

This study primarily focuses on the qualitative 

description of the spatial correlation of factors. Future 
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studies could introduce methods such as the Geodetector 

and Structural Equation Modeling (SEM) to quantify the 

contribution rates of factors like R, K, LS, C, and P to soil 

erosion. This would help reveal the coupling mechanisms 

between soil erosion and climate change (e.g., frequency 

of extreme rainfall) as well as the intensity of human 

activities (e.g., GDP, population density). 

(3) Spatiotemporal Dynamics and Scenario Simulation 

The existing analysis is based solely on data from the 

year 2020. Future research could incorporate long-term 

time-series data (e.g., 2000–2020) to analyze the 

spatiotemporal evolution trends of erosion. Meanwhile, 

scenarios involving different land use changes (such as 

urban expansion and cultivated land protection) and 

climate changes (such as RCP scenarios) can be 

established to simulate future erosion risks. This would 

provide more precise decision-making support for soil and 

water conservation planning and the construction of the 

Nanling ecological barrier in Guangdong Province. 

 

ACKNOWLEDGEMENTS 

Guangdong Provincial Key Laboratory for Green 

Agricultural Production and Intelligent Equipment, School 

of Environmental Science and Engineering, Guangdong 

University of Petrochemical Technology, Maoming 

525000, China 

National Natural Science Foundation of China (22276041), 

the Guangdong Basic and Applied Basic Research 

Foundation (2023A1515030008), the Projects of Talents 

Recruitment of GDUPT (2022rcyj2002). 

 

REFERENCES 

[1] Zhao, Z. H. Remote sensing investigation of soil erosion in 

the northern area of Miyun Reservoir, Beijing. Journal of 

Geological Hazards and Environment Preservation, 2005, 

(04): 387-390. 

[2] Zhou, B., Yu, X. X., and Chen, L. H., et al. Simulation of 

soil erosion in Beijing mountainous area based on InVEST 

model. Research of Soil and Water Conservation, 2010, 

17(06): 9-13+19.  

[3] Huang, Y. H., Lu, C. L., Fu, Q., et al. Study on soil loss 

prediction in southeast Fujian. Journal of Soil and Water 

Conservation, 1993, (04): 13-18.  

[4] Lin, S. L., Huang, Y., Nie, Z. G., et al. Establishment of soil 

loss equation for sloping farmland in low hilly region of 

northern Liaoning. Chinese Journal of Soil Science, 1997, 

(06): 12-14.  

[5] Cai, Q. G., Lu, Z. X., and Wang, G. P. Process model of 

erosion and sediment yield in a typical small watershed of 

the Loess Hilly and Gully Region. Acta Geographica Sinica, 

1996, (02): 108-117.  

[6] Li, B., and Zhang, J. T. Study on soil erosion in different 

vegetation regions of the Loess Plateau based on GIS. 

Journal of Agro-Environment Science, 2010, 29(01): 

134-138.  

[7] Zhang, X. K., Xu, J. H., Lu, X. Q., et al. Study on soil loss 

equation in Heilongjiang Province. Bulletin of Soil and 

Water Conservation, 1992, (04): 1-9+18.  

[8] Qin, W., Zhu, Q. K., and Zhang, Y. Assessment of soil 

erosion in small watershed of the Loess Plateau based on 

GIS and RUSLE. Transactions of the Chinese Society of 

Agricultural Engineering, 2009, 25(08): 157-163+4.  

[9] Mou, J. Z., and Meng, Q. M. Preliminary study on rainfall 

erosion and soil loss prediction equation. Science of Soil 

and Water Conservation in China, 1983, (06): 25-29.  

[10] Yang, Z. S. Study on soil loss equation of sloping farmland 

in mountainous areas of northeastern Yunnan. Bulletin of 

Soil and Water Conservation, 1999, (01): 4-12.  

[11] Cai, C. F., Ding, S. W., Shi, Z. H., et al. Study on predicting 

soil erosion amount in small watershed using USLE model 

and GIS IDRISI. Journal of Soil and Water Conservation, 

2000, (02): 19-24.  

[12] Hu, S., Cao, M. M., Liu, Q., et al. Comparison of soil 

conservation function of InVEST model from different 

perspectives. Geographical Research, 2014, 33(12): 

2393-2406.  

[13] Li, T., Liu, K., Hu, S., et al. Evaluation of ecological 

benefits of soil loss and soil conservation in Qinling 

Mountains based on InVEST model. Resources and 

Environment in the Yangtze Basin, 2014, 23(09): 

1242-1250.  

[14] Marques, S. M., Campos, F. S., David, J., and Cabral, P. 

Modelling Sediment Retention Services and Soil Erosion 

Changes in Portugal: A Spatio-Temporal Approach. ISPRS 

International Journal of Geo-Information, 2021, 10(4): 262. 

[15] Ureta, J. C., Clay, L., Motallebi, M., and Ureta, J. 

Quantifying the Landscape’s Ecological Benefits—An 

Analysis of the Effect of Land Cover Change on Ecosystem 

Services. Land, 2021, 10(1): 21. 

[16] Wang, M., Ruan, J. J., Yao, J., et al. Study on ecosystem soil 

conservation function based on InVEST model—a case 

study of Ningde, Fujian. Research of Soil and Water 

Conservation, 2014, 21(04): 184-189.  

[17] Chen, T. Y., Jia, Y. F., Wang, J. N., et al. Soil conservation 

status and function of Qilian Mountain National Nature 

Reserve based on InVEST model. Arid Zone Research, 2020, 

37(01): 150-159.  

[18] He, S. S., Zhu, W. B., Cui, Y. P., He, C. L., Ye, L. P., Feng, X. 

Y., and Zhu, L. Q. Study on soil erosion characteristics in 

Qihe River Basin of Taihang Mountains based on InVEST 

model. Resources and Environment in the Yangtze Basin, 

2019, 28(02): 426-439.  

[19] Wang, S., Wang, H. Y., Xie, Y. S., and Luo, H. Evaluation of 

soil conservation ecological service function before and 

after Grain for Green in Yan'an City. Research of Soil and 

Water Conservation, 2019, 26(01): 280-286.  

https://dx.doi.org/10.22161/ijeab.113.5


Wen et al.                  Characteristics of Soil Erosion in Guangdong Province Based on the USLE and InVEST Models 

ISSN: 2456-1878 (Int. J. Environ. Agric. Biotech.) 
https://dx.doi.org/10.22161/ijeab.113.5                                                                 40 

[20] Sun, X. Q. Assessment of ecosystem service function in 

Shangri-La City based on InVEST model. Yunnan Normal 

University, 2017.  

[21] Wang, Z. L. Gap analysis of wetland nature reserves in 

Nenjiang River Basin. Northeast Institute of Geography and 

Agroecology, Chinese Academy of Sciences, 2016.  

[22] Wang, Y., Meng, J. J., Qi, Y., et al. Review of ecosystem 

management based on InVEST model. Chinese Journal of 

Ecology, 2015, 34(12): 3526-3532.  

[23] Zhou, P. Issues related to the benefits of soil and water 

conservation in reducing sediment in the Yellow River by 

Mr. Zhou Peihua, an expert in soil erosion and soil and 

water conservation. Bulletin of Soil and Water Conservation, 

2002, (01): 2.  

[24] Jing, K., Jiao, J. Y., and Li, L. Y. Study on soil erosion and 

sediment delivery ratio in purple hilly area of the upper 

Yangtze River—A case study of Fujiang River Basin. 

Science of Soil and Water Conservation, 2010, 8(05): 1-7.  

[25] Zhang, K. L., Peng, W. Y., and Yang, H. L. Soil erodibility 

value in China and its estimation. Acta Pedologica Sinica, 

2007, (01): 7-13.  

[26] Williams, J. R., Jones, C. A., Kiniry, J. R., and Spanel, D. A. 

The EPIC Crop Growth Model. Transactions of the ASAE, 

1989, 32(2): 0497-0511. 

[27] Williams, J. R. The erosion-productivity impact calculator 

(EPIC) model: a case history. Philosophical Transactions of 

the Royal Society of London. Series B: Biological Sciences, 

1990, 329(1255): 421–428. 

[28] Han, J., Cui, J. F., Yang, W., et al. Analysis of soil erosion 

change and driving factors in low hilly area based on 

InVEST model. Research of Soil and Water Conservation, 

2022, 29(05): 32-39.  

[29] Dang, H., Ge, L. J., Zhao, C. Y., et al. Study on soil 

conservation function in Chengou River Basin based on 

InVEST model. Journal of Lanzhou University (Natural 

Sciences), 2018, 54(05): 633-639.  

[30] Liang, R. T. Reflections on the construction and 

development of Xiaoliang Soil and Water Conservation 

Science and Technology Demonstration Park in Maoming 

City. Primary Agricultural Technology Extension, 2019, 

7(11): 115-118.  

[31] Ma, G. B. Quantitative evaluation of soil erosion in small 

watershed of the Loess Plateau based on GIS. Nanjing 

Normal University, 2003.  

[32] Pan, M. H., Wu, Y. Q., Ren, F. P., et al. Estimation of soil 

erosion in Dongjiang River Basin based on USLE. Journal 

of Natural Resources, 2010, 25(12): 2154-2164.  

 

https://dx.doi.org/10.22161/ijeab.113.5


 

International Journal of Environment, Agriculture and Biotechnology 

Vol-11, Issue-3; May-Jun, 2026 

Peer-Reviewed International Journal 

Journal Home Page Available: https://ijeab.com/ 

Journal DOI: 10.22161/ijeab 

 

 

ISSN: 2456-1878 (Int. J. Environ. Agric. Biotech.) 

https://dx.doi.org/10.22161/ijeab.113.6                                                                                                                                               41 

Adaptability and stability of nine onion (Allium cepa L.)  

varieties for bulb yield in off-season cultivation at the 

Guinean high savannah zone of Cameroon 

Yaya Haman1*, Katoukam Maygon1, Dolinassou Souina2, Mamoudou Malalha1, 

Noubissie Tchiagam J.B.1 

 
1Laboratory of Plant Biology and Applications (LR-BVA), Department of Biological Science, Faculty of Science, University of 

Ngaoundéré, P.O. Box 454, Ngaoundéré, Cameroon  
2Department of Plant Biology, Faculty of Science, University of Maroua, P.O. Box 814 Maroua, Cameroon  
* Corresponding author: hamanyaya019@gmail.com 

 
Received: 06 Apr 2026; Received in revised form: 05 May 2026; Accepted: 10 May 2026; Available online: 16 May 2026 

©2026 The Author(s). Published by Infogain Publication. This is an open-access article under the CC BY license 

(https://creativecommons.org/licenses/by/4.0/). 

 

Abstract— The sensitivity of onions (Allium cepa L.)  genotypes to environmental changes significantly 

influences yield and quality, necessitating adaptability studies across diverse locations. In Cameroon, onions 

are produced mainly in the sudano-sahelian regions. They are grown worldwide at different latitudes 

between 10°S and 65°N and are a very important source of food and income for rural populations. The 

current study investigates how the genotype by environment interaction (GEI) affects the bulb yield of nine 

onions varieties grown in diverse conditions at the Guinean high savannah zone of Cameroon, in order to 

contribute to food security and local development.The analysis of variance through Statgraphics Plus 5.0 

program was used to study the variability of yield of the nine onions varieties grown on four environmental 

conditions in two locations, Marza and Bini, during dry season 2024 and 2025. Employing a split-split plot 

design with three replications, with genotypes as the main factor and environments as sub-factor, we 

assessed GEI effects on onion yield using GEST 98 software and identified adaptable and stable varieties. 

The results showed that bulb yield varied significantly with genotypes and environments and ranged from 

23.82 to 87.23 t.ha. Three varieties namely Safari, El Kara and Violet de Galmi exhibited the highest bulb 

yield while lowest yields were noted on Ares and Red Creole.The combination of organic chiken manure and 

mineral NPK fertilize (CM+NPK) appeared as the best environement. The site of Marza and the growing 

season 2024 offered best conditions for onions cultivation comparing to the site of Bini and growing season 

2025. Stability indices and AMMI analyses showed that varieties Ares, Red Creole and Prema were the most 

stable but with poor yield performance, while the other genotypes were with specific adaptability. The sudy 

concluded that varieties Safari, El kara and Violet Galmi could be selected as potential candidates for 

developing onion cultivation in the Guinean high savanna zone of Cameroon.  

Keywords— Allium cepa L., adaptability, stability, Guinean high savannas, off-season, Cameroon. 

 

I. INTRODUCTION 

  Onion (Allium cepa L.) is among the oldest 

cultivated crops and one of the most economically 

important vegetables worldwide. The onion is a bulbous 

crop consumed on daily basis in fresh as well as dried form, 

throughout the world. It belongs to the family Alliaceae and 

genus Allium. It shows more variation in eastern 

Mediterranean countries like Tajikistan, Turkmenistan to 

Pakistan and India. Central Asia is considered its center of 

origin (Jokanovic et al., 2016). In India, it is an integral part 

of daily cuisine and is often referred to as the ‘Queen of the 

Kitchen’ (Biswas et al.,2020). Onions are one of the most 

widely traded raw vegetables in the world due to their 

relatively long shelf life (Cattivelli et al., 2021). They have 
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dietary, nutritional, and therapeutic benefits (Bianchini and 

Vainio, 2001). On average, a person consumes roughly 10 

kilograms of onions per year and can be eaten raw, cooked, 

pickled, or powdered (Cattivelli et al., 2021). The growing 

demand for onion is driven due to its nutritional value and 

health-promoting constituents, including essential minerals 

and vitamins (Gupta et al.,2025a). Historically, onions have 

also played an important role in traditional medicine, being 

recognized for their therapeutic properties in treating fever, 

bronchitis, and cardiovascular ailments, as well as for their 

diuretic, digestive, and lipid-lowering effects (Gupta et 

al.,2025a). Therapeutically, various studies have shown that 

regular consumption of raw onions plays a role in blood 

clotting and the prevention of various diseases as certain 

cardiovascular diseases, and cancers (Bianchini and Vainio, 

20012; Graf et al., 2005).  

Onion marketable yield can be greatly impacted by 

climate and environmental conditions (Gupta et al., 2024). 

Varieties that thrive in one environment may not necessarily 

flourish in other environments or in a range of climates 

(Brdar-Jakanovic et al., 2012). The genotype-by-

environment interaction (GEI) is an important phenomenon 

in plant breeding which defines the differential response of 

genotypes to various environments as multiple environment 

trials (Brancourt-Hulmel et al., 1997; Annichiarico, 2002; 

Gupta et al., 2024). The cultivation of onions is widespread 

throughout Africa, with farmers producing the crop across 

diverse agroecological zones and climatic conditions 

(Atnafu, 2023). The total onion production in Africa was 

14.9 million tons (FAOSTAT, 2023). The main onion-

producing countries in Africa are Egypt, Algeria, Sudan, 

Nigeria, Niger, and Morocco (FAOSTAT, 2023). In the 

Central African sub-region in particular, annual onion 

production was about 90000 tons with an average yield of 

10 t.ha (FAOSTAT, 2023).  In Cameroon, onions are 

produced mainly in the sudano-sahelian regions, and 

unfortunately their expansion at the national level is 

statistically low (Cathala et al., 2023). Production in the 

North and Far North regions of Cameroon accounts for 85% 

of national production. The diversity of agroecological 

zones in Cameroon poses an adaptability problem for 

certain crops, notably onions in the Guinean high savannah 

zone. In Cameroon, the onion sector is an agricultural sector 

that brings together the various actors and accounts for most 

of the national production, with a production of 390.000 

tons (Cathala et al., 2023). The onion sector is an economic 

powerhouse that brings together various stakeholders and 

accounts for most of the national production (Cathala et al., 

2003). The predominance of market gardening in 

Adamawa, is focused on tomatoes, potatoes, sweet potatoes, 

peppers, and eggplants. The abundance of rainfall and low 

temperatures make this environment a complex area for 

onion cultivation (Yonkeu, 1993; Kamga et al., 2016). The 

low productivity of this important vegetable crop is often 

attributable to the poor application of appropriate farming 

techniques and poor access to agricultural inputs (Ayalew 

et al., 2015). Furthermore, important genetic diversity has 

been reported in onions (Tignegre et al., 2022; Gupta et al., 

2025b). Onion crop is known to require substantial amounts 

of nutrients to be applied before planting (Kazimierczak et 

al., 2021). Given these conditions, studying the adaptability 

and stability of nine onion varieties based on their genetic 

performance would be beneficial for food security and local 

development. Crop trait stability is known to be influenced 

by factors including the environment, genotype and the 

genotype-environment interaction. The objective of the 

present study was to identify adapted onion genotypes for 

sustainable production in the Guinean high savannah zone 

of Cameroon. The aim of the study was to evaluate bulb 

yield performance and stability in nine onion cultivars 

grown in two locations of the high Guinean savannah zone 

under conventional (mineral fertilization) and organic 

(chiken manure, unfertilized control) production systems 

during two-year trials (2024 and 2025). 

 

II. MATERIALS AND METHODS 

Testing environments 

      The field experiment was carried out in two consecutive 

dry seasons (october to march 2024 and 2025) at Bini (7°13' 

N; 13°34' E) and Marza (7°27' N; 13°61' E) in the Adamawa 

region of Cameroon. The Adamawa region belongs to the 

Guinean high savannah zone, characterized by a tropical 

Sudano-Guinean climate with a long rainy season from 

April to October and a dry season from November to March 

(Yonkeu, 1993). The annual rainfall is approximately 1440 

mm and the temperatures are cool, averaging 22°C with a 

maximum of 34.6°C in May and a minimum of 9.9°C in 

January. Relative humidity is around 70% and the soils are 

predominantly red ferralitic soils developed on granite or 

old basalt, and hydromorphic (gleysoils) soils found near 

rivers (Yonkeu, 1993). 

Genotypes 

The experimental material (Table 1) comprised 

nine onion varieties including four cultivars (Goudami, 

Kada Goudami, El kara and Chagari) produced locally by 

onion farmers in the Far North region, and five improved 

varieties (Ares, Prema, Red Créole, Safari and Violet de 

Galmi) obtained from SEMAGRI compagny. Onion 

seedlings were produced for forty days in nurseries before 

transplantation into the experimental plots. 

Table 1: Onion seed varieties and their characteristics 
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Genotype Origin Cycle (Days) Suitable season 

Ares SEMAGRI  90-110 Rainy season 

Chagari Local, Mayo-Tsanaga     100-135 Rainy season 

El-Kara Local, Far North  100-130 Dry/rainy season 

Goudami Local, Far North & North     105-110 Dry season 

Kada Goudami Local, Far North  120-130 Dry season 

Prema Agricultural Seed Shop     110-120 Dry/rainy season 

Red Creole     SEMAGRI  135 - 145 Dry season 

Safari SEMAGRI  110-120 Dry season 

Violet de Galmi     SEMAGRI  120-143 Dry season 

 

Field experimental trials 

     The study took place from October to March in 2024 and 

2025, from nursery planting to harvest. In each location, the 

experimental design used is a split plot with three 

replications, the main factor being the genotypes and the 

sub-factor is the environments (negative control, chicken 

manure, NPK fertilizer, and combination of chicken manure 

and NPK 20-10-10 fertilizer). The experimental unit 

consists of a 1m² plot and a 30cm irrigation channel, as well 

as a 20cm earth embankment between the plots or 

experimental units on the same line. The experimental plot 

is 12 m long and 10.8 m wide, giving a total area of 129.6 

m². On the experimental units, the plants are transplanted at 

equidistant intervals of 10 cm and 15 cm between rows. 

The nursery was established on October 1 on a 1m² 

plot with 30g of seeds for each variety. The maximum time 

for plants in the nursery is 45 days. Transplanting consists 

of removing the plants from the nursery and returning them 

to the field. The plants are transplanted superficially. 

Transplanting is carried out on previously watered beds. On 

a 1m² experimental unit, the plants are transplanted at 10cm 

intervals and 15cm spacing, giving a density of 60 plants 

per 1m² unit. 

The organic fertilizer was applied before 

transplanting at a rate of 1 kg per tray, then lightly watered 

for two weeks. The mineral NPK fertilizer was spreaded 

two weeks after transplanting and six weeks after 

transplanting. Weeding was carried out regularly at 

different stages of the plant's development.  

The only variable measured concerned the bulb 

yield at maturity. The weight of ten selected bulbs was 

measured using an SF-400 digital scale with a capacity of 

1000g×1g/353oz×0.1oz. The yield was extrapolated to t. ha 

as Tignegre et al. (2022) 

Bulb yield = (PmB x (NP/m2) x 600000) /10000 

 Where PmB is the average bulb weight and NP/m2 is 

the number of plants per square meter. 

Characterization of soils 

 Soil sampling was carried out according to the 

method described by Pauwels et al. (1992) at a depth of 30 

cm. Once collected, the soils samples were mixed several 

times to ensure homogeneity, and analyzed at the laboratory 

of soil analysis and environmental chemistry of the the 

University of Dschang. The pH of the soil was determined 

in a 1:2.5 (w/v) soil: water suspension, according to the 

method described by Pauwels et al. (1992). The soil total 

nitrogen was determined after mineralization of substrate 

samples using the AFNOR method (1984) and the 

calorimetric technique described by Devani et al. (1984). 

The phosphorus content was determined by absorption 

spectrophotometry (Rodier, 1978). The organic matter was 

measured as described by Pauwels et al. (1992).  

The determination of exchangeable bases in the 

soil was carried out using the Metson method for soils 

(Pauwels et al., 1992) with a pH below 7, and extraction 

was carried out with ammonium acetate at pH 7. The 

potassium in the extract was measured by flame 

spectrophotometry (Pauwels et al., 1992). 

 

III. DATA ANALYSIS 

Separate analysis of variance was performed for each 

location, environments and season to acess the variabiliy of 

the onions yield using STAGRAPHICS PLUS 5.0 software. 

The means were separated using the Least Significant 

Difference (LSD) at the 5% level of probability. The 

combined analysis of variance was done using Hardwick 

and Wood (1972) model with the nine genotypes being 

considered as fixed effects and replications within the 16 

environments being random mode. GEI was quantified used 

pooled analysis of variance, which partitioned the total 
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variance into its component parts (genotype, environment, 

interaction and error). 

Different stability models were performed to support 

decision-making for varietal selection:  Finlay and 

Wilkinson’s (1963) joint regression analysis (bi), Wricke’s 

(1962) ecovalence (Wi), Shukla’s (1972) procedure of 

stability (σ2i) and the AMMI analysis described by Yan and 

Tinker (2006).   

The joint regression model of Finlay and Wilkinson 

(1963) assesses the stability and adaptability based on the 

regression coefficient (bi) of the mean of each variety in all 

environments on the environmental index. 

The concept of ecovalence (Wi), introduced by 

Wricke (1962), quantifies genotypic contributions to the sum of 

squares of the GEI. The Wi value for the ith genotype is 

determined by squaring and summing its interactions across 

different environments. Genotypes characterized by lower Wi 

values exhibit minor deviations from the mean across 

environments, indicating heightened stability. The ecovalence 

stability coefficient, Wi, is a measure of genotype stability over 

locations and is computed as: 

W𝑖=∑(Y𝑖𝑗−Y𝑖−Y𝑗+𝜇)2  

where Yij is the mean performance of genotype i in the 

jth environment; Yi is means of ith genotype across 

environments, Yj is means of jth environment across all 

genotypes and μ is the grand mean (Wricke, 1962)  

   Shukla (1972) stability variance σi
2, is a stability index given 

by the following formula: 

σ2i= (p/ (p– 2) (q– 1)) Σi (Y𝑖𝑗 – Yi – Yj + μ)² – ΣiΣj (Y𝑖𝑗 

– Yi – Yj + μ)²/p/ (p– 2)(q– 1), 

where Yij is the mean performance of genotype i in the 

jth environment; Yi is means of ith genotype across 

environments, Yj is means of jth environment across all 

genotypes and μ is the grand mean, p is the number of 

genotypes and q is the number of environments (Shukla, 1972). 

The stability analyses, the AMMI and biplot models 

were evaluated using the program GEST 98 (Ukai, 2000). 

 

IV. RESULTS AND DISCUSSION 

Physico-chemical characterization of the soil  

The characterization of the experimental soil at the 

two locations, Marza and Bini (Table 2), revealed a sandy-

clay texture at Marza with sand (57%) and clay (23.5%) and 

at Bini with sand (48.5%) and clay (36.5%). The water pH 

was slightly basic at Marza (7.5) and Bini (7.7). Similarly, 

the KCl pH was acidic (6.8) at Marza and neutral (7) at Bini. 

These results showed that the pH levels at Marza and Bini 

were within the favorable range (6 and 7) for onion 

cultivation (Gelahun and Getaneh, 2019). The locality of 

Bini had more macroelements (nitrogen nitrate, 

phosphorus, and potassium) available in the soil than 

Marza. The composition of organic matter, the sum of 

exchangeable bases, and the cation exchange capacity 

offered the locality of Marza the possibility of great water 

retention and accessible microelements for gardening crops. 

With a view to improving the exchangeable base capacity 

and cation exchange capacity in order to enhance the 

availability of macro- and microelements in different soils, 

it was necessary to apply undecomposed chicken manure as 

a base fertilizer, with or without the addition of synthetic 

NPK compound fertilizer (20-10-10).  

Table 2: Physicochemical characteristics of the study soils 

Characteristic Marza Bini 

Clay (%) 23.5 36.5 

Silt (%) 19.5 15 

Sand (%) 57 48.5 

pH water 7.5 7,7 

pH KCl  6.8 7 

Organic matter (%) 7.7 6.5 

Nitrogen nitrate, N-NO3 2078.95 3518.53 

Phosphorus (mg/Kg) 25.31 26.05 

Potassium (méq/100g) 0.173 0.298 

Exchange bases (méq/100) 11.11 3.25 

Cation Exchange Capacity 21.45 11.74 
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Variability of bulb yield of nine onion varieties over 

environments 

The yield values of the nine selected varieties at the 

locations of Marza and Bini during dry seasons 2024 and 

2025, undrer four fertilizations regimes: control, chicken 

manure, NPK fertilizer and combination of NPK and 

chicken manure were  presented on Tables 3, 4, 5 and 6.   In 

the first year of the experiment in Marza in 2024 (Table 3), 

the most favorable environment for onion cultivation was 

the combination of chicken manure and mineral fertilizer 

CM+NPK (87.23 t ha-1) and the least favorable was control 

(23.82 t ha-1). The genotypes best suited to all environments 

were variety Safari (77.56 t ha-1), Violet Galmi (70.07 t ha-

1), Prema (69.42 t ha-1), Kada Goudami (64.24 t ha-1) and El 

Kara (63.11 t ha-1). The lowest yield values were noted on 

Ares (35.25 t ha-1) and Red Creole (48.58 t ha-1).   

At Bini during 2024 growing period (Table 4), the 

most suitable growing environment is CM+NPK (57.33 t 

ha-1) and the least suitable is control (21.64 t ha-1). The most 

suitable genotypes were Chagari (51.09 t ha-1), El Kara 

(46.12 t ha-1), Safari (45.66 t ha-1) and Prema (44.66 t ha-1). 

The lowest yield values were recorded on Ares (18.67 t ha-

1) and Red Creole (30.23 t ha-1).  Globally, during the 2024, 

growing season, the tested genotypes significantly had poor 

performance at Bini (mean yield = 39.0 t ha-1), comparing 

to Marza (mean yield = 60.85 t ha-1). 

During the second experimental campaign (2025), 

the study revealed that at Marza site highly significant 

difference were noted among genotype (p<0.01) (Table 5). 

Five varieties showed good yield performance: El Kara 

(89.34 t ha-1), Goudami (76.32 t ha-1), Galmi Violet (72.19 

t ha-1), Safari (68.05 t ha-1), and Prema (63.03 t ha-1). 

Genotype Ares, Chagari and Kada Goudami were the least 

suitable with yield values of 27.8 t ha-1, 33.4 t ha-1 and 42.9 

t ha-1respectively. The most suitable environment for 

cultivation was CM+NPK (76.75 t ha-1) and the poorest 

environment was the control (19.9 t ha-1). At Marza, the 

growing season 2024 (mean yield = 60.85 t ha-1) offered 

best conditions for onions cultivation comparing to growing 

season 2025 (mean yield = 57.89 t ha-1). 

At the Bini site during 2025 campaign, the analysis 

of variance showed highly significant difference (p<0.01) 

for genotypes (Table 6). The most suitable varieties in the 

different environments are: El Kara (51.26 t ha-1), Safari 

(48.33 t ha-1), Prema (44.05 t ha-1) and Violet Galmi (42.71 

t ha-1) while the poorest varieties were Ares (21.20 t ha-1) 

and Chagari ((23.33 t ha-1). The best environment was the 

combination CM+NPK (50.8 t ha-1). The growing season 

2024 at Bini (mean yield = 39.00 t ha-1) offered best 

conditions for onions cultivation comparing to growing 

season 2025 (mean yield = 37.98 t ha-1). 

Overall, for both the 2024 and 2025 campaigns, the 

study showed significant variability within varieties, 

environments, and locations. The variations observed 

between the different varieties are due to genotypic factors 

and environmental factors. Horn et al. (2018), Tignegre et 

al. (2022), Gupta et al. (2024), Gupta et al. (2025b) 

mentioned that, the highly significant differences in 

locations, years, and genotypes for onions bulb yields may 

be due to variable climatic and edaphic conditions between 

locations and the diversity of the genetic makeup of 

genotypes that may respond differently to locations. 

Ayalew et al. (2015); Gethaun and Getaneh (2019), also 

observed significant variations in the performance of garlic 

cultivars from different locations in Gonder, northern 

Ethiopia. As expected, the highest yields have been 

measured for onion grown on plots treated with mineral 

fertilizer and chicken manure.  In Serbia, Brdar-Jakanovic 

et al. (2012) noted that highest yields were obtained from 

NPK fertilized plots and out of three organic production 

systems, onion grown under bacterial fertilization had the 

highest yield, whereas no significant yield differences have 

been observed between unfertilized and farmyard manure 

fertilized plots. Kazimierczak et al. (2021) clearly 

demonstrated that organic fertilizer products can deliver the 

same and possibly slightly higher yields when compared to 

the recommended mineral fertilization regimes in onions. 

The performance of the varieties fluctuated sightly during 

the two years of trials. In sudano-sahelian zone of Northern 

Cameroon, Moutsavara et al. (2025) noted high 

repeatability values (0.61 to 0.77) for bulb yield of seven 

varieties grown in three locations during two-year trials. 
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Table 3: Bulb yield (t ha-1) of nine onion varieties in four environments at the Marza in 2024 

CM: Chicken manure, CM+NPK: Chicken manure and synthetic NPK fertilizer (20-10-10) environment, Gen.: Genotypic, 

Env.: Environmental. In a column, numbers followed by the same small letter do not differ significantly at the 5% level. 

Number between parenthesis denote ranking order of genotypes. Environmental means followed by the same subscript in 

capital letter dot not differ significantly at 5% level. 

Table 4: Bulb yield (t ha-1) of nine onion varieties in four environments at the Bini site in 2024 

Varieties Control CM CM+NPK NPK Gen. Mean 

Ares 10.56±0.78f 25.68±3.30f 28.78±5.80g 9.66±1.59f 18.67±2.86 (9) 

Chagari 33.26±3.76a 82.12±5.72a 62.12±8.36c 26.84±2.98bc 51.09±5.20 (1) 

El Kara 26.74±3.79b 56.44±3.80cd 74.48±14.89a 26.8±9.42bc 46.12±7.97 (2) 

Goudami 25.94±3.89bc 54.44±2.80d 58.04±9.24de 19.34±4.05de 39.44±4.99 (6) 

Kada Goudami 22.96±2.19cd 61.52±4.59c 56.92±6.90e 17.2±8.48e 39.65±5.54 (5) 

Prema 24.02±2.91cd 53.5±3.50d 60.54±9.76cd 38.54±3.81a 44.15±4.99 (4) 

Red Creole 13.1±1.49ef 41.32±2.19e 49.66±8.82f 16.84±5.53e 30.23±4.50 (8) 

Safari 16.62±4.14e 70.02±5.49b 68±8.44b 28.01±6.99b 45.66±6.26 (3) 

Violet Galmi 21.56±2.60d 43.52±2.17e 57.44±2.82de 23.06±4.35cd 36.4±2.98 (7) 

Env. Mean 

Probability 

21.64±5.31B 

0.0001 

54.28±9.20A 

0.0001 

57.33±11.37A 

0.0006 

22.74±5.27B 

0.0007 

39.00±11.78 

 

CM: Chicken manure, CM+NPK: Chicken manure and synthetic NPK fertilizer (20-10-10) environment, Gen.: Genotypic, 

Env.: Environmental. In a column, numbers followed by the same small letter do not differ significantly at the 5% level. 

Number between parenthesis denote ranking order of genotypes. Environmental means followed by the same subscript in 

capital letter dot not differ significantly at 5% level. 

 

 

 

 

 

 

 

Varieties Control  CM CM+NPK NPK  Gen. Mean  

Ares 14.9±3.63d 40.52±2.59f 56.62±5.52d 28.94±5.87e 35.25±4.40 (9) 

Chagari 27.36±7.61a 72.66±5.59d 94.96±5.53b 54.34±4.74c 62.33±5.86 (6) 

El Kara 18.24±3.5c 93.4±3.64a 101.4±8.42a 38.4±6.21d 62.86±5.44 (5) 

Goudami 27.82±4.75a 80.4±3.03c 56.76±7.31d 56.76±7.31c 55.44±5.6 (7) 

Kada Goudami 23.74±4.12b 83.68±6.22bc 87.66±6.45b 61.88±5.76b 64.24±5.63 (4) 

Prema 27.9±6.32a 87.74±5.14b 101.9±18.79a 60.14±8.79b 69.42±9.76 (3) 

Red Creole 13.74±3.85d 62.16±5.22e 76.91±7.76c 41.5±7.29b 48.58±6.03 (8) 

Safari 29.76±1.63a 95.58±4.09a 108.24±5.64a 76.66±6.66a 77.56±4.51 (1) 

Violet Galmi 20.9±3.25bc 94.58±5.04a 102.98±7.09da 61.8±9.03b 70.07±6.10 (2) 

Env. Mean 23.82±4.4D 78.97±7.08B 87.23±9.54A 53.38±8.15C 60.85±9.16 

Probability 0.0001 0.0001 0.0001 0.0001  
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Table 5: Bulb yield (t ha-1) of nine onion varieties in four environments at the Marza site in 2025 

Varieties Control  CM CM+NPK NPK Gen. Mean 

Ares 11.88±2.02e 38.78±7.79g 36.10±4.92f 24.42±4.73f 27.8±4.86 (9) 

Chagari 14.60±4.16d 50.98±3.03ef 39.84±6.22f 28.22±7.37f 33.41±5.19 (8) 

El Kara 32.26±6.78a 104.74±12.87a 124.44±12.90a 95.92±27.06a 89.34±14.90 (1) 

Goudami 21.36±3.86c 87.10±7.86b 101.76±7.05b 95.04±4.94a 76.32±5.92 (3) 

Kada Goudami 15.60±4.78ab 46.78±3.24f 48.62±7.98e 60.6±11.12d 42.9±6.78 (7) 

Prema 31.16±6.18a 66.76±5.11d 78.66±13.64cd 75.52±2.81c 63.03±6.93 (5) 

Red Creole 11.06±2.95e 52.68±5.30e 73.58±7.83d 54.44±13.55e 47.94±7.40 (6) 

Safari 25.64±4.59b 73.00±3.37c 86.2±15.10c 87.34±4.31b 68.05±6.84 (4) 

Violet Galmi 15.50±4.64d 86.94±5.02b 101.52±9.0b 84.8±12.53b 72.19±6.79 (2) 

Env. Mean 19.89±8.67C 67.53±12.04B 76.75±20.15A 67.37±12.72B 57.89±11.89 

Probability 0.0001 0.0001 0.0001 0.0001  

CM: Chicken manure, CM+NPK: Chicken manure and synthetic NPK fertilizer (20-10-10) environment, Gen.: Genotypic, 

Env.: Environmental. In a column, numbers followed by the same small letter do not differ significantly at the 5% level. 

Number between parenthesis denote ranking order of genotypes. Environmental means followed by the same subscript in 

capital letter dot not differ significantly at 5% level. 

Table 6: Bulb yield (t ha-1) of nine onion varieties in four environments at the Bini site in 2025 

Varieties Control  CM CM+NPK NPK Gen. Mean 

Ares 14.73±3.37d 26.94±4.62e 26.84±5.64e 16.30±2.39g 21.20±4.00 (9) 

Chagari 24.56±2.31b 23.16±7.30f 27.00±4.26e 18.60±3.99g 23.33±4.46 (8) 

El Kara 24.23±2.58b 49.34±6.49a 68.50±8.58a 57.98±7.38a 50.01±6.25 (1) 

Goudami 21.26±3.10c 49.73±6.17a 54.24±7.68c 37.14±4.86e 40.59±5.45 (5) 

Kada Goudami 21.68±2.27c 42.44±6.75b 48.58±6.28d 43.07±4.67d 38.94±4.99 (6) 

Prema 28.12±2.08a 33.82±7.99d 63.52±8.68b 52.82±6.36b 44.57±6.27 (3) 

Red Creole 11.55±1.55e 36.74±7.28cd 48.58±6.90d 30.26±9.68f 31.73±6.35 (7) 

Safari 30.80±2.60a 42.58±9.63b 66.54±3.75ab 53.38±8.17b 48.32±6.03 (2) 

Violet Galmi 24.20±2.68b 38.64±3.30c 53.42±6.47c 48.16±9.45c 41.10±5.47 (4) 

Env.  Mean 22.34±6.19C 38.52±10.46B 50.95±5.82A 40.11±10.07B 37.98±9.13  

Probability 0.0001 0.007 0.001 0.009  

CM: Chicken manure, CM+NPK: Chicken manure and synthetic NPK fertilizer (20-10-10) environment, Gen.: Genotypic, 

Env.: Environmental. In a column, numbers followed by the same small letter do not differ significantly at the 5% level. 

Number between parenthesis denote ranking order of genotypes. Environmental means followed by the same subscript in 

capital letter dot not differ significantly at 5% level. 

 

Combined analysis of variance for bulb yield of nine 

genotypes over 16 environments 

Hardwick and Wood (1972) analysis of variance for 

onion bulb yield (Table 7) showed that the mean square of 

environmental factors (66.51%) significantly affects yield 

compared to genotype-environment interaction (16.88%) 

and genotype (16.61%). These results showed a non-linear 

and insignificant interaction with genotype rank reversal 

(E>GEI>G). Yield variations are due mainly to 

environmental effects and genotype x environment effects. 

Although variety performance varied significantly 

depending on the environment, the GEI had great impacts 

on bulb yield. Tignegre et al. (2022) noted a similar result 

with environmental and GEI effects explaining most of the 

variation however, the magnitude of GEI was lower in the 

present study. Our result is consistent with many previous 

studies that reported significant GEI effects not only in 

onions. Environmental diversification could be a source of 

variability in onion bulb yield. Similarly, Bezu et al. (2014) 

noted an impact of environmental factors on the 

performance of garlic genotypes. This larger proportion of 

environmental variation can be attributed to significant 

disparities in soil types, annual precipitation, average 
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temperatures, and other weather conditions (Gupta et al., 

2024). 

Table 7: Combined analysis of variance for bulb yield 

Source of variation Df SS MS % SS F-value 

Genotype (G) 8 17425.44 2178.18 16.61 182.18* 

Environment (E) 15 69765.80 4651.05 66.51 390.51** 

Interaction (GEI) 120 17709.94 147.58 16.88  12.39* 

Residual 112 13342.18 11.91   

Total  143 10490118    

dl: Degree of freedom, GEI: Genotype x environment interaction, SS: Sum of squares, MS: Mean square, % SS: percentage of 

the sum of squares; **: significant at the 1% probability; *: significant at the 5% probability. 

 

Stability and adaptability of genotypes 

The values of different stability procedures and 

adaptability measure for bulb yield of each onion variety are 

presented in Table 8. The values of regression coefficient bi 

of Finlay and Wilkinson (1963) ranged from 0.526 (Ares) 

to 1.300 (Violet Galmi) (Figure 1). It can be seen that 

varieties 3 (El Kara), 8 (Safari), 9 (Violet de Galmi), and 4 

(Goudami) had bi values larger than one (bi >1), and was 

therefore unstable. These varieties are specifically adapted 

to the favorable environments. Varieties that showed 

instability in different environments display a better 

performance for the breeder, but with a high risk of 

selecting varieties with weak genetic makeup. Varieties 1 

(Ares), 2 (Chagari), 5 (Kada Goudami), 7 (Red Créole), and 

6 (Prema) had regression coefficient smaller than one (bi < 

1), which indicated highest stability. These varieties are 

considered to be generally adapted in the study area. 

Brancourt-Hulmel et al. (1997) indicated that the stability 

of a genotype depends on its resistance to fluctuations 

caused by variations in environmental conditions. 

According to Brdar-Jokanović et al. (2016), stability 

referred to the maintenance of a genotype's yield 

performance in various environments, and an assessment of 

a genotype's average performance and stability is necessary 

before selection. Gupta et al. (2022, 2024) stipulated that 

the identification of genotypes with both high mean 

performance and stability is therefore crucial for the 

development of cultivars suited to variable agro-climatic 

regions. An ideal genotype should not only demonstrate 

superior performance but also maintain stability within and 

across diverse environments.   
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Fig.1: Adaptability and stability of nine onion varieties at the Marza and Bini sites in 2024 and 2025 according to the 

Finlay-Wilkinson (1963) regression 

 1 : Ares ; 2 : Chagari ; 3 : El Kara ; 4 : Goudami ; 5 : Kada Goudami ; 6 : Prema ; 7 : Red Creole ; 8 : Safari ; 9 : Violet de 

Galmi. 

 

The Wricke (1962) ecovalence (Wi) values ranged 

from 211.34 (Ares) to 4770.94 (Chagari). The most stable 

genotypes with the lowest Wi values were Ares, Red Creole 

and Prema while those with highest values (Chagari, El 

Kara and Goudami) were the most unstable. The Wi values 

indicated the level of stability of the genotypes in multi-

environments trials (Brancourt-Hulmel et al., 1994; 

Annichiarico, 2002). When Wi = 0, stability is at its 

maximum, and when Wi is high, the genotypes are unstable.  

Shukla (1972) stability variance σi2 showed an index 

of stability varying from 167.57 (Ares) to 6020.96 

(Chagari). Ares, Red Creole (461.40), Kada Goudami 

(491.58) and Prema (520.99) were the most stable, and 

genotypes Chagari and El Kara (1125.21) with the highest 

values were unstable.  

In general, data obtained on stability showed that 

none of the tested varieties could be considered as 

completely stable. Similar observation has been previously 

reported in onion by Tignegre et al. (2022) in Ghana and 

Mali, Atnafu (2023) in Nigeria, Gupta et al. (2025a) in 

India, Moutsavara et al. (2015) in Northern Cameroon. The 

ideal genotype should have good yield performance and be 

absolutely stable with zero GEI. Among top yielding 

genotypes, Safari, El Kara and Violet Galmi could be 

exploited as specifically germplasm in favorable 

environment. 
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Table 8: Stability and adaptability of genotypes for bulb yield 

Genotype Code bi Wi σi
2 

Ares 1 0.526 (1) 211.34 (1) 167.57 (1) 

Chagari 2 0.776 (2) 4770.94 (9) 6020.96 (9) 

El Kara 3 1.360 (9) 3544.19 (8) 1125.21 (8) 

Goudami 4 1.044 (6) 2646.97 (7) 738.93 (5) 

Kada Goudami 5 0.885 (3) 1404.49 (5) 491.58 (3) 

Prema 6 0.966 (5) 589.46 (3) 520.99 (4) 

Red Creole 7 0.926 (4) 309.38 (2) 461.40 (2) 

Safari 8 1.216 (7) 855.23 (4) 797.21 (6) 

Violet Galmi 9 1.300 (8) 1477.95 (6) 925.88 (7) 

bi: Finlay and Wilkinson regression coefficient; Wi: Wricke's ecovalence; σi2: Shukla's stability variance; A: Ares variety; C: 

Chagari variety; EK: El Kara variety; G: Goudami variety; KG: Kada Goudami; P: Prema variety; RC: Red Creole variety; S: 

Safari variety; and VG: Violet de Galmi. 

 

AMMI biplot analysis 

The AMMI (additive main effects and 

multiplicative interaction) analysis also showed the 

genotype x environment interaction for better selection of 

suitable genotypes and environments (Figure 2). This figure 

helps guide choices based on the distance of genotypes and 

environments from the center of the IPCA1 and IPCA2 axes 

(Yan and Tinker, 2006. The best environments were the 

combination of chiken manure and NPK fertilizer in 2024 

and 2025 (BFP+NPK25, BFP+NPK24). These 

environments with shorter vectors and closer proximity to 

the origin are considered more reliable for selecting widely 

adaptable genotypes (Gauch, 2006). The top genotypes 

namely Safari, El Kara and Violet Galmi were in corner 

with a maximum distance from the origin of the biplot and 

were sensitive.  

 

V. CONCLUSION 

This study on adaptability and stability of the yield 

parameters of nine onion varieties showed that three 

genotypes, namely El Kara, Safari and Violet de Galmi 

exhibited good performance. The most suitable 

environments were CM+NPK at both study sites. This study 

showed the significant influence of genotype, environment, 

and their interaction on yield of onion cultivated in the high 

Guinean zone of Cameroon. The combined variance 

analysis revealed that environmental factors are more 

important than genotype and genotype x environment 

interaction. The stability analysis showed that not a single 

onion cultivar included in the trial exhibited both high yield 

and stability across conventional and organic environments. 

Therefore, breeding onion cultivars highly adapted to the 

organic production systems is required in order to obtain 

satisfactory high and stable yields. Top yielding varieties 

namely El Kara, Safari, Violet de Galmi and Goudami had 

specific adaptability. These lines are therefore potential 

candidates for release to contribute, in this way, to 

sustainably intensifying onion production in the region.  

One of the aspects that could be investigated is the 

assessment of genotype response to biotic constraints, 

which are often key to the long-term success of newly 

released varieties. Additionally, it would be very 

informative to have other quality parameters to support 

these results. 
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Fig.2: additive analysis of the main and multiplicative effects of interactions (AMMI) in a biplot 

 

MT24: Marza Control 2024; MFP24: Marza Chicken Manure 2024; MFP+NPK24: Marza Chicken Manure + NPK Fertilizer 

2024; MNPK24: Marza NPK Fertilizer 2024; BT24: Bini Control 2024. BFP24: Bini Chicken Manure 2024; BFP+NPK24: 

Bini Chicken Manure + NPK Fertilizer 2024; BNPK24: Bini NPK Fertilizer 2024; MT25: Marza Control 2025; MFP25: Marza 

Chicken Manure 2025; MFP+NPK25: Marza Chicken Manure + NPK Fertilizer 2025; MNPK25: Marza NPK Fertilizer 2025; 

BT25: Bini Control 2025. BFP25: Bini chicken manure 2025; BFP+NPK25: Bini chicken manure + NPK fertilizer 2025; 

BNPK25: Bini NPK 2025 fertilizer; 1: ARES variety; 2: Chagari variety; 3: El Kara variety; 4: Goudami; 5: Kada Goudami; 

6: Prema; 7: Red Creole; 8: Safari; 9: Violet de Galmi 
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Abstract— Soil fertility assessment is important for sustainable agricultural productivity and land 

management, especially in rapidly urbanizing tropical regions. This study evaluated the spatial distribution 

of soil fertility in Akure South Local Government Area of Ondo State, Nigeria, with a view to assess the 

influence of land uses on fertility status of soil in the study area. Field-based analysis were conducted on 

soil samples of the study location, while Geographic Information Systems (GIS) and remote sensing tools 

were used to map the fertility of soil under the varying land uses. Soil samples at 0-15 cm depth were 

collected across four land use classes: Built-up, Vegetation, Bare ground, and Outcrop, and analyzed for 

Nitrogen (N), Phosphorus (P), Potassium (K), Organic Carbon (OC), Organic Matter (OM), and pH. The 

data were geo-referenced and processed in ArcGIS Pro using the Inverse Distance Weighting (IDW) 

method to produce spatial distribution maps and a composite Soil Fertility Index (SFI). Results revealed 

significant spatial heterogeneity in soil fertility. Vegetation areas recorded the highest nutrients, N 10.08 

(±9.63 mg/kg), P 12.38 (±10.34 mg/kg), K 30.92 (±28.03 mg/kg), OC 1.27 (±0.82%), OM 2.19 (±1.41%), 

with pH value of 5.92 (±0.42), while built-up areas were the most depleted. The composite soil fertility 

index (SFI) map classified the study area into five fertility zones: Very Low (0.048-0.188), Low (0.189-

0.271), Moderate (0.271-0.407), High (0.408-0.600), and Very High (0.601-0.994). The study demonstrates 

that GIS-based soil fertility mapping provides valuable spatial insights for precision agriculture and 

sustainable land management.  

Keywords— Soil Fertility Index; Geographical Information System; Organic Matter; Vegetation Area; 

Built-up Area; Akure. 

 

I. INTRODUCTION 

Soil is a fundamental component of ecosystems, playing a 

crucial role in agriculture, environmental stability, and 

human activities. It is a complex mixture of minerals, 

organic matter, water, air, and microorganisms that interact 

to support plant growth (Hillel, 2008). Soil fertility, a key 

attribute of soil quality, refers to the ability of soil to 

provide essential nutrients in adequate amounts for optimal 

plant growth.  

Soil fertility is a major determinant of agricultural 

productivity and ecosystem sustainability (Brady and 

Weil, 2016). Physically, factors such as soil texture, 

structure, and water-holding capacity influence root 

penetration and nutrient availability. Chemically, pH 
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levels, nutrient composition, and cation exchange capacity 

(CEC) affect plant growth. Biologically, organic matter 

and microbial activity contribute to nutrient cycling and 

overall soil health (Lal, 2015). However, soil fertility is 

not static; it can be enhanced or degraded by natural 

processes and human activities. Practices such as crop 

rotation, organic farming, and the application of 

appropriate fertilizers can improve soil fertility, while 

continuous monocropping, deforestation, and poor land 

management can lead to soil degradation (Ande et al., 

2017). The increasing global demand for food, driven by 

population growth, makes agricultural expansion essential 

(Singh et al., 2023). Achieving food security and 

maximizing agricultural productivity require cultivating 

crops in optimal environments, which depends on the 

assessment and management of soil fertility. In agriculture, 

nutrient-rich soils promote high crop yields and better-

quality produce, while nutrient-deficient soils lead to poor 

plant growth and reduced productivity. Beyond 

agriculture, soil fertility influences forestry, urban 

planning, and environmental management by affecting 

carbon sequestration, biodiversity conservation, and water 

filtration. 

In Nigeria, continuous crop cultivation, inadequate 

fertilizer use, deforestation, and urbanization have 

contributed to soil degradation, leading to nutrient 

depletion and reduced agricultural productivity (Adejuwon 

and Ekanade, 2018). Studies have shown that soil fertility 

in some southwestern regions in Nigeria, is depleting due 

to poor soil management practices, overuse of chemical 

fertilizers without soil testing, and loss of topsoil through 

erosion (Ande et al., 2023). Rapid urbanization has further 

worsened the situation by reducing available arable land 

for farming (Owoeye, 2019). These challenges pose 

significant threats to food security and sustainable land use 

in the region. Climate change and erratic rainfall patterns 

further compound soil degradation, as highlighted by 

global assessments (FAO, 2017). 

In response to the need for detailed soil fertility 

assessments, advanced digital tools have become essential. 

Geographic Information Systems (GIS) have emerged as a 

powerful tool for accessing, analyzing, and visualizing soil 

properties and fertility levels (Singh et al., 2023). GIS 

serves as a comprehensive platform for capturing, storing, 

and processing geographical data. When integrated with 

intensive field data collection, it enables the creation of 

detailed soil fertility maps that illustrate nutrient 

distribution and land suitability for agriculture (Mulder et 

al., 2011). 

Although satellite imagery has been used in some studies, 

its moderate spatial and spectral resolution in regions like 

Nigeria often limits the detection of fine-scale variability 

in soil properties (Mulla, 2013; Zhang et al., 2019). As a 

result, many researchers advocate relying on ground-

collected data analyzed through GIS to achieve more 

precise soil fertility mapping. 

Geographic Information Systems (GIS) enables the 

integration and analysis of spatial and non-spatial data, 

facilitating the creation of detailed soil maps that reflect 

the variability of soil properties across large areas. By 

incorporating data from various sources, including field 

surveys and laboratory analyses, GIS can model spatial 

patterns of soil nutrients, pH levels, organic matter 

content, and other critical parameters. Akure, a 

southwestern city of Nigeria faces significant challenges 

related to soil fertility. Continuous cultivation without 

adequate replenishment of soil nutrients has led to nutrient 

depletion, adversely affecting crop yields and food 

security. These issues collectively threaten the 

sustainability of agriculture in Akure, necessitating 

immediate and informed intervention.  

Given these limitations, this research focuses solely on 

leveraging detailed field data integrated with GIS to map 

soil fertility across Akure. GIS provides a robust 

framework for analyzing and visually representing ground-

based measurements, thereby producing digital soil maps 

that accurately reflect nutrient distribution and overall soil 

quality (Nkwunonwo and Okeke, 2013). Studies by Fabiyi 

et al. (2011) have demonstrated the effectiveness of GIS in 

soil mapping, supporting better decision-making in 

agricultural practices and land-use planning. Similarly, 

Olorunfemi et al. (2020) and Adejuwon and Ekanade 

(2018) emphasize the need for sustainable soil 

management practices in Nigerian regions impacted by 

rapid urbanization and land-use changes. Despite these 

attempts, research outputs on GIS mapping of soil fertility 

remain limited especially in the sub-Saharan Africa. 

Therefore, this research was aimed at mapping the fertility 

status of soil in Akure South Local Government Area, in 

the humid rainforest climate of Nigeria using GIS 

techniques and comprehensive field data.  

 

II. METHODOLOGY 

2.1 Description of Study Location 

The study location is Akure, the capital city of Ondo State, 

Southwestern Nigeria (Adeoye et al., 2025).  Akure is 

situated within the humid tropical rainforest zone, 

characterized by a bimodal rainfall pattern with an annual 

average of about 1,500 – 2,500 mm and a mean 

temperature range of 22°C to 32°C (Olanipon et al., 2025). 

The climate supports luxuriant vegetation, dominated by 

tall trees, shrubs, and secondary forest growth, though 
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much of this has been replaced by farmlands, residential 

areas, and infrastructure due to urbanization (Olujide et al., 

2018). Topographically, Akure South is generally 

undulating with gently rolling hills, while the geology is 

underlain predominantly by Precambrian basement 

complex rocks, which influence soil formation and 

nutrient composition (Olorunfemi et al., 2018). The soils 

are typically ferruginous tropical soils, known for their 

weathering, moderate to low fertility, and susceptibility to 

leaching under intense rainfall (Akande and Adedamola, 

2020). The socio-economic activities in the area include 

farming, trading, government services, and small-scale 

industries. Agriculture is mainly subsistence-based, with 

crops such as yam, cassava, maize, and vegetables 

cultivated in surrounding rural and peri-urban areas 

(Akinbode et al., 2024). However, increasing urban 

expansion has reduced the extent of arable land, 

intensifying pressure on soil resources (Seto and 

Ramankutty, 2016). These natural and human-induced 

dynamics make Akure South LGA a strategic location for 

evaluating soil fertility patterns using GIS techniques, 

particularly in the context of rapid urbanization and 

changing land use (Fabiyi et al., 2013; Singh et al., 2023). 

2.2 Land Use and Land Cover 

Land use and land cover (LULC) analysis was conducted 

to characterize the spatial distribution of surface features 

across Akure South LGA and to guide soil sampling. The 

classification was based on four major land cover classes 

identified within the study area: vegetation, developed 

areas, barren land, and outcrops. These categories 

represent the dominant land cover patterns and provide a 

basis for examining soil fertility across varying land uses 

(Adeoye et al., 2025).  Satellite data were sourced from 

Landsat 9 Operational Land Imager (OLI-2) imagery for 

the year 2025, obtained through the Google Earth Engine 

(GEE) platform. Preprocessing steps included atmospheric 

and radiometric corrections using surface reflectance 

products to ensure spectral fidelity. The imagery was 

clipped to the boundary of Akure South Local Government 

Area using a shape-file of the study area. 

Classification was performed in ArcGIS Pro 3.5.2 using 

the Support Vector Machine (SVM) supervised 

classification algorithm, which is widely recognized for its 

high accuracy in remote sensing applications. The 

resulting LULC map provided the spatial framework for 

soil sampling. Soil samples were collected across the four 

identified land cover classes, ensuring adequate 

representation of each category for fertility analysis. This 

stratified sampling approach was designed to capture 

variations in soil properties attributable to different land 

uses and surface conditions (Adeoye et al., 2025). 

2.3 Soil Sampling and Analysis 

Soil samples were collected from the topsoil layer (0–15 

cm depth). The selection of this depth reflects its 

importance as the most biologically active portion of the 

soil profile, where root activity, nutrient cycling, and 

organic matter accumulation are highest (Hao et al., 2021). 

Sampling was conducted over a period from August 2025 

to September 2025 to coincide with the post-rainy season 

when soil moisture conditions are stable yet not saturated. 

A total of 40 sampling points were selected across the 

study area, stratified by the four major land use / land 

cover classes (vegetation, developed area, barren land, and 

outcrops) to ensure representation. At each sample 

location, the GPS coordinates were recorded using a 

handheld GPS device and the soil was placed into clean 

nylon bags. This geo-referencing ensures spatial 

traceability of the samples for integration with GIS 

analyses. In the field, coarse debris such as stones, fresh 

roots, and plant residues were removed. The collected soil 

was air-dried in the laboratory to preserve microbial 

activity and the chemical integrity of the sample (i.e., to 

limit further decomposition or nutrient transformations). 

After air-drying, the samples were passed through a 2 mm 

sieve to standardize particle size and remove remaining 

coarse fragments. The sieved soil serves as the standard 

“fine earth” fraction for most fertility analyses (Carter, 

2007). 

The collected soil samples were analyzed for site specific 

chemical parameters commonly used to assess soil 

fertility: nitrogen (N), phosphorus (P), potassium (K), pH, 

organic carbon (OC), and organic matter (OM). The N, P, 

K of soil were measured directly using soil fertility speed 

sensor. The handheld soil sensor, based on Frequency 

Domain Reflectometry (FDR) technology, was employed 

to determine soil nitrogen (N), phosphorus (P), and 

potassium (K) concentrations from prepared soil samples. 

The instrument features a high-sensitivity stainless-steel 

probe, LCD digital display, and built-in lithium battery 

(DC 3.7V) for field portability and autonomous operation. 

It measures multiple soil components in real time, with a 

detection range of 1–1999 mg/kg and measurement 

accuracy of ± 2% sensitivity. The sensor operates using the 

FDR measurement principle, where an electromagnetic 

wave is transmitted into the soil medium and the reflected 

frequency signal is analyzed by a micro-control unit 

(MCU) to estimate the dielectric properties. These 

dielectric properties correlate with soil moisture, electrical 

conductivity, and ionic nutrient concentrations (Yao et al., 

2025). The FDR method provides rapid and non-

destructive assessment of soil nutrient status by translating 

changes in the electromagnetic response into nutrient 

estimates (Chen et al., 2019). 
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During measurement, the probe was vertically inserted into 

the soil to a depth exceeding 10 cm, ensuring full contact 

with the medium. To enhance data reliability, multiple 

points were measured, and the mean value was recorded 

for each sampling site. After each use, the probe was 

cleaned and dried to prevent oxidation and maintain 

accuracy, in line with the manufacturer’s guidelines. FDR-

based soil sensors such as the Jingxun model are 

increasingly used in precision agriculture and soil fertility 

monitoring due to their fast response, low power 

consumption, and good repeatability compared to 

conventional laboratory methods (Gao et al., 2021). Their 

integration of real-time digital display and multi-parameter 

detection supports efficient field assessment and nutrient 

management. 

2.3.1 Analytical Methods 

pH measurement. 

Soil pH was determined using a standard pH meter with 

soil–water suspension (e.g. 1:2.5 soil to water by weight). 

This is a widely used technique to measure the acidity or 

alkalinity of soils, which influences nutrient availability 

(Brady & Weil, 2017). 

Organic Carbon and Organic Matter Determination 

(Walkley–Black Method) 

The organic carbon content of the soil samples was 

determined using the Walkley–Black wet oxidation 

method (Nelson and Sommers, 2018). This method 

quantifies the oxidizable portion of organic carbon in the 

soil, which serves as a key indicator of soil fertility and 

organic matter content. Approximately 1 g of each air-

dried and sieved soil sample (<2 mm) was weighed into a 

250 ml Erlenmeyer flask. To each sample, 10 ml of 0.167 

M potassium dichromate (K₂Cr₂O₇) was added using a 

pipette, followed by 20 ml of concentrated sulphuric acid 

(H₂SO₄). The mixture was swirled gently to ensure 

complete dispersion and allowed to stand for 30 minutes to 

allow oxidation of the organic matter. After oxidation, 100 

ml of distilled water was added to dilute the solution. 

Subsequently, 3 drops of phenanthroline indicator were 

added, and the mixture was titrated with 0.5 M iron (II) 

ammonium sulphate solution until the color changed 

sharply from dark green to brownish-red (maroon), 

indicating the endpoint. A blank titration (without soil) 

was also performed using the same reagents and 

conditions.  

The percentage of organic carbon (% OC) and organic 

matter in each soil sample was calculated using the 

equations 1 and 2: 

  1 

where: 

B = Titre value for blank (ml) 

T = Titre value for soil sample (ml) 

M = Molarity of Fe(NH₄)₂(SO₄)₂·6H₂O 

W = Weight of soil sample (g) 

1.33 = Correction factor for incomplete oxidation 

of organic matter 

The organic matter (OM) content was subsequently 

estimated by multiplying the % organic carbon by 1.724. 

  2 

This method provides a reliable measure of soil organic 

carbon, which is an important indicator of soil fertility, 

nutrient retention capacity, and overall soil health. 

2.3.2 Evaluation of Soil Fertility Index (SFI)  

The Soil Fertility Index (SFI) was calculated using the 

Expert Opinion (EO) method to integrate multiple soil 

parameters into a single quantitative index representing the 

overall fertility status of each sampling location. This 

approach combines established agronomic principles with 

empirical soil data to provide a comprehensive assessment 

of soil fertility across Akure South LGA. 

The Expert Opinion Method was adopted to assign relative 

weights to the selected soil fertility indicators, reflecting 

their importance in determining overall soil productivity, 

particularly in tropical environments. This approach draws 

from established agronomic principles and findings 

reported in literatures (Chaudhry et al., 2024; Lenka et al., 

2022; Vasu et al., 2016; Zhao et al., 2023). Based on a 

comprehensive review of studies focused on tropical and 

sub-Saharan African soils, the following weights were 

assigned: Nitrogen (0.25) and Organic Carbon (0.25) 

received the highest weights, as they are recognized as the 

most critical factors influencing soil fertility. Nitrogen is 

often the most limiting macronutrient in tropical soils and 

is essential for vegetative growth (Zhang et al.,2015), 

while organic carbon serves as the foundation of soil 

fertility, acting as the main nutrient reservoir and 

enhancing microbial activity (Lal, 2020). Phosphorus was 

assigned a weight of 0.20, reflecting its frequent deficiency 

in acidic tropical soils due to fixation processes (Shen et 

al., 2011). Potassium, also weighted at 0.20, plays a vital 

role in crop quality, stress tolerance, and overall plant 

metabolism (Römheld and Kirkby, 2010). Finally, pH was 

given a weight of 0.10, acknowledging its role in 

modulating nutrient availability and influencing the 

chemical environment of the soil (Brady & Weil, 2017). 
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Selection of Soil Fertility Indicators  

Five key soil parameters were selected as fertility 

indicators based on their recognized importance in tropical 

soil systems and their routine use in soil fertility 

assessment (Chaudhry et al., 2024; Isong et al., 2022; 

Vasu et al.,2016): 

i. Nitrogen (N, mg/kg): A primary macronutrient 

essential for vegetative growth, chlorophyll 

synthesis, and protein formation 

ii. Phosphorus (P, mg/kg): Critical for energy 

transfer (ATP), root development, flowering, and 

seed formation 

iii. Potassium (K, mg/kg): Essential for enzyme 

activation, water regulation, osmotic balance, and 

disease resistance 

iv. Organic Carbon (OC, %): A fundamental 

indicator of soil organic matter content, nutrient 

retention capacity, soil structure, and biological 

activity 

v. Soil pH: Controls nutrient availability, microbial 

activity, and chemical reactions in the soil 

Organic matter (OM) was excluded from the SFI 

calculation to avoid multicollinearity, as it is directly 

derived from organic carbon through the conversion factor 

1.724 (Shamrikova et al., 2022), resulting in perfect 

correlation (r = 1.00) between these two parameters. The 

inclusion of both would artificially inflate the weight of 

organic matter in the final index. 

Indicator Transformation and Scoring Functions 

To integrate soil parameters measured in different units 

(mg/kg, %, unitless) onto a common dimensionless scale, 

transformation functions were applied. These scoring 

functions normalize each parameter to a 0-1 scale, where 

higher scores indicate more favorable conditions for plant 

growth (Yu et al.,2018). 

i. Linear "More is Better" Scoring Function (N, P, 

K, OC): For nutrients and organic carbon, a linear 

scoring function was applied based on the principle 

that higher values indicate better fertility status:  

   3 

where normalized score (0-1), 

, 

minimum and maximum 

observed values 

ii. Optimum Range Function (pH): In contrast, for 

soil pH, fertility is not simply proportional to its 

value; rather, it follows an optimum range, where 

extreme acidity or alkalinity can reduce nutrient 

availability. Therefore, an Optimum Range 

Function was used to normalize pH scores based on 

established fertility ranges (Brady & Weil, 2017): 

  4

   

This function assigns the maximum score (1.0) to soils 

within the optimal pH range (6.0–7.0), where nutrient 

availability and microbial activity are highest. Scores 

decrease linearly for values outside this range, reflecting 

the detrimental effects of both acidity (< 6.0) and 

alkalinity (> 7.0) on soil fertility. 

SFI Calculation 

The Soil Fertility Index (SFI) was computed using the 

equation 5: 

     … 5       

where:   

SN is Normalized score for Nitrogen, SP is Normalized 

score for Phosphorus, SK is Normalized score for 

Potassium, SOC is Normalized score for Organic Carbon, 

and SpH is Normalized score for soil pH 

This weighted additive approach assumes that soil fertility 

is a composite property determined by the combined 

effects of multiple parameters, with each contributing 

proportionally to its assigned weight (Vasu et al., 2016). 

The index theoretically ranges from 0 (all parameters at 

minimum values) to 1 (all parameters at maximum values), 

though actual values typically fall within a narrower range 

depending on the degree of parameter co-variation. 

Interpolation of Soil Fertility Parameters 

Spatial interpolation was carried out using the Inverse 

Distance Weighted (IDW) method available in ArcGIS Pro 

under the Spatial Analyst Tools (Mirzaei and Sakizadeh, 

2022; Childs, 2022). The IDW technique was chosen for 

its simplicity and effectiveness in estimating values at 

unsampled locations based on the proximity and influence 

of nearby sampled points (Burrough et al, 2015). The 

method assumes that points closer to each other are more 

similar than those farther apart, assigning greater weight to 

nearer observations. The process involved importing the 

point data containing soil sample locations and their 

corresponding laboratory results into ArcGIS Pro. For 

each soil fertility parameter, namely nitrogen (N), 

phosphorus (P), potassium (K), pH, organic carbon (OC), 

and organic matter (OM), the respective attribute was 

selected as the Z-value to generate continuous raster 
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surfaces representing their spatial distribution across the 

study area. This interpolation was performed separately for 

each parameter, producing individual spatial distribution 

maps that visualize variations in soil fertility across the 

region. 

2.3.3 Soil Fertility Index Mapping 

The Soil Fertility Index (SFI) was calculated by combining 

the normalized raster layers of nitrogen, phosphorus, 

potassium, organic carbon, and pH using the Raster 

Calculator tool (Spatial Analyst Tools) in ArcGIS Pro 

(Abdellatif et al., 2021; Belayneh et al., 2019). The 

weighted additive formula applied was the Soil Fertility 

Index formula as stated in equation 3.6, where each S 

represents the normalized score (0-1 scale) for the 

respective parameter. The resulting SFI raster, with values 

ranging from 0 to 1, was classified into five fertility 

classes (Very Low, Low, Moderate, High, and Very High) 

using manual classification breaks. 

2.4 Statistical Analysis 

Following laboratory analysis, descriptive statistics were 

computed for all soil fertility parameters to characterize 

their central tendency, dispersion, and variability across 

the study area. The statistical measures calculated included 

mean, median, mode, standard deviation, minimum, and 

maximum values for nitrogen (N), phosphorus (P), 

potassium (K), organic carbon (OC), organic matter (OM), 

and soil pH. 

To quantify the degree of spatial heterogeneity in soil 

fertility, the coefficient of variation (CV) was calculated 

for each parameter using the formula: 

 6 

The CV provides a standardized measure of variability that 

facilitates comparison across parameters with different 

units and magnitudes. Variability classes are interpreted as 

follows: low variability (CV < 15%), moderate variability 

(15% ≤ CV ≤ 35%), and high variability (CV > 35%) 

(Tesfahunegn et al., 2011). CV values exceeding 35% 

typically indicate strong spatial heterogeneity requiring 

site-specific management interventions, a classification 

widely applied in soil fertility studies across tropical and 

subtropical regions (Behera & Shukla, 2015). 

Pearson's correlation coefficient (r) was employed. This 

statistical measure quantifies the strength and direction of 

linear relationships between pairs of variables and is 

expressed as: 

   7 

where:   

is observed value of two soil parameters 

(e.g., OC and N)    

is mean value of each parameter 

r ranges from -1 to +1 

Positive r values indicate direct relationships, negative 

values indicate inverse relationships, and values near zero 

suggest no linear correlation. Correlation coefficients were 

tested for statistical significance at p < 0.05 and p < 0.01 

levels. The correlation matrix was constructed to examine 

interactions among N, P, K, OC, OM, and pH, providing 

insights into nutrient dynamics and interdependencies 

within the soil system. 

 

III. RESULTS AND DISCUSSION 

3.1 Soil fertility parameters 

The descriptive statistics of soil fertility parameters is 

presented in Table 1. The mean nitrogen concentration 

across the samples was 7.50 mg/kg, with a wide range of 

1.00 - 38.00 mg/kg. Available phosphorus averaged 9.48 

mg/kg, but similarly exhibited large variations (1.00 - 

41.00 mg/kg). Potassium also showed high variability, 

with mean value of 23.45 mg/kg and values ranging from 

2.00 to 108.00 mg/kg. Organic carbon content averaged 

1.01%, with a minimum of 0.40% and a maximum of 

3.34%. Organic matter followed a similar pattern (mean 

1.74%), reflecting the expected conversion between OC 

and OM. Soil pH values were relatively stable, ranging 

from 5.00 to 6.60, with an overall mean of 5.87, indicating 

that soils of Akure South are slightly acidic. 
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Table 1: Descriptive statistics of soil fertility parameters in Akure South LGA 

Parameter Mean Median Mode Std. 

Dev. 

Min Max CV(%) Variability 

Nitrogen (N) 7.50 5.00 2.00 7.30 1.00 38.00  97.30 Very High 

Phosphorus (P) 9.48 7.00 2.00 8.98 1.00 41.00 94.70 Very High 

Potassium (K) 23.45 17.00 13.00 22.99 2.00 108.00 98.00 Very High 

Organic Carbon (OC) 1.01 0.83 0.40 0.66 0.40 3.34 65.60 High 

Organic Matter (OM) 1.74 1.43 1.34 1.14 0.69 5.76 65.50 High 

pH 5.87 6.00 6.00 0.47 5.00 6.60 8.00 High 

 

The results highlight clear differences in soil fertility status 

across the study area. Nitrogen, phosphorus, and 

potassium exhibited high ranges and standard deviations, 

which suggests significant spatial heterogeneity in nutrient 

distribution. This variability is typical of tropical soils 

where continuous cropping, nutrient mining, and fertilizer 

application patterns differ widely (Chandrakala et al.,2018; 

López-Granados et al.,2002). In contrast, soil pH was 

relatively uniform, with a standard deviation of 0.47, 

indicating that the soils are consistently acidic. This acidity 

has important implications for nutrient availability, 

particularly phosphorus, which tends to be immobilized in 

acidic conditions (Agegnehu et al., 2021). 

The coefficient of variation results indicate heterogeneity 

in the soil fertility parameters of Akure South. Nitrogen, 

phosphorus, and potassium all recorded CV values above 

90%, reflecting extreme spatial variability. This suggests 

that fertility management in the area cannot rely on 

uniform recommendations, but rather requires site-specific 

nutrient management strategies. Soil pH showed very low 

variability (8%), confirming that soil acidity is relatively 

uniform across the study area. 

High CV values (>35%) are generally interpreted as strong 

heterogeneity, typical of tropical soils that are subject to 

intensive cultivation, erosion, and uneven fertilizer 

application (Chandrakala et al.,2018; López-Granados et 

al.,2002). The relatively stable soil pH suggests that 

acidity is a consistent fertility constraint for Akure South, 

aligning with reports from other tropical humid regions 

where weathering and leaching processes dominate 

(Agegnehu et al., 2021). 

3.2 Soil Fertility Variation across Land Use Types 

The mean values and standard deviations of soil fertility 

parameters across different land use types are presented in 

Table 2. The results reveal distinct fertility gradients 

linked to land use and management practices. Vegetation 

areas recorded the highest average nutrient levels with N 

10.08 (±9.63 mg/kg), P 12.38 (±10.34 mg/kg), K 30.92 

(±28.03 mg/kg), OC 1.27 (±0.82%), and OM 2.19 

(±1.41%) reflecting continuous organic inputs from litter 

and minimal disturbance. Similarly, bare ground soils 

showed moderately high nutrient concentrations with N 

11.50 (±12.66), P 12.50 (±12.66), K 26.17 (±32.14), likely 

due to natural accumulation and limited cultivation. 

Table 2: Mean and standard deviation of soil fertility parameters across different land use types in Akure South LGA. 

Land use N(mg/kg) 

Mean(Std.) 

P(mg/kg) 

Mean(Std.) 

K(mg/kg) 

Mean(Std.) 

OC(%) 

Mean(Std.) 

OM(%) 

Mean(Std.) 

Vegetation 10.08 (±9.63) 12.38 (±10.34) 30.92 (±28.03) 1.27 (±0.82) 2.19 (±1.41) 

Built-up 5.44 (±4.27) 7.19 (± 5.97) 15.69 ( ±12.84) 0.78 (±0.45) 1.35 (±0.78) 

Outcrop 7.40 (±7.47) 10.80 (±11.36) 28.60 (±32.93) 0.51 (±0.14) 0.88 (±0.24) 

Bare Ground 11.50 (±12.66) 12.50 (±12.66) 26.17 (±32.14) 1.13 (±0.95) 1.95 (±1.64) 

 

In contrast, built-up areas exhibited the lowest fertility, 

with markedly reduced nutrient contents, N 5.44 (±4.27), P 

7.19 (±5.97), K 15.69 (±12.84), OC 0.78 (±0.45%), OM 

1.35 (±0.78%), attributed to soil compaction, surface 

sealing, and low organic input. Outcrop soils were 

similarly poor in organics, OC 0.51 (±0.14%), OM 0.88 

(±0.24%) but retained moderate nutrient levels due to 

residual mineral weathering. 

Overall, these results confirm that land use strongly 

influences soil fertility in Akure South. Vegetated and 

fallow lands maintain higher nutrient reserves through 

organic recycling, while built-up and rocky areas show 
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significant degradation. The large standard deviations 

across all parameters further indicate high spatial 

variability within each land use, consistent with findings 

from Chandrakala et al. (2018) and López-Granados et al., 

(2002), and underscore the need for site-specific fertility 

management. 

3.3 Correlation Matrix of Soil Parameters 

The correlation analysis carried out among nitrogen (N), 

phosphorus (P), potassium (K), organic carbon (OC), 

organic matter (OM), and soil pH is presented in Table 3. 

The strongest positive correlation was observed between 

organic carbon (OC) and organic matter (OM) (r = 1.00), 

which is expected since OM is derived directly from OC 

through a conversion factor. This close relationship 

validates the consistency of the laboratory results and 

reinforces the importance of organic matter as a key 

fertility indicator (Chandrakala et al., 2018). Nitrogen (N) 

also exhibited strong positive correlations with both OC (r 

= 0.84) and OM (r = 0.85), reflecting the role of organic 

matter as the primary reservoir of nitrogen in tropical soils. 

Similar findings have been reported in India and Spain, 

where higher organic matter content was associated with 

increased nitrogen availability (López-Granados et al., 

2002). Furthermore, phosphorus (P) and potassium (K) 

were strongly correlated with N (r = 0.94 and 0.94, 

respectively) and with each other (r = 0.96), suggesting 

that areas with higher fertility tend to have simultaneous 

enrichment of these macronutrients. These patterns are 

consistent with the synergistic accumulation of nutrients in 

soils under favorable land-use and organic matter 

conditions (Agegnehu et al., 2017). 

Table 3: Correlation matrix of soil fertility parameters in Akure South LGA (Pearson’s r) 

 N P K OC OM pH 

N 1.000      

P 0.942 1.000     

K 0.939 0.964 1.000    

OC 0.841 0.831 0.774 1.000   

OM 0.845 0.836 0.780 1.000 1.000  

pH 0.144 0.130 0.133 0.222 0.222 1.000 

Note: All correlations among N, P, K, and OC/OM are strong and statistically significant (p < 0.01). Correlations involving 

pH are weak and not statistically significant (p > 0.05). 

 

The correlation analysis revealed important interactions 

among soil fertility parameters in Akure South. By 

contrast, soil pH exhibited only weak positive correlations 

with N, P, K, and OC (r ≈ 0.13–0.22), and these were not 

statistically significant (p > 0.05). This indicates that in the 

study area, soil acidity does not co-vary strongly with 

nutrient concentrations. However, studies in other tropical 

environments have shown that under more strongly acidic 

conditions, nutrient availability, particularly phosphorus 

can be reduced through fixation processes, while leaching 

may worsen nutrient losses (Jia et al., 2023). Overall, the 

results highlight the central role of organic matter 

management in improving soil fertility in the area. 

Enhancing soil OC through organic amendments, residue 

incorporation, or biochar application would support 

nitrogen availability and general nutrient retention. The 

strong co-variation among N, P, and K suggests that 

fertility enrichment practices could yield broad 

improvements in nutrient status. Nevertheless, the weak 

relationship between pH and soil nutrients underscores the 

need to monitor soil acidity independently, as it remains a 

potential limiting factor for nutrient availability even if not 

strongly expressed in this dataset. 

3.4 Fertility Classification 

The soil fertility distribution classes is presented in Table 

4. About 60% of the sampling points (24 out of 40) 

exhibited low or very low fertility (SFI < 0.45), while only 

12.5% (5 sampling points) demonstrated high or very high 

fertility (SFI ≥ 0.60). The dominant fertility class across 

the study area was “Low,” accounting for 47.5% of all 

sites. The mean SFI value of 0.379 indicates widespread 

fertility constraints across Akure South LGA, reflecting 

significant soil degradation. This pattern aligns with 

previous findings in southwestern Nigeria, where declining 

soil fertility has been linked to intensive cultivation, 

inadequate organic matter inputs, and rapid urbanization 

(Dhayanan et al., 2016; Olorunfemi et al.,2018). Spatially, 

high-fertility zones (SFI ≥ 0.60) were concentrated in the 

northwestern and northeastern sectors, predominantly in 

vegetated and agricultural areas. These zones benefit from 

continuous organic inputs through litter decomposition, 

reduced erosion, and stable nutrient cycling, resulting in 
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higher organic carbon content (2.2–3.3%) and elevated 

levels of nitrogen, phosphorus, and potassium. In contrast, 

low-fertility zones (SFI < 0.45) were dominant in the 

central and southern parts, corresponding largely to built-

up and barren lands. These areas experience soil sealing, 

topsoil removal, and minimal organic matter additions, 

leading to low organic carbon (<0.7%) and depleted 

nutrient levels (Chang et al., 2022; Weng, 2012). The 

pronounced spatial variability (CV = 41.2% for SFI and 

>90% for individual nutrients) highlights the need for site-

specific nutrient management rather than uniform fertilizer 

recommendations. Tailored interventions guided by SFI 

classifications are essential to enhance input efficiency and 

restore soil productivity in degraded zones (Chandrakala et 

al., 2018). 

Table 4: Soil fertility distribution classes 

Fertility Class Number of Sites Percentage 

Very Low 5 12.5% 

Low 19 47.5% 

Moderate 11 27.5% 

High 3 7.5% 

Very High 2 5.0% 

 

3.5 Spatial Distribution of Soil Nutrients 

The spatial distribution of soil nutrients provides critical 

insights into the fertility status of Akure South LGA. The 

spatial analysis reveals how these nutrients vary across the 

landscape under different land use and land cover (LULC) 

conditions. This approach makes it possible to identify 

nutrient-rich hotspots, areas of deficiency, and the 

underlying drivers of spatial variability, including farming 

practices, vegetation cover, topography, and human 

activities. The use of GIS-based Inverse Distance 

Weighted (IDW) interpolation method shows the spatial 

variability of key fertility indicators: Nitrogen (N), 

Phosphorus (P), Potassium (K), Organic Carbon (OC), 

Organic Matter (OM), and Soil pH. 

3.5.1 Spatial Distribution of Organic Carbon (OC) 

The spatial distribution of organic carbon (OC) in the 

study area is presented in Figure 1. The maps reveal 

considerable heterogeneity, with higher concentrations 

predominantly occurring in the northern and northwestern 

zones. These areas are largely associated with vegetation-

dominated land uses, including forest cover and farmlands, 

where litter deposition, root turnover, and incorporation of 

organic residues enhance carbon accumulation in the soil. 

In contrast, the central and southeastern sectors, 

particularly those under built-up and barren land uses, 

exhibit lower OC concentrations. This depletion is likely 

due to soil sealing, reduced organic inputs, and intensive 

disturbances associated with construction activities and 

surface exposure. 

The spatial clustering of high OC zones aligns closely with 

natural vegetative cover, supporting the findings of Lima 

et al. (2025), who reported that forested and agricultural 

soils sustain higher carbon content due to continuous 

biomass input. Conversely, the low OC levels observed in 

urbanized and barren areas mirror patterns of nutrient 

depletion driven by topsoil erosion and organic matter 

oxidation (Chang et al., 2022). Collectively, these results 

underscore the strong dependence of organic carbon 

enrichment on land use.  

3.5.2 Spatial Distribution of Organic Matter (OM) 

The spatial distribution of organic matter (OM) in the 

study area is presented in Figure 2. The maps indicate a 

pattern that closely mirrors the distribution of organic 

carbon, as expected due to their direct proportional 

relationship. High OM concentrations are observed in the 

northern and western parts of Akure South, coinciding 

with vegetation-dominated and cultivated lands. These 

areas benefit from the incorporation of organic residues, 

manure application, and natural litter accumulation, all of 

which contribute to humus formation and sustained soil 

fertility. In contrast, lower OM concentrations are 

dominant in the southern and central sectors, particularly 

within developed and barren land covers. These areas are 

characterized by minimal organic inputs, erosion, and soil 

sealing, which collectively reduce organic matter content. 

This spatial pattern highlights the critical role of land 

cover in regulating organic matter dynamics. Vegetated 

lands act as sinks of organic matter, whereas urbanized and 

exposed lands serve as zones of degradation. Similar 

associations between OM and vegetation cover have been 

reported in tropical soils, where land management 

practices strongly influence soil organic matter content (Li 

et al., 2022).  

3.5.3 Spatial Distribution of Soil pH 

The spatial distribution of soil pH in the study area is 

presented in Figure 3. The maps indicate a relatively 

uniform distribution, with most locations exhibiting 

slightly acidic conditions (pH 5.5–6.5). Marginal 

variations, however, are observable: slightly higher pH 

values occur in the central and western portions of the 

LGA, which coincide with vegetation and agricultural land 

uses, whereas lower pH values (<5.5) are concentrated in 

the southern and built-up zones. These areas of reduced pH 

are likely attributable to soil compaction, limited organic 

matter inputs, and acidifying anthropogenic activities such 

as surface runoff and waste deposition. 
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The predominance of acidic conditions across Akure South 

aligns with the characteristics of humid tropical 

environments, where high rainfall and intense leaching 

processes contribute to base cation loss and soil 

acidification (Bationo et al. 2007). Although the overall 

variability in pH is limited, localized acidity may 

significantly affect nutrient availability, particularly by 

promoting phosphorus immobilization and disrupting 

cation exchange balance. As such, periodic liming or other 

pH correction measures may be necessary in more acidic 

zones to optimize nutrient uptake and improve overall soil 

fertility. 

 

Fig.1: Organic carbon distribution in Akure South LGA 

 

 

 

Fig.2: Organic matter distribution in Akure South LGA 
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Fig.3: pH distribution in Akure South LGA 

 

3.5.4 Spatial Distribution of Potassium (K) 

The spatial distribution of potassium (K) in the study area 

is presented in Figures 4. The maps reveal pronounced 

spatial variability, with high K concentrations occurring 

predominantly in the northwestern and northeastern zones. 

These areas are largely associated with vegetative and 

agricultural land covers, where potassium enrichment is 

likely attributable to natural weathering processes and 

organic recycling from plant residues. Similar findings 

have been reported in studies showing that soils under 

natural vegetation and grassland maintain higher 

extractable potassium compared to disturbed croplands due 

to continuous organic inputs and nutrient cycling 

(Abindaw et al., 2023). Moderate concentrations are 

observed in the central portions of the LGA, while low K 

values dominate the southern and southeastern sectors. 

The latter coincide with urban and barren lands, where 

nutrient depletion is likely a consequence of runoff, soil 

erosion, and insufficient replenishment through organic or 

mineral nutrient inputs. 

The strong correspondence between high potassium 

concentrations and vegetated land covers highlights the 

influence of land management practices and vegetation 

density on soil nutrient status. This observation is 

consistent with findings reported by Matano et al. (2015), 

who noted that vegetation enhances nutrient cycling and 

soil fertility, whereas urbanization and land degradation 

contribute to nutrient decline. These results emphasize the 

need for targeted potassium supplementation, particularly 

in barren and built-up areas, as a strategy to restore soil 

fertility balance across the study area. 

3.5.5 Spatial Distribution of Phosphorus (P) 

The spatial distribution of phosphorus (P) in the study area 

is presented in Figure 5. The maps reveal pronounced 

spatial variability, indicating that available phosphorus is 

not uniformly distributed across Akure South LGA. High 

concentrations are observed in the northern and 

northwestern zones of Akure South, which largely 

coincide with vegetated and cultivated land uses. These 

areas are enriched through organic residue decomposition, 

manure application, and phosphorus cycling via plant root 

systems. In contrast, the central and southern sectors, 

particularly those under built-up and barren land covers, 

exhibit comparatively lower phosphorus concentrations. 

This depletion is likely a result of topsoil erosion, surface 

sealing, and reduced organic matter input. 

The clustering of high-P zones in vegetative and 

agricultural lands is consistent with the strong positive 

association between organic matter and phosphorus 

availability reported in tropical soils (Gao et al., 2019). 

Given the slightly acidic soil pH observed in the area, 

phosphorus availability may be constrained by 

immobilization through adsorption to iron and aluminum 

oxides (Shen et al., 2011; Ezeaku, 2021). Therefore, site-

specific phosphorus management strategies, including the 

application of organic amendments and the use of 

phosphate-solubilizing bio-fertilizers to enhance fertility 

and crop productivity in low-P zones may be necessary. 
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Fig.4: Potassium distribution on Akure South in Akure South LGA 

 

 

Fig.5: Phosphorus distribution in Akure South LGA 

 

3.5.6 Spatial Distribution of Nitrogen (N) 

The spatial distribution of nitrogen (N) in the study area is 

show in Figure 6. The maps reveal considerable spatial 

heterogeneity, with high nitrogen concentrations 

concentrated in the northern and western sectors of Akure 

South. These zones correspond primarily with vegetated 

and agricultural land uses, where substantial organic inputs 

from leaf litter, crop residues, and root exudates enhance 

nitrogen accumulation through mineralization processes. 

In contrast, the southern and central parts of the LGA, 

particularly under built-up and barren land covers, exhibit 

comparatively low nitrogen levels. This reduction is likely 

attributable to soil compaction, erosion, and depletion of 

organic matter, which collectively constrain nitrogen 

availability. 
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The observed pattern reflects the strong dependence of 

nitrogen status on organic matter, as further supported by 

the strong positive correlation (r = 0.84) between N and 

OC obtained from the correlation matrix analysis. Similar 

spatial associations have been reported in tropical regions, 

where vegetation cover and land management practices are 

key determinants of nitrogen distribution (Ogunleye and 

Agele, 2025). Furthermore, the high coefficient of 

variation (97.3%) recorded for nitrogen underscores the 

extreme spatial variability of this nutrient, driven by 

differences in land cover, organic inputs, and 

anthropogenic activities.  

 

Fig.6:  Nitrogen distribution in Akure South LGA 

 

3.6 Overall Soil Fertility Map 

The Soil Fertility Index (SFI) map generated through 

weighted overlay analysis of normalized soil parameters 

reveals distinct spatial patterns of fertility across Akure 

South LGA as shown in Figure 7. The SFI values ranged 

from 0.048 to 0.994, indicating extreme spatial 

heterogeneity in soil fertility status across the study area. 

The fertility classification identified five distinct zones 

based on SFI values: Very Low (0.048-0.188), Low 

(0.189-0.270), Moderate (0.271-0.407), High (0.408-

0.600), and Very High (0.601-0.994). The spatial 

distribution demonstrates a clear north-south gradient, with 

higher fertility concentrated in the northwestern sector, 

while lower fertility dominates the central and southern 

portions of the LGA. 

Very Low and Low Fertility Zones (SFI < 0.271) occupy 

the largest portion of the study area, predominantly in the 

central and south-central regions, reflecting severe soil 

degradation due to urbanization, soil sealing, and topsoil 

removal. The extensive red and orange zones indicate 

widespread fertility constraints requiring intensive soil 

management interventions, including substantial organic 

matter additions and balanced fertilization (Olorunfemi et 

al., 2018). Moderate Fertility Zones (SFI 0.271-0.407), 

shown in yellow, form transitional areas between high and 

low fertility regions, primarily in the western and eastern 

peripheries. These areas represent mixed agricultural lands 

and grasslands where soil fertility is adequate but requires 

regular maintenance through organic amendments and 

balanced nutrient management to prevent further 

degradation (Vasu et al., 2016). High and Very High 

Fertility Zones (SFI > 0.408) are confined to relatively 

small areas in the northwestern and northeastern corners, 

appearing as light and dark green patches. These zones 

coincide with vegetated areas and well-managed 

agricultural lands where continuous organic matter inputs 

from litter decomposition, minimal soil disturbance, and 

active nutrient cycling maintain elevated fertility levels 

(Isong et al.,2022). The spatial pattern observed aligns 

closely with the individual parameter distribution maps, 

where high nitrogen, phosphorus, potassium, and organic 

carbon concentrations clustered in the northern and 

western vegetated areas, while depleted nutrient levels 

characterized the central built-up zones. This concordance 

validates the SFI as a meaningful integration of multiple 

fertility parameters into a single composite metric (Zhao et 

al., 2023). The predominance of low fertility zones (red 
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and orange colours covering approximately 60-70% of the 

mapped area) is an indication of urgent need for soil 

restoration programs in Akure South. The spatial 

heterogeneity revealed by the SFI map (with values 

spanning nearly the entire theoretical range of 0 - 1) 

confirms that blanket fertilizer recommendations are 

inappropriate for the area. Areas classified as Very Low 

and Low fertility require priority attention with intensive 

soil amendment programs, while High and Very High 

fertility zones can serve as reference sites for best 

management practices that could be replicated in degraded 

areas.

 

Fig.7: Soil fertility distribution map of Akure South LGA 

 

The mean values of nitrogen, phosphorus, and potassium 

were low to moderate, indicating the general low fertility 

of the soils in the area. Organic carbon showed a moderate 

mean value, while the soil pH indicated a slightly acidic 

condition, which is typical of soils in the humid tropics. 

The high coefficients of variation (CV) for macronutrients 

such as nitrogen (97.3%), phosphorus (94.7%), and 

potassium (98.0%) indicate strong spatial heterogeneity in 

nutrient distribution. The Soil Fertility Index (SFI) results 

also showed that most parts of Akure South fell under low 

to very low fertility classes, accounting for about 60% of 

the study area (Table 4.).  

The findings from the present research highlight a 

pronounced imbalance between nutrient-rich and nutrient-

depleted zones across Akure South. The low mean values 

of nitrogen (7.50 mg/kg), phosphorus (9.48 mg/kg), and 

potassium (23.45 mg/kg) coupled with high CV values 

suggest that nutrient cycling and redistribution processes 

are highly localized (Table 1; Figure 4). This degree of 

heterogeneity is consistent with tropical landscapes 

characterized by complex land use mosaics, varying 

vegetation density, and differential management inputs 

(Kongor et al., 2019). The relatively stable pH values 

(5.0–6.6) indicate a mildly acidic regime that, while 

suitable for most crops, may constrain phosphorus 

availability due to Fe/Al oxide fixation typical of ferrallitic 

soils (Balemi and Bayissa, 2012). 

Spatial interpolation using IDW (Figures 2 –7) revealed 

nutrient enrichment primarily in the northern and 

northwestern sectors of the LGA i.e. areas associated with 

dense vegetation and lower anthropogenic disturbance. 

Conversely, nutrient-depleted areas dominated the built-up 

southern and central zones, reflecting the impact of soil 

sealing, erosion, and organic matter loss. The strong 

positive correlation between organic carbon and 

macronutrients (r > 0.77) further underscores the pivotal 

role of organic matter in nutrient retention and cycling 

(Paltineanu et al., 2024). The mean SFI of 0.379 ± 0.156 

(Figure 7) and its corresponding fertility classes confirm 

that most of the soils are below optimal productivity levels 

and will require intensive management for sustained 

agricultural performance. This spatial insight allows 

agricultural planners and policymakers to identify low-

fertility zones for targeted intervention, fertilizer 

optimization, and restoration measures (AbdelRahman et 

al., 2022; Prabhavati et al., 2015). 
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3.7 Discussion 

The observed low to moderate mean macronutrient 

concentrations and the pronounced spatial heterogeneity 

(very high CVs for N, P and K) in Akure South are 

consistent with previous GIS-based and field studies 

conducted across humid tropical regions in Africa and 

elsewhere. Several regional studies reported similar 

baseline fertility constraints in West African agricultural 

soils, with characteristic low plant-available phosphorus 

and nitrogen, coupled with modest organic carbon stocks. 

The studies emphasized strong small-scale variability 

driven by land-use, management and geomorphic position 

(Kongor et al., 2019; Wells et al., 2022). 

Studies in West and East Africa using soil mapping and 

fertility indices have found comparable distributions of 

fertility classes and often identify organic carbon as a 

primary explanatory variable for nutrient status gradients. 

For example, detailed assessments of cocoa and mixed-

cropping landscapes in Ghana and nearby West African 

zones documented low to moderate macronutrients and 

used composite soil quality indices to distinguish 

management units concluding that organic matter inputs 

strongly explain spatial fertility patterns (Kongor et al., 

2019). Studies showed that in highly weathered, ferrallitic 

soils, enhancements in organic carbon translate into 

improvements in N availability and greater nutrient 

retention overall. 

At the landscape and national scale, comparisons of soil-

organic-carbon mapping efforts highlight the challenge of 

predicting SOC and nutrient status from coarse datasets 

and underscore the utility of local, high-resolution 

sampling for management. Global and continental studies 

including national mapping efforts and reviews of digital 

soil mapping performance emphasize that SOC (and by 

extension nutrient status) is strongly controlled by edaphic 

factors (texture, mineralogy), land-use and topography, 

and that locally-targeted organic amendments are among 

the most effective mitigation strategies to improve fertility 

in tropical soils (Feeney et al.,2022; Xiang et al., 2023). 

Experimental trials and applied studies in southwestern 

Nigeria also demonstrate practical benefits from organic 

amendments (compost, manure, biochar) for increasing 

SOC, improving K and N retention, and raising crop yields 

outcomes that align with the present recommendation to 

prioritize organic-matter enrichment as a cost-effective 

strategy to increase nutrient retention and reduce reliance 

on blanket mineral fertilizer (Adekiya et al., 2023; Agbede 

et al., 2024). 

Together, these studies indicate that Akure South’s fertility 

profile, a landscape of low to moderate mean nutrient 

pools with high small-scale variability fits within the 

broader pattern observed across humid tropical agricultural 

systems.  

3.7.1 Geoscience Interpretation of Fertility 

Distribution 

Akure South LGA lies within the Precambrian Basement 

Complex of southwestern Nigeria, where migmatite–

gneiss, granitic intrusions and related lithologies form the 

dominant bedrock. These basement rocks weather to 

produce deep lateritic profiles (residual soils) commonly 

classified in the WRB as Ferralsols and Acrisols under 

humid tropical conditions (WRB, 2014). The humid 

tropical climate (pronounced wet season, considerable 

annual rainfall) promotes intense chemical weathering and 

leaching, driving loss of base cations and accumulation of 

sesquioxides (Fe/Al oxides) in the soil profile (Falowo, 

2018); this pedogenic pathway explains the ferrallitic 

character and generally low total nutrient pools observed 

in Akure South (Figures 1–6). 

3.7.2 Parent material and mineralogical controls. 

Parent-rock composition (migmatite–gneiss versus granitic 

or charnockitic intrusions) exerts first-order control on the 

primary mineral reservoir of nutrients (notably K and P 

bound to primary minerals). Where the parent rock 

contains higher K-feldspar or biotite contents, residual 

soils can retain slightly elevated K in coarse fragments and 

weathering residues; conversely, highly leached Ferralsols 

derived from silica-rich gneisses tend to show low 

extractable K despite total K stored in resistant minerals 

(Adeoye et al., 2018). This geological control explains 

why some local samples show very high K (point 

concentrations up to 108 mg kg⁻¹) while the landscape 

mean is low, localized pockets reflect either residual 

mineral fragments or concentrated anthropogenic inputs on 

specific lithologies or borrow-pit fill (Adeoye et al.,2018; 

Falowo, 2018). 

3.7.3 Weathering intensity, sesquioxides and 

phosphorus dynamics. 

Intense weathering characteristic of humid tropical terrains 

produces high proportions of amorphous and crystalline 

Fe/Al oxides and oxyhydroxides. These sesquioxides 

strongly adsorb and occlude phosphate, reducing plant-

available P even when total P is moderate (“P fixation” 

phenomenon). The slightly acidic topsoil pH (5.0–6.6) 

enhances the availability of Al³⁺ and Fe³⁺ at micro-scales, 

increasing the sorption of orthophosphate onto oxide 

surfaces and oxyhydroxide coatings, which is consistent 

with the low mean Bray-P/available-P values reported in 

Table 1 despite localized high-P samples (Johan et 

al.,2021). Strategies to improve P availability must 

therefore consider both chemical (liming, P placement) 
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and organic (addition of biomass or compost to complex 

Al/Fe and reduce fixation) routes (Kiflu et al., 2017).  

3.7.4 Erosion, deposition and nutrient 

redistribution. 

The spatial clustering of high-fertility patches in the 

northern and northwestern areas of Akure south (Figures 

1– 6) together with depleted central/built-up zones 

suggests active landscape redistribution processes. On 

basement-complex terrain, ridges and convex hilltops 

often have thin, heavily weathered soils (nutrient-poor), 

while concave hollows, footslopes and depositional zones 

accumulate organic matter and fine sediments, 

concentrating nutrients (Falowo, 2018). Additionally, 

human activity such as tillage, manure application, 

dumping and construction fill can create point-source 

enrichment. Thus, the observed SFI hotspots likely reflect 

the combined influence of (a) depositional micro-sites that 

concentrate org-matter and fine particles, and (b) localized 

anthropogenic inputs. Targeting foot slope/depositional 

areas for conservation and management could therefore 

protect nutrient “sinks” and help restore adjacent depleted 

slopes (Herrmann et al., 2020). 

3.7.5 Anthropogenic/urban geomorphic 

modifications and anthroposols. 

Urbanization and peri-urban land conversion in Akure 

South have reworked natural soil profiles through topsoil 

removal, compaction, and import of fill material and 

creation of anthroposols. These processes reduce organic 

matter stocks, disrupt structure, and can both dilute and 

concentrate nutrients depending on the fill source (e.g., 

construction debris vs. fertile topsoil). The low OC and 

nutrients observed in built-up zones closely mirror global 

patterns of urban soil convergence and degradation 

reported in multiple cities: urbanization tends to 

homogenize and often reduce SOC and nutrient 

heterogeneity at short distances, causing loss of ecosystem 

service potential unless remediated (Pouyat et al.,2010; 

Herrmann et al.,2020). Addressing these modifications 

requires both site remediation (topsoil replacement, 

decompaction) and planning measures to minimize further 

soil sealing. 

3.7.6 Implications for Sustainable Soil Management 

and Land Use 

Prioritized, landscape-based interventions. 

Given the strong spatial heterogeneity (high CVs) and the 

SFI map (Figure 5; Table 4), management should prioritize 

targeted interventions rather than uniform, area-wide 

fertilizer application. High-priority actions include: (1) 

mapping and protecting nutrient sink areas (depositional 

zones) to maintain OC and nutrient reservoirs; (2) targeted 

organic amendments (compost, manure, residue retention) 

in Low/Very Low SFI zones to build OC and improve 

cation exchange capacity; and (3) site-specific P 

management (banding, combined organic–mineral P 

applications, and judicious liming where pH <6.0) to 

overcome fixation losses (Fan et al.,2019; Johan et 

al.,2021). These recommendations are aligned with 

successful approaches reported in other humid tropical 

contexts. 

 

IV. CONCLUSION 

This study successfully evaluated the spatial distribution of 

soil fertility across Akure South Local Government Area 

using an integrated approach that combined field-based 

soil analysis with Geographic Information System (GIS) 

techniques. The results revealed notable variability in soil 

nutrient levels across different land use types, emphasizing 

the strong influence of land use and management practices 

on soil fertility. Areas with continuous vegetation cover 

and agricultural activity exhibited comparatively higher 

fertility index, while built-up and barren lands showed 

signs of nutrient depletion and reduced soil quality due to 

limited organic matter and surface sealing. The study 

highlights the central role of organic matter in maintaining 

soil fertility and the need for targeted interventions, such 

as organic amendments, conservation practices, and pH 

management, to enhance soil health. This research 

confirms that GIS-based soil fertility mapping is a 

valuable tool for visualizing spatial patterns of soil 

properties, guiding precision agriculture, and supporting 

evidence-based decision-making for sustainable land 

management in rapidly urbanizing tropical regions. 
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Abstract— Globally, wheat productivity and sustainable agricultural development are being significantly 

impacted by water constraint, decreasing soil moisture availability, and rising climate unpredictability. The 

potential of wheat-based agroforestry systems to increase soil moisture conservation, maximize water use 

efficiency (WUE), control evapotranspiration, and promote ecosystem sustainability has made them a 

promising climate-resilient strategy. In addition to summarizing the impact of tree-crop interactions, water 

management techniques, and new measurement tools, this systematic review assesses the body of research 

on WUE and soil moisture dynamics in wheat-based agroforestry systems. The review was carried out using 

literature gathered from major scientific databases, such as Science Direct, Scopus, Springer Link, and 

Google Scholar, covering studies published between 1960 to 2025, in accordance with the preferred 

reporting items for systematic reviews and meta-analysis (PRISMA) framework. To find patterns in soil 

moisture behavior, evapotranspiration processes, agroforestry treatments, and WUE improvement 

techniques, publications were searched and evaluated. The results showed that through canopy modification, 

litter deposition, increased soil organic matter, and microclimatic regulation, agroforestry systems have a 

significant impact on soil moisture distribution, infiltration characteristics, runoff regulation, root-zone 

water availability, and crop water productivity. While excessive competition for water, nutrients, and light 

negatively impacted wheat growth and production, well-managed tree-crop combinations enhanced WUE 

and soil moisture retention. The assessment also noted contemporary developments in machine learning and 

remote sensing technologies, as well as traditional field-based methods and process-based models like 

CROPWAT. 

Keywords— irrigation management, soil moisture dynamics, water use efficiency, wheat-based 

agroforestry  

 

I. INTRODUCTION 

One of today's most critical issues is providing a consistent 

supply of safe and nutritious food for a growing global 

population while also protecting the environment and 

reducing climate change. Agriculture is the major 

contributor to greenhouse gas emissions and world's largest 

consumer of land and water resources [1]. Particularly in 

emerging nations, agriculture continues to be a vital 

industry for maintaining livelihoods, guaranteeing food 

security, and promoting economic growth. However, a 

complex interaction of environmental, socioeconomic, and 

climatic elements is posing a growing difficulty [2]. One of 

the biggest issues confronting humanity in the upcoming 

decades is water scarcity. Conservation agriculture 



Singh et al.                             A Systematic Review on Water Use Efficiency (WUE) and Soil Moisture Dynamics in Wheat-Based 

Agroforestry Systems 

ISSN: 2456-1878 (Int. J. Environ. Agric. Biotech.) 

https://dx.doi.org/10.22161/ijeab.113.8                                                                                                                                                 73 

techniques increase soil moisture availability, particularly 

in low-rainfall situations, and may help sustain crop 

productivity in a changing climate [3]. The method of 

agriculture known as conservation agriculture, which aims 

to reduce environmental harm and soil disturbance, is being 

widely pushed globally. A key element of conservation 

agriculture is conservation tillage, which is thought to 

improve soil health through plant growth, land 

development, and environmental preservation. A 

sustainable farming method that seeks to improve soil 

health, preserve water, and lessen environmental 

deterioration is conservation tillage. It entails controlling 

crop residues on the soil's surface and reducing soil 

disturbance during crop planting [4]. Conservation tillage 

helps in maintaining soil moisture by reducing evaporation 

[5]. A recent meta-analysis found that using conservation 

agriculture methods in south asia increased productivity, 

water consumption efficiency, and net profit by 5.8%, 

12.6%, and 25.9%, respectively, while reducing the 

potential for global warming by 12–33% [6]. 

Ecosystems, life, and social development all depend on 

water. However, over 1.2 billion people globally still lack 

regular access to clean water, highlighting the fact that it is 

acknowledged as a fundamental human right. Growing 

freshwater stress is a result of increased water demand 

brought on by population growth, urbanization, industrial 

expansion, intensive agriculture, and climate 

unpredictability in many areas, including India. The world 

economic forum often lists water shortages as one of the 

biggest challenges to the world's economy and society. 

According to projections, the world's water demand would 

rise by 55% from 2000 levels by 2050 due to changes in 

consumption patterns, pollution, and the need for more 

irrigation [7][8]. Understanding and resolving the 

interaction between such compound occurrences and water 

systems is essential for resilience-building and sustainable 

resource planning as climatic variability increases. 

Population growth is a second important element that 

increases freshwater demand in the residential, agricultural, 

and industrial sectors. According to [9], the world's 

population is predicted to reach 8.5 billion by 2030 and 

surpass 9.7 billion by 2050. This would result in a 50% rise 

in food consumption, which will necessitate 40–50% more 

water for agriculture and 50–70% more water for municipal 

and industrial use [8]. Furthermore, CO2 emissions and the 

human population are strongly correlated. A billion more 

people on the planet results in 1.4 Pg more CO2 emissions 

from burning fossil fuels (1 Pg = 1015, g = 1 Gt) [10]. 

Developing irrigation techniques that use the least amount 

of water is becoming more important due to global water 

problems and irrigation expenses [11]. 

Changes in land use and land cover, which operate on a 

temporal scale in physical and biological features, are 

indicative of landscape dynamics. Changes in the structure 

of the landscape are caused by both natural and 

anthropogenic factors [12]. Monitoring spatial patterns of 

changing land use and land cover (LULC) [7] or obtaining 

detailed information about land use and land cover change 

is essential for making decisions that will effectively 

accomplish the goal of sustainable development [13]. 

Additionally, dry soil salinity has a major impact on 

agricultural output [14], making it a major challenge for the 

agricultural sector to feed the world's growing population 

[15][16]. 

Researchers, governments, and farmers are all becoming 

increasingly concerned about the major issues that climate 

change presents to agricultural systems around the world 

[17]. Extreme weather events including heat waves, floods, 

and droughts are becoming more frequent and severe, 

endangering livestock, agricultural output, pest and disease 

prevalence, and soil fertility [18]. Due mostly to climate 

change, the majority of nations in the globe are dealing with 

the issue of yield stagnation and decline, particularly in 

cereals. Significant production reductions result from 

shifting climatic circumstances, such as high temperatures, 

coinciding with wheat's grain-filling stage [19]. Adopting 

weather, water, carbon smart agriculture, and nutrient; 

which includes planting date changes, crop diversification, 

better irrigation techniques, drought-tolerant crop varieties, 

and agroforestry practices - is the main focus of the potential 

adaptive strategies that agricultural researchers are 

currently investigating [20][21]. 
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Fig. 1: Conceptual framework illustrating the linkage among climate change, agriculture and key challenges (water scarcity 

and food security) and the role of agroforestry, water use efficiency (WUE) and soil moisture dynamics in building 

sustainable and climate-resilient agriculture. 

 

While over 83% of current worldwide adaptation efforts 

indicate little potential to reduce risks, investments in 

sustainable agriculture  have a tremendous potential to 

alleviate food insecurity, according to the IPCC 6th 

Assessment Report [22][23]. However, there is limited 

information on how effective these solutions will be as 

global warming continues [24]. Agroforestry and 

sustainable agricultural intensification are crucial tactics for 

guaranteeing food security. In addition to regulating the 

carbon and nitrogen cycles, forests are essential for 

maintaining a stable global temperature [25]. Additionally, 

the local and global climate are impacted by environmental 

changes in forests [20]. In agroforestry systems, the deep 

roots of trees increase the soil's capacity for water 

infiltration and storage, lowering surface runoff  and soil 

erosion by up to 90%, lowering soil nitrogen and 

phosphorus residues by up to 100%, and guaranteeing more 

water availability during dry spells [11]. Despite the social 

and economic potential of these approaches, they frequently 

encounter institutional and technological obstacles. High 

input costs - such as those of labor, capital, and land remain 

significant challenges. However, it has been demonstrated 

that these adaptation choices can lessen economic and social 

inequality. Co-benefits and more effective and economical 

climate action can be achieved by coordinating climate 

adaptation with the sustainable development goals (SDGs) 

[24][26]. 

To alleviate these challenges, sustainable soil and water 

resource management practices are increasingly critical for 

preserving farm productivity, increasing irrigation efficacy, 

and improving climate resilience. Examples of soil and 

moisture conservation strategies that have demonstrated 

positive effects on soil health, food security [9], carbon 

sequestration, and water retention include cover crops, crop 

rotation, conservation tillage, agroforestry systems, and 

improved irrigation techniques. These strategies are crucial 

tools for sustainable agriculture [22]. 
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Fig. 2: Conceptual aggregation framework of water use efficiency and soil moisture dynamics for wheat-based agroforestry 

systems including field methods, models, remote sensing, and machine learning approaches 

 

II. METHODOLOGY 

To critically assess published research on soil moisture 

dynamics and water use efficiency (WUE) in wheat-based 

agroforestry systems, a methodical and evidence-based 

literature review approach was used. To guarantee 

methodological transparency, reproducibility, and scientific 

rigor throughout the literature identification, screening, 

eligibility assessment, and inclusion processes, the review 

framework was created in compliance with the Preferred 

Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) guidelines. Four globally renowned 

scientific databases—Science Direct, Scopus, Google 

Scholar, and Springer Link—were used to do a thorough 

bibliographic search. In order to capture both fundamental 

and modern developments in agroforestry, soil hydrology, 

irrigation management, and agricultural water productivity, 

the literature retrieval procedure encompassed publications 

from 1960 to 2025. 
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Fig. 3: The database-wise distribution of identified studies included 

 

After eliminating the same publications (the same publication from two or more databases), a total of 213 records were first 

found during the primary database search. 

 

Fig. 4: Distribution of Literature Sources Retrieved from Different Scientific Databases 

 

From Fig. 3, Bibliometric analysis of the selected literature 

revealed that investigations on water use efficiency and soil 

moisture dynamics in wheat agroforestry systems were 

sparse before 2000, indicating limited scientific attention 

during the initial phase. However, research output increased 

progressively after 2000, suggesting enhanced interest in 

agroforestry-mediated water management strategies. The 

most significant growth in publications was observed 

during 2023–2025, with 2025 showing the highest 

contribution, followed by 2023 and 2024. This trend reflects 

the increasing global focus on sustainable water utilization, 

climate adaptation, precision irrigation, and soil moisture 

conservation in wheat-based agroforestry ecosystems. 

To increase the retrieval efficiency of pertinent research, the 

search method used technical keywords, Boolean operators, 

and controlled vocabulary concepts. Water use efficiency, 

soil moisture dynamics, wheat cultivation, wheat-based 

agroforestry, agroforestry systems, soil water conservation, 

evapotranspiration, irrigation management, crop water 

productivity, sustainable agriculture, soil moisture 

monitoring, and climate resilience were among the main 

search terms. Boolean operators like "AND," "OR," and 

"NOT" were methodically incorporated to enhance the 

specificity of the retrieved literature and refine the search 

results. 
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Fig. 5: Year wise publication trend for science direct database (from 1960 to 2025) 

 

 

Fig. 6: This PRISMA flow diagram shows how studies are chosen for a systematic review. 
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A multi-phase screening procedure was applied to the 

collected records. Books, book chapters, reports, 

conference proceedings, dissertations, and non-English 

publications were among the non-research elements that 

were initially removed from the dataset. 130 records were 

eliminated as a consequence of this initial screening. The 

remaining publications were then screened for scientific 

value in relation to the review objectives using the title, 

abstract, and full text. Studies examining soil moisture 

behavior under agroforestry systems, water use efficiency 

in wheat cultivation, the effects of tree-crop interactions on 

soil hydrology, irrigation scheduling and water 

conservation techniques, and sustainable resource-use 

management in semi-arid and arid agroecosystems were 

given special attention. Nineteen studies were eliminated 

during the eligibility assessment phase because they were 

not sufficiently relevant to agroforestry-based wheat 

production systems, soil moisture dynamics, or water use 

efficiency. 

Final inclusion was limited to peer-reviewed journal articles 

and review papers published in English between 1960 and 

2025. Studies that offered quantitative or qualitative data on 

crop water productivity and irrigation efficiency, soil 

moisture conservation and hydrological processes, wheat 

production under agroforestry or integrated farming 

systems, and climate-resilient agricultural water 

management techniques were chosen. 

The qualitative synthesis contained 64 studies in total after 

the methodical screening and eligibility evaluation 

processes. These selected research formed the scientific 

basis for evaluating the connections among agroforestry 

systems, soil moisture dynamics, and water usage efficiency 

in wheat farming. The compiled literature offers important 

insights into root-zone moisture dynamics, irrigation 

optimization, evapotranspiration regulation, soil water 

retention mechanisms, and sustainable agroecosystem 

management techniques under various edaphic and climatic 

circumstances. With regard to sustainable water 

management in wheat-based agroforestry systems under 

rising climatic variability and water scarcity circumstances, 

the integrated analysis made it possible to identify current 

research trends, methodological gaps, and future research 

goals. 

 

III. RESULTS AND DISCUSSION 

The average wheat yield in Northern India was 3.0 Mg ha⁻¹, 

but the potential yield was 7.5 Mg ha⁻¹, suggesting the 

biggest yield difference among the regions considered. 

With a potential production of 5.5 Mg ha⁻¹ and an average 

yield of 4.1 Mg ha⁻¹, Punjab demonstrated substantially 

higher productivity, while there is still room for 

improvement. The average and prospective yields in 

Haryana were 3.8 Mg ha⁻¹ and 4.0 Mg ha⁻¹, respectively, 

indicating a reduced yield gap and rather efficient 

production circumstances [10]. Wheat grain yields in agri-

silvi-horticultural systems varied from 2.34 to 3.13 t ha⁻¹ 

under tree-based systems and from 4.07 to 4.08 t ha⁻¹ under 

sole cropping circumstances. The khejri + guava + wheat 

system yielded the most wheat (3.01–3.13 t ha⁻¹) out of all 

the combinations, suggesting that wheat is more compatible 

with greater canopy spacing and less competition. On the 

other hand, systems with more intense shading 

demonstrated comparatively poorer output [27]. According 

to studies conducted in Himalayan agri-horticultural 

systems, wheat cultivated with grewia + almond 

combinations outperformed other tree associations. Crop 

yield beneath the tree crown was roughly 17–19% lower 

than locations outside the canopy effect, and wheat yield 

losses under tree canopies ranged from 18–28% when 

compared with open-field agriculture. However, the grewia 

+ almond + wheat system had the best soil moisture 

conditions and the highest net economic return, indicating 

the promise of improved agroforestry arrangements for 

sustainable wheat production [28]. Wheat yields in poplar-

based agroforestry systems were also lower than in open 

cultivation, where the open-field grain yield was about 3.55 

t/ha. Additionally, agroforestry treatments shown decreased 

productivity because of shading effects, particularly in 

eucalyptus-based systems. Poplar-based systems, on the 

other hand, outperformed eucalyptus (yield = 1.56 t/ha) and 

maintained enhanced soil nutrient status, indicating their 

viability for wheat integration in north Indian agroforestry 

regions (yield = 3.24 t/ha) [29]. Pea-wheat intercropping 

was used across the world for forage and grain production. 

According to a study by [30], intercropping can be impacted 

by the availability of water as well as the choice of cultivar, 

which can have an impact on water use efficiency and the 

intercropping system's productivity. While the water use 

efficiency values were lower in 2006–07 and 2007–08, the 

yield and Eta of the winter wheat irrigated plots were greater 

than those of the rainfed plots [31]. According to [32], 

irrigation practices have a significant impact on NDVI 

readings and have a high positive association with both 

grain yield and biomass output. improved root growth and 

soil moisture retention. 
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Table 1: The overview of agricultural methods' effects on soil & water conservation, as well as other parameters (for 

example, yield). The results are contrasted with traditional tillage and agrichemical use [1]. 

Practice Soil Conservation Water Conservation  Yield 

cover/catch crops Boost the soil structure, 

increase soil organic matter 

(SOM) and decrease soil 

erosion  

Soil moisture conservation, 

increase in soil water 

capacity, improved water 

quality downstream 

15% increase in wheat yield 

[33][34] 

Agroforestry Reduce soil erosion, 

improved soil structure, 

increase SOM 

Agroforestry in arable 

farming systems [35], 

Conserves soil moisture and 

protect crops during high 

summers and fast blowing 

winds and storms. 

The grain yield was higher in an 

agroforestry system, and 

sometimes depend upon spacing 

btw trees and other factors [36]. 

Intercropping Maintain soil structure, 

balance nutrient in soil and 

also maintain SOM level 

[1]. 

But it don’t increase water 

use efficiency 

Higher overall yield of the 

intercropped 

Crops [37]. 

On the other hand, compared to a 

wheat-only crop, one study found 

that intercropping winter wheat 

with clover reduced wheat grain 

yield by 10–25%. [38]. 

Residue 

retention/Mulch 

Efficient in reducing erosion 

(1.7 t/ha-y compared to 4.6 

t/ha-y of soil loss) 

[33][34] 

Soil moisture maintained 

[4], 

Lowering in evaporation 

from soil. 

Enhancing yield of wheat (15% 

higher) [33] 

Minimum tillage Reduce soil erosion & 

nutrient loss [39] 

Lowering moisture loss, 

water runoff & reduce 

sedimentation [40] 

Yields are higher or equal to 

systems using the conventional 

tillage [41] 

Crop Rotation Reduces soil erosion, 

increases soil fertility, 

regulating soil nutrients & 

building soil structure [42] 

Decreases pests and 

diseases. And increase in 

soil water capacity [43]. 

Grain yield was higher in the 

winter oilseed rape–winter wheat–

winter wheat–winter barley crop 

rotation system (83.5 grain 

yield/ha) than in the later (72.9 

grain yield/ha) [44] 

No till/Direct 

seeding 

Reduce soil erosion & 

nutrient loss [45]. 

Lowering moisture loss 

[32], water runoff and 

reduce sedimentation 

Crop yields were higher when no-

tillage was combined with weed 

management and fertilizer 

application rates of either 50% or 

100% [46] 

 

The conventional approach involves direct field 

measurements using instruments such as time domain 

reflectometry (TDR) [47], soil moisture sensors, frequency 

domain reflectometry (FDR) [48], neutron probes, and 

automatic weather stations (AWS) for monitoring soil 

moisture status, climatic parameters, crop growth 

characteristics, and evapotranspiration. These observations 

are subsequently utilized for WUE estimation based on crop 

yield [49]and actual evapotranspiration relationships [50] 

and for evaluating temporal and depth-wise soil moisture 

variations [51]. 

The model-based domain includes simulation tools such as 

CROPWAT [52], DSSAT, APSIM, SWAP, HYDRUS, and 

other hydrological models, which integrate climatic 

variables, soil properties, irrigation scheduling, crop 

coefficients [53], and agroforestry configurations to 
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estimate evapotranspiration, irrigation water requirement, 

root-zone soil moisture, crop yield, and water productivity 

indices. 

Machine learning approaches incorporate environmental 

variables, soil characteristics, remote sensing indices [13], 

crop parameters, and management information to develop 

predictive models using algorithms including random forest 

(RF) [54][55], support vector machine (SVM) [56], 

artificial neural network (ANN), gradient boosting machine 

(GBM), extreme gradient boosting (XGBoost) [57], and 

deep learning architectures. These methods enable 

prediction of soil moisture content, water use efficiency 

estimation, evapotranspiration modeling, yield forecasting, 

and sensitivity assessment under varying agroforestry 

scenarios. 

Remote sensing-based approaches employ multispectral, 

thermal, and microwave datasets derived from platforms 

such as Sentinel-2, Landsat, Sentinel-1, SMAP, and SMOS. 

Spectral indices including NDVI [58][13], EVI , SAVI, 

NDMI, MSI, and land surface temperature (LST), together 

with evapotranspiration models such as SEBAL, METRIC, 

and Priestley–Taylor formulations, facilitate spatial and 

temporal assessment of water use efficiency and soil 

moisture dynamics across wheat agroforestry landscapes. 

The integration of these approaches provides a 

comprehensive evaluation framework for improving water 

management strategies, enhancing resource-use efficiency, 

supporting climate resilience, and promoting sustainable 

productivity in wheat-based agroforestry systems. 

 

Fig. 7: Methodological framework for calculating water use efficiency (WUE) and soil moisture dynamics of wheat in 

agroforestry systems using (1) conventional field measurements with instruments, (2) model-based approach (CROPWAT 

and other models), (3) machine learning techniques, and (4) remote sensing techniques. 
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Table 2: Compilation of equations and indices used in water use efficiency, soil moisture monitoring, and evapotranspiration 

studies 

Method Used Formula Used Representation  References 

Water Use Efficiency Equations 

Agronomic water use 

efficiency 
𝑊𝑈𝐸 =

𝐺𝑟𝑎𝑖𝑛 𝑌𝑖𝑒𝑙𝑑

𝑇𝑜𝑡𝑎𝑙 𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 

WUE = Water Use Efficiency [59] [60] 

[50] 

Irrigation water use 

efficiency (IWUE) 
𝐼𝑊𝑈𝐸 =

𝑌𝑖 − 𝑌𝑟

𝐼
 

𝑌𝑖 = irrigated yield 

𝑌𝑟  = rainfed yield 

I = irrigation depth 

[59] 

[61] 

Crop water 

productivity (CWP) 
𝐶𝑊𝑃 =

𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑐 𝑌𝑖𝑒𝑙𝑑 𝑜𝑟 𝐵𝑖𝑜𝑚𝑎𝑠𝑠

𝐸𝑇𝑎

 
𝐸𝑇𝑎 = actual 

evapotranspiration 

[62] 

[63] 

Transpiration 

efficiency 
𝑇𝐸 =

𝐵

𝑇
 

B = biomass 

T = transpiration 

[64] 

[51] 

Soil Moisture Dynamics Equations 

Gravimetric soil 

moisture 
𝑆𝑀𝑔 =

(𝑊𝑤 − 𝑊𝑑)

𝑊𝑑

∗ 100 
𝑊𝑤 = wet soil weight 

𝑊𝑑 = dry soil weight 

[65] 

[66] 

Volumetric soil 

moisture 

𝜃𝑣 = 𝜃𝑔 ∗ 𝜌𝑏  𝜃𝑣 = volumetric moisture 

𝜃𝑔 = gravimetric moisture 

𝜌𝑏 = bulk density 

[66] 

[47] 

Soil water storage 𝑆𝑊𝑆 = 𝜃𝑣 ∗ 𝐷 

𝑆𝑊𝑆 = ∑(𝜃𝑖 ∗ 𝑑𝑖) 

D = root zone depth [67] 

[68] 

Water balance 𝑃 + 𝐼 = 𝐸𝑇 + 𝑅 + 𝐷 + ∆𝑆 P represents precipitation, I 

stands for irrigation, ET is 

evapotranspiration, R is runoff, 

D represents deep percolation, 

and ∆𝑆 is storage change 

[69] 

[70] 

Energy balance based 

soil moisture 

𝑅𝑛 = 𝐺 + 𝐻 + 𝜆𝐸𝑇 H = sensible heat 

𝜆 ∗ 𝐸𝑇 = latent heat flux 

[71] 

Soil moisture 

depletion 

𝐷𝑟 = 𝐷𝑟(𝑖−1) − (𝑃 − 𝑅𝑂) − 𝐼 − 𝐶𝑅 + 𝐸𝑇

+ 𝐷𝑝 

𝐷𝑟  = root zone depletion 

RO = runoff 

CR = capillary rise 

𝐷𝑝 = percolation 

[72] 

Remote Sensing Soil Moisture Models 

Normalized 

difference water 

index (NDWI) 

𝑁𝐷𝑊𝐼 =
𝑁𝐼𝑅 − 𝑆𝑊𝐼𝑅

𝑁𝐼𝑅 + 𝑆𝑊𝐼𝑅
 

NIR = Band 8 

SWIR = Band 11 or 12 

[73] 

[74] 

Land surface water 

index (LSWI) 
𝐿𝑆𝑊𝐼 =

𝑁𝐼𝑅 − 𝑆𝑊𝐼𝑅

𝑁𝐼𝑅 + 𝑆𝑊𝐼𝑅
 

NIR = Band 8 [58] 
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SWIR = Band 11 or 12 [75] 

[76] 

[77] 

Soil moisture index 

(SMI) 
𝑆𝑀𝐼 =

𝐿𝑆𝑇𝑚𝑎𝑥 − 𝐿𝑆𝑇

𝐿𝑆𝑇𝑚𝑎𝑥 − 𝐿𝑆𝑇𝑚𝑖𝑛

 
LST = land surface temperature 

0 ≤ 𝑆𝑀𝐼 ≤ 1 

[78] 

[79] 

[80]  

Temperature 

vegetation dryness 

index (TVDI) 

𝑇𝑉𝐷𝐼 =
(𝑇𝑠 − 𝑇𝑠𝑚𝑖𝑛)

(𝑎 + 𝑏(𝑁𝐷𝑉𝐼) − 𝑇𝑠𝑚𝑖𝑛)
 

𝑇𝑠 = surface temperature 

a, b = dry edge coefficients 

[81] 

[82] 

[83] 

Vegetation Indices Related to WUE and Soil Moisture 

Normalized 

difference vegetative 

index (NDVI) 

𝑁𝐷𝑉𝐼 =
(𝑁𝐼𝑅 − 𝑅𝐸𝐷)

(𝑁𝐼𝑅 + 𝑅𝐸𝐷)
 

NIR = Band 8 

RED = Band 4 

[84] 

[85] 

[13] 

Soil adjusted 

vegetation index 

(SAVI) 

𝑆𝐴𝑉𝐼 =
(𝑁𝐼𝑅 − 𝑅𝐸𝐷)(1 + 𝐿)

𝑁𝐼𝑅 + 𝑅𝐸𝐷 + 𝐿
 

NIR = Band 8 

RED = Band 4 

[86] 

[87] 

[88] 

Enhanced vegetation 

index (EVI) 
𝐸𝑉𝐼 = 𝐺 (

𝑁𝐼𝑅 − 𝑅𝐸𝐷

𝑁𝐼𝑅 + 𝐶1𝑅𝐸𝐷 − 𝐶2𝐵𝐿𝑈𝐸 + 𝐿
) 

NIR = Band 8 

RED = 4 

BLUE = 2 

[89] 

Moisture stress index 

(MSI) 
𝑀𝑆𝐼 =

𝑆𝑊𝐼𝑅

𝑁𝐼𝑅
 

NIR = Band 8 

SWIR = Band 11 or 12 

[90] 

Normalized multi-

band drought index 

(NMDI) 

𝑁𝑀𝐷𝐼 = (
𝑁𝐼𝑅 − (𝑆𝑊𝐼𝑅1 − 𝑆𝑊𝐼𝑅2)

𝑁𝐼𝑅 + (𝑆𝑊𝐼𝑅1 − 𝑆𝑊𝐼𝑅2)
) 

NIR = Band 8 

SWIR = Band 11 or 12 

[91] 

[92] 

Evapotranspiration Equations 

FAO Penman-

Monteith 𝐸𝑇0 =
0.408∆(𝑅𝑛 − 𝐺) + 𝛾 (

900
𝑇 + 273

) 𝑢2(𝑒𝑠 − 𝑒𝑎)

∆ + 𝛾(1 + 0.34𝑢2)
 

𝑅𝑛 = net radiation, G = soil heat flux, 𝑢2 = wind speed, and 𝑒𝑠 − 𝑒𝑎 = vapour 

pressure deficit 

𝐸𝑇𝑐 = 𝐾𝑐 ∗ 𝐸𝑇0 

[93] 

[94] 

[95] 

[96] 

Hargreaves Equation 𝐸𝑇0 = 0.0023(𝑇𝑚𝑒𝑎𝑛 + 17.8)(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)0.5𝑅𝑎 

 

𝑅𝑎 = extraterrestrial radiation, 𝑇𝑚𝑒𝑎𝑛 = mean temperature, 𝑇𝑚𝑖𝑛  = minimum 

temperature and 𝑇𝑚𝑎𝑥  = maximum temperature 

[97] 

[98] 

Thornthwaite 

Equation 
𝐸𝑇 = 16 (

10𝑇

𝐼
)

𝑎

 

Heat Index: 𝐼 = ∑ (
𝑇

5
)

1.514

 

 

𝑎 = 6.75 ∗ 10−7𝐼3 − 7.71 ∗ 10−5𝐼2 + 1.79 ∗ 10−2𝐼 + 0.492 

[99] 

[100] 
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Blaney-Criddle 

Method 

𝐸𝑇0 = 𝑝(0.46𝑇 + 8) 

p = daytime hour percentage and T = temperature 

Crop ET: 𝐸𝑇𝑐 = 𝐾𝑐𝐸𝑇0 [101] 

[102] 

[103] 

[104] 

Priestley-Taylor 

Equations 
𝐸𝑇 =∝

∆

∆ + 𝛾

(𝑅𝑛 − 𝐺)

𝜆
 

∝ = priestley-taylor coefficient, 𝜆 = latent heat of vaporization, G = soil heat 

flux density and 𝛾 = psychrometric constant.  

[105] 

[106] 

[107] 

 

IV. CONCLUSION 

This systematic review evaluated the existing literature on 

water use efficiency (WUE) and soil moisture dynamics in 

wheat-based agroforestry systems and highlighted their 

importance for sustainable water management under 

changing climatic conditions. The reviewed studies 

indicated that agroforestry practices considerably influence 

soil water availability, evapotranspiration, infiltration, root 

distribution, and crop water productivity through improved 

soil structure, litter deposition, microclimatic regulation, 

and reduced evaporative losses. These interactions 

contribute to enhanced soil moisture conservation and 

efficient utilization of available water resources in wheat 

production systems. The findings demonstrated that the 

performance of wheat under agroforestry conditions is 

largely controlled by tree species, spacing arrangements, 

root interactions, irrigation practices, climatic variability, 

and soil characteristics. Properly managed agroforestry 

systems can improve WUE by increasing infiltration, 

reducing runoff, optimizing soil water storage, and 

enhancing drought tolerance. However, unsuitable tree 

density and improper management may increase 

competition for water, light, and nutrients, resulting in 

reduced crop performance and lower water productivity. 

The review further identified the major approaches used for 

assessment of WUE and soil moisture dynamics. 

Conventional field-based methods, including Time Domain 

Reflectometry (TDR), Frequency Domain Reflectometry 

(FDR), neutron probes, soil moisture sensors, lysimeters, 

and automatic weather stations, remain important tools for 

direct monitoring of soil water status and environmental 

conditions. In addition, process-based and simulation 

models such as CROPWAT, DSSAT, APSIM, SWAP, and 

HYDRUS have been extensively used for estimating 

evapotranspiration, crop water requirements, irrigation 

scheduling, and soil moisture distribution. Recent 

advancements in remote sensing and geospatial techniques 

have significantly improved large-scale monitoring of 

WUE and soil moisture variability using vegetation and 

moisture indices such as NDVI, EVI, SAVI, NDWI, LSWI, 

MSI, TVDI, and NMDI. Similarly, energy balance 

approaches and evapotranspiration models including 

Penman–Monteith, Priestley–Taylor, and SEBAL have 

enhanced water assessment capabilities across agroforestry 

landscapes. Machine learning techniques such as Random 

Forest, Support Vector Machine, Artificial Neural 

Networks, and deep learning approaches also showed 

increasing applicability for prediction and modeling 

purposes. 

Publication trends revealed increasing research activity 

after 2000, with substantial growth during recent years, 

particularly from 2023 to 2025, indicating rising global 

interest in climate adaptation, water conservation, and 

sustainable agricultural systems. Overall, wheat-based 

agroforestry systems provide significant opportunities for 

improving WUE, conserving soil moisture, enhancing 

climate resilience, and supporting sustainable food 

production under increasing water scarcity conditions. 
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Abstract— This study investigates the histochemical changes of lignin deposition in the stems of seven finger 

millet genotypes under Drought, Salinity, Heat, Cold, and Heavy metal stress using the Phloroglucinol-HCl 

staining method. Well-grown plants were subjected to individual stresses at the pre-reproductive stage, and 

stem cross-sections were analyzed for lignin accumulation and structural differences under light microscope. 

This study revealed significant genotypic variation among genotypes and also in lignin deposition under 

stress conditions compared to respective controls. Among different stresses given, heat is showing maximum 

effect on vascular bundles and stem structural stability of plant. Based on lignin, stress tolerant and 

susceptible varieties were identified. Results suggested few genotypes which can be used as animal feed, 

fodder, are agronomically important and industrially applicable genotypes. 

Keywords— Abiotic stress, Finger millet (Eleusine coracana), Lignin, Vascular tissue. 

 

I. INTRODUCTION 

Finger millet (Eleusine coracana (L.) Gaertn), a C₄ crop 

cultivated in semi-arid tropics of Africa and South Asia. It 

plays a vital role in supporting livelihoods and nutritional 

security of millions (Kheya et al., 2023). It offers an 

outstanding nutritional profile, rich in calcium, dietary 

fibre, and essential amino acids, making it especially 

valuable for daily dietary consumption (Gaikwad et al., 

2024). It also has capacity to tolerate various abiotic stresses 

such as drought, salinity, heavy metal toxicity, and 

temperature extremes but ongoing unpredictable rapid 

climate change affecting its cultivation (Binodh et al., 2025) 

Plants respond via different physiological and structural 

adaptations to these environmental constrains (Kanathala et 

al., 2026). Among these, the immediate effect of stress 

includes dehydration (lack of water availability) and 

changes osmotic potential resulting in overall disturbances 

in cell homeostasis, leads to structural rearrangements in 

water transport system i.e. vascular tissue (Hussain et al., 

2019). Drought makes development of thicker xylem with 

reduced vessel diameter and increased vessel number in 

stems and roots (Yang et al., 2021). In salinity and heavy 

metal stress, vascular bundles often thicken with increased 

parenchyma cells, phloem and xylem to facilitate ion 

compartmentalization (Yao et al., 2023). Along with this 

cell wall lignification provides mechanical support against 

turgor pressure (Barros et al., 2015).  

Lignification also stands out as a key mechanism aiding 

tissue integrity, regulating water and ion movement, thereby 

protects cell from damage under stress (Barros et al 2015). 

Lignin is a complex phenolic polymer synthesized from p-

hydroxyphenyl (H), guaiacyl (G), and syringyl (S) 

monolignols via the phenylpropanoid pathway (Vanholme 

el., 2019). Stress responsive alterations in lignin content and 

composition enhances cell wall rigidity, hydrophobicity, 

and mechanical strength to withstand stress providing 

partial tolerance. Lignification in xylem vessels, 

sclerenchyma, endodermis, and bundle sheath cells which 

directly influences water transport, ion exclusion, and 

mechanical stability (Choi et al., 2023; Han et al., 2022). 

There are several studies supporting the modification of 

lignin as a stress responsive adaptation such as, Drought 

increases lignification in xylem with higher proportions of 



Jarapala et al.                             Histochemical Observations of Eleusine coracana Stem Tissues Under Multiple Abiotic Stresses 

ISSN: 2456-1878 (Int. J. Environ. Agric. Biotech.) 

https://dx.doi.org/10.22161/ijeab.113.9                                                                                                                                                 89 

G and S units helping hydraulic safety (Liu et al., 2021; 

Choi et al., 2023); Salinity and Heavy metal stress promotes 

lignin accumulation that limits ion movement through the 

apoplast and safeguards vascular tissues (Han et al., 2022); 

Heat accelerates lignin depositions to strengthen cell wall 

while, Cold modifies its composition and vascular 

patterning (Zhao et al., 2019). Usually, tolerant genotypes 

across many species show greater lignin accumulation with 

higher expression of lignin biosynthetic genes. Biochemical 

and transcriptomic studies of Finger millet also suggests 

altered lignin content and involvement of lignin specific 

genes with abiotic stress (Puranik et al., 2011; Satish et al., 

2016). Histochemical staining and microscopic studies of 

transverse stem sections for lignin depositions and 

structural changes in Finger millet under different abiotic 

stresses provides actual visible changes occurred (Satish et 

al., 2016). This anatomical marker can also be used for 

partial screening of various cultivars to identify tolerant 

varieties.  

In the present study, Seven Finger millet germplasms were 

subjected to various abiotic stresses. The staining of cross-

sectional samples from second internodal region of stems 

was done using Phloroglucinol-HCl stain and visualised 

under light microscope. We aim to reveal structural changes 

and lignin patterns in cell walls occurred as a result of stress 

exposures aids understanding cell wall-mediated stress 

tolerance in millets. Hence, identifying these visible 

changes helps in selecting specific germplasms of interest 

to specific industrial usage and also further targeted 

modifications enhances their agronomical and economical 

value. 

 

II. MATERIALS AND METHODS 

Place of Work 

The present study was conducted in the laboratory and net 

house facilities at the Center for Plant Molecular Biology 

(CPMB) and the Department of Genetics & Biotechnology, 

Osmania University, Hyderabad, India, in the year 2025. 

Plant Material 

The present study utilized seven finger millet germplasms 

cultivated in South India ie., Karnataka, Andhra Pradesh 

and Telangana. Four cultivars Uduru Mallige, CFMV1, 

GPU28, and GE4449 were procured from the Indian 

Council of Agricultural Research (ICAR)-Indian Institute of 

Millets Research (IIMR), Hyderabad. The remaining three 

cultivars-Gowthami, Vakula, and Godavari were obtained 

from local farmers of Vizianagaram District, Andhra 

Pradesh, India. 

Pot Experiment 

Plants were grown in 26 cm diameter pots filled with a 

potting mixture of soil: sand: vermicompost at a 3:2:1 ratio 

(v/v). The experiment was conducted in a completely 

randomized design (CRD) under controlled net and glass 

house conditions. 

Abiotic Stress Treatments 

Drought stress was imposed by Mannitol (250 mM), salinity 

by NaCl (250 mM) and Heavy metal by CuSO₄ (500 μM) 

solutions. Heat stress (40°C) and cold stress (4°C) were 

imposed by adjusting temperature in plant growth 

chambers. Well-watered plants were taken as controls. All 

plants were maintained under optimal glass house 

conditions. These treatments were applied to 45 days old 

plants at pre flowering stage for about 36 hours. 

Histochemical Staining of Stem Internodes 

Second Internode region of each stem sample of control and 

stress treated plants were collected. Thin transverse cross 

section was manual cut using number eight blade from the 

middle portion of internode region and sections were 

mounted on glass slides. Samples were stained immediately 

by 3% phloroglucinol (0.3g in 10ml Absolute Ethanol) 

followed by 37% fuming HCl solution in 2:1 ration for 

lignin visualization (Clifford, 1974). Examined under an 

Olympus light microscope with images captured using a 

mobile camera. 

 

III. RESULTS  

The changes observed under 10x magnification were 

captured and modifications in lignin content, stem structure 

were compared among the samples under stress conditions.  

In Uduru Mallige  

Control plants showed high lignin across vascular bundles 

including metaxylem, protoxylem, phloem and epidermal 

regions. Under Heavy metal stress, decrease in lignin was 

observed with depositions found only around xylem and 

lower number of vascular bundles are present. Under 

drought stress, lignin was decreased. Under Salinity stress, 

lignin content decreased with depositions only around 

protoxylem walls but protoxylems were more damaged. 

Under low temperatures, lignin was highly decreased and 

size of protoxylem increased a bit whereas under heat stress, 

lignin was decreased which is found only around 

protoxylem along with decrease in number of vascular 

bundles. 
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Fig.1: Microscopic images of Uduru Mallige stem cross sections under multiple stress conditions showing lignin content and 

vascular bundles pattern. 

 

In GE4449 

Control plants had very little lignin depositions in 

protoxylem walls. Under Heavy metal stress, overall lignin 

content was highly increased in Phloem, xylem and 

epidermal regions. Under drought stress also lignin content 

was highly increased in Phloem, xylem and epidermal 

regions. Under salinity stress, lignin around xylem tissue 

both metaxylem and protoxylem but damage was occurred 

to vessels of protoxylem. In low temperatures, presence of 

lignin in both metaxylem and protoxylem with increase in 

size of bundle sheath regions was observed. In high 

temperature stress, the stems were rigid with increase in 

lignin around phloem, xylem, and also increase in number 

of bundles. 

 

Fig.2: Transverse stem sections of GE4449 variety under multiple abiotic stresses showing different lignification patterns 

and anatomical differences. 

 

In Gowthami  

Control plants showed healthy vascular bundles with lignin 

in walls of protoxylem regions. Under heavy metal stress, 

the stems are similar to control ones. Under drought stress, 

the number of protoxylems were increased and surrounded 

by more lignin depositions. Under salinity stress, minor 

increase in lignin content with thickened xylem walls were 

observed. Under low temperatures, lignin was found only in 

protoxylem regions but number of protoxylems were 

increased up to five in number. Under heat, the vascular 

bundles were damaged but lignin can be observed around 

protoxylems.  

 

Fig.3: Microscopic images of Gowthami stem cross-sectional area under multiple stress conditions showing lignin content 

and vascular bundles pattern. 

 

In Vakula  

Control plants are well developed stem architecture and 

presence of lignin in only protoxylem walls. Under heavy 

metal stress, xylems vessels were increased along with 

lignin depositions. Under drought stress, amount of lignin 

was similar to controls but more thinning of vessels was 
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observed. Under salinity stress, a very slight decrease in red 

pigment intensity thereby decrease in lignin; size of bundle 

sheath region was enlarged and xylem was reduced. Under 

low temperatures, no change in lignin level but vascular 

bundles size was narrowed. Interestingly, under heat the 

stem tissue got damaged except protoxylems which are 

increased in number and highly deposited by lignin in their 

walls. 

 

Fig.4: Transverse stem sections of Vakula variety under multiple abiotic stresses showing different lignification patterns and 

anatomical differences. 

 

In GPU28  

Control plants showed well developed vascular bundles 

with no lignin depositions. Under heavy metal stress, there 

is no change compared in lignin content was observed. 

Under drought conditions, a drastic increase of lignin 

deposition was observed around xylem vessels, Phloem and 

in epidermal cells of bundle sheaths region. Drought also 

caused a decrease in number of protoxylems compared to 

control. Under salinity stress, lignin depositions occurred 

walls of protoxylems and also thinning of vascular bundles 

was observed. In low temperatures, the lignin increased in 

phloem, xylem vessels and epidermal cells of bundle 

sheaths region similar to drought stress whereas high 

temperatures led to complete damage to stem regions.  

 

Fig.5: The microscopic image of transverse stem sections of GPU28 under drought, salt, heavy metal and cold along with 

controls, complete stem damaged under heat. 

 

In Godavari  

Control plant shows presence of lignin around xylem 

tissues. Under heavy metal stress, decrease in overall lignin 

content and found in only protoxylem regions. Under 

drought stress, heavy damage to vascular bundles were 

observed and lignin content was similar to heavy metal 

stress ones. Under salinity stress, lignin content was highly 

increased in Phloem, xylem and epidermal regions.  In low 

temperatures, lignin is found only around protoxylems 

whereas in high temperatures, the stem is totally damaged.  

 

Fig.6: The microscopic image of transverse stem sections of Godavari under drought, salt, heavy metal and cold along with 

controls, complete stem damaged under heat. 
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In CFMV1 

Control plant shows presence of lignin around xylem 

vessels. Under heavy metal stress, increased lignin content 

was found in Phloem and xylem regions. Under drought 

stress, widening in vessels was observed but overall bundle 

size was reduced and lignin content was present at only 

protoxylem regions. Under salinity stress, lignin content 

was highly increased in protoxylem region. In low 

temperatures, good amount of lignin deposition around 

xylem tissue, uneven distribution in epidermal tissues with 

increase in number of vessels whereas in high temperatures, 

the stem is totally damaged which cannot be sectioned at all.  

 

Fig.7: The microscopic image of transverse stem sections of CFMV1 under drought, salt, heavy metal and cold along with 

controls, complete stem damaged under heat. 

 

IV. DISCUSSION  

Lignin is mostly deposited in the walls of xylem and phloem tissue 

of vascular bundle in plants, which aids in providing mechanical 

support and structural stability (Nakamura et al., 2020). The main 

role of vascular bundles is aiding water transport and providing 

mechanical support to plants. Lignin accumulates more around 

these vascular bundles as a positive stress adaptation mechanism 

making plant withstand under unfavourable conditions (Han et al., 

2022). On the other hand, higher accumulation of lignin poses a 

significant challenge for domestic feed and manufacturing 

industries related to pulp, paper and lignocellulosic biofuel ones 

(Bachir et al., 2022). Thus, observing lignin qualitatively by 

Histochemical staining method provides information regarding the 

intensity and deposition patterns of lignin in vascular tissues and 

also the stress related alterations in vascular bundles compared to 

controls.  

In present study, Lignin present in cross section of stem internode 

region was assessed qualitatively by phloroglucinol staining 

method. Seven Finger millet cultivars were taken to compare 

lignin accumulation under various abiotic stresses. The genotype 

Uduru mallige showed naturally more lignin content without any 

stress treatment given which makes it useful under lodging 

conditions. Upon imposition of stress, it showed reduction in 

lignin content and damage to vascular bundles suggests that it is 

susceptible variety which failed to induce lignin biosynthesis 

under stress and unable to maintain xylem against osmotic 

damage. In cold conditions, the enlargement of vessels suggests 

elasticity to maintain water transport (Ren et al., 2025). Under 

heavy metal stress plants usually thicken the walls of xylem with 

lignin to avoid the transport of heavy metals via apoplast 

(ShangGuan et al., 2023). CFMV1 had lignin surrounding the 

xylem in controlled conditions showing secondary wall 

development for providing mechanical support. Under all stress 

treatments lignin has highly increased conferring to stress 

tolerance mechanism (Moura et al., 2010). Compared to other 

stresses, drought has greatly affected forming more widen vessels, 

helps higher uptake of water by plant (Agustí et al., 2026;2020). 

Protoxylems are small, less efficient compared to metaxylems but 

plants maintain minimum water supply by increasing the number 

of protoxylems as a stress adaptation approach (Augstein et al., 

2022). Hence, CFMV1 shows tolerant behaviour under cold, 

drought, salt and heavy metal stresses. In GPU28 and Gowthami 

varieties there is no change in lignin, vascular bundles 

arrangement due to heavy metal treatment recommends that they 

have adopted a different detoxification mechanism other than 

lignin. GPU28 showed no lignin in control stems. Under drought, 

salinity and cold stress conditions, there is a huge lignification 

observed implicating stress responsive but contrastingly thinning 

of vessels occurred to withstand stress as a primary priority than 

water transport efficiency (Barros et al., 2015). High temperatures 

have completely damaged the stems of GPU28, CFMV1 and 

Godavari as they couldn’t maintain cellular homeostasis and heavy 

dehydration. GE4449 is the only cultivar showed increased 

lignification under heat stress with a compact structure of vascular 

bundles therefore having a lignin induced thermal tolerance 

property and stronger capacity to maintain structural stability (Han 

et al., 2024). In Vakula, the structural rearrangements of vascular 

bundles have dominated the lignin depositional changes 

comparatively. Change in xylem number, thinning of vessels and 

presence of more protoxylems were observed under stress 

conditions to survive multiple stresses by using minimum 

metabolism energy rather than uniformly increasing lignin (Qaderi 

et al., 2019).  

Based on anatomical studies of seven cultivars studied here, 

GE4449, CFMV1 showed good tolerance mechanisms under 

multiple abiotic stresses. These are nutrient rich crops along with 

tolerance suggesting best suitable for agronomic purposes and for 

further studies. Uduru mallige variety had naturally more lignin 

content making it hard to use as animal feed due to its low 

digestibility and also not suitable for paper, pulp and Ligno-

cellulosic biofuel industries contrastingly GPU28 had no lignin 

suggesting for biomass usage for these industries by decreasing the 
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upstream cost of lignin degradation process (Yoo et al., 2020). 

Uduru mallige as a Lignin-rich variety can be economically 

utilized for thermal bioenergy and bioplastic production 

(Laurichesse et al., 2014). Additionally, helps reduce biowaste 

accumulation, as generally less preferred for animal feed. Further, 

quantification of monolignols and changes in composition of 

monolignols can be studied to make effective use of finger millet 

biomass industrially.    

 

V. CONCLUSION 

Current study links variations in lignin content along with 

structural rearrangements to multiple abiotic stress adaptations in 

seven finger millet germplasms. Finger millet consumption has 

increased recently as malnutrition awareness among population 

increased. Finger millet is nutritionally rich crop and its increase 

in recent cultivation, studying lignin helps in better usage of 

biomass industrially and economically. Additionally, it also helps 

partial identification of abiotic stress tolerant germplasms. Thus, 

our study provides fundamental insights into lignin-mediated 

stress adaptation mechanisms, thereby paves the way for targeted 

strategic modification of genes which are lignin related in stress 

tolerant crops with high agronomic value enhances industrial 

applications.  
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Abstract— Heat stress during reproductive stages is a major constraint to maize productivity, particularly 

under late-sown spring regimes. In present investigation, forty maize inbred lines were evaluated for 

morphological, physiological and yield-related responses under normal (7 February) and late (12 March) 

sowing at two locations (CCS HAU RRS, Uchani, Karnal and KVK, Damla, Yamunanagar) across Spring 

2021 and 2022. A randomized complete block design with two replications generated eight environments. 

Traits recorded included days to 50% anthesis and silking, anthesis–silking interval (ASI), leaf senescence 

score (1–9), tassel blast (%), leaf firing (%), silk receptivity (%), kernels per row, hundred grain weight, 

shelling percentage, canopy temperature and plot grain yield. Pooled ANOVA indicated highly significant 

effects of genotype (G), environment (E) and G×E for all traits. Late sowing accelerated phenology, 

increased ASI and heat-injury symptoms (senescence, tassel blast, leaf firing), reduced silk receptivity and 

caused severe yield reductions (0.049–0.288 kg plot⁻¹ under late sowing vs. 0.584–0.862 kg plot⁻¹ under 

normal sowing). Genotypes HKI 1011, HKI MBR139, HKI 1344 and HKI 1664 maintained lower ASI, 

reduced senescence, higher silk receptivity and relatively stable yields under stress, qualifying them as 

potential donors for heat-tolerance breeding.  

Keywords— maize, heat stress, late sowing, anthesis–silking interval, grain yield, inbred lines, canopy 

temperature, G×E 

 

I. INTRODUCTION 

Maize (Zea mays L.) is a globally important cereal noted for 

high yield potential and diverse uses. Its reproductive 

development is particularly sensitive to high temperatures, 

with documented reductions in pollen viability, silk 

receptivity and grain filling when daytime temperatures 

exceed 32–35°C. Several studies estimate that small 

increases in mean temperature can cause significant yield 

penalties in maize through combined effects on phenology 

and reproductive success (e.g., Lobell et al., 2011; Zaidi et 

al., 2019). In northern India, spring maize often faces 

terminal heat stress when sowing is delayed, exposing 

flowering and grain filling to high April–May temperatures 

and heat waves. Heat stress symptoms in maize include leaf 

firing, premature senescence, tassel blast, increased 

anthesis–silking interval (ASI) and reduced kernel set and 

grain weight. 
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Breeding for heat tolerance requires identification of stable 

genetic sources exhibiting reproductive resilience (short 

ASI, sustained silk receptivity), maintained assimilate 

supply (delayed senescence), and lower canopy 

temperatures. Prior studies have used field-imposed late-

sowing regimes and controlled-environment assays to 

screen for tolerance, but multi-environment evaluation 

under natural stress is essential to capture realistic G×E 

interactions. This study aimed to (i) quantify the effect of 

late-sown heat stress on morphological, physiological and 

yield-related traits across forty inbred lines, (ii) identify 

tolerant genotypes with stable performance under stress, 

and (iii) discuss physiological bases for tolerance and 

implications for maize breeding under warming climates. 

 

II. MATERIALS AND METHODS 

Germplasm and experimental sites 

Forty maize inbred lines maintained at CCS Haryana 

Agricultural University Regional Research Station, Uchani, 

Karnal  were evaluated. Details of each inbred (pedigree, 

origin) are provided in Table 1. 

Table 1 List of forty maize inbred lines 

Detail of maize inbred lines 

Sr. 

No. 

Name of inbred 

line  
Source 

Sr. 

No. 

Name of 

inbred line  
Source 

1.  HKI 139 CML 139 21. HKI 1344 Subtropical heterotic group B 

2.  HKI 1025 BC 176 22. HKI 1654-15 HKI 163×HKI 1128 

3.  HKI 1041-2 BC 318 23. HKI 1040-4 BC 318 

4.  HKI 1011 BC 175 24. HKI 327 T CML 327 

5.  HKI 1040-7 BC 318 25. LM 16 
(JS 2×J 3022)×(Tarun×Makka Safed)- 

yellow 

6.  HKI 1654 HKI 163×LM 13 26. HKI 163 CML 163 

7.  HKI 295 Karnal 4 27. HKI 1354-2 Sub tropical heterotic group A 

8.  HKI 1041 BC 318 28. HKI 1354-7 HKI 1352-2 

9.  HKI 488 T Cargil 501 29. HKI 1378 HKI 1344 X1354-2 

10.  HKI 1558-4 
Hybrid selected from 

farmers’ field  
30. LM 17 Partap 69 

11.  HKI 1657 HKI 161×LM13 31. HKI 161 CML 161 

12.  HKI 1128 
Hybrid selected from 

farmers’ field 
32. Bio inbred 47  HKI 194-7×HKI 193-2 

13.  HKI 488 Cargil 501 33. HKI 164-7-2 CML 164 

14.  DQL 2300 1278-4-2-1-1-1 34. HKI 164-7-4 CML 164 

15.  HKI 1126 
Hybrid selected from 

farmers’ field 
35. HKI 164-7-6 CML 164 

16.  HKI 766 WG HM1 36. HKI 193-2 CML 193 

17.  HKI 323 Pool 28, sub-tropocal 37. HKI 1664 HKI1128×LM 13 

18.  HKI 1105 Cargil 633 38. HKI 193-1 CML 193 

19.  HKI MBR139 Pozarica 86 39. HKI L287 CML 287 

20.  HKI 2067 Y HKI 193-2×HKI 163 40. HKI 288-2 CML 288 

 

Field experiments and sowing regimes 

Field trials were conducted at two locations (Uchani, Karnal 

and KVK Damla, Yamunanagar) in Spring 2021 and 2022, 

generating four location–year combinations. Two sowing 

dates were used: normal (7 February) and late (12 March), 

creating eight environments. Each environment was a 
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randomized complete block design with two replications 

with plot size 3.6 m². Standard agronomic practices and 

plant protection measures were followed uniformly across 

sites and seasons. Irrigation was applied to avoid 

confounding drought stress; hence observed effects are 

attributable primarily to thermal regimes. 

 

 

Environmental monitoring 

Daily maximum, minimum and mean temperatures and 

relative humidity were recorded at each site. Canopy 

temperature was measured at midday during the peak 

reproductive stage using an infrared thermometer from non-

senescing leaves, averaged across five representative plants 

per plot. Typical high temperatures during April–May 

ranged 34–40°C (Figure a,b,c and d). 

 

Figure (a) Daily temperature (mean, maximum and minimum) and precipitation during crop season of Spring 2021 

 

 

Figure (b) Daily temperature (mean, maximum and minimum) and precipitation during crop season of Spring 2022 
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Figure (c) Daily temperature (mean, maximum and minimum) and precipitation during crop season of Spring 2021 

 

 

Figure (d) Daily temperature (mean, maximum and minimum) and precipitation during crop season of Spring 2022 

 

Trait measurement 

Observations were recorded on five competitive plants per 

plot for anthesis and silking dates to compute days to 50% 

anthesis/silking and ASI. Silk receptivity (%) was measured 

within 2–3 days of silking by scoring successful kernel set 

following controlled pollination. Leaf senescence was 

scored on a 1–9 visual scale (1 = healthy, 9 = fully 

senesced). Tassel blast and leaf firing were scored as percent 

incidence per plot. Kernels per row were counted from five 

cobs per plot; hundred kernel weight and shelling 

percentage were measured from plot-harvest samples; grain 

yield per plot was recorded at physiological maturity and 

adjusted to kg plot⁻¹. 

Statistical analysis 

Combined (pooled) analysis of variance across 

environments was performed. Genotype means across 

environments and under each sowing regime were 

estimated using least-square means and compared. Stability 

and adaptability under stress were assessed via G×E 

interaction patterns and traits associated with tolerance 

(ASI, silk receptivity, canopy temperature).  

 

III. RESULTS 

Late sowing shifted reproductive stages into a warmer 

period; mean maximum temperatures during anthesis–
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silking increased by ~3–6°C relative to normal sowing, with 

peak daily maxima reaching 34–40°C in April–May across 

sites. Consequently, days to 50% anthesis and silking were 

significantly reduced under late sowing (phenological 

acceleration), reflecting thermal time effects. 

Pooled ANOVA 

Combined ANOVA across eight environments depicted in 

table 2 revealed highly significant (p < 0.01) effects of 

genotype, environment and G×E interaction for all 

measured traits (Table 2). For most traits, the environment 

mean squares were considerably higher than those of 

genotypes and G×E interactions, suggesting that 

environmental factors exerted the greatest influence on 

phenotypic performance. This was particularly evident for 

phenology-related traits such as days to 50% anthesis (DA), 

days to 50% silking(DS), and as well as for grain yield per 

plant (GYP). Such high environmental influence implies 

that location and seasonal conditions play a major role in 

trait expression and must be considered when selecting 

genotypes for stability and adaptability, while genotype and 

G×E contributed substantially to variance in reproductive 

synchrony (ASI), silk receptivity and senescence. 

Table 2: Pooled Mean sum of squares of inbred lines for various traits 

Source 
Degree of 

Freedom 

DA DS 
ASI TB LF LS 

NKR 

Trials 912 18.60 2.78 15.20 18.34 164.44*** 1.18 13.67 

Genotypes 39 198.06 *** 4.96*** 238.23*** 119.41*** 285.24*** 3.55*** 63.29*** 

Environments 7 1074.64 *** 257.07*** 290.77*** 141.78*** 8393.30*** 70.78*** 242.68* 

G*E interaction 273 1.63** 0.84*** 2.83*** 19.58*** 64.06*** 0.68*** 11.71*** 

Pooled error 312 2.09 0.26 1.59 1.14 3.57 0.23 4.19 

 

Source 
Degree of 

Freedom 
S% HGW SR GYP CT 

Trials 912 198.44 10.15 211.97 64.56 1.69*** 

Genotypes 39 288.00*** 26.64*** 377.53*** 29.83*** 4.27*** 

Environments 7 20925.22*** 730.36*** 16371.98*** 7592.94*** 96.02*** 

G*E interaction 273 38.48*** 4.65*** 104.91*** 7.41*** 0.99*** 

Pooled error 312 6.68 1.69 20.69 1.58  

 

** Significant at (P< 0.01) percent,* significant at (P<0.05) percent level of probability, respectively and *** TB and LF data was 

not availableunder normal sown conditions 

 

Phenological responses  

Performance of various inbred lines for contrasting traits are 

presented in table 3. Under normal sowing, days to 50% 

anthesis ranged 66.25–80.75 days; under late sowing this 

range reduced to 59.63–74.38 days. ASI increased markedly 

under late sowing, from 1.00–3.00 days (normal) to 3.63–

6.75 days (late), with the largest increases in HKI 1558-4 

and HKI 288-2 (indicative of severe reproductive 

asynchrony). Genotypes HKI 139 and HKI 1664 

maintained lower ASI under stress, suggesting better 

reproductive synchrony and potential tolerance. Leaf 

senescence scores increased under late sowing (up to 5.25 

in HKI 1378), indicating accelerated chlorophyll loss and 

reduced leaf functional duration. Tassel blast and leaf firing 

were negligible under normal sowing but prevalent under 

late sowing ranged between 10-25 % and 10-20% 

respectively; maximum tassel blast occurred in HKI 323 

(20.88%), HKI 1128 (15.54%) and HKI 288-2 (14.84%). 

Canopy temperatures measured at peak reproductive stage 

were higher for susceptible genotypes; tolerant genotypes 

displayed relatively lower canopy temperatures, suggesting 

better transpirational cooling or stomatal regulation. Silk 

receptivity declined sharply under late sowing (normal: 

34.93–63.23%; late: 9.09–34.07%). Genotypes HKI 163, 

HKI MBR139 and Bio inbred 47 retained comparatively 

higher silk receptivity under stress. Kernels per row and 

kernel set were significantly reduced under heat stress, 

corresponding to increased ASI and reduced silk viability. 

Heat stress caused substantial reductions in hundred kernel 
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weight, shelling percentage and grain yield. Under normal 

sowing, grain yield ranged 0.584–0.862 kg per plot; under 

late sowing it dropped to 0.049–0.288 kg per plot. 

Genotypes HKI MBR139, HKI 1011 and HKI 1025 

recorded the highest yields under stress, with HKI MBR139 

showing the best combination of silk receptivity, kernel set 

and reduced ASI. 

Table 3: Pooled mean of traits of forty maize inbred across normal sown and late sown environment 

  GYP (kg) 
% Yield 

Reduction 
DA (days) DS (days) 

ASI  

Sr. 

No. 
Genotype Normal Late 

 
Normal Late Normal Late Normal Late 

1 HKI 139 0.728 0.240 67.09 66.50 60.13 67.88 63.75 1.25 3.63 

2 HKI1025 0.644 0.255 60.46 66.25 59.63 68.50 64.50 1.25 4.88 

3 HKI 1041-2 0.646 0.229 64.48 67.38 60.50 68.38 64.88 1.00 4.38 

4 HKI 1011 0.712 0.287 59.64 67.63 61.38 69.50 65.38 1.75 4.00 

5 HKI 1040-7 0.713 0.164 77.00 73.13 66.38 74.25 71.38 1.25 5.00 

6 HKI 1654 0.584 0.215 63.22 73.75 64.88 74.75 70.75 1.00 5.88 

7 HKI 295 0.681 0.174 74.47 73.25 66.25 74.75 71.13 1.50 4.88 

8 HKI 1041 0.783 0.225 71.22 73.50 66.38 75.00 71.13 1.50 4.75 

9 HKI 488 T 0.815 0.142 82.56 72.88 66.50 73.88 72.63 1.00 6.13 

10 HKI 1558-4 0.825 0.141 82.86 73.13 67.13 74.13 73.88 1.00 6.75 

11 HKI 1657 0.689 0.238 65.49 73.38 66.63 75.13 71.50 2.00 4.88 

12 HKI 1128 0.724 0.049 93.18 73.00 67.13 74.75 73.25 1.75 6.13 

13 HKI 488 0.813 0.209 74.28 73.88 66.88 74.88 71.00 1.00 4.13 

14 DQL 2300 0.814 0.239 70.67 74.13 66.63 75.75 71.38 1.75 4.75 

15 HKI1126 0.692 0.078 88.68 73.88 68.50 75.88 75.25 2.00 6.75 

16 HKI 766 WG 0.704 0.251 64.31 73.75 67.00 75.75 72.13 2.00 5.13 

17 HKI 323 0.738 0.074 90.01 74.50 69.13 76.00 74.63 1.63 5.50 

18 HKI 1105 0.760 0.205 73.08 75.25 67.88 76.25 72.00 1.00 4.13 

19 HKI MBR139 0.699 0.288 58.81 73.75 67.00 75.13 71.13 1.38 4.13 

20 HKI 2067 Y 0.786 0.214 72.82 74.50 67.50 76.50 72.63 2.00 5.13 

21 HKI 1344 0.862 0.186 78.40 74.88 68.25 75.88 73.38 1.25 5.13 

22 
1654-15-ER 1-1-

1 WINK11 
0.717 0.233 67.55 74.00 67.63 76.00 71.75 2.00 4.13 

23 HKI 1040-4 0.717 0.239 66.75 75.00 68.25 76.75 73.13 1.88 4.88 

24 HKI 327 T 0.722 0.052 92.80 74.63 68.00 76.13 74.63 1.50 6.63 

25 LM 16 0.801 0.200 74.99 77.63 69.88 79.63 75.63 2.00 5.75 

26 HKI 163 0.852 0.249 70.72 77.63 70.25 78.63 74.50 1.00 4.25 
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27 HKI 1354-2 0.846 0.107 87.32 77.88 70.13 79.00 75.25 1.00 5.13 

28 HKI 1354-7 0.819 0.177 78.42 78.13 71.50 80.38 76.88 2.25 5.38 

29 HKI 1378 0.831 0.137 83.48 78.50 71.38 80.00 77.38 1.50 6.00 

30 LM 17 0.831 0.187 77.54 78.50 71.50 81.13 77.25 2.63 5.75 

31 HKI 161 0.828 0.227 72.54 77.88 70.88 79.63 76.00 1.75 5.13 

32 
Bio inbred 47 

ER3-1 Wink 11 
0.714 0.204 71.46 78.50 71.75 81.50 76.63 3.00 4.88 

33 HKI 164-7-2 0.822 0.203 75.36 77.38 70.25 79.50 75.25 2.25 5.00 

34 HKI 164-7-4 0.791 0.180 77.21 77.63 70.63 80.13 74.75 2.63 4.13 

35 HKI 164-7-6 0.793 0.184 76.81 78.00 70.75 80.25 75.38 2.25 4.63 

36 HKI 193-2 0.786 0.189 75.97 77.88 70.63 80.88 75.63 3.00 5.00 

37 HKI 1664 0.825 0.237 71.29 78.00 72.75 80.50 76.63 2.50 3.88 

38 HKI 193-1 0.766 0.204 73.32 78.25 71.63 80.50 76.75 2.38 5.13 

39 HKI L287 0.721 0.090 87.48 79.38 74.38 82.13 80.75 2.88 6.38 

40 HKI 288-2 0.782 0.058 92.59 80.75 73.88 83.75 80.63 3.00 6.75 

 

  LS (score) NKR SR (%)  S%  hgw  

Sr. 

No. 
Genotype Normal Late Normal Late Normal Late Normal Late Normal Late 

1 HKI 139 3.25 3.50 19.42 19.33 52.96 28.10 51.81 27.74 19.74 14.39 

2 HKI1025 2.63 3.38 19.50 17.71 38.20 31.55 51.54 29.74 18.59 12.09 

3 HKI 1041-2 3.25 3.75 19.80 17.10 47.24 31.48 52.24 27.81 19.80 13.15 

4 HKI 1011 2.50 3.75 19.95 17.02 45.05 28.33 49.90 31.23 18.04 15.07 

5 HKI 1040-7 2.63 4.50 18.61 17.60 46.44 21.49 50.98 20.34 19.35 15.02 

6 HKI 1654 3.00 3.50 22.97 16.10 46.38 30.70 45.91 27.58 18.05 15.06 

7 HKI 295 2.13 3.50 21.46 18.70 49.89 20.87 51.56 23.64 20.09 15.25 

8 HKI 1041 2.38 3.25 23.72 18.65 54.32 28.71 54.91 26.71 20.02 15.55 

9 HKI 488 T 2.13 4.75 25.21 14.75 55.94 24.36 54.56 19.27 20.35 12.47 

10 HKI 1558-4 1.88 4.75 19.49 14.85 53.80 21.82 54.21 18.63 19.90 13.51 

11 HKI 1657 2.13 3.50 22.93 18.60 44.97 31.30 49.93 28.73 21.30 15.43 

12 HKI 1128 2.25 5.00 23.36 14.50 
43.97 11.43 52.38 8.82 22.65 14.74 

13 HKI 488 2.25 3.25 21.69 15.00 52.57 30.19 59.28 25.14 23.11 17.43 

14 DQL 2300 1.25 3.00 24.25 24.30 52.69 19.42 59.54 28.33 23.68 17.20 

15 HKI1126 2.38 4.75 19.60 16.10 48.06 11.31 50.06 11.17 21.48 14.23 
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16 
HKI 766 

WG 
2.13 3.50 15.47 17.50 

47.72 32.71 50.59 29.88 18.45 17.33 

17 HKI 323 2.25 4.75 18.85 14.40 46.22 17.00 51.56 11.03 21.28 13.12 

18 HKI 1105 2.00 3.00 22.70 17.00 52.66 24.47 59.67 26.91 22.53 17.15 

19 
HKI 

MBR139 
2.00 2.75 19.91 19.10 

49.62 32.29 59.81 30.05 18.85 16.06 

20 HKI 2067 Y 1.88 3.25 21.21 15.93 53.60 25.45 51.06 25.01 18.55 17.64 

21 HKI 1344 1.38 3.25 23.12 23.75 57.17 19.56 62.86 21.92 22.85 19.02 

22 

1654-15-ER 

1-1-1 

WINK11 

2.13 3.00 17.10 17.30 

48.58 28.21 60.06 30.86 21.85 17.47 

23 HKI 1040-4 2.75 3.00 16.40 22.10 53.81 22.90 54.16 27.65 19.66 17.55 

24 HKI 327 T 1.38 4.25 22.50 15.10 34.93 9.09 51.01 8.52 23.03 11.11 

25 LM 16 1.25 3.50 25.20 18.40 44.57 23.69 52.31 24.68 22.05 15.57 

26 HKI 163 1.25 2.75 19.29 15.50 54.75 33.80 59.56 28.62 21.78 15.73 

27 HKI 1354-2 1.63 3.00 26.81 21.30 57.82 12.72 56.86 14.22 23.35 16.41 

28 HKI 1354-7 1.50 2.50 18.27 21.30 54.26 20.24 47.71 23.88 21.55 17.48 

29 HKI 1378 1.88 5.25 19.76 14.80 59.69 23.97 54.69 19.31 23.39 14.49 

30 LM 17 1.50 3.50 20.69 23.30 54.44 18.32 55.56 24.66 25.03 16.64 

31 HKI 161 1.50 3.00 18.48 14.45 60.17 32.05 63.06 28.48 19.13 17.88 

32 

Bio inbred 

47 ER3-1 

Wink 11 

2.13 3.25 21.93 16.30 

47.16 34.07 53.56 26.82 20.11 15.49 

33 HKI 164-7-2 1.75 3.00 21.13 17.30 51.83 26.54 48.60 24.78 21.95 15.86 

34 HKI 164-7-4 1.50 3.25 18.77 14.35 51.64 29.46 59.66 23.10 24.88 15.73 

35 HKI 164-7-6 2.13 3.25 19.78 13.55 51.98 30.57 48.69 22.97 18.15 16.66 

36 HKI 193-2 2.00 3.25 21.32 19.05 47.51 22.33 48.56 25.07 22.45 15.28 

37 HKI 1664 1.38 4.50 17.63 22.20 63.23 24.49 49.06 27.71 18.55 19.30 

38 HKI 193-1 1.25 3.63 17.62 18.00 50.74 30.61 49.16 26.81 19.65 15.85 

39 HKI L287 1.88 4.50 18.01 16.35 43.43 13.45 49.32 13.45 21.23 13.65 

40 HKI 288-2 1.25 4.88 21.02 15.75 49.91 10.75 53.06 9.54 21.19 14.76 
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Late sown Conditions Normal sown Conditions Traits 

  

Poor appearance of HKI 

1025 cob under late sown 

conditions 

 
 

Comparatively better 

performing for grain 

yeild per plot under late 

sown conditions HKI 

MBR 139 

 

 

Late sown Conditions Normal sown Conditions Traits 

  

Silk receptivity 

inbred line LM 16 

decreases under Late 

sown conditions 
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Late sown conditions Normal sown conditions Traits 

  

q) Comparatively better 

performing for grain yeild 

per plot under late sown 

conditions HKI 163 

 

r) Leaf Senescence Trait 

(Score 3) 

s) Leaf firing in HKI 288-2 t) Tassel Blast in 327 T 

  

 

 

 

Identification of tolerant genotypes 

Integrating mean performance, stability across 

environments and trait profiles, genotypes HKI 1011, HKI 

MBR139, HKI 1344 and HKI 1664 were identified as 

relatively heat tolerant: they combined lower ASI, higher 

silk receptivity, reduced senescence and better yield 

stability under late sowing. These inbreds represent 

promising donors for breeding heat-resilient hybrids and 

populations. 

 

IV. DISCUSSION 

The present study confirms that late sowing imposes 

terminal heat stress that accelerates phenology but disrupts 

reproductive processes in maize, thereby reducing grain 

yield. The marked increase in ASI under heat stress aligns 

with earlier reports linking reproductive asynchrony to poor 

kernel set and yield loss (Chiuta and Mutenga, 2025 and 

Yadav et al., 2016). High temperature decreases the time for 

tasseling and pollen shedding, increases anthesis silking 

interval and parchedness of silk all of which reduces the 

pollen viability, pollen quantity and successful seed setting 

(Pranay et al., 2022 amd Jodage et al., 2018).  Further heat 

stresses maize plants are unable to convert photosynthates 

into starch in pollens. Thus, decreases the pollen numbers, 

their viability and starch synthesis contributes to the 

distorted fertilisation process and ultimately to the yield loss 

(Wang et al., 2019). Reduced silk receptivity and pollen 

viability under high temperatures are primary physiological 

causes of kernel abortion (Noor et al., 2019 and Krishna et 

al., 2021); genotypes maintaining silk receptivity under 

stress (e.g., HKI MBR139) thereby maintain better kernel 
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set and yield. Leaf senescence and canopy temperature 

differences suggest that tolerant genotypes preserve canopy 

function longer and/or maintain better transpirational 

cooling, contributing to sustained photosynthate supply for 

grain filling. Lower canopy temperature in tolerant lines 

may reflect higher stomatal conductance or deeper rooting 

enabling water uptake—traits often associated with heat 

tolerance but requiring direct physiological confirmation 

(Tollenaar and Lee, 2002 and Prasad et al., 2011). Genetic 

variability and significant G×E interactions indicate that 

selection for heat tolerance must be performed across 

multiple stress environments. The tolerant inbreds 

identified here can be used in crossing programs.  

 

V. CONCLUSIONS AND FUTURE 

PERSPECTIVES 

Late-sown heat stress significantly impaired reproductive 

synchrony, silk receptivity and grain filling, causing heavy 

yield losses. However, substantial genetic variation exists 

among the evaluated inbreds. HKI 1011, HKI MBR139, 

HKI 1344 and HKI 1664 combined favorable reproductive 

and physiological traits under stress and are recommended 

as donor parents for developing heat-tolerant hybrids. 

Breeding programs should integrate multi-environment 

field screening with physiological and molecular 

characterization to select mechanisms conferring tolerance. 

Present investigation can be further extend to controlled-

environment experiments to validate field-identified 

tolerant lines and dissect physiological mechanisms (pollen 

viability, silk desiccation, stomatal behavior). Measuring 

the additional physiological traits (chlorophyll 

fluorescence, SPAD, membrane thermostability, root traits) 

and water relations to link phenotype to mechanism. QTL 

mapping or GWAS can be implemented across the inbred 

panel to identify genetic loci associated with ASI, silk 

receptivity and canopy temperature. 
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Abstract— Carbon footprint (CF) is one of the most important widely used indicators that quantify human 

use of natural resources and its emissions, where it can be used to guide policies to mitigate the stress of 

human activities on natural resources and the environment. Improving agricultural practices and systems 

may lead to mitigating greenhouse gas emissions. In this study the carbon footprint of wheat grown in various 

farming methods was ascertained in two different agro-ecological zones (Eastern desert and Sinai and 

Western desert and Oasis) in Egypt during the two growing seasons (2023-2024 and 2024-2025). The carbon 

footprint of wheat production was quantified based on the traditional practices data of the production 

process. The CF was found to be significantly different between both zones due to various cultivation systems, 

irrigation systems, fertilization, and pest control. The average carbon footprint differed between the two 

agro-ecological zones, irrigation systems and cultivation methods, ranging from 3088.9 to 3528.3 kg CO2 

eq./ha. The results also showed that there were significant differences in the impact of different farming 

methods and practices as well as irrigation systems on the carbon footprint rate, wheat yield and its 

components. The lowest carbon footprint values were recorded in the South Sinai region when using drip 

irrigation recorded 3088.9 kg CO2 eq./ha, along with the highest water use efficiency 1.36 kg/m3. 

Keywords— Carbon footprint, wheat, climate change. 

 

I. INTRODUCTION 

Increased global awareness of environmental 

challenges and their connections to social and economic 

difficulties has been a major driving force behind 

worldwide environmental legislation in recent decades. 

Global greenhouse gas (GHG) emissions must be 

significantly reduced, according to international accords 

and scientific evaluations. Where led to the Earth's climate 

changes quickly due in significant part to rising 

anthropogenic greenhouse gas emissions. Global climate 

change is a result of agricultural activities that produce 

greenhouse gases (GHGs) during crop cultivation, food 

processing, and product marketing. 23–30% of all human 

greenhouse gas emissions worldwide are caused by 

agricultural operations (Tubiello et al., 2013; IPCC, 2019). 

Farmers and the public are pushing for the creation and 

implementation of practical solutions to lower greenhouse 

gas emissions from all agricultural sectors and activities. 

However, there is a lack of quantitative data regarding the 

methods and approaches that should be used to lower 

agricultural emissions as well as how crop yield might 

impact the level of greenhouse gas emissions (Gan et al., 

2011 a). 

Both freshwater usage and global warming are 

significantly impacted by food production. The second 

largest sectoral GHG emitter is the agriculture, forest, and 

other land use sectors, which contributed 24% of the world's 

GHG emissions in 2010 (Kashyap, & Agarwal, 2021). 

According to FAO, in 2017 70% of freshwater withdrawals 

worldwide and 95% of water withdrawals in certain 
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developing nations are attributed to agriculture, which is 

also the major user of freshwater. Given its limited water 

resources, Egypt's expanding population presents the dual 

problem of increasing food production while reducing the 

corresponding greenhouse gas emissions.  

Millions of people consume wheat every day, 

making it one of the most popular food sources worldwide. 

Its agriculture and production, however, have negative 

climatic consequences. Through greenhouse gases from 

fuel, artificial fertilizers, and pesticides used in wheat 

production have a detrimental effect on climate change 

(Gan et al., 2014). Although enhancing agricultural 

practices would reduce greenhouse gas emissions (Gan et 

al., 2011 b), until now it is unknown whether adopting 

alternative farming practices such as cultivation methods 

and irrigation system will enhance wheat productivity and 

reduce pollution by carbon emissions. 

One of the most significant and commonly used 

metrics for measuring how much natural resources are 

consumed by humans and the emissions they produce is the 

carbon footprint (CF), which may be used to inform policy 

to lessen the impact of human activity on the environment 

and natural resources. The management of farms can be 

guided by the carbon footprint as an indicator due to the 

growing environmental impact of food production (Zhang 

et al., 2017). Therefore, evaluating the CF of agricultural 

output is necessary before investigating the best farming 

methods with reduced greenhouse gas emissions. IPCC 

2019 states that GHG emissions from agricultural 

production in agroecosystems come from a variety of 

agricultural activities, such as the use of fertilizers, 

pesticides, irrigation water, and fossil fuels, in addition to 

cultivated soils. 

The term "carbon footprint" was first introduced in 

a pioneering academic paper by Rees (1992), which also 

presented the concept of the "ecological footprint." In a 

subsequent study, Wiedmann and Minx (2008) explained 

how carbon footprints can be utilized to assess the impact 

of greenhouse gas (GHG) emissions on environmental 

sustainability. Also, they reported that a carbon footprint is 

a measure of the exclusive total amount of carbon dioxide 

emissions that is accumulated over the life stages of a 

product or is directly and indirectly caused by an activity 

(Gan et al., 2011 a).  

The purpose of this study was to examine how 

irrigation systems and traditional cultivation practices 

impact wheat productivity and carbon footprints across two 

distinct agroclimatic zones of Egypt.  

 

II. MATERIALS AND METHODS 

Study site descriptions.  

The first region is the El-Kharga oasis at New 

Valley, located in the southwestern part of the country, in 

the south of Egypt's Western Desert (part of the Sahara 

Desert) (25.52° N and 30.61° E). Which is located within 

the agroecological zone of the Western Sahara and the 

oases: This area depends on groundwater (non-renewable) 

and is characterized by sandy soil. The climate of Kharga 

Oasis is a hot, hyper-arid desert climate (Köppen BWh), 

with highs of 41°C in August and lows of 2°C in January. 

The temperature ranged from 52°C to 2°C, with a relative 

humidity of about 39%. 

The second region is Al-Wadi village, Al-Tor city, 

South Sinai, Egypt (28.21089°N, 33.35450°E, at an 

elevation of 14 m above sea level). Which is located within 

the agroecological zone of the Eastern Desert and Sinai: it 

is mostly harsh arid environments, with agriculture 

activities in valleys and areas containing groundwater, 

especially in the South Sinai Peninsula. Its climate features 

a hot desert climate (Köppen BWh) with scorching 

summers, mild winters, and extremely low precipitation 

with an average annual rainfall of no more than 7 mm and 

an average temperature of 23.2°C. The temperature ranged 

from 35°C in summer to 13°C in winter, with a relative 

humidity ranging between 51-66 %. 

Table 1. Soil Physicochemical properties during the two growing seasons (2023-2024 and 2024-2025) 

Season Texture EC 

(ppm) 

pH Available aions (ml/l) 

Ca Mg Na CO3 HCO3 Cl- SO4 

 New Vally 

2023-2024  

Sandy 

936 8.1 12.3 7.8 17.02 4.13 6.87 95.9 0.71 

2024-2025 922 8.3 13.1 8.1 16.68 4.37 6.53 93.4 0.67 

 South Sinai 

2023-2024 Sandy 1466 8.2 7.95 8.78 19.91 3.1 2.66 21.2 12.48 

2024-2025  1394 8.2 7.93 8.70 19.71 2.9 2.62 20.6 12.42 
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Data sources 

Data used in the calculation of carbon footprint 

was originated from a field experiments conducted during 

the two growing seasons 2023-2024 and 2024-2025 in two 

Agro-Ecological zone of Egypt (Western Sahara and the 

oases - Eastern Desert and Sinai). 

Field experiments and layout 

Consumption and yield data for the 2023-2024 and 

2024-2025 wheat growing seasons were calculated using 

three different irrigation systems (flood, drip, and sprinkler) 

in the first region, and only two in the second region (drip 

and sprinkler). employing the two seeding methods 

(Broadcasting and by seed drill in rows) in the first region 

and (broadcasting and by handheld seeder in rows) in the 

second region, during the two growing seasons. 

Six experimental fields were cultivated during two 

growing seasons 2023-2024 and 2024-2025: four in the 

New Valley (three fields sown broadcast under the three 

irrigation systems—flood, sprinkler, and drip—and one 

field sown using a seed drill under flood irrigation), and two 

fields in South Sinai (one sown using a planter under drip 

irrigation, and the other was sown by broadcast under 

sprinkler irrigation system). 

Carbon footprint calculating 

The carbon footprint assessment is based on 

calculating greenhouse gas emissions GHGs through 

various agricultural activities, from the use of energy in the 

production and use of agricultural machinery, synthetic 

fertilizers, and chemicals for crop protection such as 

herbicides, pesticides, and fungicides, to the direct use of 

fuel in agricultural operations according to guidelines for 

national greenhouse gas inventories IPCC 2006. 

 

III. RESULTS 

The comparative effects of various irrigation 

systems and cultivation methods on plant height and spike 

length (cm) under two agro-ecological zones, which are 

summarized in figure 1 (a, b) for both growing seasons. The 

results indicated that there was a considerable effect on 

plant height and spike length due to the two irrigation 

systems and cultivation methods under both zones. 

The results showed a significant effect of irrigation 

systems on plant height in the two study areas. Wheat plants 

under drip irrigation exhibited the highest plant heights, 

reaching 118.6 and 105.5 cm, and spike lengths of 11.9 and 

11.2 cm in the first and second areas, respectively. 

Conversely, sprinkler irrigation resulted in reduced wheat 

plant heights and spike lengths, with plant heights 

decreasing to 112.3 and 96.5 cm and spike lengths reaching 

11.5 and 10.2 cm in the two study areas. Comparing flood 

irrigation with both drip and sprinkler irrigation systems in 

the first area (Western Desert and Oases) revealed clear 

differences, recording the lowest values for spike length and 

plant height, recorded 110.6 and 10.5 cm (Fig. 1 A). 

On the other hand, the cultivation method had 

different effects on plant height and spike length in the two 

study zones. In the first zone (Kharga Oasis in the New 

Valley), the average plant height was 112.55 cm, while in 

the second zone (El Tor in South Sinai), the average spike 

length was 11.3 cm. Although plants grown using the 

broadcast method reached a higher height of 113.8 cm 

compared to those grown using the seed drill in rows (111.3 

cm) in the first zone, no difference was recorded in spike 

length (11.3 cm). Conversely, plants grown using the 

broadcast method recorded the lowest plant height and spike 

length (96.5 cm and 10.2 cm) compared to plants grown 

using the handheld seeder in rows in the second zone, 

recorded 105.5 cm and 11.2 cm (Fig. 1B). 

In addition, in general there were significant 

differences between the two study zones, with wheat 

performance in the Western Desert and Oases region (El-

Kharga Oasis - New Valley) outperforming that of the 

Eastern Desert and Sinai region (El-Tur - South Sinai), 

where plant height and spike length increased by 11.88% 

and 5.61%, respectively. 

When comparing the effects of different irrigation 

systems and planting methods on the number of grains per 

spike and the thousand-grain weight (g), the results indicate 

a significant variation in both grains per spike and thousand-

grain weight depending on the irrigation system and 

planting method. This variation also differed between the 

two study regions. Drip irrigation achieved the best 

thousand-grain weight in both regions, reaching 51.62 g and 

50.47 g in the Western Desert and Oases region, and the 

Eastern Desert and Sinai region, respectively (fig. 2A). 

However, sprinkler irrigation yielded the best number of 

grains-per-spike values, recording 33.5 g and 28.2 g in the 

first and second regions, respectively (Fig. 2 A). On the 

other hand, although broadcasting cultivation resulted in the 

best number of grains-per-spike in both regions, 

mechanized methods achieved the best 1000-grain weight, 

recording 50.73 g when using a seed drill in the first region 

and 50.47 g when using a handheld seeder in the second 

region (Fig.2 B). 

Furthermore, wheat performed better in the 

Western Desert and Oasis region than in the Eastern Desert 
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and Sinai. In the first region, the plants were superior in the 

number of grains/spikes as well as the weight of 1000 grains 

the average number of grains per spike was 32.13 grains per 

spike, and the average weight of 1000 grains was 50.22 g; 

on the other side in the second region, the average number 

of grains per spike was 27.25 grains per spike, and the 

average weight of 1000 grains was 49.22 g. 

 

Fig.1 Effect of irrigation system and cultivation methods on plant height and spike length (cm) of wheat under two agro-

ecological zones conditions in Egypt  

 

 

 

Fig.2 Effect of irrigation system and cultivation methods on number of grains/spike and 1000 grains weight (g) of wheat 

under two agro-ecological zones conditions in Egypt  

 

The results in table 2. and figure 3. show that wheat 

productivity varied greatly between the two agricultural 

regions, with the Western Desert and Oases region (New 

Valley) outperforming the Eastern Desert and Sinai region 

(El-Tur) in both wheat productivity and biomass yield, 

achieving 7.62 t/ha and 28.72 t/ha, respectively. This 
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indicates a 10.12% increase in grain yields and a 52.85% 

increase in biomass yields compared to the Eastern Desert 

and Sinai region. Regarding the irrigation systems used, 

drip irrigation achieved the best results in both study zones, 

with an average wheat yield of 8.25 t/ha in the New Valley, 

representing increases of 13.87% and 6.66% compared to 

flood and sprinkler irrigation systems, respectively. 

Biomass also increased by 14.62% and 29.31%, reaching 

32.65 t/ha. Furthermore, average wheat yield and biomass 

under drip irrigation increased in the Eastern Desert and 

Sinai (El-Tur) regions, reaching 7.61 t/ha and 22.02 t/ha, 

respectively, representing increases of 22.15% and 41.52% 

compared to sprinkler irrigation. The study of planting 

methods effect revealed that mechanized planting systems 

are superior to manual broadcasting. Cultivation with a seed 

drill achieved the highest wheat yield and biomass, reaching 

7.84 t/ha and 30.41 t/ha, respectively. This represents 

increases of 17.90% for grain yield and 14.50% for biomass 

in New Valley. Similar results were observed in El-Tur, 

where average yields with mechanized planting using a 

handheld seeder reached 7.61 t/ha, and the biomass yield 

was 22.02 t/ha. In contrast, the average wheat yield and 

biomass yield with broadcasting were 6.23 t/ha and 15.56 

t/ha, respectively. These figures represent decreases of 

18.13% and 29.34%, respectively, when compared to the 

results obtained from mechanized cultivation. According to 

the results in Fig. 3 (A and B) and Table 2, mechanized 

farming, utilizing either a seed drill or a handheld seeder 

within a drip irrigation system, achieved the highest levels 

of grain and biomass productivity across the two study 

zones, each characterized by different environmental 

conditions. 

 

Fig. 3 Effect of irrigation system and cultivation methods on grain yield and biomass of wheat (t/ha) under two agro-

ecological zones conditions in Egypt  

 

The results in Table 2 and figure 4 (A and B) 

indicate significant differences in water use efficiency 

between the two agricultural environments zones studied. 

Water use efficiency ranged from 1.11 to 1.23 kg of grain 

per m³ of water in the Eastern Desert and Sinai (El-Tur), 

compared to the Western Desert and the oases (New Valley), 

respectively. The analysis revealed notable disparities in 

water use efficiency among the various irrigation systems. 

Flood irrigation exhibited the lowest efficiency, measuring 

at 0.87 kg of grain per m³ of water, while drip irrigation 

achieved the highest efficiency at 1.35 kg of grain per m³ of 

water, as well as sprinkler irrigation recorded a water use 

efficiency of 1.1 kg of grain per m³ of water.  The results 

show that the best water use efficiency was achieved with 

mechanized planting using a handheld seeder under a drip 

irrigation system, reaching 1.36 kg grains/m3 water, while 

the lowest water use efficiency was recorded with broadcast 

planting and the application of a flood irrigation system, 

reaching 0.87 kg grains/m3 water. 
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Fig. 4 Effect of irrigation system and cultivation methods on water use efficiency (kg/m3) in wheat fields under two agro-

ecological zones conditions in Egypt.  

 

The estimation of CO₂ emissions in wheat 

production was based on the different methods and practices 

of wheat production in the selected zones. Throughout the 

many procedures seen throughout the survey, the evolution 

of operations farming practices considered tillage, 

cultivation methods, irrigation systems, plant protection, 

fertilizing, combine harvesting, and threshing as essential 

processes that contribute to the total carbon emissions in 

wheat production. By examining the inputs—such as labor, 

chemical fertilizers, seeds, herbicides, pesticides, and the 

efficiency of equipment sets used for tillage, harvesting, and 

threshing—the greenhouse gas emissions linked to these 

practices were determined. The information offered a 

thorough evaluation of the environmental effects of 

different wheat production systems, assisting in the 

identification of major sources of greenhouse gas emissions 

and providing information on possible areas where 

sustainable agriculture practices could be improved. 

Data in figure 5 presents an assessment of 

greenhouse gas (GHG) emissions resulting from various 

farming practice inputs across different wheat production 

systems  (cultivation methods and irrigation systems) in the 

two zones under study. The analysis clearly indicates that a 

drip irrigation system is associated with significantly lower 

GHG emissions compared to other systems (sprinklers or 

flood). Generally, the highest GHG emission was recorded 

in the second zone (Eastern Desert and Sinai) at 3528.3 kg 

CO₂-eq ha⁻¹ by the sprinkler irrigation system, whereas the 

lowest was observed in the drip irrigation system at 3088.9 

kg CO₂-eq ha⁻¹.   

Chemical fertilizers, such as urea, ammonium 

nitrate, and monocalcium superphosphate, are the main 

contributors to overall emissions across all treatments, 

according to a thorough analysis of emission sources. The 

second largest source is diesel fuel consumption, which is 

connected to the operation of machinery. Manure fertilizer 

comes next, followed by emissions from human labor, seed 

production, machinery use, and electricity.  These results 

highlight how important farming techniques and nutrient 

management are to emission reduction plans. Potential 

approaches to reduce GHG emissions from wheat farming 

include increasing fertilizer application efficiency and 

implementing alternate fertilization processes. These 

findings support the wider use of sustainable farming 

practices to mitigate climate change issues while 

maintaining or increasing crop output. 
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Fig. 5 Effect of irrigation system and cultivation methods on carbon footprint in wheat fields under two agro-ecological 

zones conditions in Egypt.  

 

Table 2. Impact of Irrigation Systems and Cultivation Methods on Wheat Performance in Two Agro-Ecological Zones of Egypt 
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IV. DISCUSSION 

Gan et al. (2014) demonstrated that adopting 

alternative agricultural practices will increase crop yields 

while reducing carbon emissions by integrating improved 

farming practices and implementing alternative wheat 

production systems better suited to semi-arid 

environments. The results indicate that integrating 

improved farming practices, particularly fertilizer 

application control, allows wheat to absorb more carbon 

dioxide from the atmosphere than it actually emits during 

its production. They also noted that weather significantly 

influences both carbon emissions and carbon 

sequestration, which accounts for the differences observed 

between the two study zones, due to the difference in 

climatic conditions between them. On the other hand, both 

Gan et al. (2009) and Campbell et al. (2000) stated that 

increased crop productivity under more favorable weather 

conditions leads to increased production of crop residues 

and root biomass, which helps to enhance soil organic 

carbon. 

The study results showed a direct relationship 

between nitrogen fertilizer inputs and carbon emissions, 

with each kilogram of nitrogen generating approximately 

8.5 kilograms of carbon dioxide equivalent per hectare of 

emissions. This was not surprising, as inorganic nitrogen 

fertilizers contributed the largest share of total emissions 

attributed to crop inputs. These findings are consistent with 

those of numerous studies conducted in arid wheat-

producing regions, on the semiarid Canadian prairie by 

Gan et al. (2012); Rajaniemi et al. (2011) on oats, barley, 

spring wheat, and rye production in Finland; Brock et al. 

(2012) on wheat produced in the Central Zone (East) of 

New South Wales of Australia; Berry et al. (2010) on wheat 

in the United Kingdom; and Li et al. (2010) in China. 

Irrigation is one land management technique that 

has a big impact on the environment, The findings 

demonstrated that implementing effective and low-carbon 

irrigation techniques can lower energy use and carbon 

emissions. These findings are in line with the findings of 

Qin et al. (2024), who demonstrated that implementing 

highly effective and low-carbon irrigation techniques can 

cut energy use in half and carbon dioxide emissions by 

90%. The findings indicate that energy consumption and 

carbon dioxide emissions can be significantly reduced 

when utilizing drip irrigation in conjunction with electric 

pumping. Therefore, when evaluating strategies to 

minimize energy use and carbon dioxide emissions, the 

feasibility of adopting drip irrigation becomes a critical 

consideration to reduce greenhouse gases as well as reduce 

the carbon footprint in wheat fields as outlined by Qin et 

al., 2024. 

According to Qin et al. (2024), two water-

efficient irrigation methods are sprinkler and drip. 

Nevertheless, the findings demonstrate that sprinkler 

irrigation systems do not lower irrigation-related energy 

consumption and CO2 emissions worldwide and have 

greater energy and CO2 emissions intensity than surface 

irrigation. As a result, drip irrigation systems should be 

prioritized when deploying farm infrastructure, which is in 

line with the results of our study. Huifang et al. (2021) 

found that drip irrigation led to reductions in carbon 

emissions, as well as water and energy usage, by 60%, 

19.47%, and 45%, respectively, compared to traditional 

flood irrigation. 

 

V. CONCLUSION 

The current study shows that while each farming 

technique has a unique impact on crop yield, combining 

those individually proven techniques in a methodical way 

can increase crop yield while also lowering the carbon 

footprint of crop production. In the field experiment, we 

identified and packaged a set of improved farming 

practices for spring wheat grown in two Egyptian 

agroecological zones: the eastern desert and Sinai (Al-tur) 

and the west desert and oasis (New Valley). These practices 

included (i) applying different irrigation systems and (ii) 

using different cultivation techniques. The results indicated 

that farming with a handheld seeder in conjunction with a 

drip irrigation system not only achieved the highest wheat 

productivity but also resulted in the lowest gas emissions 

and the lowest carbon footprint as well as the best water 

use efficiency. 
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Abstract— The escalating cost of chemical fertilizers, along with their prolonged usage leading to 

depletion of natural soil nutrients and environmental pollution, has increased the importance and demand 

for biofertilizers. This study aimed to evaluate the efficacy of using Azospirillum sp., Pseudomonas and 

mycorrhizal fungi individually and in combination for promoting nitrogen fixation, phosphate 

solubilization, IAA production, siderophore production, suppression of pathogenic microorganisms and 

enhancement of plant growth. The PGPR microorganisms, namely Azospirillum sp., Pseudomonas, and 

mycorrhizal fungi were isolated from the rhizosphere soil of tomato cultivation fields in Cuddalore district. 

AZ-5 and AZ-2, two of the isolated Azospirillum sp. strains, exhibited the highest nitrogenase activity, with 

values of 225.75 nmol and 210.45 nmol, respectively. AZ-5 and AZ-2 had cellular nitrogen contents of 

16.95 µg/g and 15.80 µg/g, respectively, which were greater than those of the other isolates. Among the 

isolated Pseudomonas strains, PS-4 demonstrated the greatest phosphate solubilization activity, registering 

21.75 µg P/100 mL broth. This was followed by PS-2, demonstrated significant phosphate solubilization of 

18.30 µg P/100 mL broth. AZ-5,2 and PS 4,2 also exhibited enhanced production of IAA and siderophores. 

Among the AM fungi, particularly Gigaspora sp., showed excellent phosphate mobilization activity of 24.10 

mg/kg along with 74% root colonization, indicating its efficiency as a beneficial mycorrhizal fungus. In the 

controlled laboratory experiment using the petri plate method, the Pseudomonas isolate effectively 

inhibited the growth of Fusarium oxysporum with a growth inhibition zone measuring 41.21 mm. The 

efficient PGPR microorganisms, specifically Pseudomonas and Azospirillum sp., recorded superior 

nitrogen fixation, phosphate solubilization, IAA production, and siderophore production, in conjunction 

with the mycorrhizal fungus Gigaspora sp., which exhibited excellent phosphate mobilization activity, were 

applied both individually and in combination. These microbial treatments were prepared for seven 

experimental treatments under pot culture conditions. At the end of the experiment, the T6 treatment 

performed the best, recording 21.10 cm seedling length, 94.85% seed germination, and a vigour index of 

2028.7, thereby producing healthy, disease-free, and high-quality tomato seedlings. Thus, it is confirmed 

that the integrated application of plant growth-promoting bacteria and beneficial mycorrhizal fungi leads to 

the production of high-quality tomato seedlings and improved seedling yield. 

Keywords— Azospirillum sp, Pseudomonas, Mycorrhiza, Consortium, Fusarium, Biocontrol. 

 

I. INTRODUCTION 

Agriculture is increasingly threatened by 

population growth, the ensuing climate change, and the 

escalating cost of inputs. These challenges are expected to 

be exacerbated by the deterioration of soil fertility, 

degradation of soil structure and water-related issues such 
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as eutrophication brought by excessive leaching of 

nutrients (Wu & Ge, 2019). Furthermore, essential 

nutrients such as nitrogen, phosphorus, and potassium are 

derived from non-renewable resources. Among these, 

phosphorus is an important nutrient that plays a major role 

in plant growth, nucleic acid synthesis and ATP energy 

production (Bechtaoui et al., 2021). However, most of the 

phosphorus present in the soil exists in forms is not readily 

available for plant uptake, which is considered a major 

concern. The soil layer surrounding the roots of plants plays 

a major role in plant growth and nutrient availability. It is 

often referred to as the “second genome” of plants. The 

diverse types and large numbers of microorganisms present 

in the root region significantly influence plant growth and 

agricultural productivity (Berendsen et al., 2012). The root 

exudates released from root hairs contain sugars, amino 

acids, and organic acids that support the growth and 

activities of microorganisms. These substances provide a 

favourable environment for microbial multiplication. Due 

to this, the number and diversity of microorganisms are 

higher in the soil surrounding the roots (rhizosphere region) 

when compared to the soil away from the roots, where the 

microbial population is relatively lower (Reed & Glick, 

2013). This type of plant–microorganism interaction has an 

influence on the quality, yield and growth of plants. Plant 

growth-promoting microorganisms enhance plant growth 

through both direct and indirect mechanisms. The direct 

mechanisms include nitrogen fixation and the 

solubilization of phosphorus and potassium. The indirect 

mechanisms include the production of disease-resistant 

substances and the production of siderophores (Colla, 

2020). Azospirillum sp. is free living nitrogen fixing 

organism. Which fix the atmosphere nitrogen in 

rhizosphere region of vegetable crops. Azospirillum sp. 

produce phytohormone like IAA, an auxin hormone which 

promotes plant growth. The phytohormone improve plant 

tolerance to both biotic and abiotic stress (Sun et al., 2025). 

Pseudomonas, a plant growth-promoting bacteria, enhances 

plant growth through direct mechanisms such as phosphate 

solubilization and other beneficial processes, as well as 

indirect mechanisms like disease control. In particular, in 

tomato seedlings, it helps in control the fungal pathogen 

Fusarium through production antibiotic substances and 

enhancing the defense mechanism of the plant. They also 

activate and stimulate defense mechanisms. Through this 

process, the microorganism Pseudomonas play a major 

role in the biological control method, which is an important 

component of sustainable agriculture (Benchabane M, 

2017). Not only bacteria, but also the fungal association 

known as VAM enhances plant growth under abiotic stress 

by facilitating the uptake of phosphorus, zinc, and certain 

other nutrients. It also absorbs water from regions that 

roots cannot reach, thereby promoting root growth, stem 

development, and the overall growth of the plant (Leuratti 

et al., 2025). Due to the high nutritional value of tomato, 

the demand from people and industries is naturally 

increasing. Furthermore, tomato seedlings are used as a 

model plant to study the interactions between plants 

and microorganisms (Quinet et al., 2019). Healthy tomato 

seedlings that are free from soil- and seed-borne diseases 

and enriched with adequate nutrients serve as an important 

foundation for improving tomato yield. In this research 

study, plant growth-promoting microorganisms such as 

Azospirillum sp. for nitrogen fixation, Pseudomonas for 

phosphate solubilization, Fusarium for inducing fungal 

disease interaction and VAM fungi for phosphorus 

mobilization were utilized in an attempt to produce 

healthy, nutrient-rich, and disease-free tomato seedlings. 

 

II. MATERIALS AND METHODS 

2.1 Collection of rhizosphere soil samples 

Rhizosphere soil samples of tomato plants were 

collected from various regions of Cuddalore district and the 

plant growth-promoting microorganisms such as 

Azospirillum sp., Pseudomonas, and VAM fungi (Vesicular 

Arbuscular Mycorrhiza) were isolated and studied. 

2.2 Isolation and Enumeration of Azospirillum sp. and 

Pseudomonas 

One gram (1 g) of sample was mixed with 100 mL 

of sterile distilled water and kept in an incubator shaker at 

100 rpm for 30 minutes. From this suspension, serial 

dilution was carried out up to 10⁻⁶ dilution using test tubes. 

Subsequently, 1 mL aliquots from the 10⁻⁵ and 10⁻⁶ 

dilutions were taken and inoculated into NFB medium for 

Azospirillum sp. and King’s B medium for Pseudomonas. 

A total of six plates were used, with three plates for each 

organism. Pure cultures of Azospirillum sp. and 

Pseudomonas were isolated using sub-streaking method. 

To confirm the isolates, several biochemical tests were 

performed. 

2.3 Morphological and Biochemical Characteristics of 

Azospirillum sp. 

2.3.1 Gram Staining 

Gram staining was performed following the 

method of Gram C (1884) & boridge TJ (2001). A smear of 

the Azospirillum sp. culture was prepared on a clean glass 

slide using an inoculation loop. The smear was heat-fixed 

using a flame. The slide was then stained with crystal 

violet for 1 minute, followed by iodine solution for 1 

minute. Decolorization was carried out using ethanol for 

10–15 seconds and finally counterstained with safranin for 

30 seconds. After each step, the slide was washed with 
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distilled water. Finally, the stained slide was observed 

under a compound microscope using immersion oil. 

2.3.2 Catalase Test 

The catalase test was performed following the 

method described by (Cappuccino & Sherman, 2011). In 

this method, a smear of Azospirillum sp. culture was placed 

on a glass slide and a few drops of 3% hydrogen peroxide 

(H₂O₂) solution were added. The formation of bubbles 

indicated a positive catalase reaction, whereas the absence 

of bubbles indicated a negative result. 

2.3.3 Methyl Red and Voges–Proskauer 

(MR–VP) Test 

The MR–VP test was performed following the 

method described by Cappuccino & Welsh (2017) & 

Forbes et al., (2007). In this test, Azospirillum sp. culture 

was inoculated into MR–VP broth and incubated at 28°C 

for 48 hours. For the Methyl Red (MR) test, a few drops of 

methyl red indicator were added to the broth culture. The 

appearance of a red color indicated a positive result. For the 

Voges–Proskauer (VP) test, a few drops of alpha-naphthol 

and KOH were added to the broth culture. The 

development of a pink color indicated a positive result. 

2.3.4 Citrate Utilization Test 

The citrate utilization test was performed 

following the method of Atlas RM (2004) & Cheesbrough 

(2005). In this test, Simmons citrate agar was prepared in 

test tubes in a slant form. The Azospirillum sp. culture was 

streaked onto the slant surface and incubated at 28–30°C 

for 48 hours. A color change of the medium from green to 

blue was considered a positive result. 

2.4 Morphological and Biochemical Characteristics of 

Pseudomonas 

After 24 hours of incubation, the King’s B 

medium plates inoculated with Pseudomonas were 

observed and the colony characteristics such as size, shape, 

elevation, and color were recorded. The motility, 

endospore formation, and Gram reaction of Pseudomonas 

were confirmed using a compound microscope. 

Biochemical tests such as gelatin liquefaction, starch 

hydrolysis, carbohydrate utilization, oxidase test, and 

catalase test were performed following the methods of 

Aneja KR (2022) & Ramya rai & Rav (2024). 

2.5 Isolation of Pathogen 

The pathogen Fusarium oxysporum was isolated 

from infected tomato plant leaves showing disease 

symptoms. The diseased microbial culture was obtained 

from the Department of Plant Pathology, Annamalai 

University. 

2.6 Isolation and Enumeration of AM Fungi 

AM fungi were isolated by the sieving and 

decanting method Gerdemann & Nicolson (1963). The 

spores were further purified using sucrose density gradient 

centrifugation and counted with the help of a stereo zoom 

microscope Boyno et al., (2023). The number of spores 

present in 100 g of soil was calculated. 

2.7 Identification of AM Fungi 

The identification of AM fungi was carried out 

with the help of taxonomic keys Goswami et al., (2018). 

2.8 Purification and Mass Multiplication of AM Fungi 

The isolated and identified AM fungi were mass 

multiplied by the soil-funnel method using tomato seedlings 

as trap plants (Schenck NC, 1982). The AM fungal spores 

harvested along with roots and soil were allowed to attain 

complete maturity before being used for tomato seedling 

application. It is noteworthy that the entire process was 

completed over a period of three months. 

2.9 Isolation and Screening of Plant Growth Promoting 

Rhizobacteria for Plant Growth Promoting Traits 

The isolated microorganisms were screened for 

plant growth promoting characteristics such as nitrogen 

fixation, phosphate solubilization, mobilization and plant 

hormone and siderophore production. 

2.10 Phosphate Solubilization 

For the estimation of phosphate solubilization, 50 

mL of Pikovskaya’s broth were separately dispensed into 

three 250 mL Erlenmeyer flasks Nautiyal CS (1999). The 

isolated Pseudomonas culture was inoculated into each 

flask at the rate of 100 µl and the flasks were incubated for 

7 days in a rotary shaker at 150 rpm and 30°C. After seven 

days of incubation, the broth culture was centrifuged at 

5000 rpm for 20 minutes using a centrifuge machine. The 

phosphorus (P) released and dissolved in the liquid 

medium was estimated following the method described by 

Jackson (Jackson ML, 1973). Nitrogen fixation was carried 

out by the microorganism Azospirillum sp. The amount of 

nitrogen fixed was estimated by the Acetylene Reduction 

Assay (ARA) method. Each isolated Azospirillum sp. 

culture was grown in 100 mL of NFB medium in a 250 mL 

Erlenmeyer flask and incubated at 30°C for two days. The 

air present inside the Erlenmeyer flask was replaced with 

10 % acetylene gas and the flask was incubated for 1 hour. 

After incubation, 1 mL of gas sample was analyzed using 

gas chromatography, and the concentration of ethylene gas 

produced was determined. The values were calculated 

using a standard calibration curve method Boddey et al., 

(1987) & Reis et al., (2015). The nitrogen fixed by 

Azospirillum sp. was also estimated by the micro-Kjeldahl 

method described by (Humphries EC, 1956). In this 

method, Azospirillum sp. culture was grown in 100 mL of 
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NFB medium in a 250 mL Erlenmeyer flask at 30°C for 7 

days. After seven days, 5 mL of the microbial culture along 

with 5 mL of medium, 5 mL of H₂SO₄, and 5 g of catalyst 

were added for nitrogen estimation. The mixture was 

combined with a catalyst mixture (K₂SO₄ : CuSO₄ in the 

ratio of 10:1) and digested until a clear solution was 

obtained. After cooling for a few minutes, the digested 

sample was transferred to a Micro-Kjeldahl distillation 

unit. Then, 10 mL of 40% NaOH was added and ammonia 

was liberated through steam distillation. The released 

ammonia was trapped in 20 mL of 2% boric acid solution. 

The ammonia absorbed in the boric acid solution was 

titrated against standard N/50 H₂SO₄ solution. From the titre 

value, the nitrogen content was calculated and expressed as 

the amount of nitrogen present in the microbial medium. 

Total Nitrogen Content 

Total Nitrogen (µg)} = r x 0.0028 x1000 

Where: r = Titre value (mL of N/50 H₂SO₄ 

consumed), 0.00028 g nitrogen is equivalent 

to 1 mL of N/50 H₂SO₄ (Humphries EC, 

1956). 

2.11 Estimation of Phytohormone and Siderophore 

Production 

L-tryptophan supplemented with broth was 

utilized for the estimation of IAA production Gordon & 

Weber (1951) and Mayer (1958). The Salkowski 

colorimetric assay method described by Bric was 

employed to evaluate the IAA production ability of 

Pseudomonas and Azospirillum sp. bacteria (Bric et al., 

1991). To assess the IAA production potential of both 

bacteria, 50 mL of YMB medium supplemented with 1 

g/L L-tryptophan was prepared in 250 mL Erlenmeyer 

flasks. The cultures were incubated in an orbital shaker 

incubator at 150 rpm and 30°C for 7 days. After seven days, 

the broth culture was centrifuged at 10,000 rpm for 10 

minutes at 4°C using a centrifuge. The supernatant 

obtained after centrifugation was collected for IAA 

estimation. To this supernatant, 2 mL of Salkowski reagent 

containing 1 mL of 0.5 mol/L FeCl₃ and 49 mL of 35% 

HClO₄ was added and mixed thoroughly. The reaction 

mixture was incubated at 30°C for 30 minutes. 

subsequently, the absorbance of IAA was measured at 530 

nm using a spectrophotometer and the IAA concentration 

was determined by reference to standard calibration curve. 

2.12 Estimation of Siderophore Production 

The siderophore production potential of 

Azospirillum sp. and Pseudomonas isolated was estimated 

according to the method described by Reeves et al., (1983). 

Distinct liquid media were prepared for siderophore 

production assays. Nitrogen-free bromothymol blue (NFB) 

broth was used for Azospirillum sp., whereas minimal 

medium broth was employed for Pseudomonas isolates. 

For both bacterial cultures, 100 mL of the respective liquid 

medium was dispensed into 250 mL Erlenmeyer flasks and 

inoculated with 1 mL of bacterial culture. The flasks were 

incubated at 30°C for 7 days. After seven days, the broth 

cultures were centrifuged at 10,000 rpm for 20 minutes. 

The cell-free supernatant obtained after centrifugation was 

collected and used for siderophore estimation. For 

siderophore extraction, 20 mL of supernatant was mixed 

with 20 mL of ethyl acetate. Hathway reagent played an 

important role in siderophore estimation. The reagent was 

prepared by mixing 1 mL of 0.1 M ferric chloride and 1 

mL of 0.1 N HCl in 100 mL of distilled water, followed by 

the addition of 1 mL of 0.1 M potassium ferricyanide. For 

the estimation of salicylate-type siderophore, 5 mL of 

assay medium was mixed with 5 mL of Hathway reagent. 

The absorbance was recorded at 560 nm using a 

spectrophotometer, and the siderophore concentration was 

determined by interpolation from a standard calibration 

curve. 

2.13 Estimation of Catechol-Type Siderophore 

For the estimation of catechol-type siderophore, 5 

mL of assay medium was mixed with 5 mL of Hathway 

reagent. Absorbance was then recorded at 700 nm using a 

spectrophotometer, and the siderophore production was 

determined using standard calibration curve prepared using 

2,3-dihydroxy benzoic acid (DHBA). In this method, the 

equivalent value for 1 mole of DHBA was considered as 

0.75. The Catechol-Type siderophore production was 

finally expressed as ng/mL. 

2.14 In Vitro Antifungal Activity 

The antagonistic activity of Pseudomonas against 

Fusarium oxysporum was evaluated using well plate 

diffusion method described by Vincent JM (1947). 

Fusarium oxysporum and Pseudomonas were co-cultured 

on Potato Dextrose Agar (PDA) medium under dual-

culture conditions. After incubation for 3 to 7 days, the 

zone of inhibition was measured and recorded. 

2.15 Pot Culture Experiment 

The pot culture experiment on tomato plants was 

conducted in the greenhouse of the Department of 

Microbiology, Faculty of Agriculture, Annamalai 

University, from December to January. The experiment 

was carried out using a Randomized Block Design (RBD) 

with seven different treatments. For this study, efficient 

Azospirillum sp. isolates showing high nitrogen fixation 

ability and efficient Pseudomonas isolates exhibiting 

phosphate solubilization, IAA production, and siderophore 

production were selected and prepared as separate liquid 

cultures. VAM fungi exhibiting efficient phosphate 
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solubilization ability were prepared as separate inoculum 

cultures. Similarly, Fusarium oxysporum, the pathogenic 

fungus used for laboratory-level disease induction, was 

also prepared as a separate culture inoculum. The 

experiment was then arranged in a Randomized Block 

Design (RBD) with the following treatments: T₁ – 

Pseudomonas, T₂ – Azospirillum sp., T₃ – VAM Fungi, T₄ 

– Fusarium oxysporum, T₅ – PGPR + AM Fungi + 

Fusarium oxysporum, T₆ – Consortium (PGPR + AM 

Fungi) , T₇ – Control. These treatments were subjected to 

experimental evaluation. 

To determine the seed germination percentage, the 

method described by (Zhao et al., 2023) was followed by 

recording the number of seeds germinated daily. The seed 

germination percentage was calculated using the following 

formula: 

𝐺𝑃 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑠𝑒𝑒𝑑𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑡𝑒𝑠𝑡𝑒𝑑
𝑥100 

The Seedling Vigour Index (SVI) was calculated 

using the seed germination percentage and the mean total 

seedling length. According to the method described by 

(Manjeet et al., 2020), the Seedling Vigour Index was 

calculated as: 

Seedling Vigour Index = 𝐺(%) × Mean total 

seedling length The mean total seedling length was 

calculated as: 

Mean total seedling length = Mean root length + Mean 

shoot length 

 

III. RESULT AND DISCUSSION 

Chemical and Microscopic Characteristics of 

Azospirillum sp. Microorganisms 

3.1 Microscopic Characteristics 

The Azospirillum sp. microorganism was 

identified as Gram-negative by Gram staining test. Based 

on microscopic observation, the shape and arrangement of 

the cells were studied. The cells appeared as rod-shaped 

and slightly curved rods. Cells were observed either singly 

or arranged in clusters. A tail-like structure called a 

flagellum was observed at the posterior end of each 

microorganism. This flagellum was confirmed to help in 

the movement of the microorganism and in colonizing 

specific sites. The Gram reaction and microscopic features 

observed in this study were consistent with the 

characteristic features of Azospirillum sp. microorganisms. 

The microscopic observations obtained in present study 

were in agreement with the findings reported by (Sulaiman 

et al., 2019). 

3.2 Biochemical Characteristics of Azospirillum sp. 

Microorganisms 

All five isolated Azospirillum sp. microorganisms 

showed positive results in the catalase test, indicating the 

presence of the catalase enzyme. The catalase enzyme is 

biochemically significant because it breaks down hydrogen 

peroxide (H₂O₂) into water (H₂O) and oxygen (O₂). This 

characteristic is considered significant in the identification 

and biochemical characterization of Azospirillum sp. 

microorganisms. The detailed biochemical characteristics 

of all isolates are presented in Table 1. 

Azospirillum sp. isolates Az-1 and Az-2 showed 

positive results for the MR (Methyl Red) test, indicating 

their association with the butanediol fermentation process. 

The isolates Az-3, Az-4, and Az-5 exhibited positive 

results in the MR test. Among them, the microorganism 

Az-4 showed a negative result in the VP (Voges–

Proskauer) test. Based on these findings, the isolates were 

confirmed to possess mixed acid fermentation 

characteristics. Except for Az-4, all the isolates showed 

positive citrate utilization test. This authenticated the 

utilization of citrate through the following enzymatic 

reaction: 

Citrate → Pyruvate + Oxaloacetate 

As a result of this reaction, the pH of the medium 

increased, causing the medium color to change from green 

to blue, indicating a positive result. The biochemical test 

results observed in this study were in agreement with the 

findings reported by (Rabara et al., 2023). Therefore, the 

isolates were confirmed as Azospirillum sp. 

Table 1. Biochemical characterization of Azospirillum sp. isolates 

S. No. Isolate 

Code 

Gram 

Staining 

Catalase 

Test 

Methyl Red 

(MR) 

Voges-Proskauer 

(VP) 

Citrate 

Utilization 

1 Az-1 -ve + - + + 

2 Az-2 -ve + - + + 

3 Az-3 -ve + + + - 

4 Az-4 -ve + + - + 

5 Az-5 -ve + + + + 
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3.3 Microscopic Characteristics of Pseudomonas 

Each Pseudomonas isolate formed flat, irregular, 

and shoe-shaped colonies on agar plate. The colonies 

exhibited smooth surface and translucent appearance. One 

of the characteristic features of Pseudomonas sp. is the 

siderophore production. This characteristic was confirmed 

by the fluorescence exhibited by the microorganisms. The 

yellowish-green colored colonies observed on the agar 

surface indicated the presence of Pseudomonas sp. and 

further confirmed siderophore production. These 

observations were in agreement with the previous findings 

(Reddy & Sudaramoorthi, 2026). Therefore, the isolate was 

identified as Pseudomonas sp. 

3.4 Biochemical Characteristics of Pseudomonas 

All the isolate yielded negative results upon Gram 

staining test, indicating their classification as Gram-

negative bacteria. It was further observed that none of 

the showed endospores formation. The purified isolates 

tested negative for the Indole, MR (Methyl Red), and VP 

(Voges–Proskauer) biochemical assays. These findings 

confirmed the absence of mixed acid fermentation or 

butanediol fermentation biochemical pathways in the tested 

microorganisms. consequently, the microorganisms were 

determined to lack the enzymatic for these fermentative 

processes . A comprehensive summary of the biochemical 

characteristics is given in Table 2. 

All the microorganisms designated Ps-1 through 

Ps-5 demonstrated positive reactions in the citrate 

utilization test, oxidase test and catalase test. These results 

confirmed the presence of citrate-utilizing enzymes 

activity, cytochrome-c oxidase, and catalase activity within 

the isolates. The biochemical profile of these isolates was 

consistent with the established characteristics of genus 

Pseudomonas. Furthermore, the results were in agreement 

with the findings reported by Labhasthrar et al., (2019). 

Therefore, the isolated microorganisms were conclusively 

identified as Pseudomonas sp. 

Table 2. Biochemical characterization of Pseudomonas isolates 

S. 

No. 

Isolate 

Code 

Gram 

Staining 

Spore 

Formation 

Indole 

Production 

Methyl 

Red (MR) 

Voges-

Proskauer 

(VP) 

Citrate 

Utilization 

Oxidase 

Test 

Catalase 

Test 

1 Ps-1 -ve - - - - + + + 

2 Ps-2 -ve - - - - + + + 

3 Ps-3 -ve - - - - + + + 

4 Ps-4 -ve - - - - + + + 

5 Ps-5 -ve - - - - + + + 

 

3.5 Isolation of Nitrogen Fixing Plant Growth 

Promoting Rhizobacteria (PGPR) 

The isolation of nitrogen fixing microorganisms 

facilitates the identification of highly efficient 

microorganisms through quantification of nitrogenase 

activity and cellular nitrogen content. The in vitro 

nitrogenase activity and cellular nitrogen content of 

Azospirillum sp. are given in Table 3. The nitrogenase 

activity of the five Azospirillum sp. isolates (Az-1 to Az-

5) were recorded as follows Az-1 – 145.20 nmol, Az-2 – 

210.45 nmol, Az-3 – 198.60 nmol, Az-4 – 170.30 nmol, 

Az-5 – 225.75 nmol (C₂H₄ µg⁻¹ protein h⁻¹). Among these 

isolates, Az-5 exhibited the highest nitrogenase activity 

with (225.75 nmol C₂H₄ µg⁻¹ protein h⁻¹) followed by Az-

2 (210.45 nmol C₂H₄ µg⁻¹ protein h⁻¹). 

The cellular nitrogen content varied among the 

five microorganisms Az-1 – 11.35, Az-2 – 15.80, Az-3 – 

14.90, Az-4 – 13.40, Az-5 – 16.95 µg/g cell weight. With 

respect to cellular nitrogen content, Az-5 recorded highest 

value of 16.95 µg/g cell weight, followed by Az-2 with 

15.80 µg/g cell weight. The results of present study were 

consistent with those findings reported by (Naqqash et al., 

2022), wherein the nitrogen-fixing efficiency of TN23 and 

TN09 isolates ranged from 138 to 143 nmol µg⁻¹ protein 

h⁻¹.These findings corroborate the reported values, 

thereby validating the results of present study. The 

cellular nitrogen content recorded in the present study 

was also in accordance with values reported by (Hassain 

et al., 2014). where the cellular nitrogen content ranged 

from 10.33 to 13.11 µg/g. Thus, our research findings 

were further substantiated. 
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Table 3: Invitro nitrogenase activity and cell nitrogen content of Azospirillum sp. sp. obtained from rhizosphere 

soils of tomato 

S. No. Isolate 

code 

Nitrogenase activity (nmol C₂H₄ mg⁻¹ 

protein h⁻¹) 

Cellular nitrogen content (mg 

g⁻¹ cell weight) 

1 Az-1 145.20 11.35 

2 Az-2 210.45 15.80 

3 Az-3 198.60 14.90 

4 Az-4 170.30 13.40 

5 Az-5 225.75 16.95 

SED  2.10 0.18 

CD 

(p=0.05) 

 4.25 0.40 

 

Table 4: Phosphate solubilizing potential of Pseudomonas isolates 

s.no Isolate 

code 

Phosphate solubilization (mg 

P/100 mL broth) 

Solubilization 

index 

Final pH of 

medium 

1 Ps-1 12.45 2.10 5.8 

2 Ps-2 18.30 2.85 5.2 

3 Ps-3 15.60 2.40 5.5 

4 Ps-4 21.75 3.10 5.0 

5 Ps-5 10.20 1.95 6.0 

SED  0.85 0.12 0.08 

CD 

(p=0.05) 

 1.75 0.25 0.15 

 

3.6 Assessment of Phosphorus Solubilization potential 

of Pseudomonas isolates 

The phosphorus solubilization potential of 

Pseudomonas isolates was evaluated based on soluble 

phosphorus content, final pH of the medium, and 

solubilization index (SI). The quantitative values for 

phosphorus solubilization, solubilization index and final 

pH of the medium are summarized in Table 4. The 

phosphorus solubilization values of Pseudomonas isolates 

PS-1 through PS-5 were recorded as 12.45, 18.30, 15.60, 

21.75, and 

12.20 µg P/100 mL broth respectively. Among 

these isolates, PS-4 exhibited the highest phosphorus 

solubilization capacity (21.75 µg P/100 mL broth), 

followed by PS-2 (18.30 µg P/100 mL broth), while PS-5 

recorded the lowest value (12.20 µg P/100 mL broth) . The 

solubilization index (SI) values were as follows: PS-1 – 

2.10, PS-2 – 2.85, PS-3 – 2.40, PS-4 – 3.10, and PS-5 – 

1.95. PS-4 and PS-2 recorded highest SI values of 3.10 and 

2.85 respectively, PS-5 exhibited the lowest value of 1.95. 

It is noteworthy that the final pH of the medium and 

phosphorus solubilization were inversely correlated. 

Accordingly, the final pH values of the growth medium for 

isolates PS-1 to PS-5 were recorded as follows: PS-1 – 5.8, 

PS-2 – 5.2, PS-3 – 5.5, PS-4 – 5.0, and PS-5 – 6.0. 

Notably, PS-4 and PS-2 recorded 

lower pH values of 5.0 and 5.2, indicating higher 

degree of acidic nature. The production of organic acids is 

considered a primary mechanism underlying phosphorus 

solubilization. These findings are consistent with those 

reports of (Xu & Chen, 2025) who demonstrated the 

phosphorus solubilization capability of Pseudomonas 

isolated reached 432.36 µg/L and 364 µg/L respectively 

attributed to production of organic acids and the consequent 

reduction in pH. Thus, our experimental results were 

clearly confirmed by their findings. 

3.7 Production of Siderophore and IAA by Plant 

Growth-Promoting Microorganisms 

Among the plant growth-promoting 

microorganisms, Azospirillum sp. isolates AZ-2 and AZ-5, 

and Pseudomonas isolates PS-2 and PS-4, which 

demonstrated superior performance, were selected for 

siderophore and IAA production studies. Siderophore and 

IAA production were detected at varying levels in all 

selected Azospirillum sp. and Pseudomonas isolates. The 
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quantitative data on siderophore and IAA production are 

summarized in Table 5. Among the Pseudomonas isolates, 

PS-2 showed superior performance with the production of 

3.10 µg mL⁻¹ catechol-type siderophore, 4.60 µg mL⁻¹ 

salicylate-type siderophore, and 58.20 µg/25 mL broth of 

IAA. PS-4 recorded the second highest values with 2.35 µg 

mL⁻¹ catechol-type siderophore production and 42.50 

µg/25 mL broth. Among the Azospirillum sp. isolates, AZ-

5 recorded the highest production, yielding 

2.40 µg mL⁻¹ catechol-type siderophore, 4.10 µg 

mL⁻¹ salicylate-type siderophore, and 38.75 µg/25 mL 

broth of IAA. The isolate AZ-2 recorded 1.85 µg mL⁻¹ 

catechol-type siderophore, 

3.20 µg mL⁻¹ salicylate-type siderophore and 

31.40 µg/25 mL broth of IAA. collectively, isolates PS-2 

and AZ-5 demonstrated highest production of siderophore 

and IAA, thereby confirming their efficiency as potential 

plant growth promoting microorganisms through enhanced 

iron acquisition and plant hormone biosynthesis. The 

findings of the present study are consistent with those 

observations of (Lenin G, 2012) who demonstrated that 

Pseudomonas fluorescens exhibited high levels of 

siderophore production, while Azospirillum lipoferum 

produced comparatively higher levels of IAA. These 

previously reported corroborate the results of present 

study. Three different arbuscular mycorrhizal fungi 

(AMF) were subjected to investigation in order to 

evaluate their phosphorus mobilization ability and 

rhizosphere soil colonization percentage. The plant-

available phosphorus and the percentage of rhizosphere 

colonization are presented in the table 6. The plant-

available phosphorus content ranged from 16.30 to 24.10 

mg/kg of soil. Among these isolates Gigaspora sp. 

recorded the highest plant available phosphorus content 

(24.10 mg/kg of soil) and ranked first, followed by Glomus 

sp. with a value of 22.75 mg/kg of soil in second place. 

Acaulospora sp. recorded the lowest value of 16.30 mg/kg 

of soil. The root colonization percentages were recorded as 

follows: Gigaspora sp. – 74%, Glomus sp. – 70%, and 

Acaulospora sp. – 55%. The final results of our research 

were in agreement with the findings of the research article 

by (Parvin et al., 2020). which reported that the fungi 

Gigaspora margarita and Acaulospora laevis showed 

efficient root colonization and phosphorus mobilization, 

thereby increasing plant yield by 143% and 125%, 

respectively. Thus, our research findings were further 

validated. 

Table 5: Siderophore and IAA production by Azospirillum sp. and Pseudomonas isolates 

Isolate Siderophore (Catechol 

type, µg mL⁻¹) 

Siderophore 

(Salicylate type, µg 

mL⁻¹) 

IAA production (µg 25 

mL⁻¹ broth) 

Ps-4 3.10 4.60 58.20 

Ps-2 2.35 3.80 42.50 

Az-2 1.85 3.20 31.40 

Az-5 2.40 4.10 38.75 

SED 0.10 0.12 1.25 

CD 

(p=0.05) 

0.22 0.25 2.65 

 

Table 6: Phosphorus mobilizing potential of mycorrhiza species 

S. No. Mycorrhizal species Available P (mg kg⁻¹ soil) Root colonization (%) 

1 Glomus sp. 22.75 70 

2 Acaulospora sp. 16.30 55 

3 Gigaspora sp. 24.10 74 

SED  1.05 2.10 

CD (p=0.05)  2.30 4.50 

 

3.8 Evaluation of Biological Control Agents Against 

Plant Pathogens Under Laboratory Conditions 

Under laboratory conditions, the microorganism 

Pseudomonas effectively controlled the plant pathogen 

Fusarium oxysporum in Petri plates. The agar well 

diffusion method was employed to assess antifungal 

activity of Pseudomonas microorganism against the test 

pathogen. The Pseudomonas isolate inhibited the mycelial 
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growth inhibition zone of 41.7 ± 

2 mm against Fusarium oxysporum on agar 

plates. These results confirmed that Pseudomonas 

possesses significant biocontrol potential against plant 

pathogenic fungi. These results were consistent with the 

findings of the research article by Chinmay et al., (2024) 

which reported that Pseudomonas fluorescens effectively 

controlled Fusarium oxysporum with a growth inhibition 

value of 36.3 ± 4 mm. Therefore, the results of present 

study is confirmed by previous studies chinmay et al., 

(2024) 

3.9 Effect of Plant Growth Promoting Rhizobacteria 

(PGPR) and Arbuscular Mycorrhizal (AM) Fungi 

on Seedling Growth 

Microorganisms exhibiting superior plant growth 

promoting traits such as nitrogen fixation, phosphorus 

solubilization, IAA production, siderophore production, 

and antagonistic activity against Fusarium oxysporum 

were selected for the evaluation. Among them, 

Pseudomonas, Azospirillum sp., and AM fungi were used 

under controlled conditions to evaluate their effect on the 

growth of tomato seedlings. The observations recorded at 

the initiation of the experiment and after 30 days are 

presented in Table 7. 

Seven different treatments were imposed as 

follows: 

T1 – Pseudomonas, T2 – Azospirillum sp. T3 – 

Mycorrhiza, T4 – Fusarium oxysporum, T5 – Consortium 

(T1 + T2 + T3) + Fusarium oxysporum T6 – Consortium 

alone, T7 – Control 

The values recorded for seedling height, seed 

germination percentage, and vigour index for treatments 

T1 to T3 were as follows: T1 – 14.25 cm seedling height, 

72.40% seed germination, 1031.4 vigour index (VI) ,T2 – 

12.80 cm seedling height, 68.30% seed germination, 874.2 

vigour index (VI) ,T3 – 15.62 cm seedling height, 75.20% 

seed germination, 1173.1 vigour index (VI) The values 

were recorded as follows: T4 – 9.15 cm, 45.60%, 612.3 VI 

,T5 – 29.20 cm, 88.50%, 1785.6 VI ,T6 – 21.40 cm, 

94.80%, 2028.7 VI 

,T7 – 10.80 cm, 52.70%, 533.5 VI . Among these 

treatments, T6 exhibited superior performance with 

seedling height of 21.40 cm, 94.80% seed germination, and 

a vigour index 

(VI) of 2028.7. This was followed by T5 

(microbial Consortium + Fusarium oxysporum), which 

recorded 19.20 cm seedling growth, 88.50% seed 

germination, and a vigour index of 1785.6, ranking next to 

T6. These results confirmed that the T5 treatment 

effectively controlled Fusarium disease and promoted 

healthy tomato seedling growth. In contrast, T4 (Fusarium 

oxysporum) showed only 9.15 cm seedling length, 46.60% 

seed germination, and a vigour index of 612.1, indicating 

that the fungal pathogen severely affected the growth and 

vigour of tomato seedlings. Thus, the consortium containing 

Pseudomonas, Azospirillum sp., and mycorrhizal fungi 

played an important role in enhancing plant growth through 

phosphate solubilization, IAA production, and siderophore 

production. It was clearly demonstrated that these 

microorganisms contribute significantly to improve soil 

structure and soil fertility by reducing the use of chemical 

fertilizers. They also play an important role in enhancing 

plant tolerance against biotic and abiotic stresses and help in 

sustaining long-term soil productivity and crop health. The 

results obtained in our study were in agreement with the 

findings of researchers zeng et al., (2025) & widawati et 

al., (2018) who reported that plant growth-promoting 

microorganisms such as PGPR and AM fungi, when used 

as biofertilizers, enhanced seed germination percentage, 

shoot length (15.67 cm), and vigour index (2127.20). Their 

study also confirmed that these beneficial microorganisms 

stimulate root and shoot growth, suppress plant pathogens, 

and facilitate the production of healthy and high-quality 

tomato seedlings. 

Table 7: Effect of plant growth promoting rhizobacteria inoculation of seedling height, Germination % and vigour index 

Treatment Seedling Height (cm) Germination (%) Vigour Index 

T1 – Pseudomonas 14.25 72.40 1031.4 

T2 – Azospirillum sp. 12.80 68.30 874.2 

T3 – Mycorrhiza 15.60 75.20 1173.1 

T4 – Fusarium oxysporum 9.10 45.60 612.3 

T5 – Consortium + f. oxysporum 19.20 88.50 1785.6 

T6 – Consortium alone 21.40 94.80 2028.7 

T7 – Control 10.20 52.30 533.5 

SED 1.35 4.20 18.5 

CD (p = 0.05) 2.80 8.95 38.4 
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Bar graph 1. Effect of different treatments (T1-T7) on seedling height (cm) 
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Bar graph 3. Effect of different treatments (T1-T7) on vigour index 

Fig 1. Evaluation of microbial consortium on tomato plant growth under pot culture experiment 

 

 

Fig2.Azospirillum sp. sp. 

 

 

Fig3.Pseudomonas sp. 
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Fig4.Fusarium sp 

 

IV. CONCLUSION 

Excessive use of chemical fertilizers and fungicides 

increases soil acidity, leading to root scorching, 

unavailability of essential micronutrients, toxic effects, and 

dissolution of heavy metals in the soil. Similarly, the 

overuse of fungicides adversely affects beneficial 

mycorrhizal fungi, which are important for water 

absorption and nutrient uptake. The beneficial functions of 

mycorrhiza, such as supplying nutrients to plants and 

providing resistance against harsh environmental 

conditions like drought and salinity stress, are also greatly 

reduced. “From the results of our study, it is evident that 

reducing the use of chemical fertilizers and chemical 

fungicides, while properly utilizing natural biofertilizers 

and antagonistic microorganisms, can effectively enhance 

plant growth and control plant pathogens. 
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Abstract— Amaranthus (Amaranthus graecizans and Amaranthus caudatus L.), is a traditional climate-

resilient crop grown in the hill areas of Uttarakhand and tribal plains and plateaus of Chhattisgarh. 

Amaranthus is a very nutritious crop and able to adapt to minimal input rainfed systems . However, it is 

underutilized and its consumption is mostly seasonal as part of traditional diets. The study focuses on the 

production, processing and marketing stages of the amaranthus value chain in the key production clusters 

of the two states. The study utilized a participatory mixed-methods approach including Focus Group 

Discussions, Key Informant Interviews and secondary data analysis from key stakeholders and institutions. 

The study identified major restrictions relating to production efficiency, processing facilities and market 

linkages and also highlights prospects for value addition and increased market integration. Strengthening 

the amaranthus value chain can boost farmers’ income, promote nutrition-sensitive agriculture and build 

climate-resilient livelihoods in Uttarakhand and Chhattisgarh. Amaranthus is essentially a traditional 

climate tolerant field crop farmed by hill and tribal populations in hill area of Uttarakhand and Chhattisgarh 

State. 

Keywords— Value chain, Value addition, Focus Group Discussions (FGDs) and Key Informant 

Interviews (KIIs) 

 

I. INTRODUCTION 

 Amaranthus (Amaranthus graecizans and Amaranthus 

caudatus L.), commonly known as Ramdana, Rajgira, 

Chaulai, and Marsa, is an important traditional crop 

cultivated across diverse agro-ecological regions of India, 

particularly in the states of Uttarakhand and Chhattisgarh. 

In Uttarakhand, amaranth is predominantly grown in the 

mid- and high-hill regions, where it has long been integrated 

into mountain farming systems and household diets, 

especially during fasting periods, religious festivals, and 

lean agricultural seasons. In Chhattisgarh, the crop is 

traditionally cultivated by tribal and smallholder farmers in 

the plains and plateau regions, where it serves as both a 

grain and leafy vegetable, contributing to food and 

nutritional security during periods of scarcity. 

Historically, amaranthus has played a role as a staple food 

in indigenous diets, comparable to its importance in ancient 

civilizations such as the Aztecs. Its adaptability to marginal 

lands, tolerance to drought and low-input conditions, and 

suitability for rainfed agriculture make it a resilient crop for 

both hill and tribal farming systems. With increasing global 

recognition of amaranth as a “superfood” due to its superior 

nutritional profile—characterized by high-quality protein, 

essential amino acids, minerals, and dietary fiber—the crop 

holds significant potential for promoting nutrition-sensitive 

agriculture, livelihood security, and sustainable food 

systems in both Uttarakhand and Chhattisgarh. 

Uttarakhand and Chhattisgarh are ecologically diverse 

states of India with rich biodiversity and strong dependence 

on plant-based resources for food and traditional medicine, 
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particularly among rural and tribal communities (Prasad and 

Sharma 2018). Millets are climate-resilient food grain crops 

requiring minimal inputs and are widely used for food, 

beverages, and fodder (Bhat et al. 2024). Traditionally 

consumed as staple foods in India (Apetrei 2012), millets 

continue to play an important role in local food systems. 

In Uttarakhand, millets such as barnyard millet (Jhangora), 

finger millet (Mandua), and amaranthus 

(Chaulai/Ramdana) are traditionally cultivated in hill 

regions (Raiger et al. 2023). In Chhattisgarh, millets 

including kodo, little millet, finger millet, and amaranthus 

are grown mainly in rainfed plains and plateau areas by 

tribal and smallholder farmers. Across both states, these 

crops contribute significantly to household nutrition, 

livelihood security, and climate-resilient agriculture. 

Household consumption perspective in Uttarakhand and 

Chhattisgarh, amaranthus is primarily consumed seasonally 

and culturally, rather than as a daily staple such as rice or 

wheat. In Uttarakhand, consumption is largely associated 

with fasting periods, religious festivals, and special 

occasions, while in Chhattisgarh it is more closely linked to 

traditional tribal diets and subsistence food practices. On 

average, households in these states consume approximately 

2–6 kg of amaranth grain per year, with higher consumption 

observed in hill communities of Uttarakhand and tribal 

regions of Chhattisgarh. Consumption of amaranthus leaves 

is more localized and seasonal, depending on home 

cultivation, wild or semi-domesticated availability, and 

local market access, and tends to be relatively higher in 

Chhattisgarh during the kharif season and periods of food 

scarcity. 

Overall, per household consumption of amaranthus in both 

states remains modest and largely confined to traditional 

dietary patterns, specific communities, and seasonal 

availability. Despite its high nutritional value, amaranthus 

has not transitioned into a regular staple food and continues 

to play a supplementary role in household diets, as reflected 

in NSSO (2011) dietary data and subsequent state-level 

consumption and nutrition assessments. 

 

II. TARGET AREA OF THE STUDY 

The study focuses on major Amaranthus-growing regions 

of Uttarakhand and Chhattisgarh, where the crop is 

traditionally cultivated under rainfed and low-input 

systems. In Uttarakhand, the emphasis is on hilly and mid-

hill districts, while in Chhattisgarh the focus is on tribal-

dominated plains and plateau regions. These areas represent 

key production clusters where Amaranthus contributes to 

household nutrition, climate resilience, and livelihood 

security, and offers scope for value addition and market 

integration. 

Objectives of the Study 

1. To assess the Amaranthus value chain in 

Uttarakhand and Chhattisgarh, covering 

production, processing, and marketing stages. 

2. To identify key constraints, gaps, and 

opportunities for value addition and improved 

market linkages. 

3. To propose strategic interventions for 

strengthening the Amaranthus value chain, 

enhancing farmer income, and promoting value 

addition and consumption for improved nutritional 

security in both states. 

 

III. MATERIALS AND METHODS 

The present study adopted a participatory, mixed-methods 

research approach to assess the Amaranthus value chain in 

selected districts of Uttarakhand and Chhattisgarh. The 

mixed-methods framework was considered appropriate as it 

enabled the integration of quantitative and qualitative 

information for a comprehensive understanding of 

production, processing, marketing, and consumption 

dynamics within the Amaranthus sector. Similar 

participatory and mixed-method approaches have been 

successfully used in previous Amaranthus value chain and 

underutilized crop studies. 

Study Area and Field Visits 

Detailed field visits and stakeholder consultations were 

conducted in major Amaranthus-growing districts of 

Uttarakhand, including Almora, Chamoli, Pithoragarh, and 

Dehradun, and in Chhattisgarh, including Bastar, 

Kondagaon, Bilaspur, and Raigarh. These districts were 

purposively selected based on the prevalence of 

Amaranthus cultivation, traditional consumption practices, 

market availability, and the presence of local processing or 

value-addition enterprises. Previous studies have 

highlighted the importance of these regions for the 

cultivation and conservation of underutilized crops such as 

grain amaranth.  

Data Collection 

Both primary and secondary data sources were used in the 

study. Primary data were collected through household 

surveys, Focus Group Discussions (FGDs), Key Informant 

Interviews (KIIs), stakeholder consultations, and direct 

field observations. FGDs were organized with farmers, 

women’s self-help groups, traders, and processors to 

understand production systems, indigenous knowledge, 

post-harvest handling, marketing channels, pricing 

mechanisms, and value-addition opportunities. KIIs were 

conducted with officials from the Departments of 

Agriculture and Horticulture, Krishi Vigyan Kendras 
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(KVKs), extension personnel, local market representatives, 

researchers, and entrepreneurs engaged in Amaranthus-

based enterprises. 

The participatory approach adopted in this study was guided 

by earlier research emphasizing farmer participation, 

community engagement, and stakeholder-driven 

assessment in underutilized crop development and value 

chain studies.  

Secondary data were collected from government reports, 

Agriculture Department records, published literature, 

research papers, policy documents, and existing 

Amaranthus-based enterprises operating at state and 

national levels. Information regarding area, production, 

productivity, processing technologies, nutritional 

importance, market trends, and institutional support 

systems was compiled and reviewed. Previous studies on 

grain amaranth and underutilized crops were also referred 

to in order to contextualize the findings and identify 

research gaps.  

 

Value Chain Analysis 

The Amaranthus value chain was analyzed as a sequence of 

interconnected activities including input supply, cultivation, 

harvesting, aggregation, storage, transportation, processing, 

marketing, distribution, and retailing. The study identified 

and mapped the major value chain actors, namely input 

suppliers, farmers, traders, processors, wholesalers, 

retailers, and consumers, along with supporting institutions 

such as technical agencies, financial institutions, 

cooperatives, research organizations, and government 

departments. 

The functional linkages among actors, flow of products and 

information, marketing channels, and value addition 

practices were examined to identify bottlenecks and 

opportunities for strengthening the value chain. Earlier 

studies have emphasized the importance of integrated value 

chain analysis, stakeholder linkages, market development, 

and participatory assessment for enhancing the production 

and utilization of grain amaranth and other neglected crops.  

Data Analysis 

The collected data were analyzed using descriptive 

statistics, thematic analysis, and value chain mapping 

techniques. Quantitative information from surveys was 

tabulated and summarized using percentages, averages, and 

frequency distributions, while qualitative data from FGDs 

and KIIs were analyzed through thematic categorization and 

content analysis. The integrated analysis enabled the 

identification of production constraints, market barriers, 

institutional gaps, and opportunities for value addition, 

income enhancement, and sustainable livelihood 

development through the Amaranthus value chain in the 

study regions. 

Table 1: Key Stakeholders for the Value Chain Study 

Stakeholder Parameters  Process of Data Acquisition  

Farmers Production practices, yield, input access, costs, prices, 

buyer relations 

Structured Questionnaire, FGD 

Input Suppliers Seed varieties, fertilizer cost, availability, credit, service 

support 

Structured Questionnaire 

Traders/Aggregators Price negotiation, storage, logistics, frequency of 

procurement, seasonality 

Structured Interview 

Processors/Millers Milling capacity, machine types, losses, packaging, 

market linkages 

Structured Checklist, Open-ended 

Interview 

Retailers/Buyers Buyer preferences, pricing strategy, branding feedback, 

shelf placement 

Short Survey, Interview 

 

The area under cultivation, production, and productivity of 

Amaranthus are presented in the table below. Unlike major 

millets, Amaranthus is cultivated on a relatively smaller 

scale and largely as a niche crop. However, as per available 

data from the Directorate of Economics & Statistics, the 

area and production of Amaranthus in India have shown 
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stagnation or marginal fluctuations over the last five years, 

primarily due to its limited commercial cultivation and 

regional concentration. (Annual Report, 2022-23 DoA & 

FW) 

Despite this, productivity levels of Amaranthus remain 

relatively stable, supported by its short crop duration, 

adaptability to marginal lands, and low input requirements. 

The average annual production of Amaranthus in India is 

estimated to be modest compared to Finger Millet, but the 

crop holds strong growth potential owing to rising health 

consciousness, demand for gluten-free and protein-rich 

foods, and increasing policy focus on nutri-cereals and 

climate-resilient crops. 

Table 2: Amaranthus Production Area in Major Producing States (India)  (Area in ’000 Hectares) 

State / UT 2020-21 2021-22 2022-23 2023-24 Share of India (%) 

Uttarakhand 72.0 74.5 76.0 78.2 19.8 

Madhya Pradesh 64.8 66.0 67.5 69.0 17.5 

Maharashtra 58.2 59.6 60.8 61.5 15.6 

Odisha 41.5 42.0 42.8 43.5 11.0 

Karnataka 39.0 40.2 41.0 42.0 10.6 

Andhra Pradesh 32.4 33.0 33.8 34.5 8.7 

Chhattisgarh 18.0 18.6 19.2 20.0 5.1 

All India 326.0 333.9 341.1 348.7 100.0 

Source: DES, MoA&FW (2023); State Agriculture Departments; minor millet & pseudo-cereal aggregation. 

 

Cultivation of Amaranthus in both Uttarakhand and 

Chhattisgarh is largely undertaken by small and marginal 

farmers under traditional mixed, rainfed, and subsistence 

farming systems. In Uttarakhand, the crop is predominantly 

grown on rainfed terraces in hill districts, while in 

Chhattisgarh it is commonly cultivated as an intercrop or 

short-duration crop during the kharif and rabi seasons, 

particularly in tribal and forest-fringe regions. Produce from 

both states is mainly sold through local haats, weekly 

shandies, and nearby town markets, providing farmers with 

supplementary income and simultaneously contributing to 

household food and nutritional security. 

Table 3: Area under Amaranthus Cultivation in Major Districts of Uttarakhand 

S. 

No. 
District 

Area under cultivation (Ha) % of total UK 

(2023–24) 2021–22 2022–23 2023–24 

1 Uttarkashi 3,450 3,600 3,750 22.8% 

2 Chamoli 3,100 3,250 3,400 20.7% 

3 Rudraprayag 2,250 2,400 2,550 15.5% 

4 Bageshwar 3,700 3,900 4,050 24.6% 

5 Tehri Garhwal 2,350 2,500 2,650 16.1% 

Source: DES, MoA&FW (2024); State Agriculture Departments  

 

The area under Amaranthus cultivation in Uttarakhand has 

shown a steady increasing trend during 2021–22 to 2023–

24, with districts such as Bageshwar, Uttarkashi, and 

Chamoli together accounting for a major share of the total 

cultivated area, reflecting favorable agro-climatic 

conditions, traditional food habits, and suitability to rainfed 

farming systems. Similarly, in Chhattisgarh, Amaranthus is 

gaining importance due to its adaptability to low-input 

conditions, tolerance to moisture stress, and high nutritional 

value, making it well-suited to the state’s rainfed plains and 

plateau regions. 

With growing consumer demand for nutri-cereals, pseudo-

cereals, and health foods, Amaranthus holds strong 

potential for value addition and market-led expansion in 

both states. Its integration into local value chains, tribal 

livelihood initiatives, and nutrition-focused programmes 

can further enhance farm resilience, dietary diversity, and 
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income opportunities for small and marginal farmers across 

diverse agro-ecological regions. 

Value Chain mapping  

Table 4 : Value of Amaranthus at  different stage actors 

Actor Product Activity 
Qty 

(kg) 

Selling 

Price 

(₹) 

Production 

/ Purchase 

Cost (₹) 

Gross 

Margin 

(₹) 

Operational 

Cost (₹) 

Net 

Margin 

(₹) 

Net 

Profit 

(%) 

Farmer 
Amaranthus 

grain 
Production 1 50 35 15 0 15 30.00% 

Aggregator 

/ Village 

Processor 

Cleaned & 

de-husked 

Amaranthus 

Aggregation 

+ Cleaning 

+ De-

husking 

1 55 48 7 1.5 5.5 10.00% 

Wholesaler 
Amaranthus 

grain 
Bulk trading 1 62 55 7 1.0 6.0 9.68% 

Retailer 
Amaranthus 

grain 

Sale to 

consumers 
1 75 62 13 1.0 12.0 16.00% 

 

The table-4  highlights how value and profits are distributed 

along the Amaranthus value chain across Uttarkashi, 

Chamoli and Tehri, where production and marketing 

conditions are broadly similar. 

At the farmer level, Amaranthus grain is sold at around ₹50 

per kg against a production cost of ₹35 per kg, yielding a 

net margin of ₹15 per kg and a net profit of 30 percent. This 

relatively high profitability reflects the low-input nature of 

Amaranthus cultivation in hill agriculture, with reliance on 

farm-saved seed, organic manure, and family labour. 

However, despite a good percentage margin, absolute farm 

income remains limited due to small landholdings and low 

marketable surplus. 

Value-Added Products from Amaranthus 

Value-added products are foods or ingredients developed 

from raw amaranth grain/flour that have enhanced 

nutritional, sensory or market value compared to 

unprocessed grain. Below are common types: 

1. Amaranth Flour Products 

Amaranth grains can be milled or roasted then milled into 

flour, which is used alone or blended with other flours such 

as wheat:  

• Bread & Baked product – Bread, cakes, biscuits, 

cookies using amaranth flour or in blend with 

wheat flour 

• Pasta & Noodles – Gluten-free pasta alternatives 

• Chapatis & Flatbreads – Mixed flour breads with 

improved protein and mineral content 

• Weaning Foods – Nutrient-rich flour for infant 

porridges and complementary foods 

Benefits: Higher protein and mineral content than many 

cereals; suitable for gluten-free diets.  

2. Popped Amaranth Snacks 

• Popped Grain – Grain heated until it pops (like 

popcorn) and can be eaten as a snack or mixed with 

sweeteners 

• Energy Bars & Granola – Popped amaranth 

combined with nuts, seeds, dried fruits 

Benefits: Popping enhances texture and makes it a popular 

snack and breakfast cereal ingredient.   

3. Traditional Indian Value-Added Products 

Many traditional foods can incorporate amaranth flour or 

grains for better nutrition:  

• Cake with Amaranth Flour – Where roasted 

amaranth flour is partially substituted to improve 

protein and mineral content 

• Besan Burfi (Sweet) – With popped amaranth 

flour added for texture and nutrition 

• Coconut Ladoo – Sweet balls enriched with 

amaranth flour 

• Cashewnut Burfi – Nut-based sweet with 

amaranth added 

• Dosa / Pancakes – Soaked or fermented amaranth 

grain incorporated into batter 

Nutritional Effects: In these products, adding amaranth 

increases protein, fibre, iron, calcium and zinc compared to 

controls while preserving sensory acceptability.  
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Table 5: SWOT Analysis of the Amaranthus Value Chain 

Strengths Weaknesses 

• Low-input, climate-resilient crop suited to hill agriculture 

and rainfed conditions. 

• Good nutritional profile (high protein, minerals), aligning 

with health-food demand. 

• Reasonable farmer profitability (%) due to low production 

costs and farm-savedseed. 

• Existing local knowledge and practices in cultivation and 

post-harvest handling. 

• Short crop duration, enabling flexibility and integration 

into mixed farming systems 

• Small landholdings and low marketable surplus limit 

absolute farm income. 

• Weak aggregation and collective marketing in Chamoli 

and Tehri. 

• Minimal value addition (mostly cleaning/de-husking; 

little grading, branding, packaging). 

• Lack of quality standards and price discovery, leading 

to variable prices. 

• Limited access to working capital and modern 

processing equipment at village level 

Opportunities Threats 

• Growing demand for health and nutri-cereals in urban and 

institutional markets. 

• Farmer aggregation through SHGs/CLFs to improve 

bargaining power and scale. 

• Cluster-level primary processing, grading, and packaging 

to capture higher margins. 

• Branding and niche positioning (organic/natural, hill 

produce) for price premiums. 

• Policy alignment with nutri-cereal promotion, climate-

resilient agriculture, and livelihoods programs. 

• Direct market linkages (retail chains, e-commerce, 

institutional buyers). 

• Price volatility and competition from other cereals and 

substitutes. 

• Market dependence on intermediaries, especially where 

collectives are weak. 

• Quality inconsistency due to traditional storage and 

lack of standards. 

• Labour shortages and climate variability affecting 

timely operations. 

• Limited consumer awareness in local markets, 

constraining premium pricing. 

 

 

4. Breakfast Cereals & Beverages 

• Porridge – Amaranth seeds cooked into hot cereal 

• Breakfast Blends – Mixed with oats, puffed 

grains, and seeds 

• Beverages – Amaranth flour used in nutritious 

drink blends 

These harness the digestibility and nutrient profile of the 

grain.  

5. Oil and Nutraceutical Derivatives 

• Amaranth Seed Oil – Extracted oil with 

beneficial compounds such as squalene 

• Leaf Extracts & Supplements – Bioactive 

compounds targeting health benefits (antioxidant, 

anti-inflammatory) 

These are less common food products but are emerging 

markets in health foods and cosmetics. 
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Abstract— Haryana is one of India’s most irrigation-dependent agricultural states, and the quality of 

irrigation water has become a central determinant to crop productivity, soil sustainability and long-term 

groundwater security. State-level and regional evidences indicates that irrigation water quality in Haryana 

is highly heterogeneous, with relatively better water in parts of the north and northeast, and severe salinity, 

sodium, nitrate, fluoride and chloride problems in substantial parts of the south, southwest, west, and central 

districts. Recent studies show that groundwater remains usable for irrigation over large areas in the state, 

but its suitability often depends on crop salt tolerance, soil drainage and other specific parameters like 

residual sodium carbonate (RSC), electrical conductivity (EC), magnesium hazard (MH) and sodium 

percentage. This study synthesizes recent evidences on irrigation water quality in Haryana and explains the 

hydrochemical basis of quality deterioration, evaluates consequences for soils and crops.  

Keywords— Haryana, irrigation water quality, groundwater, salinity, irrigation suitability, agriculture 

 

Introduction 

Irrigated agriculture in Haryana underpins high yields of 

wheat, rice, mustard, cotton, maize, and horticultural crops. 

However, this success depends not only on the quantity of 

water available but also on its chemical quality. In irrigated 

systems—whether canal-fed or groundwater-based—poor-

quality water can reduce infiltration, increase soil sodicity 

and salinity, disrupt nutrient uptake, and ultimately impair 

crop performance over time (Jadhav et. al, 2025). This 

makes irrigation water quality analysis essential for 

agricultural planning, especially in semi-arid and 

intensively cultivated regions where groundwater serves as 

a major buffer against rainfall variability and canal water 

shortages. 

The state of Haryana presents a typical hydro-agricultural 

contrast, encompassing relatively fresh alluvial 

groundwater zones, canal-command areas, and extensive 

tracts where aquifers are affected by salinity and dissolved 

ions resulting from evaporation, geogenic mineral 

dissolution, reverse ion exchange, and agricultural or 

industrial contamination (Malik et al., 2023). A recent study 

by CCSHAU, Hisar revealed that only 31.83% of Haryana's 

groundwater falls under the "good quality" category 

suitable for irrigation of most crops, while 30.04% is 

marginally saline, 6.04% is saline, 19.50% is high-SAR 

saline, and 12.59% is sodic or highly sodic water (Mukesh 

"Only 31% Groundwater"). Despite irrigation suitability 

being better than drinking-water suitability in many local 

settings, Haryana remains one of the states with widespread 

groundwater contamination concerns. It is reported in a 

recent study that groundwater in several districts of 

southern, western, and central Haryana is saline or 

chemically stressed, with notable concerns related to 

fluoride, nitrate and chloride. 

This study was carried out with three major objectives: first, 

to examine irrigation water quality in the context of 

Haryana's agro-hydrological conditions; second, to identify 

suitable hydrochemical parameters for evaluating irrigation 

https://ijeab.com/
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water quality, including sodium adsorption ratio (SAR), 

residual sodium carbonate (RSC), sodium percentage 

(Na%), Kelly index, and permeability index; and third, to 

assess the agricultural implications of water quality and its 

effects on soil health. 

Irrigation Infrastructure and Groundwater Reliance in 

Haryana 

Haryana's agriculture is characterized by intensive 

cultivation, high cropping intensity, and extensive use of 

both canal water and groundwater for irrigation. In many 

rural and semi-urban areas, groundwater functions as a 

major resource where surface water access is inadequate or 

unreliable, which further increases the importance of 

understanding its suitability not only for drinking but also 

for irrigation. The state irrigation and water resources 

department itself highlights the institutional arrangements 

linked to water services and dedicated water quality testing 

laboratories, reflecting the operational importance of water-

quality surveillance for water management in the state. 

The agronomic significance of irrigation water quality is 

high in the state because Haryana supports water-

demanding cropping patterns alongside growing concerns 

about aquifer stress and chemical deterioration. In areas 

where canal supplies are insufficient or spatially uneven, 

farmers often rely on tubewell water, including in districts 

where groundwater chemistry is variable. Under such 

conditions, the same water source may be acceptable for 

some salt-tolerant crops under well-drained soils but 

problematic for sensitive crops or poorly drained fields. 

This conditional suitability is a recurring feature in 

Haryana: it is reported that most groundwater in the districts 

of Ambala, Yamunanagar, Sonipat, Panipat, Karnal, and 

Panchkula is suitable for irrigation for semi-salt-tolerant 

crops, whereas districts such as Bhiwani, Sirsa, Hisar, 

Kaithal, Jhajjar, Palwal, and Rohtak show wide variability 

in irrigation rating. Such variability means that state-level 

averages can obscure local management risk, reinforcing 

the need for small-scale or aquifer-zone-scale mapping of 

irrigation water quality (Kumar et al, 2026). 

Irrigation Water Quality: Parameters, Standards, and 

Agricultural Implications  

Irrigation water quality refers to the chemical and physical 

properties of water that influence its suitability for crop 

growth, soil health, irrigation infrastructure, and the 

surrounding agroecosystem. Practically, irrigation 

suitability is not determined by a single parameter; it 

emerges from the interaction among various parameters—

namely salinity, sodicity, alkalinity, specific ion toxicity, 

soil texture, drainage conditions, climate, and crop 

tolerance (Jadhav et. al, 2025) . Consequently, irrigation 

water that is considered safe in one agroecological setting 

may produce severe problems in another, underscoring the 

conditional nature of water quality assessment. 

The most commonly used irrigation-water quality 

indicators include pH, electrical conductivity (EC), total 

dissolved solids (TDS), sodium adsorption ratio (SAR), 

residual sodium carbonate (RSC), percent sodium, chloride, 

bicarbonate, carbonate, nitrate, sulfate, calcium, 

magnesium, and magnesium hazard (Hemlatha et al., 

2025).Each parameter reflects distinct hazards: EC mainly 

reflects salinity stress, SAR and percent sodium are linked 

to sodicity and infiltration decline, RSC indicates the 

tendency for calcium and magnesium precipitation with 

corresponding sodium hazard amplification, and chloride or 

boron may cause direct ion toxicity in sensitive crops . In 

Haryana specifically, RSC, salinity, chloride, fluoride, and 

nitrate have emerged repeatedly as major parameters of 

concern in water-quality reporting, particularly in districts 

where groundwater chemistry is variable. 

Modern studies increasingly combine classical 

hydrochemical indices with spatial analysis, GIS, and 

composite water-quality indices such as groundwater 

quality index (GWQI), fuzzy groundwater quality index 

(FGWQI), or customized irrigation water quality indices 

(Suryawanshi et al., 2025). These tools are useful for 

communicating complex datasets to planners, although they 

should not replace parameter-specific agronomic 

interpretation because different hazards have different field 

implications (Gupta et al., 2024). The integration of spatial 

mapping with traditional indices enables more precise 

identification of problem zones, allowing for targeted 

management interventions that account for local soil 

texture, drainage capacity, and crop tolerance levels. 

Hydrochemical Mechanisms Underlying Irrigation 

Water Quality Degradation in Haryana  

Recent studies from southwestern Haryana provide an 

updated hydrochemical explanation for water-quality 

deterioration in the state. According to recent findings, the 

dominant hydrochemical facies include Ca-HCO₃ and Na-

Cl types, representing recharge-dominated and salinity-

affected conditions, respectively (Kumar et al, 2026). The 

same study linked water chemistry to water-rock 

interactions, evaporation dominance, and sodium-calcium 

reverse ion-exchange processes, with hardness strongly 

associated with magnesium, chloride, and calcium. 

These mechanisms align with the expected scenario in semi-

arid alluvial environments experiencing intensive 

groundwater use. Evaporation concentrates dissolved salts; 

mineral dissolution contributes calcium, magnesium, 

bicarbonate, and sulfate; and cation exchange enriches 

sodium in groundwater, especially when calcium and 

magnesium precipitate or are exchanged on clay surfaces. 

https://dx.doi.org/10.22161/ijeab.113.14
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In areas of intensive agriculture, anthropogenic 

contributions such as fertilizer application, irrigation return 

flow, and localized wastewater input further elevate nitrate 

and other ions. 

The resulting hydrochemical problems are not uniform 

across the state. Fresh recharge zones and canal-influenced 

areas retain relatively lower salinity, while low-drainage or 

arid tracts with deeper water tables and evaporative 

concentration may shift toward saline-sodic signatures. This 

spatial differentiation is crucial for irrigation planning 

because a single recommendation for all districts is 

scientifically inappropriate and technically not viable. 

(Kumari and Rai, 2020) 

Water Quality Indices and Parameters for Irrigation 

Suitability Assessment in Haryana 

 Research on Haryana’s irrigation water quality commonly 

draws on hydrochemical sampling, laboratory analysis, 

classification diagrams, and irrigation suitability 

indices. Laboratory measurements typically include pH, 

EC, total dissolved solids, major cations and anions, and 

derived indices such as SAR, RSC, sodium percentage, 

permeability index, Kelly’s ratio, magnesium hazard, and 

total hardness where relevant. These variables are then 

interpreted through established irrigation-water criteria and 

sometimes combined into composite indices. 

pH and Alkalinity 

The pH of irrigation water influences nutrient availability, 

carbonate-bicarbonate chemistry, and precipitation 

reactions in the soil-water system (Pati 539). Although pH 

alone rarely determines suitability, high alkalinity combined 

with bicarbonate and carbonate can intensify sodicity 

problems, especially when calcium and magnesium 

precipitate out of solution (Schiavon and Moore). In 

Haryana, this issue is best interpreted through residual 

sodium carbonate (RSC) rather than pH alone because 

carbonate chemistry drives the practical hazard for 

irrigation suitability (Kumari and Rai, 2020). RSC 

specifically accounts for the imbalance between 

carbonate/bicarbonate ions and calcium/magnesium, 

providing a more accurate assessment of sodicity risk than 

pH measurement alone. RSC has special relevance in 

northwestern India and particularly in Haryana because 

bicarbonate-rich waters can precipitate calcium and 

magnesium, leaving sodium to dominate the soil exchange 

complex. Reporting based on CGWB assessment found 

that, statewide, 69.52 percent of groundwater samples were 

safe for irrigation based on RSC values, 13.09 percent were 

marginal, and 17.39 percent were unfit for irrigation use. 

This statistic is one of the most policy-relevant indicators 

currently available for the state because it directly frames 

irrigation suitability in terms of a widely used agronomic 

hazard metric. When RSC values exceed 1.25 me L⁻¹, the 

water poses moderate to high sodicity hazards that can 

degrade soil structure and reduce infiltration capacity. The 

relationship between carbonate alkalinity and divalent 

cation precipitation is particularly critical in Haryana's 

semi-arid alluvial aquifers, where evaporative 

concentration further amplifies the sodicity hazard (Kumar 

et al., 2026). 

Electrical Conductivity and Salinity 

Electrical conductivity (EC) is one of the most important 

irrigation-water indicators because it reflects the total ionic 

concentration and therefore the salinity hazard imposed on 

plants and soils. Elevated EC reduces the osmotic potential 

of soil solution, making it harder for plants to extract water 

even when the soil appears moist. Reporting From CGWB 

related data for Haryana highlighted that groundwater in 

several districts is saline and that at locations where EC 

exceeds 5000 µS/cm, such water is not suitable for regular 

irrigation. The salinity of water is checked through its 

electrical conductivity, where low conduction shows low 

salinity, while high salinity was found scattered in Bhiwani, 

Faridabad, Gurgaon, Hisar, Jhajjar, Kaithal, Mahendergarh, 

Mewat, Palwal, Rewari, Rohtak, Sirsa, and Sonepat 

districts. 

Sodium Hazard and SAR/Percent Sodium 

High sodium relative to calcium and magnesium degrades 

soil structure by dispersing clay particles, reducing 

aggregate stability, and decreasing infiltration and hydraulic 

conductivity. Recent Haryana research indicates that 

isolated zones with elevated percentage of sodium may 

create sodicity and permeability risks even when broader 

regional irrigation suitability seems acceptable. 

Approximately 19.50% of Haryana's groundwater is 

classified as high-SAR saline water, while 5.67% is slightly 

sodic, 1.66% is sodic, and 5.26% is highly sodic. It is 

important because a water source that appears only 

moderately saline may still be damaging if its sodium 

proportion is high. 

Chloride, Nitrate, and Fluoride 

Although chloride, nitrate, and fluoride are often discussed 

primarily in the context of drinking-water safety, they also 

matter for irrigation systems. Chloride contributes to 

salinity and can produce specific toxicity in sensitive crops, 

nitrate can indicate agricultural contamination and alter 

nutrient balances, and fluoride may accumulate in certain 

soils or affect overall water-use desirability. In Haryana, 

high fluoride and nitrate have been repeatedly reported in 

multiple districts, while chloride concentrations above 1000 

mg/L have been observed in isolated locations in Sirsa, 

Hisar, Bhiwani, Mahendragarh, Mewat, Jhajjar, and Rohtak 

(CGWB 2022-23). 
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Magnesium hazard and permeability risks 

The recent study for southwestern Haryana reported that 

isolated zones elevated magnesium hazard may pose 

irrigation concerns even where the majority of samples 

remain broadly suitable. Excess magnesium relative to 

calcium can worsen soil physical conditions and 

complement sodium-related structural decline in certain 

settings. For Haryana’s fine-textured alluvial soils, this 

interaction deserves closer field validation because 

permeability loss can reduce irrigation efficiency and 

exacerbate secondary salinization. 

Regional Disparities in Irrigation Water Quality and 

Associated Constraints in Haryana 

Studies support a strong regional pattern in Haryana's 

irrigation water quality. Northern and northeastern districts 

such as Ambala, Yamunanagar, Karnal, Panchkula, Panipat, 

and Sonipat generally have better irrigation ratings, at least 

for semi-salt-tolerant crops on adequately drained soils, 

contrasting with southwestern, western, and some central 

districts showing much greater variability and persistent 

chemical stress (Ramprakash et al, 2023). The groundwater 

quality in north-eastern Haryana (Yamunanagar and 

Ambala) is predominantly 'Ca–Mg–HCO₃–Cl' type, 

indicating relatively fresh recharge water. 

The most commonly mentioned problem districts include 

Sirsa, Fatehabad, Hisar, Jind, Jhajjar, Bhiwani, Mewat/Nuh, 

Mahendragarh, Rewari, Faridabad, Palwal, Rohtak, and 

Kaithal, although the nature and degree of hazard differ 

among them. In these districts, salinity, RSC, nitrate, 

fluoride, and chloride occur in various combinations, and 

therefore suitability must be analysed parameter by 

parameter rather than through a single contamination label. 

Recent peer-reviewed work highlighted southwestern 

Haryana as a region where hydrochemical complexity is 

driven by both geogenic and anthropogenic processes 

(Kumar et al.). 

By Evaluating all the scenarios, it can be inferred that 

Haryana contains three broad irrigation-water quality zones 

which are relatively favourable fresh-water zones, 

transitional mixed-quality zones, and saline/sodic risk 

zones. The boundaries between these zones are not 

administrative; they reflect hydrogeology, recharge 

conditions, canal influence, land use, and local management 

history. Therefore, district averages should not substitute 

for site-specific testing. 

Soil and Crop Responses to Poor-Quality Irrigation 

Water 

Soil Salinization and Sodification 

The most serious long-term effect of poor-quality irrigation 

water is the gradual salinization and sodification of 

agricultural soils. Saline irrigation water increases the salt 

load in the root zone, while sodic water or water with high 

residual sodium carbonate (RSC) degrades soil structure by 

promoting clay dispersion, crusting, poor infiltration, and 

reduced aeration. In semi-arid regions, these effects 

intensify where natural leaching is limited and drainage is 

inadequate. 

Crop Response and Yield Stability 

Crop performance under poor-quality irrigation water 

depends on species, cultivar salt tolerance, growth stage, 

soil type, and management practices. Studies indicate that 

much of the groundwater in Haryana can still support crops 

such as wheat, mustard, rice, barley, and maize on well-

drained soils, particularly when these crops are relatively 

salt tolerant. This does not mean that water-quality 

constraints are agronomically harmless; rather, it shows that 

farmers may maintain production under marginal water 

conditions by relying on tolerant crops and favourable field 

conditions (Choudhary and Mavi,2023). 

Nutrient Imbalance and Soil Health Decline 

High bicarbonate, sodium, chloride, and nitrate loads can 

alter nutrient availability and root-zone chemistry. Over 

time, degraded soil physical structure reduces fertilizer-use 

efficiency, hampers seedling emergence, and increases the 

energy cost of tillage and irrigation. These effects are 

especially relevant in Haryana's intensive cereal systems, 

where repeated use of marginal groundwater can create 

chronic rather than acute productivity loss. 

Irrigation Efficiency and Infrastructure Effects 

Poor-quality water can reduce irrigation efficiency by 

lowering infiltration, increasing surface sealing, and 

causing uneven wetting patterns in the field. In pressurized 

irrigation systems, dissolved solids and precipitation risks 

may also contribute to clogging or maintenance burdens, 

particularly where water treatment is inadequate. These 

issues matter not only for water-saving technologies but 

also for Haryana's broader push toward more efficient 

irrigation practices under growing water scarcity. 

CONCLUSION 

The quality of irrigation water in Haryana is best understood 

as a spatially heterogeneous and agronomically conditional 

resource rather than as a uniformly safe or unsafe 

input. Large parts of the state continue to use groundwater 

successfully for agriculture, but district- and site-specific 

hazards related to salinity, residual sodium carbonate, 

sodium dominance, nitrate, chloride, and fluoride remain 

significant.  

For Haryana’s future agriculture, the central challenge is not 

merely to expand irrigation access but to align water use 

with water quality and it requires routine monitoring, 
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parameter-specific interpretation, localized advisory 

systems, crop planning based on quality constraints, 

conjunctive water use, drainage support and regulation of 

pollution sources.   A robust research agenda for Haryana 

must integrate hydrochemical characterization, agronomic 

profiling, soil physical–chemical diagnostics, and high-

resolution geospatial analytics to generate district-level, 

crop-specific guidelines for sustainable irrigation 

management. Such a multidisciplinary framework will 

enable precision targeting of water-quality mitigation 

strategies, optimize crop–water–soil interactions, and 

ensure long-term productivity of the state's intensive cereal 

systems under escalating water-scarcity and quality 

constraints. 

 

REFERENCES 

[1] Kumar, M., Verma, N. K., Singh, N., & Bhadwal, S. (2026). 

Groundwater quality assessment for irrigation and health in 

southwestern Haryana using hydrochemical and GIS 

methods. Water Environment Research, 98(3), e70340. 

https://doi.org/10.1002/wer.70340 

[2] The Times of India. (2026, May 26). Only 31% groundwater 

in Haryana suitable for high-quality irrigation: Agri varsity 

study. The Times of India. 

https://timesofindia.indiatimes.com/city/chandigarh/only-

31-groundwater-in-haryana-suitable-for-high-quality-

irrigation-agri-varsity-study/articleshow/130656889.cms 

[3] Central Ground Water Board (CGWB). (2025). Annual 

groundwater quality report 2025. Ministry of Jal Shakti, 

Government of India, New Delhi. 

[4] Hemalatha, S., Ravanashree, M., Rajesh, G. M., Karthika, V., 

Arunkumar, N., Narmadha, R., Agila, C., & Suresh, R. 

(2025). Water quality index-based groundwater assessment 

for irrigation and drinking purposes in Erode District, Tamil 

Nadu, India. Archives of Current Research International, 

25(9), 219–229. 

https://doi.org/10.9734/ACRI/2025/v25i91489 

[5] Jadhav, A. B., Nale, V. N., & Potdar, D. S. (2025). 

Consequences of irrigation water and soil quality: An 

overview. Asian Journal of Soil Science and Plant Nutrition, 

11(1), 435–453. 

https://doi.org/10.9734/AJSSPN/2025/v11i1494 

[6] Daily Pioneer. (2025, July 3). Groundwater in many parts of 

Haryana's 13 districts unfit for drinking: CGWB report. Daily 

Pioneer. https://www.dailypioneer.com/2021/state-

editions/groundwater-in-many-parts-of-haryana---s-13-

districts-unfit-for-drinking--cgwb 

[7] Suryawanshi, S. L., & Singh, P. K. (2025). GIS-integrated 

water quality indices for evaluating irrigation suitability of 

groundwater. Journal of Agricultural Engineering, 62(3), 

737–752. https://doi.org/10.52151/jae2025623.1956 

[8] Gupta, S. K., & Kumar, V. (2024). Critical review of 

irrigation water quality parameters for assessing sodium and 

bicarbonate hazards and gypsum application for quality 

improvement. Journal of Soil Salinity and Water Quality, 

16(2), 194–206. 

https://doi.org/10.56093/jsswq.v16i2.158032 

[9] Central Ground Water Board (CGWB). (2023). Groundwater 

year book/state groundwater report, Haryana (2022–23). 

North Western Region, Chandigarh, Ministry of Jal Shakti, 

Government of India. 

[10] Choudhary, O. P., & Mavi, M. S. (2023). Advances in 

reclamation and management of sodic waters for irrigation. 

Journal of Soil Salinity and Water Quality, 15(1), 1–14. 

[11] Malik, A., Katyal, D., Narwal, N., Kataria, N., 

Ayyamperumal, R., & Khoo, K. S. (2023). Sources, 

distribution, associated health risks and remedial 

technologies for inorganic contamination in groundwater: A 

review in specific context of the state of Haryana, India. 

Environmental Research, 236, 116696. 

https://doi.org/10.1016/j.envres.2023.116696 

[12] Prakash, R., Kumari, S., Gagandeep, Kumar, S., Rajpaul, & 

Ankush. (2023). Characterization and spatial mapping of 

irrigation water quality and their effects on soil properties in 

Hathin Block of Palwal District, Haryana. Journal of 

Environmental Biology, 44(3), 310–316. 

https://doi.org/10.22438/JEB/44/3/SI-188 

[13] Ramprakash, D., Kumar, S., Ankush, & Singh, C. (2023). 

Characterization and mapping of groundwater quality of 

Sonipat District in Haryana, India. Journal of Soil Salinity 

and Water Quality, 15(1), 38–45. 

[14] Ramprakash, D., Kumar, S., & Kamaldeep. (2023). GIS 

mapping of groundwater quality for irrigation in Hisar 

District of Haryana, India. Journal of Soil Salinity and Water 

Quality, 15(1), 105–115. 

[15] Alam, K., Goel, A., Ahamed, M., & Firoz. (2021). Analysis 

of groundwater quality in Karnal and Kurukshetra districts of 

Haryana for irrigation purposes. International Journal of 

Water Resources Engineering, 7(1). 

[16] Kumari, M., & Rai, S. C. (2020). Hydrogeochemical 

evaluation of groundwater quality for drinking and irrigation 

purposes using water quality index in semi-arid region of 

India. Journal of the Geological Society of India, 95(2), 159–

168. https://doi.org/10.1007/s12594-020-1405-4 

[17] Gagandeep, Prakash, R., Kumar, S., Rajpaul, Satyavan, & 

Sharma, S. K. (2017). Ground water quality assessment for 

irrigation in Palwal Block of Palwal District, Haryana, India. 

Journal of Applied and Natural Science, 9(1), 274–281. 

https://doi.org/10.31018/jans.v9i1.1144 

 

https://dx.doi.org/10.22161/ijeab.113.14
https://doi.org/10.1002/wer.70340
https://timesofindia.indiatimes.com/city/chandigarh/only-31-groundwater-in-haryana-suitable-for-high-quality-irrigation-agri-varsity-study/articleshow/130656889.cms
https://timesofindia.indiatimes.com/city/chandigarh/only-31-groundwater-in-haryana-suitable-for-high-quality-irrigation-agri-varsity-study/articleshow/130656889.cms
https://timesofindia.indiatimes.com/city/chandigarh/only-31-groundwater-in-haryana-suitable-for-high-quality-irrigation-agri-varsity-study/articleshow/130656889.cms
https://doi.org/10.9734/ACRI/2025/v25i91489
https://doi.org/10.9734/AJSSPN/2025/v11i1494
https://www.dailypioneer.com/2021/state-editions/groundwater-in-many-parts-of-haryana---s-13-districts-unfit-for-drinking--cgwb
https://www.dailypioneer.com/2021/state-editions/groundwater-in-many-parts-of-haryana---s-13-districts-unfit-for-drinking--cgwb
https://www.dailypioneer.com/2021/state-editions/groundwater-in-many-parts-of-haryana---s-13-districts-unfit-for-drinking--cgwb
https://doi.org/10.52151/jae2025623.1956
https://doi.org/10.56093/jsswq.v16i2.158032
https://doi.org/10.1016/j.envres.2023.116696
https://doi.org/10.22438/JEB/44/3/SI-188
https://doi.org/10.1007/s12594-020-1405-4
https://doi.org/10.31018/jans.v9i1.1144


 

International Journal of Environment, Agriculture and Biotechnology 

Vol-11, Issue-3; May-Jun, 2026 

Peer-Reviewed International Journal 

Journal Home Page Available: https://ijeab.com/ 

Journal DOI: 10.22161/ijeab 

 

 

ISSN: 2456-1878 (Int. J. Environ. Agric. Biotech.) 

https://dx.doi.org/10.22161/ijeab.113.15                                                                                                                                             140 

Waste-Derived Antibiofilm Strategies: A Review of Eco-

Enzymes and Citrus Essential Oils 

Gowri Priya G, Karthik V Rao* 

 

Department of Biotechnology Mount Carmel College, Palace Road, Vasanth Nagar, Bengaluru, Karnataka, India 

*Corresponding author 

 
Received: 05 May 2026; Received in revised form: 30 May 2026; Accepted: 04 Jun 2026; Available online: 13 Jun 2026 

©2026 The Author(s). Published by Infogain Publication. This is an open-access article under the CC BY license 

(https://creativecommons.org/licenses/by/4.0/). 

 

Abstract— Microbial biofilms are a major cause of persistent contamination in healthcare, food processing, 

and agricultural systems, and they significantly contribute to antimicrobial resistance (AMR). Conventional 

chemical disinfectants often show reduced efficacy against mature biofilms due to the protective extracellular 

polymeric substance (EPS) matrix and may also raise environmental concerns. This review discusses the 

antibiofilm potential of eco-enzymes, which are fermentation-derived liquids produced from citrus waste and 

other organic substrates containing organic acids, hydrolytic enzymes, and microbial metabolites. 

Additionally, citrus essential oils rich in bioactive terpenoids such as limonene, citral, and linalool are 

reviewed as sustainable antimicrobial alternatives. Eco-enzymes disrupt biofilms mainly through 

acidification and enzymatic degradation of EPS components, whereas citrus essential oils primarily exert 

antimicrobial effects through membrane disruption and quorum sensing inhibition. Both approaches 

demonstrate inhibitory effects against important biofilm-forming pathogens such as Staphylococcus aureus, 

Pseudomonas aeruginosa, Escherichia coli, and Candida albicans. Indirect evidence suggests a possible 

synergistic interaction between eco-enzymes and citrus essential oils, where EPS weakening by acidic 

fermentation products may enhance essential oil penetration into biofilms. However, significant research 

gaps remain, including limited standardization of eco-enzyme production, insufficient multispecies biofilm 

studies, and inadequate cytotoxicity evaluations. Future research focusing on optimized formulations and 

safety assessment may support practical applications of these waste-derived antibiofilm agents in food safety, 

healthcare, and environmental sanitation. 

Keywords— Antimicrobial resistance; Biofilm; Citrus essential oil; Eco-enzyme; Quorum sensing 

 

HIGHLIGHTS 

• Eco-enzymes derived from citrus waste exhibit 

antimicrobial and antibiofilm potential. 

• Citrus essential oils disrupt microbial membranes and 

inhibit quorum sensing. 

• Combined application may enhance EPS disruption 

and improve biofilm eradication. 

• Waste-derived antibiofilm agents support sustainable 

biotechnology approaches. 

Global burden of microbial infections and surface-

associated contamination 

Microbiological contamination of biotic and abiotic 

surfaces, remains challenging in the healthcare, food 

industry and laboratory (Tamburini et al., 2015). In food 

processing facilities and dairy companies, biofilm 

development on food processing areas creates a potential for 

foodborne diseases and financial loss. For example Listeria 

monocytogenes biofilm established on stainless steel 

equipment, gained resistance to regular sanitizing processes 

(Lee et al., 2019). In agricultural systems, the biofilms 

developing within irrigation pipes and at plant microbe 

interfaces facilitate the survival and spread of 

phytopathogen (Yao & Habimana, 2019). In households, 

ordinary surfaces are source for surface-bound microbes 

that cause infection, especially in the case of 

immunocompromised individuals (Dancer, 2014). The 

surface-associated microbial contamination increases 
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burden of antimicrobial resistance (AMR), posing a serious 

threat to public health and food safety. In developing world 

such as India, inadequate sanitation infrastructure, 

ineffective waste management practices, and the extensive 

use of chemical disinfectants further increase this problem 

(Aslam et al., 2018). Together, these challenges emphasize 

the importance of efficient, safe and environmentally 

friendly approaches to regulate surface-associated 

microbial growth (Shree et al., 2022). 

 Biofilms as the dominant microbial lifestyle and a 

major contributor to antimicrobial resistance 

In environment, microorganisms are found in the form of 

biofilm rather than as free-living planktonic cells 

(Muhammad et al., 2020). Biofilm is a specialized 

community of microbes, encased within extracellular 

polymeric substance matrix composed of proteins, lipids 

and extracellular DNA (Di Martino, 2018). The matrix 

facilitates surface adhesion, nutrient retention, intracellular 

communication by quorum sensing (QS) signals and 

protection against desiccation, shear forces, antibiotics and 

host immunity, through initial attachment, irreversible 

adhesion, microcolony formation, maturation and dispersal 

(Karygianni et al., 2020; Samrot et al., 2021). 

Microorganisms found in biofilms have altered 

physiological conditions, lower metabolism, and high 

tolerance levels (Rather et al., 2021). The efflux pump 

activation, quorum sensing-mediated regulation and 

horizontal gene transfer within dense microbial 

communities enhances resistance against antimicrobial 

agents. Chronic infections attributed to biofilms being 

increasingly identified as major contributors to treatment 

failure and persistent contamination in both clinical and 

industrial settings (Uruén et al., 2021). 

Limitations of conventional chemical disinfectants in 

biofilm control 

Although there is widespread dependence on chemical 

disinfectants to kill microbes but their efficacy against 

biofilm producing microorganisms remains limited 

(Maillard & Centeleghe, 2023). The commonly used 

disinfectants, includes chlorinated compounds, quaternary 

ammonium compounds, aldehydes are effective on 

planktonic cells. The physical and chemical barrier of 

biofilm matrix prevents diffusion of disinfectants, enabling 

microbial persistent within protected microenvironment 

(Koti et al., 2024). The reactive disinfectants could be 

inactivated by biofilms and resulting in sub-lethal 

concentration in biofilms due to diffusion concentrations in 

biofilms, that allows microorganisms in biofilms to survive 

after several disinfection processes (Maillard & Centeleghe, 

2023). 

Besides the reduced effectiveness, the other factor that 

contributed to the intervention of newer technologies to 

control biofilms was the prolonged, sublethal effect of 

chemical-based antimicrobial agents exerted selective 

pressure on tolerant microorganisms, that shows cross-

resistance to clinical antibiotics (Liu et al., 2024). Certain 

limitations linked to the safety of the environment and 

human health further hindered the use of traditional 

chemical-based antimicrobial agents, that are known to 

produce toxic substances, exhibit low biodegradability and 

accumulate in ecological systems (Basiry et al., 2022; 

Verlicchi et al., 2015). The use of these substances further 

facilitates the research activities to discover new ways for 

the effective removal of biofilms with limited or negligible 

use of chemical-based antimicrobial substances in the future 

(Algburi et al., 2017). 

Growing interest in green, waste-derived, and 

sustainable antimicrobial alternatives: Eco-Enzymes 

and Citrus Essential Oils 

The conventional chemical disinfectants have significant 

limitations. Their reduced efficiency combined with the rise 

of antimicrobial resistance and environmental concerns, has 

gained interest in green, waste based antimicrobial 

solutions. These strategies support United Nations 

Sustainable Development Goals (SDGs) 3(health and well-

being) and 12 (sustainable production and consumption) by 

promoting organic waste utilization, minimizing chemical 

residues and developing biodegradable agents with diverse 

resistance breaking mechanisms (Buffet-Bataillon et al., 

2012; Carey & McNamara, 2015; Edis et al., 2024; Guedes 

et al., 2024).  

Natural products from plant materials, microbial 

fermentation or food waste offer alternatives to their 

chemical diversity and broad-spectrum activity (Burtt, 

2004; Daglia, 2012; Winkelstroter et al., 2024). The 

fermentation-based products and plant-based essential oils 

offer potential leads in the area of antimicrobial and 

antibiofilm activity, these strategies not only reduce 

environmental chemical load but also convert organic waste 

into bioactive antimicrobial agent (Nazzaro et al., 2013; Sar 

et al., 2023). 

This review evaluates experimental studies on eco-enzymes 

and citrus-derived essential oils, with particular focus on 

their mechanisms of action, efficacy against biofilm-

forming microorganisms and limitations associated with 

their practical application and also explore synergistic 

prospective of combining eco-enzymes with citrus essential 

oils as a sustainable strategy for biofilm control, highlights 

key gaps in the current literature and outline future 

directions for translating these green antimicrobial systems 
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into real-world clinical, food, and environmental 

applications. 

1. MICROBIAL BIOFILMS: 

Definition and characteristics  

Microbial biofilms are structured communities of 

microorganisms that adhere to biotic or abiotic surfaces and 

become encased in a self-produced extracellular polymeric 

substance (EPS) matrix (Donlan & Costerton, 2002). The 

EPS matrix constitutes a major fraction of the biofilm 

biomass, accounting for approximately 50–90% of the total 

organic matter, and serves as a protective scaffold that 

provides structural stability and enhances microbial 

survival under adverse environmental conditions 

(Flemming & Wingender, 2010; Flemming et al., 2007). 

This matrix safeguards the embedded cells against 

environment stress factors such as desiccation, attacks by 

protozoa and phagocytosis, ultraviolet radiation, and 

antibiotics (Flemming & Wingender, 2010; Karygianni et 

al., 2020). 

 It differs from planktonic bacteria, contributing to 60-80% 

of human microbial infections according to NIH (National 

Institute of Health) estimates. The features include 

heterogenous spatial distribution with growth of 

microcolonies in diverse phase of metabolism, well 

developed water channels to enable the nutrients and waste 

movement and phenotypic modulation like reduced growth, 

increased stress resistance and multidrug resistance in 

microbes. Beside physical shielding, there is close cell-cell 

contact and transformation of competent DNA promoting 

horizontal gene transfer (Yang et al., 2023). Biofilms 

enhance microbial survival through cooperative behaviours 

such as resource sharing, metabolic division of labour, and 

protection against desiccation, predation, and 

antimicrobials (Hall-Stoodley et al., 2004; Hobley et al., 

2015; Flemming & Wingender, 2010). This sessile lifestyle 

enables persistence under nutrient limitation, pH stress, and 

immune pressure across ecosystems from rhizospheres to 

catheter lumens (Costerton et al., 1999; Donlan & 

Costerton, 2002; Liu et al., 2024).  

Stages of biofilm formation 

The development of the bacterial biofilm is a five-step cycle 

including reversible attachment, irreversible attachment, 

microcolony formation, maturation and dispersal (Ugwu et 

al., 2025). 

Reversible attachment involves the planktonic to immobile 

transition phase, which occurs through reversible 

attachment that is mediated by weak physiochemical forces 

including van der waal, electrostatic forces and 

hydrophobic interaction (Zhao et al., 2023). The microbial 

cell motility depends on flagella, type lV pili or twitching 

motility to oppose the repulsive forces and cells attachment 

depends on the surface properties like hydrophobicity, 

roughness and charge and hydrodynamic condition and 

conditioning film (Saharan et al., 2024). 

Irreversible attachment involves committed cells to grow on 

the surface through specific adhesion molecules, for 

example Pseudomonas aeruginosa contain type lV and 

Staphylococcus aureus contain MSCRAMMs. This 

activates c-di-GMP signaling cascades that suppress 

motility and stimulates EPS production (Zhao et al., 2023). 

In the microcolony phase, microcolonies develop through 

clonal growth, aggregation of cells by surface array proteins 

and the production of the first EPS, which leads to the 

generation of 3D microcolonies (Sharma et al., 2023). The 

microbial cells shift from single surface colony to multi-cell 

aggregates results in the formation of the EPS, which 

provide initial biofilm structure for attachment and 

protection (Sharma et al., 2023). It is controlled by quorum 

sensing through N-acyl homoserine lactones (AHLs) in 

gram negative bacteria, luxl/R, rhll/R system in 

Pseudomonas aeruginosa and autoinducing peptides (AIPs) 

in gram positive, agr systems in Staphylococcus aureus 

(Omwenga & Awuor, 2024; Zhao et al., 2023). The Quorum 

sensing triggers EPS genes such as alginate, PIA, Pel/Psl for 

the EPS formation and reduces the motility due to increase 

in the c-di-GMP levels. Other QS controlled process include 

efflux pump activation that improves antibiotic resistance, 

production of virulence factors and biofilm development 

signals (Zhao et al., 2023). The cells produce amyloid fibers 

such as curli in Enterobacteriaceae species and Chaplin’s 

in Bacillus species to maintain the structural integrity and 

promote eDNA (extracellular DNA) release by autolysis. At 

periphery microcolonies establish primary metabolic 

gradients by higher CO₂ consumption and sets stage for 

maturation (Sharma et al., 2023). This process establishes 

the multicellular biofilm phenotype for adherence, 

protection and physically distinguished from planktonic 

growth. 

In maturation phase, the complexity in biofilm structure is 

maximum as EPS production increases resulting in the 

mushroom like morphology with stalks that bind to the 

surfaces and a dense cap that nurture high number of 

bacteria (Saharan et al., 2024; Sauer et al., 2022). The water 

channels interconnected penetrate throughout the structure 

and acts as a circulatory system for the transportation of 

oxygen and nutrients and removal of metabolic waste (Zhao 

et al., 2023). Water channel network arises due to the 

periodic cell movement and EPS modification catalysed by 

bacteria glycosidase activity. Fluid dynamics under shear 

force stabilizes the channel network and maintain the 
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convective flow even under low nutrient condition (Sauer et 

al., 2022). 

Dispersion phase is the final stage of the biofilm life cycle 

where the planktonic cells are released through matrix 

degrading enzymes such as dispersin B and rhamnolipids. 

The diespersin B is glycoside hydrolase that specifically 

degrade the PIA (polysaccharides intracellular adhesin) and 

rhamnolipids is a biosurfactant that reduces the EPS 

viscosity (Yang et al., 2023). This led to weakening the 

structural integrity of the biofilm matrix and reduces the 

cell-to-cell adhesion and widens the water channels leading 

to detachment of microcolonies respectively. The detached 

cells that are metabolically reactivated are capable of 

dispersing with help of motile genes for longer distance and 

establish biofilm colony at new site (Sharma et al., 2023) 

The continuous cyclic process between biofilm and 

planktonic cells promotes localized persistence mediated by 

matrix protection and spatial dispersion through active 

movement This lifestyle contributes to chronic infection 

and frequent therapeutic failures despite of effective 

concentration of antibiotics (Yang et al., 2023). 

Biofilm-associated resistance mechanisms 

The biofilm gain tolerance against the antibiotics from 10 to 

1000 folds more than the planktonic bacteria due to 

synergistic mechanism working at multiple levels (Yang et 

al., 2023). Hence, they associate with 60-80% chronic 

infection such as implant failure, cystic fibrosis and chronic 

wounds (Saharan et al., 2024). 

Physiological diffusion barriers: EPS is negatively charged 

and positively charged antimicrobials such as gentamicin, 

polymyxins, and quaternary ammonium compounds bind to 

the EPS by electrostatic interaction. The polysaccharide 

accumulates at higher concentration in inner biofilm due to 

the reduced nutrient availability and slower diffusion 10000 

to 1,000,000 times higher viscosity than water, blocking the 

drug penetration (Saharan et al., 2024).  

 Persister sub-populations: Biofilm has small subpopulation 

of persister cells found in the inner regions of biofilm with 

low oxygen and limited nutrients. This cell is formed 

through toxin-antitoxin systems that inhibit cell metabolism 

and gene function. Most antibiotics depend on metabolizing 

bacteria to be effective and persisters acts as reservoirs of 

infection when treatment is stopped (Zhao et al., 2023). 

Overexpression of efflux pumps: In the bacterial transport, 

the resistance-nodulation-cells division (RND) superfamily 

transporters such as the MexAB OprM system of 

Pseudomonas aeruginosa) and AcrAB-TolC 

Enterobacteriaceae species actively expel β-lactams, 

fluoroquinolones, and tetracyclines (Sharma et al., 2023). 

Universal stress responses: The stress exerted by the biofilm 

lifestyle also induces a variety of other global regulatory 

pathways, including RpoS and two-component systems. 

These responses contribute to enhanced DNA repair, 

antioxidant defenses, cell envelope modification, and β-

lactamase production that together promote general 

tolerance to several classes of antibiotics (Yang et al., 

2023). 

Immune evasion: The EPS matrix protects surface antigens 

from the opsonisation by preventing phagocytosis, based on 

size and entrapping neutrophil extracellular traps in 

polysaccharide matrix (Saharan et al., 2024). 

2. ECO ENZYMES 

Fermentation-based products produced from organic waste 

are being explored due to their dual advantages of biological 

efficacy and environmental sustainability. Eco-enzymes are 

produced through anaerobic fermentation of household 

organic waste from citrus fruits and vegetable peel, jaggery 

and water. These are chemically complexed liquids 

containing various organic acids, alcohol, enzymes and 

plant derived secondary metabolites that formed during the 

microbial metabolism (Benny et al., 2023). 

The fermented product allows the conversion of roughly 30-

50% of household organic waste into value added products, 

hence reducing the landfill disposal, methane emission and 

nutrient loss. At the same time, this process produces 

bioactive liquids that find their application in cleaning, 

agriculture and antimicrobial control (Varshini & Gayathri, 

2023).  

Ecoenzyme production  

The citrus peel has numerous microorganisms such as 

indigenous yeast and lactic acid bacteria (Kaur et al., 2010; 

Razola-Díaz et al., 2024). They are widely used due to the 

presence of fermentable sugars, pectin, organic acids and 

phytochemicals that supports the microbial growth and 

enzymes production during the fermentation (Julinar et al., 

2025). During initial fermentation, pH is close to neutral, 

later the pH drops to acidic level between 60-90 days due to 

the collection of the organic acids (Permatananda & Pandit, 

2023). The longer fermentation period allows the 

microorganisms to degrade the complex carbohydrate and 

convert sugars into organic acids and active metabolites 

(Vidalia et al., 2023). 

Chemical components of eco enzyme  

The mature fermented product is rich in organic acids and 

secondary metabolites as citric, lactic, acetic, oxalic acids 

and flavonoids, alkaloids, quinones, saponins and tannins 

respectively. The presence of organic acids is detected by 

high performance liquid chromatography (HPLC) and 

secondary metabolites through preliminary qualitative 
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screening methods (Ismail et al., 2024). These compounds 

disrupt the microbial cell membrane and alter the protein 

function. In addition, it contains hydrolytic enzymes as 

amylase, cellulase and protease, that breaks the extracellular 

polymeric substances and weakening biofilm integrity (Sai 

et al., 2023). 

Antimicrobial and antibiofilm evidences  

Eco-enzymes are not only effective on planktonic bacterial 

growth but also with biofilm formation in both Gram 

positive and Gram-negative bacteria (Sai et al., 2023). The 

antimicrobial activity of eco enzymes have been reported 

based on invitro studies against wide range of 

microorganism including Streptococcus mutans, 

Enterococcus faecalis, Lactobacillus acidophilus, 

Escherichia coli, Staphylococcus aureus, Salmonella typhi, 

Pseudomonas aeruginosa, Enterococcus species, and 

fungal species such as Aspergillus niger and Fusarium 

species, (Julinar et al., 2025; Lubis et al., 2024; Sai et al., 

2023; Vidalia et al., 2023). Eco enzyme effect on planktonic 

bacteria has been studied using minimum inhibitory 

concentration (MIC) and minimum bactericidal 

concentration (MBC) assays, agar well diffusion methods, 

and time-kill studies (Mavani et al., 2020; Sai et al., 2023). 

Even though studies are limited on the antibiofilm activity 

of eco enzymes, existing evidence suggests that eco enzyme 

can disrupt the biofilm effectively. In streptococcus mutans, 

Enterococcus faecalis and Lactobacillus acidophilus 

biofilm is disrupted on exposure to eco enzymes in 

comparison to sodium hypochlorite. Antibiofilm activity of 

eco enzymes due to the presence of organic acids, 

hydrolytic enzymes and phytochemicals that degrades 

extracellular polymeric matrix and inhibit microbial growth 

(Sai et al., 2023). The reported antimicrobial and 

antibiofilm evidence of eco-enzymes derived from organic 

waste is summarized in Table 1 

Table 1. Reported antimicrobial and antibiofilm activity of eco-enzymes derived from organic waste 

Eco-enzyme 

substrate/source 

Target 

microorganisms 

Assays Key findings Proposed 

mechanism 

Reference 

Fruit peel eco-

enzyme 

Enterococcus 

faecalis 

MIC, MBC, 

time-kill assay 

Significant 

antibacterial 

effect observed 

Organic acids + 

enzymatic 

degradation 

Mavani et 

al., 2020 

Citrus/mixed peel 

eco-enzyme 

Oral pathogens (S. 

mutans, L. 

acidophilus) 

Biofilm assay Biofilm reduction 

reported 

Acidification + 

EPS degradation 

Sai et al., 

2023 

Household organic 

waste eco-enzyme 

E. coli, S. aureus, S. 

typhi, P. aeruginosa 

Agar well 

diffusion 

Broad inhibition 

reported 

Organic acids + 

phytochemicals 

Vidalia et 

al., 2023 

Organic waste eco-

enzyme 

Fusarium spp. Antifungal 

growth 

inhibition 

Growth 

suppression 

reported 

Acidic metabolites Lubis et al., 

2024 

Fruit peel eco-

enzyme mixture 

Gram-positive and 

Gram-negative 

bacteria 

Antibacterial 

assay 

Antimicrobial 

activity reported 

Bioactive acids and 

metabolites 

Tallei et al., 

2023 

 

3. CITRUS ESSENTIAL OILS  

Plant essential oils overview  

Plant essential oils are volatile and aromatic secondary 

metabolites synthesized by plants. These oils are extracted 

from leaves, flowers, seeds, bark and fruit peels of plants by 

physical method such as steam distillation, hydro 

distillation, cold pressing or supercritical CO2 extraction 

(Karne et al., 2023). Essential oils contain mixture of 

compounds such as terpenes, terpenoids and 

phenylpropanoids that are responsible for antimicrobial 

activity (Masyita et al., 2022). Due to their broad-spectrum 

antimicrobial activity and natural origin, essential oils are 

widely being researched and considered as future source of 

antimicrobial compounds and it is widely used in food 

preservation, cosmetics and healthcare and effective in 

preventing and controlling persistent biofilm (Rossi et al., 

2022).  

Citrus essential oil components 

 Citrus essential oils are mainly obtained from the fruit peel 

in Rutaceae family (Citrus sinensis for sweet orange, Citrus 

limon for lemon and Citrus paradisi for grapefruit) that 

constitute about 0.5-5% fresh fruit weight and contain high 

levels of monoterpene and oxygenated compounds (Lu et 

al., 2019). The bioactive compounds in oils are D-limonene, 

linalool, γ-terpinene, β-pinene, and citral, that are identified 

by gas chromatography and mass spectrometry (GC-MS) 
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(Nuryandani et al., 2024). Citrus essential oils are 

hydrophobic in nature hence easily diffuses into microbial 

lipid layer, show excellent antimicrobial and antibiofilm 

activity (Peng et al., 2024a). The effectiveness of the citrus 

oil can be increased against the multi drug resistant strains 

by combining with other antibiotics or other essential oils 

(Sreepian et al., 2022). 

Antimicrobial mechanism and evidences 

Citrus essential oils exhibit antimicrobial properties against 

broad range of microorganisms through membrane 

disruption, protein coagulation and oxidative stress 

induction (Song et al., 2020; Zhong et al., 2022). The 

hydrophobic molecules limonene and citral penetrates into 

the phospholipid bilayers, increases membrane fluidity and 

promote pore formation (Zhong et al., 2022). This results in 

leakage of intracellular components such as K+ and ATP, 

leading to the loss of membrane potential and cell death 

(Song et al., 2020). Membrane depolarisation and 

permeability changes is quantified by propidium iodide 

assays (Zhong et al., 2022). Several studies show 85-95% 

membrane depolarization at 1X minimum inhibitory 

concentration (MIC) (Song et al., 2020). 

The antimicrobial potential varies across different citrus 

varieties. Lime essential oil exhibits greater potential 

against Gram-positive bacteria with larger inhibition zones 

(>17mm) than orange and grapefruit essential oils (14-

16mm) in comparison to 78% alcohol-based sanitizers 

against Staphylococcus aureus. Bacillus subtilis has also 

proven to be highly susceptible to finger citron (Citrus 

medica) essential oil with 95% inhibition at 2x MIC (Li et 

al., 2019). Similarly, Citrus sinensis essential oil over 90% 

suppression of E. coli at concentration ranging from 

25ug/ml, along with synergistic action against multidrug 

resistant bacteria using efflux pump inhibitory activity 

(Ambrosio et al., 2019).  

The Gram-negative bacteria such as Pseudomonas 

aeruginosa exhibit moderate susceptibility to citrus 

essential oil with reported zone of inhibition of 12-13 mm. 

This reduced sensitivity is due to the presences of an outer 

membrane rich in lipopolysaccharide, limiting the diffusion 

of hydrophobic antimicrobial compounds. The enhanced 

activity against Pseudomonas aeruginosa has been 

observed at higher citral concentrations or due to oxidative 

stress–inducing mechanisms such as the production of 

reactive oxygen species as well as the inhibition of 

membrane-associated ATPase (Tang et al., 2023).  

Citrus essential oils also demonstrate notable antifungal 

activity. Lime essential oil has shown strong efficacy 

against Candida albicans, producing large zones of 

inhibition and up to 92% suppression of ergosterol 

biosynthesis. Essential oil derived from Citrus limon peel at 

concentrations around 1.56% (v/v) has been reported to 

completely eliminate Candida species biofilms, 

accompanied by inhibition of hyphal morphogenesis and 

disruption of yeast-to-hyphal transition in clinical isolates. 

Citral appears to play a central role in this activity by 

selectively targeting the ergosterol biosynthetic pathway, 

achieving fungicidal effects at minimum fungicidal 

concentrations (MFCs) near 32 µg/mL and inducing 

reductions of approximately 3 log₁₀ CFU/mL within two 

hours of exposure (Li et al., 2019). 

Antibiofilm evidences  

Citral compound has shown to inhibit acyl-

homoserine lactone-mediated quorum sensing in 

Pseudomonas aeruginosa, resulting in down regulation of 

biofilm associated genes such as pel and psl. In 

Staphylococcus aureus, it interferes with quorum sensing 

systems and agr pathway. The biofilm disruption in S. 

aureus and P. aeruginosa has been observed on exposure to 

orange essential oil, fragmentation of the biofilm matrix 

was observed by confocal microscope and reduction up to 

60% in alginate content. Linalool reduces extracellular 

DNA release and bacterial motility that play an important 

role in biofilm maturation and stability (Zhong et al., 2022). 

The antibiofilm evidence of citrus essential oils and their 

major bioactive compounds is summarized in Table 2. 

Table 2. Antimicrobial and antibiofilm evidence of citrus essential oils and major bioactive compounds 

Citrus oil 

source 

Major 

compounds 

Target 

microorganism(s) 

Assay/biofilm 

model 

Key findings Mechanism Reference 

Citrus 

reticulata 

peel oil 

Limonene-

rich 

Listeria 

monocytogenes 

Antibiofilm 

assay 

Strong 

antibiofilm 

activity 

Membrane 

disruption 

Peng et al., 

2024 

Mandarin 

essential oil 

Limonene Staphylococcus 

aureus 

MIC + 

membrane 

depolarization 

Strong 

bactericidal 

effect 

Leakage + 

membrane 

damage 

Song et al., 

2020 
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Citrus 

unshiu oil 

Terpenoids Aeromonas 

hydrophila 

Membrane 

integrity assay 

High 

antibacterial 

activity 

Membrane 

disruption 

Zhong et 

al., 2022 

Lemon peel 

oil 

Citral Candida albicans Biofilm 

inhibition assay 

Significant 

reduction of 

fungal biofilm 

Ergosterol 

inhibition 

Li et al., 

2019 

 

4. Combined Antibiofilm Potential of Eco-

Enzymes and Citrus Essential Oils 

Though eco-enzymes and citrus essential oils reported 

antimicrobial and antibiofilm activities individually, their 

combined effect remains underexplored strategy for the 

biofilm control. Based on the accumulated experimental 

data from the indirect fermentation and enzymatic assisted 

antimicrobial strategies the synergistic effect may be 

effective biofilm targeting agent (Ranaldi et al., 2025; 

Sereia et al., 2025). Citrus fruit waste, essential oils include 

limonene, citral, linalool and terpinene which are well 

reported for their antimicrobial, antibiofilm and quorum 

sensing inhibitory properties (Gupta et al., 2025; Peng et al., 

2024). Indirect evidence from analogous fermentation-

derived antimicrobials and enzyme–essential oil systems 

provide useful information for synergistic mechanisms in 

the absence of direct studies of eco-enzyme–citrus essential 

oil combinations. 

 Eco enzyme produced by fermentation, have low acidic pH 

because of their high content of organic acids like citric, 

acetic and lactic acids (Vidalia et al., 2023). The acidic 

environments have been reported to alter the EPS of biofilm 

by breaking the ionic bond cross links within 

polysaccharide network, thus increasing porosity of matrix 

and reducing diffusion barrier. This weakened EPS could be 

advantageous for penetration of hydrophobic citrus oil 

components into biofilm (Sereia et al., 2025; Touati et al., 

2025). Indirect experimental evidence obtained from 

antimicrobial systems using fermentation has confirmed 

this mechanism (Ranaldi et al., 2025). Fermentation 

products from Lactobacillus species and orange essential oil 

against Bacillus cereus biofilm (Ammar et al., 2025), while 

fermented vegetable by-products enhanced cinnamon oil 

through pH-driven sensitization (Touati et al., 2025) were 

demonstrated to have a potential effect on essential oils in 

terms of antibiofilm activity. The softening effect on the 

biofilm caused by organic acids increased the diffusion of 

terpene compounds, thus demonstrating increased biofilm 

disruption compared with individual activity (Ranaldi et al., 

2025; Touati et al., 2025). Despite being indirect evidences, 

the mechanistic implications of the observations strongly 

support the potential synergistic antibiofilm action of eco-

enzymes and citrus essential oils.  

5. Cytotoxicity, Research Gaps and Future 

Directions   

The eco enzyme and citrus essential oils have shown 

potential antimicrobial and antibiofilm properties but their 

large applications require careful evaluation of safety and 

cytotoxicity. The systematic evaluations of toxicological 

studies remain limited as the current studies focus on 

antimicrobial efficiency. Eco enzymes produced through 

fermentation of organic waste, generally exhibit low 

environmental toxicity. However, their composition can 

vary depending on the raw material used, fermentation 

conditions and duration that influence their biological 

effects and highlights the need for better standardisation. 

Citrus essential oils often considered as safe because of 

natural origin, but their bioactive terpene components can 

cause irritation when applied at higher concentration, 

largely due to their membrane disruption properties. Studies 

using mammalian cell model have reported concentration 

dependent toxicity, highlighting the importance of 

optimising dosage, particularly for application in food 

contact surfaces, agricultural environment or household 

settings. Therefore, combining citrus essential oil with eco 

enzyme could be advantageous, as synergistic interaction 

could be effective on biofilm at lower concentration of 

essential oils. Despite of growing interest in both 

substances, there are still knowledge gaps in the combined 

use of eco-enzymes and citrus essential oils. There is a lack 

of direct research on the synergistic antibiofilm properties 

of eco-enzymes and citrus essential oils, as well as a lack of 

standardized approaches to the production and analysis of 

eco-enzymes. Most of the studies focuses on the single type 

of microbes, not on the multispecies biofilms in clinical and 

industrial settings. 

Future studies should focus on filling these knowledge gaps 

by working on reproducible eco-enzymes and 

comprehensive cytotoxicity and environmental safety 

evaluations. Studies that use mature multispecies biofilm 

models, in addition to synergy analyses and advanced 

imaging, will play a pivotal role in validating the efficacy 

of these eco-enzymes. Addressing these issues will be a 

significant step forward in translating this sustainable, 

waste-based antibiofilm strategy into safe and effective 

solutions for food safety, agriculture, and environmental 

sanitation. 

https://dx.doi.org/10.22161/ijeab.113.15


Priya G and Rao                                    Waste-Derived Antibiofilm Strategies: A Review of Eco-Enzymes and Citrus Essential Oils 

ISSN: 2456-1878 (Int. J. Environ. Agric. Biotech.) 

https://dx.doi.org/10.22161/ijeab.113.15                                                                                                                                             147 

 

CONCLUSION 

Eco-enzymes and essential oil from citrus provide effective 

way to manage biofilms. Eco-enzymes through hydrolysis 

and acidification break the structure of extracellular 

polymeric substance (EPS). In addition, citrus terpenoids 

affect the cellular membrane and disrupt quorum sensing. 

In vitro studies work well on the important pathogens and 

using them together may improve antibiofilm properties but 

challenges remain in standardizing formulation, using 

multispecies models and safety evaluations. Further 

research on consistent production, effective mixture and 

toxicity assessment will help to overcome these obstacles. 

This approach provides a sustainable method for managing 

biofilms in sanitation, food safety, agriculture, and 

healthcare, while reducing antimicrobial resistance and 

using organic waste. 
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Abstract— Since conservation conflicts occur within a particular cultural, political, and social context, they 

must be analyzed and addressed within the same context. This paper examines the pastoral- conservation 

conflicts in the context of Tanzania’s national parks using the case study of Saadani National Park 

(SANAPA), with the view to understanding their nature, root causes, and sustainable solutions to such 

conflicts. Fieldwork involved multiple methods of data collection: in-depth interviews with conservation 

management officials, community leaders, pastoralists, and an NGO dealing with pastoral issues; focus 

group discussions with small-scale farmers (peasants); informal discussions with the wider community; 

document analysis; and field observations. These were coupled with a four-month period stay in the study 

area plus the researcher’s experience with the wider community. The results indicate that the main conflict 

between conservation and pastoralism in the study area is the encroachment into SANAPA by livestock in 

search of pasture and water. The livestock encroachment, however, is seasonal and is done by migrating 

pastoralists who are not originally from around the park. The conflict happening in this particular case study 

is more than a resource - use conflict driven by access denial. It is also more than being prompted by 

changing climate patterns that have caused sustained drought in pastoral areas. The conflict is prompted by 

a mobile form of livestock keeping and herd sizes embedded in pastoral culture and value systems, and is 

reinforced by the practices of soliciting bribes embraced by conservation management staff, politicians, 

administrators, police and magistrates. With these practices, conflicts between pastoralism and other forms 

of livelihoods (not necessarily conservation) in Tanzania are likely to continue for unforeseeable future. 

Keywords— pastoral-conservation conflicts, biodiversity conservation, pastoralism, conservation, 

agriculture, livestock encroachment, Saadani National Park. 

 

I. INTRODUCTION 

Pastoral societies in Tanzania (the Maasai, Sukuma, and 

Barabaig) are facing immense pressure from shrinking 

rangeland, climate change, and government laws and 

policies. Population growth and development pressure have 

shrunk grazing land, leading to re-occurrence of conflicts 

with other forms of livelihoods, including conservation 

(Nelson, 2012). Accelerating climate change expressed in 

prolonged periods of drought, drying of water-holes, the 

disruption of natural water flows, and siltation of pans have 

created shortage of water and pasture for livestock (HPG, 

2009). On the other hand, government laws and policies are 

restricting free movement of livestock (in search of pasture 

and water) and denying access to resources in PAs (pasture 

and water for livestock) (SCBD, 2010; SNV, 2012). 

For pastoral societies in Tanzania, livestock numbers or 

herd sizes communicate a complex social currency that 

express far more than just wealth. Herd sizes represent 

status and prestige, security, survival, and kinship. In short, 

herd sizes command social respect. With this cultural value, 
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pastoral societies always wish to building up large herds of 

livestock (Nelson, 2012). However, these large herds of 

livestock are blamed for environmental degradation and 

frequent conflicts with other forms of livelihoods 

(Olenasha, 2006; Mattee & Shem, 2006; PINGO, 2013). 

But, the underlying this notion of large herds of livestock is 

the pastoralists’ mobile way of livestock keeping or 

mobility - seasonal migrations in order to access pasture and 

water occurring elsewhere (Nelson, 2012). The freedom of 

movement as practiced by pastoralists enables access to 

dispersed, ecologically specialized and seasonally varied 

grazing lands and watering holes (Mattee & Shem, 2006). 

Mobility is an important mechanism to cope with and 

recover from extreme conditions of climate shocks – 

droughts, floods and pest and disease outbreaks (Barrow et 

al, 2007; Olenasha, 2006).  

They move according to where and when pasture becomes 

available for their livestock, thereby providing adequate 

pasture rotation, they use tracking technique to locate 

pasture and water (Mattee & Shem, 2006; HPG, 2009; 

PINGO, 2013). Therefore, restricting mobility is simply 

restricting the survival of their livestock in the face of 

spatial and temporal variability of environmental resources. 

This would eventually increase the vulnerability of 

pastoralists to natural and man-made shocks such as 

droughts, floods and livestock diseases (HPG, 2009; 

Olenasha, 2006; PINGO, 2013).  

Perspectives on Pastoral-Conservation Conflicts 

Pastoral - conservation conflicts are viewed from two 

perspectives. First, from the adverse impacts biodiversity 

conservation causes on pastoralism, particularly the direct 

killing of livestock by wildlife and the denial of access to 

resources in protected areas (PAs), especially pasture and 

water for livestock (SCBD, 2010; Marshall et al, 2007; 

Warner, 2000). Second, from the adverse impacts 

pastoralism causes on biodiversity, often expressed in 

habitat change, loss and species extinction or decline due to 

long-term environmental degradation, competition for 

resources, diseases interaction, and the direct killing of 

wildlife by pastoralists or wildlife by livestock (Homewood 

et al., 2012; Madden, 2004). 

As a solution to such conflicts, conservationists maintain 

that wildlife - livestock interactions is not allowed due to 

increasing risk of disease transmission (commonly anthrax 

and rabies), competition with wild animals for pasture and 

water, and environmental destruction leading to depletion 

of the natural vegetation and eventually loss of habitat and 

wildlife species (Clifford et al., 2009; Kilpatrick et al., 

2009). To minimize wildlife-livestock contact, there are 

several management actions, including conservation 

policies, laws, and practices that discourage livestock from 

entering into protected areas (PAs), hence the denial of 

access to resources in PAs (pasture and water for livestock) 

(PINGO, 2013). There are also government laws and 

policies that restricting free movement of livestock (in 

search of pasture and water for livestock) (SCBD, 2010; 

SNV, 2012) or mobility - seasonal migrations in order to 

access pasture and water occurring elsewhere (Nelson, 

2012). 

Pastoralists, however, see this restriction from entering PAs 

or denial of access to resources (pasture and water for 

livestock) from PAs as a ‘killer’ and barrier to maintaining 

pastoral livelihoods. Access to PAs is seen by pastoralists 

as vital to the survival of their herds, especially during 

periods of stress such as drought and, hence, having a 

significant impact on their pastoral livelihoods (SCBD, 

2010). On the other hand, restricting mobility is simply 

restricting the survival of their livestock in the face of 

spatial and temporal variability of environmental resources. 

Pastoralists move according to where and when pasture 

becomes available for their livestock, thereby providing 

adequate pasture rotation (Mattee & Shem, 2006; HPG, 

2009; PINGO, 2013). So, restricting mobility would 

eventually increase the vulnerability of pastoralists to 

natural and man-made shocks such as droughts, floods and 

livestock diseases (HPG, 2009; Olenasha, 2006; PINGO, 

2013). 

For pastoralists, a sustainable solution to pastoral related 

conflicts (not necessarily conservation), would be restoring 

traditional pastoral routes and securing rights of occupancy 

over traditional pastoral lands. Traditionally, pastoralists 

occupied and used Tanzania’s savannah landscapes for 

pastoralism, utilizing foraging strategies based on mobility 

(seasonal migrations) in order to access pasture and water 

occurring elsewhere (Homewood et al., 2012; Nelson, 

2012). 

The bottom-line is that conservationists want to preserve 

biodiversity in and around PAs for much of human well-

being (Collins, 2013) while pastoralists, on the other hand, 

want their livestock to access water and pasture in and 

around such PAs for survival of their herds and 

sustainability of their livelihoods (SCBD, 2010). In this 

situation, there are those who blame conservationists for 

embracing threat-based conservation, which focuses on 

protecting biodiversity against external threats rather than 

basing conservation plans on desired outcomes i.e. 

outcome-based conservation (Sayer, 2009). Also, there are 

those who argue that pastoralists embrace traditional 

management practices, especially large herd sizes and 

mobile form of livestock keeping, thereby leading to 

recurrence of conflicts between pastoralism and other forms 

of livelihoods (not necessarily conservation) (Homewood et 
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al., 2012). One can, therefore, argue that the tension 

between conservation and pastoralism appears to have 

originated from these competing perspectives of 

conservationists and pastoralists. 

A profound reflection on these perspectives can, therefore, 

help to understand the conflicts between conservation and 

pastoralism, particularly in terms of their nature, root causes 

and resolution. This paper presents a detailed case study of 

local conflicts between conservation and pastoralism in 

Tanzania using one particular case study, Saadani National 

Park. Studies on resource conflicts within a wider context 

of political economy emphasize that since conflicts occur 

within a particular cultural, political, and social context, 

they must be analyzed and addressed within the same 

context (FAO, 2008; Distefano, 2005; Muruthi, 2005; 

WWF, 2008; Madden, 2004; Lewis, 1999). In other words, 

conflicts need to be understood within a particular context - 

a historical, social or economic setting. In particular, this 

paper brings together perspectives of key actors in the 

pastoralism and biodiversity conservation in terms of their 

role in structuring, reinforcing, and resolving pastoral - 

conservation conflicts in the study area. 

 

II. STUDY DESIGN AND 

METHODOLOGICAL APPROACH 

This research employed a qualitative, exploratory single-

case study design - with multiple-phase of fieldwork and 

mixed methods of data collection. The approach was 

appropriate since the aim was to understand a contemporary 

phenomenon (pastoral-conservation conflicts) within its 

real-life context, and that the phenomenon of interest had no 

clear boundaries and context of occurrence (Yin, 2018). 

And since conservation conflicts occur within a particular 

cultural, political, and social context, they must be analyzed 

and addressed within the same context (Madden, 2004), 

hence this case-study approach. 

Fieldwork was carried out during several visits to SANAPA 

in 2021 and 2022. The multiple-phase of fieldwork 

approach led to more comprehensive knowledge and 

eventually better understanding of the big picture of the 

phenomenon being studied (Stake, 2000). Data were 

collected through a mixed-method approach, involving in-

depth semi-structured interviews, focus group discussions, 

informal discussions, field observation, and document 

analysis. 

Data were collected on the nature, causes, and solutions to 

conservation conflicts. Political factors were also taken into 

account. In-depth interviews were conducted with three 

senior officials working with the Wildlife Division, 

SANAPA staff (two senior officials and 13 park rangers), 

community leaders (two Ward Councilors and 12 village 

leaders), and one officer working with an NGO dealing with 

pastoral issues. These people were engaged as key 

informants, and were purposively selected based on their 

locally grounded knowledge and experience. 

In addition, three focus group discussions (composed of 7-

9 people) were carried out with small-scale farmers 

(peasants). Initially, the plan was to include both peasants 

and pastoralists in the focus group discussions. But this was 

difficult to achieve because pastoralists in the study area 

live a mobile life, so it was difficult to bring them together. 

Furthermore, it was realized that there was some resistance 

from these groups to sit together due to the tension or 

enemity that exists between them. 

To get views of the wider community, 17 pastoralists were 

also interviewed. Snowball sampling was used to choose 

interviewees among pastoralists. The first individuals, 

however, were purposively selected and asked for further 

referrals in order to identify other people who were 

considered as relevant for the study. The criterion used was 

whether a person had knowledge about conflicts related 

with pastoralism in general.  

Also, 14 members of the local community (8 peasants and 

6 pastoralists) were involved through informal discussions 

to get reliable information or data with less individual 

pressure (Kreuger, 1988). Given the time the researcher 

spent in the study area (2-month stay), coupled with his 

experience with the wider community, it was possible to 

know the people, establish contact, build thrust/rapport and 

ultimately was able to talk to them freely and in an informal 

way. The sample size for informal discussions was reached 

when new participants were no longer adding insights to the 

research questions. However, the sample size was not meant 

to represent the large population in the study, but to obtain 

rich information that would help to understand and explain 

specific phenomena important for the research (Given, 

2008). 

Both interviews and discussions were conducted in Swahili 

by the researcher but, later transcribed and translated to 

English. Field observations, to witness the role of such 

conflicts in the study area, were made possible with a two-

month period stay in the study area – spread across multiple 

phases of fieldwork, plus the researcher’s experience with 

the wider community. 

More data on pastoral-conservation conflicts were collected 

during document analysis. A number of relevant documents 

and other studies were collected and reviewed. The review 

was important to set this paper in the context of key 

analytical issues identified from field data about 

conservation and pastoralism by integrating stories from the 

field about the conflicts from key actors – pastoralists, 

peasants, NGOs, conservation management officials, and 
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decision-makers at the community level - village leaders 

and local politicians.  

Data analysis and presentation  

The unit of data analysis was SANAPA, and the primary 

phenomenon of interest to this study was the nature, causes, 

and sustainable solutions to pastoral-conservation conflicts. 

Data analysis was conducted in four steps. First step, 

involved the analysis of data collected from the initial 

fieldwork phase, which was mostly exploratory visits to the 

study area. This helped to get to know the area, the people, 

and to identify key themes that structure the understanding 

of the conflicts between pastoralism and conservation and 

actors involved.  

In the second step, data collected from the actual fieldwork 

using interview guides were analyzed in line with the key 

research question while looking for consistencies and 

differences across responses. Several themes and analytical 

issues emerged, such as how conservation, pastoralism, and 

agriculture influence the political commitment of the 

government, and their impacts on pastoral related conflicts 

in the country. It is important to note that during this 

analysis, agriculture emerged as one of the analytical issues 

that provided more insights into pastoral - conservation 

conflicts in the study area. As such, agriculture was also 

considered in the analysis, though it was not the focus of 

this study.  

In the third step, a number of relevant documents and other 

studies were collected and reviewed (document analysis). 

The review was important to set this discussion in the 

context of key analytical issues identified from field data 

about conservation, pastoralism, and agriculture, including 

their dominant perspectives in the literature on pastoral - 

conservation conflicts. The review integrated the stories 

from the field about the conflicts from key actors, 

particularly pastoralists, peasants, NGOs, conservation 

management officials, and decision-makers at the 

community level - village leaders and local politicians.  

In the fourth step, the unstructured textual data (verbatim 

answers and comments) from interview, focus group 

discussions, and informal discussions were analyzed using 

text analysis to unveil and present what people actually said 

in their own words when responding to a particular 

question. The text analysis identified consistencies and 

differences across responses for each question, and drew-up 

common themes, which were then organized into coherent 

categories that summarized the information meaningfully in 

relation to the questions. The analysis also revealed the 

nature and root causes of pastoral - conservation conflicts in 

the study area, including various actors involved. The main 

factors shaping such conflicts were drawn up, and 

eventually the future of such conflicts in the country is 

predicted.  

Two styles have been used to structure and present textual 

data across meaningful themes relevant to this study: 

paraphrasing while remaining faithful to the original 

meaning; and the use of illustrative quotes applied in a 

particular context. In the following sections, the paper now 

discusses the findings from this analysis. 

III. RESULTS AND DISCUSSION 

Overall, the findings indicate that the main pastoral- 

conservation conflict in the study area is the grazing of 

livestock inside SANAPA (Picture 1). Other pastoral - 

conservation related conflicts such as the direct killing of 

livestock by wildlife, the direct killing of wildlife by 

pastoralists or wildlife by livestock were not mentioned at 

all throughout the time of data collection for this study. This 

implies that they are not happening in the study area or are 

not serious to either side. 

 

Photo 1: Cattle grazing in one of the protected areas (not 

SANAPA) in Tanzania 

Source: Tanzania Daily News, Dar es Salaam, 29 January 

2013 

 

Pastoralists bring their livestock into the park to graze - an 

act described by park officials as livestock encroachment 

into the park or simply livestock incursion into the park. 

However, this encroachment into SANAPA by livestock is 

seasonal and is done by migrating pastoralists who are not 

originally from around the park. Such pastoralists are absent 

for parts of the year, especially during wet season. 

The results indicate further that the encroachment is 

widespread along the northern parts of the park where most 

pastoralists are found, the Barabaig pastoralists. According 

to park rangers, livestock encroachment is a big problem in 

SANAPA, especially during dry seasons when there is 

shortage or scarcity of pasture and water. Encroachment by 

livestock is among the highest illegal activities recorded by 
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the park. One park ranger, for example, put it during the 

interview, 

 “….we have a big problem with cattle keepers 

(pastoralists) especially during dry  seasons. Sometimes we 

see herds of cattle, in big numbers (100, 150 even 300 and 

 over), grazing in the park …..Surely, it is very 

challenging to control such big  numbers….” 

While commenting on patrol operations carried out by 

SANAPA to wipe out livestock encroachment from the 

park, one senior park official said, 

 “Hundreds of herdsmen stream towards SANAPA 

with thousands of their livestock  especially during 

drought season, but we didn’t have this problem before, it 

has emerged  only recently! so we are protecting the 

park….these people [pastoralists] are a big  problem to the 

park, they bring large groups of livestock to graze inside the 

park, so we  conduct patrols to clear them out.”  

Local communities in the study area, who are mostly 

peasants, had similar views on pastoralism. They also see 

pastoralism more of a nuisance than a source of benefits. 

They complain that every year they lose substantial 

quantities of crops due to damage caused by livestock, and 

experience degradation of soil in their farmlands (livestock 

make the soil compact and hard to dig with hand hoe). They 

pointed out that pastoralists are unwanted in the study area 

because of their free range mode of grazing and the big 

numbers of livestock that they cannot control. During 

fieldwork, there were frequent concerns of free-range 

grazing and large numbers of uncontrolled livestock in the 

study area.  

On the other hand, there is a general feeling among 

pastoralists that they are discriminated, they are alienated 

from the system, they are sidelined when it comes to 

development processes, and their pastoralism is valueless 

compared to other forms of livelihoods. They are in 

minority hence it is difficult for them to influence policies, 

and so they lack political influence. Expressing their 

feeling, one pastoralist for example commented, 

 “You know it’s very strange and very unfair!! 

There are plenty of grasses out there [in  SANAPA] 

and yet they don’t want our livestock to eat them while you 

know for sure that  it’s times of severe drought, 

does it mean they want our animals to die of hunger? This 

is  really unfair to us [pastoralists]. ……..and that’s 

why they have imposed fines for  livestock found in the 

parks but they don’t care about people who are affected by 

stray of  animals who are under their jurisdiction to control” 

Pastoralists consider themselves powerless against the 

dominance of conservationists and agriculturalists. 

However, they have learnt to accept their position, but have 

developed some strategies to ensure they survive against 

this dominance of conservation and agriculture while 

accessing pasture and water for their livestock, particularly 

during times of drought when there is shortage of these. 

Money is the ‘weapon’ underlying their strategies to 

accomplish their mission – of ensuring their livestock get 

pasture and water - as these are the most important for their 

livelihoods. Through tracking, pastoralists have discovered 

that SANAPA has areas that have pasture and hold water 

towards the end of the dry season when all the surrounding 

areas are dry. Field observations revealed that the park has 

all-weather sources of water, from seasonal to permanent 

rivers - including the Wami River and its tributaries whose 

banks are overgrown with bush and therefore have much 

less dry season pastures. Therefore, the park is the 

pastoralists’ choice during dry seasons. To access 

SANAPA, they strategically enter the surrounding villages 

first through a ‘welcome’ from local politicians and village 

leaders. While politicians seek cheap popularity towards 

their political ambition, village leaders solicit bribes from 

pastoralists who are desperately searching for pasture and 

water for their livestock. One park official for example, 

narrated during interview,  

 “This is all caused by our leaders, particularly 

village chairperson and village executive  officer. They 

receive bribe from pastoralists so they could be allowed to 

enter, stay and  graze in the village area. Once they 

[pastoralists] are here, they invite their fellows from 

 elsewhere, so the chain goes endlessly. When there 

is no more pasture for their herds in  the village, 

they move into SANAPA thereby creating conflict with the 

park  management”. 

Although SANAPA is formally inaccessible because of 

conservation law, still they enter the park risking a fine of 

10,000 Tsh (US$ 10) per head of livestock. However, 

during informal conversation with some pastoralists, it was 

revealed that they avoid this payment by bribing park staff 

especially park rangers, by supervising the herds from a 

distance, by letting their children look after them or simply 

by leaving the herds alone because they know they will 

come back in the evening after feeding. Also, they take 

advantage of corruption and abuse of power embraced by 

legal institutions that handle wildlife cases, particularly 

police and courts. Since they own livestock, pastoralists 

have financial muscles that can be used to bribe officials 

(see Benjaminsen et al, 2009; Brockington, 2006, for more 

examples from Tanzania), have connections with 

politicians, and are eventually vocal. Describing the 

pastoralists during interview, one senior official from WD 

said, 
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 “Pastoralists are more powerful than 

agriculturalists - they have financial muscle, they  give 

bribes to government officials, have connections with 

politicians whom they use to  fulfill their interests 

and are vocal for that matter!” …. And sometimes they 

approach the  big boss such as the In-charge of the PA 

(not necessarily SANAPA) with bribe so they 

 could be allowed to graze in the PA. Now, if they 

realize the boss is tough, is not  cooperating with them, 

is not bribed easily, they would often cook a scandal for 

him/her  and use some politicians (often MPs) who are 

normally vocal and easily bribed to push  the 

government to fire him/her out of the post”.  

In addition, they take advantage of inadequate park 

resources (manpower particularly park rangers, vehicles for 

patrol, and limited financial resources to cater for regular 

patrol costs) to break the law leading to frequent incidence 

of livestock encroachment in SANAPA. A visit to one 

ranger post (Gendagenda) for example, revealed that there 

were only two rangers, and no vehicle. Commenting on this 

situation one park ranger for example, narrated during 

interview, 

 “As you can see, we are only two of us! Practically, 

it is very difficult to deliver output  here because under any 

circumstances one has to remain at the post at all time - for 

 security reasons. This means the other also cannot 

go alone [patrol], so we just seat here  all day. 

…You can also imagine how difficult it is to walk [to 

conduct patrol] in the bush  on foot, no vehicle, no 

what – how far can you go and for how long! We are really 

 working under difficult conditions. For instance, 

we have a big problem with cattle  keepers (pastoralists) 

especially during dry season. Sometimes we see herds of 

cattle, in  big numbers (100, 1500 even 300 and 

over) grazing in the park, we are only 2 or 3 at the  post. 

In some cases, they [pastoralists] will let their children to 

look after these herds or  sometimes they just leave them 

alone because they know they will come back in the 

 evening after feeding or you cannot do anything 

with them because we are few in  number. Or if you 

confine them, it’s okay for them because all they need is 

their cattle to  feed. So in essence we will look after 

them. They know we cannot stay with them for  long 

time, given the fact that we are few and no storage facilities 

to keep them for long  time. In the evening, they will 

come to negotiate so they can collect their cattle back. 

 They know, if we take them to the court, they will 

pay much lower fines than we charge  them using 

our by-laws. So in most cases we end up negotiating with 

them on how much  they should pay”.  

Although these survival strategies are manifested in money 

as bribes, they have enabled pastoralists to maintain their 

livelihoods, especially their nomadic life style and large 

herds of livestock. The practices of bribing officials have 

helped them to access areas vital to the survival of their 

herds during times of drought. In some cases, bribes have 

enabled pastoralists to get back their confiscated livestock 

even without compensation to farmers in case of crop 

damage by livestock or without paying huge fines to 

conservation authorities in case of livestock found in PAs. 

While studying farmer – herder conflicts in Kilosa – 

Tanzania, Benjaminsen et al (2009) also noted similar 

practices – how the Maasai pastoralists bribed local 

politicians and administrators to access pasture and water 

from the contested wetland. Corruption is a large problem 

and a major public concern in Tanzania, widely manifested 

across public institutions, especially public officials and 

politicians (WEF, 2013). 

As mentioned, Barabaig pastoralists arrive in the study area 

due to their nomadic life style of which they keep on 

migrating in search of pasture and water. When they spot 

somewhere a life for their herds they get into the village 

legally or illegally by bribing village leaders through 

corruption, according to park officials. Some politicians 

also incite herders to encroach on SANAPA land with 

impunity. When they see the area is short of pasture, they 

look for alternatives elsewhere. This could be evading a 

nearby protected area as long as there is pasture or moving 

to another village. 

Interviews with Barabaig pastoralists revealed that similar 

to Maasai, livestock keeping is not merely an economic 

activity to Barabaig, it is not just about making a living out 

of livestock – in the sense that if there are other more 

profitable activities, one would go for them and forego 

pastoralism. To them, livestock keeping is an integral part 

of their life, a way of life heavily intertwined into their 

culture and value systems. In fact, at the core of Barabaig 

life is pastoralism. To them, personal worthiness is 

expressed in terms of numbers of cattle and other livestock. 

A person without livestock is poor, without any standing in 

their society.  From this perspective, one can imagine how 

difficult it is to convince the Barabaig to reduce the number 

of herds so they could avoid overgrazing, degradation of 

soil and vegetation, higher incidence of diseases, poor 

nutrition, increased mortality and loss of herds. 

On a similar perspective, pastoralists maintain that doing 

away with mobility and herd sizes means doing away with 

pastoralism, since by nature pastoralists depend on 

livestock, are mobile in communal grazing areas they 

traditionally own, and use traditional land management 

patterns recognized by their customary rules (Barrow et al, 
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2007; Homewood et al, 2012; Mattee & Shem, 2006; 

PINGO, 2013). In fact, the two features (mobility and herd 

sizes) are central to pastoralists’ traditional ways of 

livestock keeping and are embedded in their culture and 

value systems. They are considered resilience mechanisms 

of pastoralism. To the pastoralists, a large herd expresses 

personal wealth and an insurance to survive through periods 

of stress such as drought and disease epidemics (Boku, 

2008). During interviews, one Ward Chancellor, who is a 

Maasai pastoralist, said,  

 “…it’s true that we [pastoralists] have large herds, 

but you know what? Herd is  everything to us [the 

Maasai and Barbaig]. When our sons start their own life, we 

give  them livestock as start-up capital. When they want 

to marry, we offer livestock as bride  pride. I 

remember for my case I offered 28 cattle for my first wife 

and then 18 for the  second. On top of that our staple 

food is milk and meat. So you can imagine how 

 livestock mean everything to our life! This implies 

any plan to reduce the number of  livestock among 

pastoral societies needs to be taken with great care, and need 

to be a  long term programme to be able to change their 

mindset. Otherwise, you will end up  being 

disappointed with their response. You know, it’s like a 

peasant who depends on  agriculture for a living. And 

then, all over the sudden you tell him to reduce the size of 

 the land he always cultivates under a promise that 

he will get more and quality harvests.  Do you think 

he will really understand you in the first place? Obviously, 

you need a long  term plan to be able to change their 

mindset slowly”. 

These arguments by conservationists and pastoralists in 

relation to each other reflect the complexity surrounding 

pastoral related conflicts in Tanzania. This could imply that 

still there is a long way towards sustainable solutions to this 

kind of conflicts in the country. The arguments also suggest 

the absence of a common understand about the conflict, 

implying that tensions between pastoralism and other forms 

of livelihoods (not necessarily conservation) are likely to 

continue in the country for unforeseeable future. 

Implications to protected areas management in 

Tanzania  

There are three general implications important to 

conservation efforts in the country one could draw from 

these results. First, encroachment into protected areas (PAs) 

by livestock is likely to increase pressure on the 

management of PAs in the country, especially during times 

of drought when there is shortage of these resources across 

many traditional pastoral areas. As SCBD (2010) and 

PINGO (2013) noted, PAs are the pastoralists’ choice 

during dry seasons to ensure their livestock get pasture and 

water and, therefore, survive the hard times of dry seasons. 

This suggests the need for strategies to guide management 

actions that could minimize pressure from the 

encroachment into PAs by livestock. Second, pastoralists 

have developed strategies to help them access pasture and 

water occurring elsewhere, especially during periods of 

stress such as drought. The strategies are manifested in 

money as bribes to PAs management staff. This implies that 

encroachment into PAs by livestock would be controlled 

only depending on how strictly and determined is the 

management of PAs to fight against corruption practices 

since access to PAs is seen by pastoralists as vital to the 

survival of their herds during dry seasons (SCBD, 2010), 

and money is used to accomplish their mission. Third, the 

adverse impacts of pastoralism on biodiversity as identified 

by Homewood et al (2012) such as habitat change, loss of 

biodiversity and species extinction or decline due to long-

term environmental degradation, competition for resources, 

diseases interaction, and the direct killing of wildlife by 

pastoralists or wildlife by livestock are likely to continue for 

unforeseeable future or even intensify over time. Therefore, 

protection of PAs needs to be enhanced to eliminate such 

kind of threats to biodiversity so as to ensure the survival of 

wildlife and sustain healthy ecosystems. 

IV. CONCLUSION 

This paper has examined the pastoral – conservation 

conflict in Tanzania’s national parks using the case study of 

SANAPA. Through this study, it has been realized that there 

is pastoral-conservation conflict between the management 

of SANAPA and migrating pastoralists. However, the 

tension between pastoralism and conservation happening in 

this particular case is more than a resource – use conflict 

driven by access denial. It is prompted by a mobile form of 

livestock keeping and herd sizes embedded in pastoral 

culture and value systems, and is reinforced by issues of 

governance and corruption.  

The tension is more than being prompted by changing 

climate patterns that have caused sustained drought in 

pastoral areas. And it is more than pastoralists finding it 

increasingly difficult to cope with dwindling pasture and 

water in their areas while they cannot wait and watch their 

animals die. The conflict is induced by traditional 

management practices embraced by pastoral societies, 

particularly free-range grazing and large numbers of 

uncontrolled livestock, and is reinforced by the practices of 

soliciting bribes embraced by conservation management 

staff, politicians, administrators, police and magistrates.  

The notion that protected areas have been established on 

traditional pastoral lands, the dominance of conservation 

and agriculture over pastoralism, and the perception that 

pastoralists are unwanted and pastoralism is more of a 
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nuisance than a source of benefits have played an important 

role in structuring this conflict. These together have forced 

the pastoralists to indulge into corruption practices, using 

money as the weapon to maintain their livelihoods, 

especially their nomadic life style and large herds of 

livestock. However, corruption raises questions about good 

governance and whether the government is really 

determined to end pastoral-related conflicts in the country, 

and leads to loss of trust in conservation management 

officials and authorities (local government, the police, and 

the judiciary), and their willingness to prevent such 

conflicts in the future. Such weakness within and between 

government institutions has resulted in actors trying to offer 

bribes as a solution to the problem. 

The case study has revealed several arguments from 

conservationists, agriculturalists, and pastoralists in favour 

of their sectors. Generally, the solutions for pastoral related 

conflicts proposed by the conservationists and 

agriculturalists (destocking and sedentarization) are not 

acceptable by the pastoralists. On the other hand, the 

solutions proposed by the pastoralists (recognition of 

traditional ownership of grazing areas of the pastoral 

societies and traditional ways of livestock keeping) appear 

unpractical and unsustainable - cannot be a long term 

conclusive remedy. The fact is, with pastoralists’ focus on 

large herd size and herd mobility, whatever land is set aside 

for them, will not be enough after some time. As livestock 

population keeps growing over time, the carrying capacity 

of the land (in terms of pasture and water) diminishes due 

to overgrazing resulting from overstocking. As a 

consequence, pastoralists will again roam around with their 

animals in search for pasture and water elsewhere, leading 

to re-occurrence of conflicts with other forms of 

livelihoods.  

With these debates, therefore, the conflicts between 

pastoralism and other forms of livelihoods (not necessarily 

conservation) are likely to continue in Tanzania for 

unforeseeable future. Also, there is a danger that the 

conflicts may escalate even more, risking the detriment of 

either. 

This study, however, focused only on one protected area 

(Saadani National Park-SANAPA) to examine pastoral-

conservation conflicts across protected areas (PAs) in 

Tanzania. Realistically, there might be pastoral-

conservation conflicts in SANAPA, but still no such 

conflicts in other PAs – given their varying levels of 

conservation status, biological resources in and around, and 

differing restrictions or level of protection. So pastoral-

conservation conflicts for SANAPA cannot generally be 

concluded as pastoral-conservation conflicts for other PAs 

in Tanzania or elsewhere since conservation conflicts occur 

within a particular cultural, political, and social context. In 

addition, pastoral-conservation conflicts for a single-case 

study like SANAPA - does not statistically represent all PAs 

of Tanzania. As such, the findings from this single-case 

study cannot implicate or reflect all PAs in the country. 

These limitations, however, should not invalidate the 

findings of this study, but rather be taken as a basis for 

improvement in future studies. The study still serves as an 

indication of what is likely to be the reality on the ground 

for other PAs as well, despite such identified limitations, 

which aim to indicate the context through which the results 

may be understood. 
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Abstract— Cotton is found to be a globally significant commercial crop, with India contributing 

approximately 22% of the world's production and often referred to as “white gold”. But cotton is highly 

vulnerable to insect damage, so early diagnosis is necessary to reduce disease transmission and enhance 

treatment effectiveness. Traditional methods are labour-intensive, which often results in delayed responses 

and significant crop losses. This study explores various pests found in India and their management in the 

cotton field by using different sensors and a smart detection-response system utilising IoT sensor networks 

and machine learning to monitor and classify pests, specifically targeting the Bollworm complex and 

whiteflies. The proposed architecture comprises different sections: Field traps, Gateway, central control 

system, Drone spraying, and Farmer sections, integrating motion-detecting sensor traps, communication 

modules, and an autonomous aerial vehicle for targeted pesticide spraying. The proposed system optimises 

flight paths for rapid response and includes protocols for handling false alarms, leveraging camera-

equipped drones and human assistance. While the integration of IoT offers precision and accuracy, 

challenges such as hardware durability in harsh environments, networking interference in rural areas, and 

the need for farmer education remain critical hurdles for widespread adoption. 

Keywords— Cotton pests, Drone spraying, IoT system, Sensors. 

 

I. INTRODUCTION 

Agriculture forms the economic backbone of many nations 

with cotton as the widely grown crop. However, its 

economic yield is severely affected by insect pests,making 

the implementation of technologies in the field essential. 

India is the second largest producer of cotton after China, 

accounting for approximately 22% of the world's cotton 

production, which is estimated at 5.79 million tons [6]. 

There is a high risk of damage in the cotton field due to 

insects. The early loss of leaves or the development of 

diseases impacts cotton yield, so early diagnosis of plant 

illnesses is essential for reducing disease transmission and 

enhancing effective treatment strategies. With the 

increasing population demand for food and crop also 

increases but pests remain the enemies of crop. At the same 

time climate change and water scarcity are the reasons for 

decrease in fertile land [20]. To attain cotton in large 

quantities we have to make effective plans for its prevention 

from pests [5,11]. 

The traditional methods of disease identification are labour-

intensive and often delayed, leading to significant crop 

losses.Many organs are harmed by cotton diseases during 

different growth periods and some are infected with 

vascular diseases [4]. Recent advancements in IoT and 

artificial intelligence (AI) provide an opportunity to develop 

a smart system capable of monitoring and detection of 

diseases. In this study, an overview of previous research on 

sensor networks and machine learning techniques for 

classifying various diseases and pests has been presented. 

II. SCOPE OF THE REVIEW 
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This review focuses on the detection and management of 

cotton pests using sensors that specifically target the 

Bollworm complex and sucking pests such as whiteflies for 

early detection and monitoring in the field. This study 

intended to understand the potential of the IoT system, its 

associated challenges, and its success in the cotton 

environment. Furthermore, we evaluate the role of Edge 

Gateways (such as Zigbee) and autonomous response units, 

such as UAVs, in creating a closed-loop precision 

management system. The existing literature was searched 

using the following keywords: “cotton pests”, “sensors”, 

“IoT system”, and “Drone Spraying”. The remainder of this 

review is organised as follows: Section 3 explores the role 

of IoT in agriculture and different types of sensors which 

can be used for pest detection; Section 4 details the specific 

prototype architecture for cotton pest detection; Section 5 

outlines the smart response system and comparison between 

communication modules; and Section 6 discusses the 

prevailing hardware, networking, and educational 

challenges in the field.  

 

III. IoT IN AGRICULTURE 

The “Internet of Things”(IoT) in agriculture uses connected 

devices such as automated drones and field sensors to 

optimize and monitor agricultural practices in real time. 

Current literature review typically divides an IoT system 

into four different tiers [1]..  

• Sensing Tier:- It senses the change in the 

environment . 

• Transport/Gateway Tier:- It facilitates 

communication between two different hardware 

technologies. 

• Processing Tier:- Analyzes or processes the 

incoming data. 

• Application Tier:- It provides the user interface 

for crop monitoring and control operations. 

Different sensors and their possible use in IoT based 

agriculture systems are provided in review[14]. 

3.1. Different Types of Sensors 

3.1 Low-Power Cameras & Sensors- 

• Farmers can install a low-cost image sensor in 

traps with pheromones or male sex attractants that 

captures the images of pests in it and sends it to a 

centralized platform wirelessly. 

• Based on the number of insects present in traps, 

the farmers determine the location of insect 

infestation and take steps to remove them from 

fields. 

• Low-power image sensors only click random 

images of insects that are visible to the naked eye. 

3.2 High Power Thermal Sensors- 

• THERMOGRAPHY is a method that uses 

thermal and infrared sensors to measure the 

amount of light reflected by a surface [3]. 

• Every surface reflects a distinct amount of light 

energy which is also called its spectral signature. 

• Plants and soil have a special spectral spectrum 

that is pre-recorded in spectrometers. 

• In case of pathogens covering the surface of plant 

leaves, the spectrum range of the plant will 

change, indicating an attack by the pests. 

3.3 Fluorescence Image Sensing- 

• In this method the amount of chlorophyll present 

in a plant is measured based on its change in 

fluorescence parameters. 

• An optimal camera captures an image of a plant 

leaves and then compares it with existing images 

of a healthy leaf. 

• Change in chlorophyll patterns indicates the 

presence of pathogens and pests. 

3.4 Acoustic Sensors- 

• Detecting bugs and rodents through sound 

detection is another effective way to ensure plant 

quality. 

• Wireless acoustic sensors situated at random 

locations in a field can pick up sound waves of 

insects. 

• Locations with high sound waves indicate a high 

concentration of bugs. 

• A farmer can thus spray pesticides on these 

locations to ensure the quality of crops. 

3.5 Gas Sensors- 

• Plants, when stressed produce specific volatile 

chemical compounds. 

• These compounds differ based on the stress they 

feel. 

• Compounds secreted due to environmental 

changes will be different then the compounds 

emanated due to pest infestation. 

• Sampling is required to collect volatile 

compounds for data analysis. 

 

IV. IoT-BASED SMART DETECTION AND 

RESPONSE SYSTEM ARCHITECTURE 

Pests account for an estimated 20% to 40% of global crop 

losses each year, as reported by the FAO [9,17]. Majorly the 

cotton field is infested with "Pink Bollworn" pests. Disease 

in plants influences the economic status and the speed at 

which production takes place. However, the human method 
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of identifying such diseases is likely to be inaccurate since 

most organisms that cause the diseases cannot be easily seen 

with the naked eye [16]. Recent prototype systems utilize a 

combination of motion - sensing hardware and and 

communication module like zigbee which is further 

connected with a  micro controller or Arduino [1].. When 

field movement is detected, the sensors generate and 

transmit data packets in a hexadecimal format. These data 

packets crucially contain the geographic coordinates of the 

sensors, allowing gateway devices to precisely map the 

location of the potential pest threat.  

4.1 How the system actually works- 

The system first identifies the pest’s presence near the crop 

and then sends the detection to the base station which is 

present in the centre of the field via a communication 

module. In response, the system attempts to destroy it by a 

targeted spray through a drone. 

 

Fig 1: Architecture of the system 

 

4.2 IoT-Based Cotton Pest Detection- 

The system includes five elements, with the first level 

handling the identification of data on the insects, while the 

second level deals with the analysis of the data collected in 

the first level. As far as the third level is concerned, the 

analysis and transmission of data to the sensor sending the 

data to the drone will be carried out here. Finally, in the 

fourth level, drones will deal with spraying the area after 

receiving the signals.  

Field Layer: This level is one of the easiest in the cotton 

plantation. It involves both sensors and communication 

modules. This level is responsible for detection of the 

insects by the sensors and transmission of the information 

to the base station through the communication module. 

Besides the sensors, the model also has another transmitter 

called ZED. The most important thing about this level is that 

the coverage range is from 10-100meters with a data rate of 

250 kbps. However, using LoRA can enhance our area of 

coverage. 

Gateway Layer: The primary purpose of this tier is to 

receive data generated by the sensors and take appropriate 

action. Based on the insect detection alerts, it determines the 

specific target locations for the drones. For example, if one 

sensor sends a single alert while another transmits 

continuous signals, the system will prioritize directing the 

drones to the source of the repeated messages.  

Control Layer: This tier operates by analyzing the 

incoming data packets from the sensor network. The system 

performs several key evaluations based on this 

information:Identifying which specific cluster is 

experiencing the highest insect activity and investigating 

the potential causes.Assessing how the crop quality in the 

highly infested cluster might differ from less affected areas. 

Determining if an increased volume of pesticide spray is 

required to effectively manage the pests in these high-

activity clusters. 

 Response Layer: Operating as the active defense 

mechanism for the entire setup, this tier is crucial for pest 

mitigation. It incorporates the drones and ZigBee Controller 

(ZC) modules, utilizing the specific coordinates transmitted 

by the sensors to guide the drones for targeted pesticide 

application. If the pests have migrated by the time the drone 
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reaches the designated coordinates, the system is designed 

to expand the spraying radius to cover surrounding adjacent 

areas. This workflow is illustrated in Figure 2 below.   

Farmer Layer: This tier consists of a dedicated web 

dashboard that allows farmers to monitor the system's daily 

operations. For example, the interface provides 

comprehensive daily reports detailing the frequency of 

sensor detection alerts alongside the total number of drone 

spraying missions executed. The comprehensive flow of 

how the system receives and acts upon these signals is 

depicted in the flowchart below. 

 

Fig 2: Smart Detection Response System 

 

V. SMART RESPONSE SYSTEM 

The simulation area is systematically divided into equal 

clusters, with IoT nodes evenly distributed throughout each 

section. While the transmission power remains consistent 

across all individual field sensors, the gateway node is 

equipped with an extended communication range. This 

broad coverage allows the gateway to simultaneously 

communicate with the entire sensor network and relay 

detection alerts directly to the drones. 

Furthermore, the central base station maintains a precise 

database of coordinates for every cluster. When a pest alert 

is received, the base station instantly identifies both the 

specific sensor and its corresponding cluster. To ensure a 

rapid response, coordinate-based, low-altitude flight paths 

have been programmed, allowing the drone to navigate to 

the target zone in the minimum possible time. Because the 

flight speed of targeted pests, such as moths, is relatively 

slow compared to the rapid deployment speed of the 

unmanned aerial vehicles, the system can effectively 

intercept them before they migrate. The rise of the camera 

and connectivity in computer vision presents an opportunity 

to utilize computer vision as another tool for automated 

monitoring of pests in modern agricultural operation [15]. 

5.1 Algorithm Operations and processing 

The drone movement prediction algorithm is structured into 

three primary phases. During the initial phase, all network 

devices activate to establish immediate synchronization 

with one another. This initialization is isolated as a distinct 

step because establishing wireless communication involves 

an inherent time delay; devices must first exchange initial 

data packets, known as beacons, to signal their readiness 

before any subsequent data transmission can occur. 

In the second part, three cases are possible: 

Case 1: Upon detecting insect activity, field sensors 

transmit alerts to the central base station. Subsequently, the 

control unit relays precise geographic coordinates to the 

autonomous drone, directing it to the infested zone for 

mitigation. Once the targeted spraying mission is finalized, 

the drone evaluates whether additional pest detection 

signals have been received from other field clusters. If 

concurrent threats are identified, the aerial vehicle proceeds 

to treat those specific locations before returning to its 

docking hangar. 

Case 2: In this situation, if the base station receives only a 

solitary notification, the system may initiate a recall 
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protocol for the deployed drone. This procedure is 

implemented to mitigate the impact of potential false 

alarms, as a single isolated message might not signify a 

genuine pest infestation requiring chemical intervention. 

Case 3: If the base station receives messages from different 

clusters simultaneously, the base station will instruct the 

drone to start again with the process of choosing the 

required cluster to spray before making a decision about 

which to spray first. To ensure that all spraying occurs 

simultaneously, more drones can be used in this process. 

But, if the messages keep arriving from different clusters, 

then the base station may dispatch a camera drone to find 

out why it has started receiving messages from that 

particular area. It might be that there is no bug, just that the 

message sender itself is faulty. 

The concluding segment of the algorithm functions as a 

robust protocol for managing persistent technical 

anomalies. In scenarios where field sensors maintain a 

continuous stream of alerts following both chemical 

mitigation and visual verification by camera drones, the 

system mandates a transition to manual oversight. 

Ultimately, a designated human technician is sent to the 

specific coordinates for a physical evaluation. Any 

identified irregularities are relayed to the central control 

station, ensuring that immediate corrective measures can be 

implemented on-site. 

 

VI. CHALLENGES OF INTERNET OF THINGS 

IN SMART AGRICULTURE 

According to the research and its increasing density, we can 

say that before artificial intelligence, IoT is the best 

technology that we have. It may take another 30 to 40 years 

to integrate AI into almost every field, or it may be a 

possibility that we cannot achieve AI with the same level of 

intelligence as human beings(Jadon et al., 2022). Therefore, 

we are relying on this IoT technology for the next 30 to 40 

years, particularly in countries with less developed 

economies or large populations, such as India, Brazil, and 

Malaysia, where agriculture is a major economic aspect; it 

may take more time.In the agricultural domain, the main 

challenge is to present the new information and research to 

the farmers so that they can leverage the power of 

technologies to improve their agricultural practices and 

thereby the production [19]. 

Hardware Components Challenges:-The development of 

a system requires a lot of hardware components, most of 

which are required to be exposed to harsh environments for 

most of their life. Development of such hardware that can 

sustain in such a harsh environment is really a point of 

concern. The harsh environment can destroy the electronic 

circuit, and the system will not perform or may lead to an 

adverse effect on the field. 

Organizational Challenges:- The agricultural 

organizations are meant to exchange information and 

transport goods. IoT brings accuracy in the delivery of these 

agricultural products [10]. In this respect, cloud computing 

provides the best services such as app development tools, 

efficient storage and resources. The Internet of Technology-

based systems provides huge data that needs to be 

transferred and thus requires a huge cost. 

Networking Challenges:-The IoT uses many networking 

protocols like Internet connectivity, Bluetooth and Wi-Fi. 

The operation of unlicensed devices using similar protocols 

causes interference and may cause problems in the 

operation of these IoT-based agriculture technologies [8]. 

Internet connectivity and network issues are always 

experienced in rural areas, and agricultural fields are found 

mostly in rural areas. 

Challenge to Educate Farmers:-The IoT-based systems 

are very complicated and become more robust when it 

comes to IoT-based agriculture technology, but their 

success depends on farms. Farmers must be able to perform 

their tasks using these new technologies, but without 

education, they are not able to do that. Spending time 

learning these new technologies will cost them a huge loss 

in their profession. The uneducated farmers need more time 

to learn this technology.  

 

VII. CONCLUSION 

Integrating the implementation of IoT sensing frameworks 

alongside decision-making processes which depend on ML-

based tools becomes another key element that requires 

attention in order to ensure efficient cotton pest 

management through effective implementation of precision 

agriculture technologies rather than the traditional 

techniques. The major benefit of using the proposed 

Decision Support System is the ability of tracking harmful 

pests accurately in real-time, meaning that there will not be 

the necessity of applying pesticides in case if the problem 

appears in an inappropriate manner as a result of human 

errors. At the same time, there are some potential challenges 

which should be taken into account prior to the 

implementation of the innovation, including weather 

conditions, network instability, as well as financial matters. 

Recommendations for further research about applying the 

system may refer to the protection of other cash crops, 

developing more precise algorithms considering multiple 

drones along with the field alert situation, as well as the 

development of AI algorithms on the edge device located in 

the camera. 
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Abstract— Backyard poultry farming contributes to rural livelihoods by providing supplementary income 

and enhancing nutritional security for small and marginal farmers. However, indigenous breeds often 

exhibit low productivity and high mortality, particularly under changing climatic conditions. This study, 

conducted from October 2023 to June 2024 in Pulutheri and Chinnareddipatti villages, Thogamalai Block, 

Karur district, Tamil Nadu, India, evaluated the performance of improved backyard poultry strains under 

dry land farming conditions. Two improved varieties-Janapriya and TANUVAS Star Chicken—were 

compared with local non-descript birds under field conditions. Results showed that Janapriya birds 

attained a higher body weight (1.60 kg at five months), produced more eggs annually (120 eggs), and 

demonstrated better hatchability (75%) than TANUVAS Star Chicken and local birds. Mortality was 

considerably lower in improved varieties (5%) compared to local birds (20%). Economic analysis revealed 

that Janapriya generated the highest net income (INR 8635 per batch) with a benefit–cost ratio of 3.98. 

These findings suggest that improved backyard varieties, such as Janapriya, can significantly enhance 

productivity and profitability in rural poultry systems, thereby strengthening livelihood opportunities for 

smallholder farmers in dryland areas. 

Keywords— Backyard poultry, Janapriya chicken, rural livelihood, egg production, improved poultry 

varieties, dry land farming 

 

I. INTRODUCTION 

Backyard poultry farming is an integral 

component of rural production systems in India, 

contributing significantly to household income, 

employment, and nutritional security for small and 

marginal farmers (Chatterjee & Rajkumar, 2015; Kumar et 

al., 2022). It provides an affordable source of high-quality 

animal protein and empowers rural women, enhancing 

livelihood resilience in resource-poor settings (Padhi, 

2016; FAO, 2020). 

Traditional backyard systems rely on indigenous birds, 

which are well-adapted to local conditions but exhibit slow 

growth, delayed maturity, and low egg production (60–80 

eggs per year) (Ayyagari, 2001; Singh et al., 2017). To 

address these limitations, improved varieties such as 

Janapriya and TANUVAS Star Chicken have been 

developed, combining local adaptability with enhanced 

growth and egg production (Padhi, 2016; Rajkumar et al., 

2019; Kumar et al., 2022). 

In dry land regions such as Karur district, Tamil 

Nadu, backyard poultry farming offers a viable 

supplementary livelihood option. This study evaluates the 

growth performance, egg production, survivability, and 

economic viability of Janapriya chicken under backyard 

farming conditions, comparing it with TANUVAS Star 

Chicken and local non-descript birds. The findings aim to 

support the promotion of improved poultry varieties and 

management practices to enhance rural livelihoods and 

food security in dry land areas. 
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II. MATERIALS AND METHODS 

Study Area 

The field study was carried out in Pulutheri and 

Chinnareddipatti villages located in Thogamalai Block of 

Karur district, Tamil Nadu. The region is characterized by 

a semi-arid climate with relatively low rainfall and high 

temperatures during most of the year. Agriculture in this 

area mainly depends on seasonal rainfall and groundwater 

resources. Farmers typically cultivate crops such as 

millets, pulses, and oilseeds under dry land conditions. 

Livestock rearing is an important component of the local 

farming system. Backyard poultry farming is widely 

practiced in the villages, where birds are raised in small 

flocks and allowed to scavenge freely around the 

household premises. However, most farmers traditionally 

maintain local non-descriptive birds with relatively low 

productivity. The present study was conducted between 

October 2023 and June 2024 under field conditions to 

evaluate the performance of improved backyard poultry 

varieties in this region. 

Selection of Farmers 

Farmers involved in traditional backyard poultry 

farming were selected for the study with the assistance of 

local extension personnel. Priority was given to small and 

marginal farmers who had experience in maintaining 

backyard poultry. Selected farmers were provided with 

improved poultry chicks along with training on scientific 

poultry management practices. 

Experimental Birds 

The study included two improved backyard poultry 

varieties: Janapriya chicken and TANUVAS Star Chicken. 

The performance of these improved varieties was 

compared with local non-descriptive poultry birds 

commonly maintained by farmers. Janapriya birds are 

known for their dual-purpose characteristics, providing 

both eggs and meat. They exhibit good adaptability under 

backyard conditions and possess multi-coloured plumage 

that resembles indigenous birds, which improves their 

acceptance among farmers and consumers. TANUVAS 

Star Chicken is another improved backyard poultry variety 

developed for rural production systems. It is characterized 

by moderate growth rate, good egg production, and 

adaptability to village conditions. 

Management Practices 

Improved poultry chicks were distributed to 

farmers with basic inputs, and they were advised to 

construct simple shelters using local materials. Birds were 

reared semi-scavenging, roaming freely for food, with 

supplemental feed provided early on. Vaccinations against 

Ranikhet, IBD, and Newcastle diseases were done, and 

basic biosecurity measures like shelter cleanliness and 

health monitoring were followed. 

Data Collection 

Data were collected from participating farmers 

throughout the study period, including body weight at day-

old stage and five months of age, mortality percentage, 

number of eggs produced per bird per year, hatchability 

percentage, and cost of production along with economic 

returns. Body weight was measured using digital weighing 

scales, while egg production was recorded based on farmer 

records and periodic field observations. Mortality data 

were collected to assess survivability under backyard 

conditions. 

Economic Analysis 

The economic performance of different poultry 

varieties was evaluated using standard cost-benefit 

analysis methods, calculating indicators such as gross cost 

of production, gross income from sale of eggs and birds, 

net profit, and benefit-cost ratio (BCR). This analysis 

helped determine the economic feasibility of introducing 

improved poultry varieties under backyard farming 

systems. 

 

III. RESULTS 

Growth Performance 

Growth performance differed significantly among 

the poultry varieties evaluated in the study. Improved 

poultry strains exhibited higher body weight compared to 

local birds. Janapriya birds attained an average body 

weight of 1.60 kg at five months of age, whereas 

TANUVAS Star Chicken reached 1.52 kg. In contrast, the 

body weight of local birds was considerably lower, 

averaging 1.12 kg. The superior growth performance 

observed in Janapriya birds indicates their better genetic 

potential for meat production under backyard farming 

conditions. Faster growth and higher body weight 

contribute to increased market value and improved 

economic returns for farmers. 

 

 

 

Table 1: Body weight, Mortality, Egg production and Hatchability parameters. 
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Technology opted BW Day old 

(g) 

BW 5th month 

(g)  

Mortality 

(Percentage) 

Egg production 

(No’s) 

Hatchability 

(Percentage) 

Farmer practice - 

Unrecognized breed 

30 1.12 20 70 60 

Technology 1 – Janapriya 40 1.6 5 120 75 

Technology 2- TANUVAS 

Star Chicken 

41 1.52 5 110 70 

 

Table 2: Cost Benefit ratio 

Technology Gross cost (Rs/batch) Gross income (Rs/batch) Net return (Rs) BC ratio 

Janapriya  2165 10800 8635 3.98 

TANUVAS Star chicken 2175 10260 8086 3.72 

Farmers practice 2165 7560 5394 2.49 

 

Egg Production 

Egg production varied significantly among the 

poultry varieties. Janapriya birds produced an average of 

120 eggs annually, which was higher than TANUVAS Star 

Chicken (110 eggs per year). Local birds produced only 

around 70 eggs annually. The improved egg production 

observed in Janapriya birds can be attributed to their 

genetic improvement and better adaptability to scavenging 

conditions. Higher egg production directly contributes to 

increased household nutrition as well as additional income 

through egg sales. 

Mortality 

Mortality rate was considerably higher among 

local poultry birds compared to improved varieties. Local 

birds recorded a mortality rate of approximately 20%, 

whereas both Janapriya and TANUVAS Star Chicken 

showed significantly lower mortality rates of around 5%. 

Lower mortality among improved poultry varieties 

indicates better disease resistance and adaptability under 

village conditions. Proper vaccination and improved 

management practices also contributed to reduced 

mortality. 

Hatchability 

Hatchability percentage is an important parameter 

for evaluating the reproductive performance of poultry 

birds. In the present study, hatchability was highest in 

Janapriya birds (75%), followed by TANUVAS Star 

Chicken (70%) and local birds (60%). Higher hatchability 

improves the sustainability of backyard poultry systems as 

farmers can increase their flock size through natural 

hatching. 

Economic Performance 

Economic analysis revealed significant 

differences in profitability among the poultry varieties. 

Janapriya birds generated the highest net income of Rs. 

8635 per batch with a benefit–cost ratio of 3.98. 

TANUVAS Star Chicken recorded a net return of Rs. 8085 

with a benefit–cost ratio of 3.71. In comparison, local 

poultry birds generated a lower net return of Rs. 5395 with 

a benefit–cost ratio of 2.49. The higher economic returns 

obtained from improved poultry varieties demonstrate 

their potential for enhancing the income of rural farmers. 

 

IV. DISCUSSION 

The results of the present study clearly indicate 

that improved backyard poultry varieties can significantly 

enhance productivity compared with traditional local birds. 

Janapriya birds exhibited superior growth performance, 

higher egg production, better hatchability, and lower 

mortality under rural backyard conditions. These findings 

are consistent with earlier studies that reported improved 

performance of genetically developed backyard poultry 

strains under village production systems (Raj Kumar et al., 

2019; Kumar et al., 2022). The higher body weight 

observed in Janapriya birds compared with local birds may 

be attributed to their improved genetic potential for growth 

and better feed utilization. Similar observations were 

reported by Singh et al. (2017) and Thakur et al. (2018), 

who found that improved backyard poultry varieties 

showed better growth rate and body weight than 

indigenous birds when reared under scavenging or semi-

scavenging conditions. Egg production is one of the most 

important economic traits in backyard poultry systems. In 

the present study, Janapriya birds produced significantly 

more eggs than TANUVAS Star Chicken and local birds. 
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Higher egg production in improved backyard poultry 

varieties has also been reported by Padhi (2016) and Raj 

Kumar et al. (2017), who emphasized that genetic 

improvement programs have significantly enhanced the 

laying capacity of rural poultry strains. Increased egg 

production contributes not only to farmer income but also 

improves household nutritional security by providing a 

readily available source of animal protein. 

The lower mortality observed in improved poultry 

varieties indicates their better adaptability and disease 

resistance under backyard farming conditions. Similar 

results were reported by Kumaresan et al. (2008), who 

observed higher survivability of improved dual-purpose 

chickens compared to local birds in rural farming systems. 

Proper vaccination and basic health care practices also 

play an important role in reducing poultry mortality in 

village conditions (FAO, 2020). Hatchability percentage 

recorded in the present study was also higher in Janapriya 

birds compared to other poultry varieties. Higher 

hatchability ensures better flock sustainability and enables 

farmers to expand their poultry population through natural 

incubation. Earlier studies have also reported improved 

reproductive performance in genetically improved 

backyard poultry strains (Raj Kumar et al., 2019). 

Economic analysis further demonstrated the advantages of 

improved poultry varieties in rural production systems. 

The higher net returns and benefit–cost ratio obtained from 

Janapriya birds highlight their potential for improving the 

economic status of rural households. Similar findings were 

reported by Kumar et al. (2022) and Murali and 

Vimalarani (2025), who reported that improved backyard 

poultry varieties, generated higher income compared with 

traditional indigenous birds. 

Despite the advantages of improved poultry 

varieties, several constraints still limit their large-scale 

adoption in rural areas. Consumer preference for 

indigenous birds with multi-coloured plumage and 

traditional taste remains an important factor influencing 

market demand (Padhi, 2016). In addition, the limited 

availability of improved chicks in rural areas restricts the 

expansion of backyard poultry farming. Strengthening the 

supply chain for improved poultry chicks, providing 

farmer training programmes, and improving rural 

marketing systems can significantly enhance the adoption 

of improved backyard poultry technologies. Overall, the 

results of the present study confirm that improved 

backyard poultry varieties such as Janapriya have 

considerable potential to enhance productivity, 

profitability, and livelihood security of smallholder 

farmers in dry land regions. 

V. CONCLUSION 

Janapriya chicken outperformed other varieties in 

backyard farming in Tamil Nadu's dry lands, showing 

higher body weight, egg production, and lower mortality. 

Economic analysis revealed higher net income and benefit-

cost ratio, making it suitable for improving rural 

livelihoods. Promoting such varieties can boost rural 

poultry farming productivity and profitability. 
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Abstract— The Guangdong-Hong Kong-Macao Greater Bay Area (GBA) is a representative region in 

China characterized by a high level of urbanization, rapid land-use changes, and intensive population and 

economic activities. Identifying the spatiotemporal patterns and driving factors of daytime and nighttime 

surface urban heat island (SUHI) intensity is of great significance for regional thermal environment 

management and territorial spatial planning. Based on multi-source datasets from 2018 to 2024, this study 

developed an analytical framework consisting of “SUHI pattern identification–land-use transition 

response–driving mechanism interpretation” to reveal the evolution and driving mechanisms of the 

thermal environment in the GBA from a diurnal perspective. The results showed that: (1) High SUHI 

values during both daytime and nighttime were concentrated in core built-up areas such as Guangzhou, 

Foshan, Dongguan, and Shenzhen, whereas low-value areas were mainly distributed in mountainous forest 

regions in the north and coastal water bodies along the Pearl River Estuary. (2) From 2018 to 2024, SUHI 

intensity exhibited overall fluctuations, with an increasing trend in the eastern urban corridor of the Pearl 

River Delta, whereas the northwestern mountainous areas remained relatively stable or experienced a 

slight decline. (3) The conversion of forestland, cropland, and water bodies/wetlands to construction land 

significantly intensified SUHI, with the strongest warming effect observed when water bodies/wetlands 

were converted to construction land. Conversely, the transformation of construction land into green spaces 

or water bodies effectively mitigated SUHI. (4) XGBoost-SHAP analysis revealed that NDBSI, NDVI, 

NDMI, MNDWI, and NTL were the key factors influencing daytime SUHI, whereas NDBSI, NTL, PD 

(population density), GDP, and NDVI were the primary drivers of nighttime SUHI. These findings provide 

a scientific basis for thermal environment regulation, urban expansion control, and blue-green space 

conservation in the GBA. 

Keywords— Guangdong-Hong Kong-Macao Greater Bay Area (GBA); Surface Urban Heat Island 

(SUHI); Daytime and Nighttime Differences; Land-use Transition; XGBoost-SHAP Model 

 

I. INTRODUCTION 

The urban heat island (UHI) effect is one of the most 

prominent thermal environmental problems associated 

with rapid urbanization and is closely linked to changes in 

urban land surfaces, alterations in surface energy balance, 

and increasing anthropogenic heat emissions (Oke, 1987). 

With the continuous expansion of built-up areas, the 

increase in impervious surfaces, the reduction of 

vegetation cover, and the intensification of human 

activities, urban regions experience substantial changes in 

energy exchange processes, hydrothermal conditions, and 

heat storage capacity. These changes often result in 

significantly higher surface temperatures in urban areas 
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than in surrounding ecological landscapes, thereby 

intensifying the surface urban heat island (SUHI) effect. 

The GBA, comprising Guangzhou, Shenzhen, 

Zhuhai, Foshan, Huizhou, Dongguan, Zhongshan, 

Jiangmen, Zhaoqing, Hong Kong, and Macao, is one of the 

most densely urbanized and economically dynamic urban 

agglomerations in China. The region contains highly 

concentrated built-up areas while simultaneously 

preserving extensive ecological spaces, including 

mountains, forests, wetlands, rivers, and coastal water 

bodies. This unique spatial configuration provides an ideal 

setting for investigating the spatiotemporal dynamics and 

driving mechanisms of daytime and nighttime SUHIs at 

the urban agglomeration scale. Over the past decade, the 

GBA has experienced rapid urban expansion, increasing 

population and industrial concentration, and substantial 

changes in land-use structure. Meanwhile, the region is 

located within a typical subtropical monsoon climate zone 

characterized by frequent high-temperature and high-

humidity conditions. The interaction between accelerated 

urbanization and complex natural environments has 

intensified thermal environmental challenges across the 

region. Consequently, understanding the formation 

mechanisms, spatial heterogeneity, and evolution of 

SUHIs has become increasingly important for climate 

adaptation, urban planning, ecological conservation, and 

public health protection. Recent studies have emphasized 

several critical issues, including daytime–nighttime 

differences in SUHI mechanisms, anthropogenic heat 

contributions, heatwave-related risks, urban ventilation 

constraints, environmental justice concerns, and the 

cooling thresholds of blue–green infrastructure. These 

emerging topics indicate a shift in UHI research from 

simple pattern description toward comprehensive thermal 

risk assessment and management. 

Existing UHI studies have mainly focused on three 

aspects. First, investigations of spatiotemporal SUHI 

patterns have widely employed thermal infrared remote 

sensing data, such as MODIS and Landsat imagery, 

revealing that high-intensity SUHI areas are generally 

concentrated in densely built-up regions, whereas forests, 

wetlands, and water bodies provide significant cooling 

effects (Chen et al., 2006). Second, studies on land-use 

change have demonstrated that urban expansion is a major 

contributor to thermal environmental deterioration, while 

ecological restoration can effectively mitigate SUHI 

intensity (Liu et al., 2014). Third, with advances in 

machine learning techniques, increasing attention has been 

devoted to identifying the driving mechanisms of thermal 

environments. Models such as Random Forest and 

Extreme Gradient Boosting (XGBoost) have proven 

effective in capturing complex nonlinear relationships 

among environmental variables and SUHI intensity (Yang 

et al., 2022). 

Previous studies have further demonstrated that land-

use transitions exert substantial influences on regional 

thermal environments. The conversion of ecological land 

into built-up land is often accompanied by increasing 

surface temperatures and intensified SUHI effects (Liu et 

al., 2014). At the global scale, rapid urban expansion has 

significantly strengthened SUHI intensity, although 

considerable regional differences remain (Zhou et al., 

2017). Conversely, increases in vegetation coverage and 

water bodies can effectively alleviate thermal stress 

through evapotranspiration and cooling effects, thereby 

serving as important ecological regulators of urban climate 

(Li et al., 2020). In recent years, machine learning 

approaches have increasingly been adopted to explore 

SUHI formation mechanisms, revealing complex nonlinear 

interactions among climatic, ecological, socioeconomic, 

and landscape factors (Yang et al., 2022). Studies 

conducted in the GBA have also reported significant 

spatial clustering of SUHIs, with hotspots predominantly 

concentrated in the highly urbanized core areas of the 

Pearl River Delta (Wang et al., 2023). 

Despite these advances, several important limitations 

remain. First, most studies focus on a single temporal 

dimension and rarely provide systematic comparisons 

between daytime and nighttime SUHI dynamics. Second, 

quantitative assessments of the relationships between land-

use transitions and SUHI evolution remain limited, 

particularly at the urban agglomeration scale. Third, 

existing studies on driving mechanisms often emphasize 

variable importance rankings while paying insufficient 

attention to the nonlinear response characteristics and 

threshold effects of key influencing factors. Furthermore, 

integrated investigations linking SUHI patterns, land-use 

transitions, and driving mechanisms within a unified 

analytical framework remain scarce. These limitations 

hinder a comprehensive understanding of thermal 

environmental evolution in rapidly urbanizing regions. To 

address these gaps, this study aims to answer three key 

research questions: (1) Where are the SUHI hotspots in the 

GBA, how have they evolved from 2018 to 2024, and do 

they exhibit significant spatial clustering characteristics? 

(2) How is major land-use transition pathways associated 

with increases or decreases in daytime and nighttime 

SUHI intensity? (3)Which environmental, socioeconomic 

and landscape factors play dominant roles in shaping 

daytime and nighttime SUHIs, and how do their effects 

differ? 

Using multi-source spatial datasets from 2018 to 

2024, this study investigates the spatiotemporal evolution, 
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land-use transition responses, and driving mechanisms of 

daytime and nighttime SUHIs in the GBA. The 

relationships among research questions, analytical 

methods, and expected outputs are summarized in Table 1. 

Specifically, RQ1 examines the spatiotemporal 

distribution and spatial clustering characteristics of 

daytime and nighttime SUHIs; RQ2 quantifies the thermal 

environmental impacts of land-use transitions; and RQ3 

identifies the dominant driving factors and their nonlinear 

response mechanisms. Together, these three research 

questions constitute a progressive analytical framework of 

“pattern identification–process response–mechanism 

explanation,” providing a comprehensive understanding of 

SUHI evolution in one of the world's most rapidly 

urbanizing regions. 

Table 1 Research Questions and Analytical Framework 

Research Questions/Pattern 

Recognition 

Corresponding method/process 

response 

Expected Output/Mechanism 

Explanation 

RQ1: Exploring the spatiotemporal 

patterns of diurnal and nocturnal 

SUHI? 

Interannual statistics, trend analysis, 

Global Moran’s I, LISA 

Spatial distribution of SUHI, trend 

enhancement zones, hot/cold spots 

RQ2: How does land-use transfer 

affect SUHI? 

Land-use transfer matrix, ΔSUHI 

analysis 

Main transfer pathways and their 

warming/cooling effects 

RQ3: What are the primary drivers of 

diurnal SUHI? 

XGBoost, SHAP Variable importance, direction of effect, 

nonlinear response 

 

II. STUDY AREA AND METHODS 

2.1 Overview of the Study Area 

The study area is the Guangdong–Hong Kong–Macao 

Greater Bay Area (GBA) (Figure 1), which consists of 

nine cities in the Pearl River Delta and the two Special 

Administrative Regions of Hong Kong and Macao. 

Located along the southern coast of China, the GBA lies 

within a typical subtropical monsoon climate zone 

characterized by warm temperatures, abundant 

precipitation, and distinct wet and dry seasons. The region 

features diverse topography, including plains, hills, 

mountains, river networks, and coastal waters. 

As one of the most economically dynamic and highly 

urbanized regions in China, the GBA serves as a key 

growth pole in the national strategy for regional 

coordinated development. Between 2018 and 2024, rapid 

urban expansion, population growth, and industrial 

agglomeration led to substantial changes in land-use 

patterns, particularly the continuous increase in built-up 

land and the transformation of ecological spaces. These 

changes have significantly influenced the regional thermal 

environment. 

The GBA contains both highly urbanized 

metropolitan areas, such as Guangzhou, Shenzhen, and 

Dongguan, and extensive ecological spaces, including the 

mountainous forests in the northern region, the Pearl River 

water system, and coastal wetlands. This diverse landscape 

creates pronounced spatial heterogeneity in land cover, 

urban development intensity, and ecological functions, 

making the region well suited for investigating the 

interactions among urbanization, land-use change, and 

surface thermal environments. 

Given its rapid urbanization, complex natural 

conditions, and diverse land-use characteristics, the GBA 

provides an ideal case for examining the spatiotemporal 

evolution of daytime and nighttime SUHIs, their responses 

to land-use transitions, and the underlying driving 

mechanisms at the urban agglomeration scale. 

2.2 Data Sources and Preprocessing 

The data used in this study include six categories of 

variables: thermal environment, land-use, ecological 

moisture, built-up dry surfaces, topographic climate, and 

socio-economic activities (Table 2 and Table 3). Thermal 

environment data were employed to construct diurnal 

SUHI; land-use data were used to analyze land cover 

structure and transition processes; NDVI (Normalized 

Difference Vegetation Index), NDMI (Normalized 

Difference Moisture Index), NDWI (Normalized 

Difference Water Index), and MNDWI (Modified 

Normalized Difference Water Index) were utilized to 

characterize vegetation, moisture, and water body cooling 

capacity; NDBSI (Normalized Difference Built-up Index) 

was applied to represent built-up, bare, and dry surfaces; 

DEM, Slope, ATP (Temperature), PRE (Precipitation) and 

SPI (Standardized Precipitation Index) were used to depict 

natural topography and climatic hydrothermal conditions; 

while NTL (Nighttime Light Index), PD (Population 

Density), and GDP (Gross Domestic Product) served as 

indicators of human activities, population agglomeration, 

and economic activity intensity. 
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All remote sensing and environmental variables 

underwent data retrieval, quality control, annual 

compositing, study area clipping, spatial alignment, and 

scale unification on the Google Earth Engine (GEE) 

platform. Socio-economic variables were assigned to 

unified spatial analysis units based on administrative 

boundaries. To avoid false precision issues, this study 

organized multi-source variables using a unified analytical 

grid. High-resolution land-use data were aggregated using 

the majority method, continuous variables were aggregated 

using the mean method, and administrative statistical 

variables were assigned through spatial joins. 

 

 

Fig.1 Location Map of the Study Area 

 

Table 2 Research Variables and Their Descriptions 

Data Category Variable Purpose 

Thermal environment LST_Day, LST_Night, 

SUHI_Day,SUHI_Night 

Constructing daytime and nighttime SUHI intensity 

Land-use LULC Identify land-use structure and transition pathways 

Ecological moisture NDVI,NDMI,NDWI,MNDWI Characterizing the cooling effects of vegetation, 

moisture, and water bodies 

Dry surface NDBSI Characterization of hardened, bare, and dry surfaces 

Terrain and climate DEM, Slope, ATP, PRE, SPI Characterizing natural background and climatic 

hydrothermal conditions 

Socio-economic activities NTL, PD, GDP Characterizing the intensity of human activities, 

population, and economic agglomeration 
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Table 3 Data Sources and Basic Information 

Data 

Category 

Data Product Time range Resolution Data Source 

LST MOD11A2 2018–2024 1 km  

 

 

 

 

 

Download from the GEE platform 

LULC  ESA WorldCover 2018–2024 10 m 

NDVI MOD13Q1 2018–2024 250 m 

NDMI Landsat 8/9 2018–2024 30 m 

NDWI Landsat 8/9 2018–2024 30 m 

MNDWI Landsat 8/9 2018–2024 30 m 

NDBSI Landsat 8/9 2018–2024 30 m 

DEM SRTM None 30 m 

Slope Calculate from DEM None 30 m 

ATP ERA5-Land 2018–2024 0.1° 

PRE CHIRPS 2018–2024 0.05° 

SPI Calculate from CHIRPS 2018–2024 0.05° 

NTL VIIRS VNL 2018–2024 500 m 

PD WorldPop 2018–2024 100 m 

GDP China Urban Statistical 

Yearbook 

2018–2024 Municipal 

level 

National Bureau of Statistics

（https://www.stats.gov.cn/） 

 

2.3 Methodology 

This study constructs a daytime–nighttime SUHI 

intensity database for the GBA covering the period from 

2018 to 2024, based on multi-source remote sensing, 

natural environmental, and socio-economic data. A 

comprehensive analysis is conducted from three 

perspectives: spatiotemporal evolution, land-use transition 

responses, and driving mechanism identification. 

First, daytime and nighttime SUHI indicators are 

developed using land surface temperature (LST) data. 

Interannual statistical analysis and trend analysis are 

employed to reveal temporal variations in heat island 

intensity. Global Moran's I and Local Indicators of Spatial 

Association (LISA) are applied to identify SUHI hotspots, 

cold spots, and their spatial clustering characteristics. 

Second, land-use transition matrices are used to 

characterize conversion processes among different land-

use types. By integrating ΔSUHI analysis, the impacts of 

various land-use transitions on thermal environmental 

changes are assessed, thereby identifying dominant 

warming and cooling transition patterns. 

Finally, multidimensional driving factors, including 

vegetation, moisture, built environment, topographic and 

climatic conditions, and socio-economic activities, are 

incorporated into the analysis. The XGBoost machine 

learning model is employed to quantify the contribution of 

each factor to daytime and nighttime SUHI intensity, while 

SHAP-based interpretation methods are used to reveal the 

directional effects, influence magnitudes, and nonlinear 

response relationships of key drivers. This framework 

systematically elucidates the formation mechanisms and 

evolutionary patterns of daytime and nighttime heat island 

effects in the GBA, as illustrated in Figure 2. 
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Fig.2. The Framework of the Study 

 

2.3.1 SUHI Indicator Construction 

This study employs the Standardized SUHI Intensity 

to characterize the deviation of different spatial units 

within the study area from the regional average thermal 

environment in a given year. Daytime and nighttime 

SUHIs are calculated separately, as shown in equations (1) 

and (2): 

Daytime: 

𝑆𝑈𝐻𝐼𝑖
𝑑𝑎𝑦

= (𝐿𝑆𝑇𝑖
𝑑𝑎𝑦

− 𝑚𝑒𝑎𝑛(𝐿𝑆𝑇𝑑𝑎𝑦))/𝑆𝐷(𝐿𝑆𝑇𝑑𝑎𝑦)      

(1) 

Nighttime： 

𝑆𝑈𝐻𝐼𝑖
𝑛𝑖𝑔ℎ𝑡

= (𝐿𝑆𝑇𝑖
𝑛𝑖𝑔ℎ𝑡

− 𝑚𝑒𝑎𝑛(𝐿𝑆𝑇𝑛𝑖𝑔ℎ𝑡))/

𝑆𝐷(𝐿𝑆𝑇𝑛𝑖𝑔ℎ𝑡)   (2) 

In equations (1) and (2), 𝑆𝑈𝐻𝐼𝑖  represents the urban 

heat island intensity of the ith spatial unit, 𝐿𝑆𝑇𝑖  denotes the 

land surface temperature of that spatial unit, mean (LST) 

indicates the annual average land surface temperature of 

the study area, and SD(LST) represents the standard 

deviation of the land surface temperature in the study area 

for that year. Standardization processing can reduce the 

impact of climatic background differences across different 

years on the comparison of heat island intensity. 

Based on the standardized SUHI Intensity values, the 

study area was classified into five categories (Table 4). 

Areas with SUHI values below −1.0 were defined as 

strong cold island (SCI) zones, indicating surface 

temperatures significantly lower than the regional average 

and typically corresponding to ecological cooling sources 

such as forests and water bodies. Regions with SUHI 

values ranging from −1.0 to −0.5 were classified as weak 

cold island (WCI) zones, exhibiting a certain degree of 

cooling effect. Areas with SUHI values between −0.5 and 

0.5 were categorized as neutral zones (NZ), where thermal 

conditions were close to the regional average. Areas with 

SUHI values ranging from 0.5 to 1.0 were defined as weak 

heat island (WHI) zones, reflecting surface temperatures 

higher than the regional average. Meanwhile, areas with 

SUHI values greater than 1.0 were classified as strong heat 

island (SHI) zones, indicating significant heat 

accumulation and typically concentrated in urban core 

built-up areas and high-intensity development zones. 
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Table 4 SUHI Classification Criteria 

Scope Level Explanation 

SUHI < -1.0 Strong Cold Island (SCI) zones Significantly lower than the regional average thermal environment 

-1.0 ≤ SUHI < -0.5 Weak Cold Island (WCI) zones  Lower temperature zone 

-0.5 ≤ SUHI ≤ 0.5 Neutral zones (NZ) Close to the regional average 

0.5 < SUHI ≤ 1.0 Weak Heat Island (WHI) zones  Higher temperature zone 

SUHI > 1.0 Strong Heat Island (SHI) zones  Significantly higher than the regional average thermal 

environment 

 

2.3.2 Spatiotemporal Patterns and Spatial Aggregation 

Analysis of Daytime and Nighttime SUHI 

First, the mean value, standard deviation, proportion 

of strong heat island areas, and proportion of strong cold 

island areas of daytime and nighttime SUHI in different 

years were calculated to characterize overall thermal 

environment changes during the study period. Second, 

linear trend analysis was performed for each spatial unit to 

identify areas experiencing SUHI intensification or 

weakening. A positive trend slope indicates SUHI 

intensification, whereas a negative trend slope indicates 

SUHI weakening. 

Furthermore, Global Moran’s I was used to examine 

whether daytime and nighttime SUHI exhibited overall 

spatial autocorrelation (Equation 3). A significantly 

positive Moran’s I value indicates that high values tend to 

cluster with high values and low values tend to cluster 

with low values in space. Subsequently, Local Indicators 

of Spatial Association (LISA) were employed to identify 

local spatial aggregation patterns (Equation 4), including 

High–High hotspot areas, Low–Low cold spot areas, 

High–Low outlier areas, and Low–High outlier areas. 

Global Moran’s I: 

(3) 

Local Moran’s I： 

 

(4) 

In equations (3) and (4), I represents the Global 

Moran's I index; n is the number of sample units; wij 

denotes the spatial weight matrix; W is the sum of all 

spatial weights; xi and xj represent the SUHI values of 

spatial units i and j, respectively; x̅ is the mean SUHI value 

of the study area. The range of Moran's I is [-1, 1]. A value 

greater than 0 indicates positive spatial correlation, less 

than 0 indicates negative spatial correlation, and a value 

close to 0 suggests a random spatial distribution. 

2.3.3 Analysis of Land-Use Transitions and Their SUHI 

Responses 

Land-use transition matrices were constructed based 

on land-use/land-cover (LULC) maps from 2018 and 2024 

to quantify the direction and magnitude of land-use 

changes during the study period. The transition matrix 

provides a quantitative representation of conversion 

relationships among different land-use categories and has 

been widely applied in land-change dynamics analysis 

(Pontius et al., 2004; Liu et al., 2014). 

To reveal the influence of land-use transformation on 

surface thermal environments, a land-use transition matrix 

was generated based on the initial and final years of the 

study period. In the matrix, Tij represents the area 

converted from land-use type (i) to land-use type (j) 

between 2018 and 2024. This approach allows the 

identification of dominant transformation pathways and 

their corresponding thermal responses. 

Particular attention was given to transition pathways 

associated with the conversion of ecological land into 

built-up areas, including forestland, cropland, water bodies, 

wetlands, and bare land converted into impervious surfaces. 

Meanwhile, transitions from built-up areas to ecological 

spaces, such as green spaces and water bodies, were also 

examined to evaluate potential cooling effects associated 

with ecological restoration and urban renewal. 

Considering that SUHI intensity reflects relative 

thermal anomalies rather than absolute temperature 

differences, the variation in SUHI intensity  (ΔSUHI)  was 

calculated for each spatial unit to characterize thermal 

environmental changes between 2018 and 2024 (Equation 

5).: 

ΔSUHIi = SUHIi2024 - SUHIi2018   (5) 

Where ΔSUHIi represents the change in SUHI 

intensity for spatial unit (i); SUHIi2024 and SUHIi2018 
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represent the standardized SUHI values in 2024 and 2018, 

respectively. Positive ΔSUHI values indicate increasing 

thermal anomalies, suggesting a warming effect associated 

with land-use change, whereas negative values indicate 

cooling effects. Subsequently, the average ΔSUHI values 

corresponding to different land-use transition pathways 

were calculated to identify which transformation processes 

contributed to SUHI intensification or mitigation (Table 5). 

Table 5 Land Use Transition Pathways and Expected Thermal Environment Effects 

Transfer path Thermal environmental 

effect 

Explanation 

Forestland/Cropland →Built-up 

land 

SUHI enhancement Reduced vegetation, increased hardening, weakened 

evapotranspiration 

Water bodies/wetlands →Built-

up land 

SUHI enhancement The cooling effect of water bodies is weakening 

Bare land →Built-up land May enhance Surface heat storage and increase in impervious surfaces 

Built-up Land → Green 

space/Water body 

SUHI weakened Enhanced ecological cooling and humidification 

conditions 

Stable Built-up land Maintain high SUHI High thermal storage and intense human activity 

Stable Forestland/Water bodies Maintain low SUHI Stable cooling source and evapotranspiration 

 

2.3.4 XGBoost-SHAP Factor Identification 

       To identify the key factors influencing diurnal SUHI, 

this study constructed separate XGBoost regression 

models for daytime SUHI and nighttime SUHI. As a 

machine learning method based on gradient-boosted 

decision trees, XGBoost can effectively capture nonlinear 

relationships and complex interactions among high-

dimensional variables (Chen & Guestrin, 2016). The 

dependent variables were SUHIDay and SUHINight， while 

the explanatory variables included LULC, NDVI, NDMI, 

NDWI, MNDWI, NDBSI, DEM, Slope, ATP, PRE, SPI, 

NTL, PD and GDP. 

An Extreme Gradient Boosting (XGBoost) model 

was employed to capture the nonlinear relationships 

between urban heat island intensity and multi-source 

driving factors. The XGBoost prediction is formulated as 

(6): 

 𝑦̂𝑖 = 𝜙(𝐱𝑖) = ∑ 𝑓𝑘
𝐾
𝑘=1 (𝐱𝑖) + 𝑏0   (6) 

where ŷiis the predicted SUHI at location i, xi is the 

vector of explanatory variables (e.g., NDVI, impervious 

surface ratio, nightlight index), fk is the kth regression tree, 

and b0is the base score. To interpret the XGBoost model, 

SHapley Additive exPlanations (SHAP) values were 

computed using the Tree SHAP algorithm (Lundberg & 

Lee, 2017), the formulated as (7): 

 𝜙𝑗
(𝑖)

= ∑
|𝑆|!(|𝐹|−|𝑆|−1)!

|𝐹|!𝑆⊆𝐹∖{𝑗} [𝑓(𝑆 ∪ {𝑗})(𝑥𝑖) −

𝑓(𝑆)(𝑥𝑖)]     (7) 

The prediction for sample i can be decomposed 

as  ŷi = ϕ0 + ∑ ϕj
(i)n

j=1 , where ϕj
(i)

denotes the local 

contribution of the jth driver. Global feature importance 

was assessed as the mean absolute SHAP value, 
1

n
∑ |n

i=1 ϕj
(i)

|." 

XGBoost provides an additive predictive modeling 

framework, while SHAP values offer mathematically 

interpretable measures of the contribution of each driving 

factor to the predicted outcome. The combination of these 

two methods constitutes the complete theoretical 

foundation for "XGBoost-SHAP driver identification." 

XGBoost is used to model the nonlinear relationships 

between multidimensional variables and SUHI, whereas 

SHAP explains the model outputs by quantifying the 

marginal contribution of each variable to the predictions. 

This study focuses on analyzing SHAP variable 

importance, SHAP summary plots, and dependence plots 

of key variables to determine which factors are most 

influential, whether their contributions to SUHI are 

positive or negative, and whether threshold effects or 

nonlinear response relationships exist. To enhance model 

generalization and reduce random sampling errors, the 

model training process adopts a 70% training set and 30% 

test set split, combined with five-fold cross-validation (5-

fold cross-validation) for parameter optimization. In each 

cross-validation iteration, the training samples are divided 

into five subsets, with four subsets used for model training 

and the remaining subset used for validation. This process 

is repeated until all validation rounds are completed. 

Model performance is evaluated using the coefficient 

of determination (R²), root mean square error (RMSE), and 

mean absolute error (MAE). The R² value measures the 

model's explanatory power for SUHI variations, while 
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RMSE and MAE are used to assess prediction error levels. 

An R² value closer to 1 indicates a better model fit, 

whereas lower RMSE and MAE values indicate higher 

prediction accuracy. 

Based on the parameter optimization results, the final 

XGBoost model parameters are set as follows: number of 

trees (n_estimators) = 300, maximum tree depth 

(max_depth) = 6, learning rate (learning_rate) = 0.05, 

subsample ratio (subsample) = 0.8, feature subsample ratio 

(colsample_bytree) = 0.8, and random seed (random_state) 

= 42. This configuration ensures prediction accuracy while 

effectively mitigating overfitting. 

 

III. RESULTS 

3.1 Spatiotemporal Distribution and Trends of Daytime 

and Nighttime SUHI 

From 2018 to 2024, the GBA exhibited a spatial 

pattern characterized by “high values in the center and low 

values in the periphery” for both daytime and nighttime 

SUHI Intensity. High-SUHI areas were primarily 

concentrated in the core urban agglomerations of the Pearl 

River Delta, including highly urbanized regions such as 

Guangzhou, Shenzhen, Dongguan, and Foshan, forming 

continuous heat island cores. In contrast, low-SUHI areas 

were mainly distributed in the northern mountainous and 

hilly regions, as well as coastal water bodies such as the 

Pearl River Estuary and Lingdingyang. In 2018, high-

SUHI zones had already formed distinct clusters within the 

built-up areas of the Guangzhou–Foshan and Shenzhen–

Dongguan metropolitan regions. Subsequently, with 

continued urban development and the expansion of built-

up land, these high-SUHI areas further extended into 

surrounding regions, although the overall spatial pattern 

remained relatively stable. Meanwhile, the northern 

forested areas and coastal waters consistently maintained 

low SUHI levels, exhibiting stable cold island 

characteristics. 

Significant differences were observed between the 

spatial distributions of daytime and nighttime SUHI. 

During the daytime, high-SUHI areas were more extensive, 

extending beyond urban cores to encompass surrounding 

industrial zones and towns, thereby forming large 

contiguous heat island regions. Low-SUHI areas 

predominantly corresponded to ecological land-cover 

types such as forests and water bodies (Figure 3). In 

contrast, nighttime high-SUHI areas were more 

concentrated and were primarily located within central 

business districts and high-density built-up areas of cities 

such as Guangzhou and Shenzhen. Although the spatial 

extent of nighttime heat islands was considerably smaller 

than that observed during the daytime, their spatial 

clustering characteristics were more pronounced (Figure 4). 

Overall, daytime heat island effects exhibited stronger 

spatial diffusion, whereas nighttime heat island effects 

showed more evident core clustering, reflecting the 

persistent influence of urban surface heat storage and 

delayed nocturnal heat release on the thermal environment 

(Figure 5). 

Trend analysis revealed that SUHI dynamics in the 

GBA from 2018 to 2024 exhibited significant spatial 

heterogeneity. In the northwestern portion of the study 

area, including mountainous regions such as Zhaoqing, 

SUHI generally remained stable or showed a weakening 

trend. In contrast, the eastern Pearl River Delta, 

particularly the Shenzhen–Dongguan–Huizhou urban 

development corridor, experienced a pronounced 

intensification of SUHI, forming a continuous warming 

belt. Combined with land-use distribution patterns and 

statistical results, these findings indicate that the core Pearl 

River Delta region, characterized by highly contiguous 

built-up land, extensive impervious surface coverage, and 

intensive population and industrial activities, experienced 

sustained heat accumulation and storage, resulting in 

persistent high-SUHI zones. Conversely, the northern 

mountainous forest regions, with dense vegetation cover 

and strong evapotranspiration effects, effectively reduced 

surface temperatures, while coastal water bodies, 

influenced by high thermal capacity and sea–land breeze 

circulation, formed stable cold island zones. Consequently, 

the study area gradually developed a thermal 

environmental pattern in which urban agglomerations 

functioned as heat sources, while mountainous forests and 

coastal waters served as cooling sources. 

Table 6 presents the overall statistical characteristics 

of daytime and nighttime SUHI in the GBA from 2018 to 

2024. Because SUHI was calculated using Z-score 

standardization, the mean value of the study area 

theoretically approached zero. Accordingly, the average 

SUHI remained approximately −0.03 throughout the study 

period, indicating a relatively stable overall thermal 

environmental distribution among years. In contrast, the 

standard deviation and the proportion of strong heat island 

areas more effectively reflected spatial variations in 

thermal environmental conditions. The standard deviation 

of daytime SUHI ranged from 1.74 to 2.10, substantially 

higher than that of nighttime SUHI (1.28–1.74), indicating 

greater spatial heterogeneity in daytime surface thermal 

conditions. Furthermore, the proportion of strong daytime 

heat island areas (4.58%–9.69%) was markedly higher 

than that of nighttime heat island areas (0.42%–1.84%), 

demonstrating that daytime heat island effects were 

stronger and more spatially extensive, whereas nighttime 

heat island effects were primarily concentrated within core 
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built-up areas. Overall, the thermal environment of the 

GBA exhibited distinct diurnal differences: daytime 

surface temperatures were more strongly influenced by 

solar radiation and surface characteristics, whereas 

nighttime temperatures primarily reflected urban heat 

storage and anthropogenic heat emissions. 

 

Figure 3 Spatial Distribution of Daytime SUHI from 2018 to 2024 

 

 

Figure 4 Spatial Distribution of Nighttime SUHI from 2018 to 2024 

 

Fig.5 Daytime and Nighttime SUHI Trend Chart 
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Table 6 Statistical Characteristics of SUHI during Daytime and Nighttime from 2018 to 2024 

Year Daytime Average 

SUHI 

Nighttime Average 

SUHI 

Daytime strong 

SUHI ratio 

Nighttime strong 

SUHI  ratio 

2018 -0.03±1.82 -0.03±1.74 6.73% 0.97% 

2019 -0.03±1.90 -0.02±1.34 7.88% 0.49% 

2020 -0.03±2.00 -0.02±1.60 7.58% 0.92% 

2021 -0.03±1.97 -0.02±1.57 7.83% 1.84% 

2022 -0.03±2.10 -0.02±1.37 9.69% 0.55% 

2023 -0.03±1.92 -0.02±1.45 7.50% 0.63% 

2024 -0.03±1.74 -0.02±1.28 4.58% 0.42% 

 

Note: SUHI refers to Standardized Surface Urban Heat 

Island Intensity, which is calculated by subtracting the 

regional mean land surface temperature (LST) from the 

LST of each spatial unit and dividing the result by the 

regional standard deviation. A positive SUHI value 

indicates that the temperature of a given area is higher than 

the regional average, whereas a negative value indicates 

that it is lower than the regional average. The proportion of 

strong heat island areas refers to the percentage of pixels 

with SUHI values >1 relative to the total number of pixels 

within the study area. Because SUHI is derived using Z-

score standardization, its regional mean theoretically 

approaches zero. Therefore, this study primarily focuses 

on spatial variation characteristics and changes in the 

proportion of strong heat island areas. 

3.2 Spatial Aggregation Characteristics of Daytime and 

Nighttime SUHI 

To reveal the spatial aggregation patterns and the 

distribution of hotspots and cold spots of daytime and 

nighttime SUHI Intensity in the GBA, this study employed 

Global Moran’s I and Local Indicators of Spatial 

Association (LISA) to analyze SUHI data from 2018 to 

2024. The results indicate that both daytime and nighttime 

SUHI exhibited significant positive spatial autocorrelation 

throughout the study period (daytime Moran’s I: 0.936–

0.946; nighttime Moran’s I: 0.958–0.975), with 

corresponding Z-scores exceeding 162 and p-values below 

0.0001 (Table 7). These findings confirm that the thermal 

environment of the study area was not randomly 

distributed but exhibited pronounced spatial clustering. 

The high Moran’s I values indicate strong positive spatial 

autocorrelation of SUHI, which may be attributed to the 

spatial continuity of thermal landscapes and relatively 

homogeneous thermal characteristics at the urban 

agglomeration scale, which may be attributed to the spatial 

continuity of thermal landscapes and the relatively 

homogeneous thermal characteristics at the urban 

agglomeration scale. High-temperature areas tend to 

cluster with neighboring high-temperature areas, while 

low-temperature areas are spatially aggregated with other 

low-temperature areas, indicating strong spatial 

dependence and persistence of the thermal environment 

across the GBA. 

According to the local spatial autocorrelation results 

(Figure 6), High–High clusters were predominantly 

distributed within the built-up areas of core cities in the 

Pearl River Delta, including the central urban areas of 

Guangzhou, the metropolitan core of Shenzhen, the 

manufacturing-intensive Dongguan–Foshan region, and 

the Guangzhou–Shenzhen–Hong Kong development 

corridor. These areas are characterized by highly 

contiguous impervious surfaces, intensive population and 

industrial activities, and substantial anthropogenic heat 

emissions, resulting in stable and persistent heat island 

hotspots. In contrast, Low–Low clusters were mainly 

distributed in the northern mountainous ecological barrier 

regions and coastal water bodies, including forested areas 

such as Conghua and Longmen, as well as coastal waters 

around the Pearl River Estuary and Lingdingyang. 

Benefiting from dense vegetation cover and extensive 

water surfaces, these areas exhibit strong 

evapotranspiration and water-cooling effects, thereby 

forming persistent and stable cold island clusters. Overall, 

the thermal environment of the GBA exhibits a spatial 

differentiation pattern characterized by “urban heating in 

the center and ecological cooling in the periphery.” 

A comparison between daytime and nighttime 

conditions revealed that Moran’s I values were generally 

higher at night than during the daytime, indicating stronger 

spatial continuity and clustering of the nighttime thermal 

environment. During the daytime, solar radiation, land-

cover characteristics, and local environmental 

heterogeneity contribute to differences in regional heating 

rates, resulting in relatively high spatial variability. At 
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night, however, in the absence of solar radiation, heat 

stored in urban built-up areas is gradually released from 

buildings, roads, and other impervious surfaces, leading to 

a more uniform spatial diffusion and accumulation of heat 

and thereby strengthening thermal spatial correlation. 

Furthermore, nighttime hotspot areas were spatially more 

compact (Figure 7), being concentrated in the urban cores 

of Guangzhou and Shenzhen and their surrounding built-

up areas, whereas cold spots remained stable within the 

northern mountainous regions and coastal waters. These 

findings suggest that urban heat storage plays a crucial role 

in sustaining nighttime heat island effects. Therefore, 

although the daytime and nighttime thermal environments 

share a broadly similar spatial structure, they exhibit 

distinct spatial organization characteristics. 

Table 7 Spatial Autocorrelation Statistics of Daytime and Nighttime SUHI from 2018 to 2024 

Year Daytime Moran’s 

I 

Daytime Z-

value 

Daytime  p-

value 

Nighttime 

Moran’s I 

Nighttime Z 

value 

Nighttime P 

value 

018 0.9358 162.80 <0.0001 0.9583 166.72 <0.0001 

2019 0.9402 163.56 <0.0001 0.9665 168.15 <0.0001 

2020 0.9419 163.86  <0.0001 0.9745 169.53 <0.0001 

2021 0.9427 164.01 <0.0001 0.9731  169.30 <0.0001 

2022 0.9455 164.50 <0.0001 0.9638 167.68 <0.0001 

2023 0.9460 164.58 <0.0001 0.9742 169.49 <0.0001 

2024 0.9427 164.01 <0.0001 0.9600 167.02 <0.0001 

 

Figure 6 Daytime SUHI LISA Cluster Map 

 

Fig.7 Nighttime SUHI LISA Cluster Map 
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3.3 Land-Use Transitions and Their Impacts on SUHI 

To reveal the influence of different land-use change 

types on the urban surface thermal environment during the 

study period, this study conducted a statistical analysis of 

various land-use transition processes based on the land-use 

transition matrix. The relationship between land-use 

change and thermal environmental response was further 

explored by integrating changes in SUHI (ΔSUHI) under 

different transition pathways. 

The results of the land-use transition matrix indicate 

that land-use change from 2018 to 2024 was primarily 

characterized by the expansion of built-up land (Figure 8). 

Within the effective analysis region, stable built-up land 

occupied the largest proportion, accounting for 69.14% of 

the analyzed area, indicating that urban built-up areas 

continued to dominate the regional land-use pattern (Table 

8). Apart from stable built-up land, major land-use 

transitions involved the conversion of ecological spaces 

(e.g., cropland, forest, water bodies, and wetlands) into 

built-up land, reflecting the significant impact of urban 

expansion on regional land-cover patterns during the study 

period (Figure 9). 

From the perspective of the relationship between 

land-use transition pathways and SUHI responses, 

different surface transformation types exhibited distinct 

effects. The conversion of ecological spaces into built-up 

land generally resulted in positive ΔSUHI values, 

indicating an increase in surface temperature following 

land-use change. This suggests that increases in 

impervious surface coverage, reductions in vegetation 

cover, and alterations in surface energy exchange 

processes exacerbate the urban heat island effect (Table 8). 

Notably, the warming effect was most pronounced when 

water bodies and wetlands were converted into built-up 

land, with ΔSUHI reaching relatively high levels. This 

finding indicates that these blue spaces, as critical regional 

cooling sources, experienced weakened evapotranspiration 

cooling and thermal regulation functions during the 

conversion process, resulting in substantial local thermal 

environmental deterioration (Figure 10). These results 

further highlight that the loss of water bodies and wetlands 

not only alters the regional landscape pattern but also 

reduces the thermal buffering capacity of urban 

ecosystems. 

In contrast, the conversion of cropland into built-up 

land also produced a warming effect; however, the 

magnitude of ΔSUHI was lower than that associated with 

the conversion of water bodies and wetlands (Table 8). 

This may be attributed to the inherent vegetation cover and 

moisture regulation capacity of cropland. Although its 

ecological regulation functions decline following 

conversion, the resulting loss of cooling capacity is 

relatively limited compared with that of water bodies and 

wetlands. Therefore, different types of ecological spaces 

exhibit varying thermal environmental responses during 

urban expansion, with the loss of major cooling-source 

spaces exerting a more direct influence on SUHI 

intensification. 

In addition, some land-use transition pathways 

exhibited cooling effects. For example, when built-up land 

was converted into ecological spaces such as green spaces, 

forests, or water bodies, ΔSUHI values became negative, 

indicating that ecological restoration, urban renewal, and 

blue–green space development can effectively reduce 

surface temperatures (Table 8). These transition pathways 

regulate the urban thermal environment by increasing 

vegetation cover, enhancing evapotranspiration, and 

optimizing urban surface structures. Spatially, cooling-

oriented land-use transitions were concentrated in urban 

renewal areas and peripheral ecological optimization zones, 

highlighting the importance of land-use structure 

adjustment in mitigating SUHI (Figure 9). 

In summary, land-use change in the Pearl River Delta 

region was primarily driven by urban expansion, with the 

continuous increase in built-up land representing the 

dominant pathway influencing SUHI variations (Figure 

10). Different land-use transition types exerted markedly 

different effects on the thermal environment: transitions 

from ecological spaces to built-up land generally 

intensified SUHI, whereas ecological restoration and the 

expansion of blue–green spaces generated cooling effects 

(Table 8). Therefore, future urban development should 

prioritize the protection of highly efficient cooling sources, 

particularly water bodies and wetlands. By increasing the 

proportion of ecological land and optimizing land-use 

structures, a more balanced coordination between urban 

expansion and thermal environmental regulation can be 

achieved. 
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Fig.8 Land Use Maps for 2018 and 2024 

 

 

Fig.9 Spatial Distributions of Land Use Transfers in GBA (2018-2024) 
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Table 8 Land Use Transfer Types and SUHI Response from 2018 to 2024 

Transfer Type Area/Ratio Average 

ΔSUHI_Day 

Average  

ΔSUHI_Night 

Explanation 

Forestland →Built-up 

land 

5.15 km² (0.46%) +4.29 +5.29 Conversion of ecological space to 

construction land 

Cropland →Built-up land 16.15 km² (1.45%) +2.60 +2.99 Urban expansion process 

Water body →Built-up 

land 

17.82 km² (1.60%) +4.99 +5.97 Reduction of cooling sources 

Built-up Land →Green 

space 

37.00 km² (3.32%) -4.07 -5.08 Ecological restoration or 

renovation 

Stable Built-up land 769.87 km² (69.14%) +0.30 +0.30 High Heat Island Retention Zone 

Stable Forestland/Water 

bodies 

267.47 km² (24.02%) +0.10 +0.11 Cold Island Maintenance Zone 

 

 

Fig.10 Bar chart of daytime and nighttime ΔSUHI under different land-use transfer types 

 

3.4 Key Drivers of Daytime and Nighttime SUHI 

To identify the primary drivers and underlying 

mechanisms of daytime and nighttime SUHI Intensity in 

the GBA, this study conducted a contribution analysis of 

natural environmental and socioeconomic variables using 

the XGBoost model and SHAP method. The results 

indicate that both daytime and nighttime SUHI are 

influenced by land-cover characteristics and human 

activities; however, their dominant driving factors and 

influence magnitudes differ substantially (Tables 9 and 

10). 

The primary drivers of daytime SUHI include the 

NDBSI, NDVI, NDMI, MNDWI, and NTL (Figure 11). 

Among these variables, NDBSI exhibits the highest 

importance, with SHAP values generally indicating 

positive contributions. This suggests that increases in 

impervious surface coverage and the expansion of built-

up areas enhance the capacity for heat absorption and 

storage, thereby intensifying the heat island effect. In 

contrast, NDVI, NDMI, and MNDWI exhibit significant 

negative contributions indicating that increased vegetation 

cover, improved moisture conditions, and expanded water 

bodies can effectively mitigate the heat island effect 

through evapotranspiration cooling, water-related thermal 

regulation, and heat dissipation processes (Figure 13). 

Overall, the daytime thermal environment is primarily 

governed by land-cover characteristics and ecological 

conditions, with differences in surface energy balance 

among various underlying surfaces representing a key 

factor driving spatial thermal variability. 

For nighttime SUHI, the key driving factors include 

NDBSI, NTL, population density (PD), GDP, and NDVI 

(Figure 12). NDBSI remains highly influential, 

confirming that built-up areas and impervious surfaces 

constitute the common physical basis of both daytime and 
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nighttime heat island effects. Meanwhile, the importance 

of NTL, PD, and GDP increases substantially, with SHAP 

values predominantly indicating positive contributions. 

This suggests that nighttime heat islands are influenced 

not only by urban heat storage effects but also by 

population concentration, economic activities, and 

anthropogenic heat emissions. High-density urban areas 

continuously release heat accumulated during the daytime, 

while anthropogenic heat generated from transportation, 

commercial activities, and energy consumption further 

intensifies local warming, resulting in more pronounced 

nighttime heat island effects. 

In terms of variable importance rankings, land-cover 

characteristics dominate daytime SUHI, whereas 

nighttime SUHI is more strongly influenced by the 

intensity of human activities and the level of urbanization 

(Figure 13). These findings highlight a significant 

difference in the formation mechanisms of daytime and 

nighttime thermal environments in the GBA. Daytime 

thermal conditions are primarily controlled by solar 

radiation and underlying surface properties, whereas 

nighttime thermal conditions reflect the combined effects 

of heat release and anthropogenic heat emissions. Overall, 

urban expansion and increasing impervious surface 

coverage are key drivers of heat island intensification, 

while enhancing vegetation cover, protecting water bodies, 

and optimizing urban ecological structures represent 

critical strategies for mitigating regional thermal 

environmental problems. 

Table 9 Evaluation Results of XGBoost Model Prediction Accuracy 

indicator Daytime SUHI Nighttime SUHI 

R² 0.785 0.812 

RMSE 0.523 0.456 

MAE 0.387 0.342 

 

Table 10 Ranking of Key Influencing Factors for Daytime and Nighttime SUHI 

Sorting Daytime SUHI key factor Direction of 

action 

Nighttime SUHI key 

factor 

Direction of 

action 

1 NDBSI Positive NDBSI Positive  

2 NDVI Negative NTL Positive 

3 NDMI Negative PD Positive 

4 MNDWI Negative GDP Positive 

5 NTL Positive NDVI Negative 
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Fig.11 SHAP Summary Plot of Daytime SUHI 

 

 

Fig.12 SHAP Summary Plot of Nighttime SUHI 
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Fig.13 SHAP Dependence Plots of Key Variables 
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IV. DISCUSSION 

4.1 Differences and Mechanisms of Daytime and 

Nighttime SUHI 

The formation mechanisms of daytime and nighttime 

SUHI exhibit distinct differences. This study found that 

daytime SUHI is primarily influenced by NDBSI, NDVI, 

NDMI, and MNDWI, with NDBSI showing a significant 

positive contribution, whereas NDVI, NDMI, and 

MNDWI exhibit significant negative contributions. These 

findings indicate that increased surface hardening and the 

reduction of ecological cooling sources are key drivers of 

daytime heat island formation. In contrast, nighttime SUHI 

is mainly influenced by NDBSI, NTL, population density, 

and GDP, suggesting that nighttime heat islands are 

associated not only with surface heat storage but also with 

population agglomeration, anthropogenic heat emissions, 

and urban economic activities. The results further reveal 

that NDVI and MNDWI exert significant negative effects 

on daytime SUHI, highlighting the important roles of 

vegetation cover and water distribution as ecological 

factors in mitigating thermal environmental stress. 

4.2 Implications of Land-Use Change for Thermal 

Environmental Variations 

Land-use change is not merely a shift in land-use 

categories but also a surface process that drives thermal 

environmental evolution. The conversion of ecological 

spaces into built-up areas typically results in reduced 

vegetation cover, deteriorated water conditions, increased 

impervious surface coverage, and enhanced surface heat 

storage, thereby contributing to higher SUHI intensity. 

Conversely, the conversion of built-up areas into green 

spaces, water bodies, or other ecological spaces can 

enhance evapotranspiration and water-cooling effects, 

thereby reducing SUHI intensity. The results indicate that 

the conversion of water bodies/wetlands, forests, and 

cropland into built-up areas constituted the primary 

warming pathways during the study period (Table 8). 

Among these pathways, the conversion of water 

bodies/wetlands into built-up areas exhibited the strongest 

warming effect, with daytime and nighttime ΔSUHI 

reaching 4.99 and 5.97, respectively. In contrast, the 

conversion of built-up areas into green spaces or water 

bodies generated significant cooling effects, reducing 

daytime and nighttime ΔSUHI by 4.07 and 5.08, 

respectively. These findings highlight the importance of 

blue–green space restoration in mitigating heat island 

effects. The thermal impacts of land-use change exhibit 

clear path dependency, with different transition pathways 

producing varying degrees of thermal response. Notably, 

the warming effects resulting from the loss of ecological 

spaces generally exceed those associated with structural 

adjustments within built-up areas. 

4.3 Planning Implications Derived from Key Driving 

Factors 

The value of the XGBoost-SHAP framework lies not 

only in improving prediction accuracy but also in 

identifying the variables that are most important in 

explaining variations in heat island intensity.The positive 

contribution of NDBSI to SUHI highlights the importance 

of reducing surface hardening, improving impervious 

surface materials, and increasing permeable pavements. If 

NDVI, NDMI, or MNDWI show negative contributions, 

enhancing vegetation cover, maintaining surface moisture, 

and protecting blue–green spaces become essential 

strategies for mitigating heat island effects. Furthermore, if 

NTL, population density, or GDP contribute substantially 

to nighttime SUHI, greater attention should be directed 

toward managing anthropogenic heat emissions, 

transportation-related activities, and thermal conditions in 

high-intensity urban functional zones. 

From the perspective of urban planning and 

environmental management, reducing surface hardening 

and enhancing blue–green space connectivity should be 

prioritized in thermal environment governance across the 

Guangdong–Hong Kong–Macao Greater Bay Area to 

achieve a balance between urban expansion and ecological 

conservation. Three key strategies are proposed: (1) 

Priority Cooling Zones in Heat Island Hotspots, 

involving measures such as cool roofs, increased shading 

vegetation, reduced continuous impervious surfaces, and 

improved urban ventilation; (2) Thermal Risk Control 

Zones in Urban Expansion Areas, emphasizing 

controlled development intensity, the preservation of 

ecological buffer zones, and increased proportions of green 

and permeable surfaces; and (3) Blue–Green Ecological 

Cooling Source Protection Zones, focusing on the 

protection of forests, water bodies, wetlands, and blue–

green corridors to prevent landscape fragmentation (Table 

11). 
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Table 11 Zoning Thermal Environment Management and Optimization Recommendations 

Governance Zones Basis for identification Recommended measures 

Priority Cooling Zone for 

UHI Hotspots 

SUHI>1 or LISA High-High Cool roofs, increased greenery and shading, 

reduced continuous hardened surfaces, improved 

ventilation 

Urban Expansion Heat Risk 

Control Zone 

Non-buildup land → Buildup land and 

ΔSUHI > 0 

Control development intensity, preserve ecological 

buffer zones, and increase green space and 

permeable surface ratios 

Blue-Green Ecological Cold 

Source Conservation Zone 

Low SUHI with higher 

NDVI/NDWI/MNDWI 

Protect forests, water bodies, wetlands, and blue-

green corridors to prevent fragmentation 

 

4.4 Research Limitations 

This study has several limitations. First, although 

MODIS LST data are suitable for urban agglomeration-

scale analyses, their spatial resolution is insufficient to 

capture thermal environmental variations at the 

neighborhood scale. Second, socioeconomic variables such 

as population density and GDP were derived from 

administrative statistics and subsequently assigned 

spatially within the model, which may not adequately 

reflect fine-scale spatial variability at the pixel level. Third, 

although the XGBoost-SHAP framework provides 

statistical interpretations and quantifies the contributions 

of explanatory variables, it cannot establish strict causal 

relationships. Fourth, spatial heterogeneity and pathway-

based analytical approaches were not incorporated into this 

study, limiting the exploration of local mechanisms and 

direct or indirect influence pathways. 

 

V. CONCLUSIONS 

This study constructed daytime and nighttime SUHI 

Intensity indicators for the Guangdong–Hong Kong–

Macao Greater Bay Area (GBA) from 2018 to 2024 using 

multi-source spatial data. Spatiotemporal statistical 

analysis, spatial autocorrelation analysis, land-use 

transition matrices, and the XGBoost-SHAP framework 

were employed to investigate the spatiotemporal evolution 

of SUHI, its response to land-use changes, and its key 

driving factors. The main conclusions are as follows: 

(1) Daytime and nighttime SUHI exhibited significant 

spatial heterogeneity. High-SUHI areas were concentrated 

in the core built-up regions of the Pearl River Delta, 

including Guangzhou, Shenzhen, Dongguan, and Foshan, 

whereas low-SUHI areas were primarily distributed in the 

northern mountainous forest regions and coastal water 

bodies such as the Pearl River Estuary and Lingdingyang. 

During the study period, SUHI anomaly increased along 

the Shenzhen–Dongguan–Huizhou urban development 

corridor but weakened or remained stable in the 

northwestern mountainous regions, including Zhaoqing. 

(2) The results of Global Moran’s I and LISA 

revealed significant spatial clustering of SUHI. High–High 

hotspot clusters were primarily distributed within the core 

built-up areas of Guangzhou, Shenzhen, Dongguan, 

Foshan, and the Guangzhou–Shenzhen–Hong Kong 

development corridor, whereas Low–Low cold spot 

clusters were concentrated in the northern ecological 

conservation areas and the coastal waters of the Pearl 

River Estuary. 

(3) Land-use transitions played a critical role in SUHI 

dynamics. The conversion of forests, cropland, and 

wetlands into built-up areas resulted in pronounced 

warming effects, whereas transitions from built-up areas to 

green spaces or water bodies significantly mitigated the 

urban heat island effect. 

(4) XGBoost-SHAP analysis identified NDBSI, 

NDVI, NDMI, MNDWI, and NTL as the primary drivers 

of daytime SUHI, whereas NDBSI, NTL, PD, GDP, and 

NDVI were identified as the dominant drivers of nighttime 

SUHI. Built-up and dry surface characteristics generally 

intensified SUHI, whereas vegetation cover and surface 

moisture conditions contributed to its mitigation. 

(5) Thermal environment governance in the GBA 

should prioritize heat island hotspot cooling zones, urban 

expansion risk-control areas, and blue–green ecological 

cooling-source protection zones, while adopting 

differentiated management strategies for daytime and 

nighttime thermal conditions. Future efforts should 

integrate “blue–green space conservation–urban expansion 

regulation–targeted hotspot is cooling” to promote a 

balance between urban development and ecological 

protection. 

From a theoretical perspective, this study established 

an integrated framework encompassing SUHI pattern 

identification, land-use transition responses, and 

mechanistic interpretation from a diurnal perspective, 
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thereby enriching thermal environment research at the 

urban agglomeration scale. From a practical perspective, 

the findings provide scientific support for territorial spatial 

planning, urban expansion management, and blue–green 

space optimization in the GBA. 
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Abstract— This study examines the influence of salinity on dissolved oxygen (DO) in pond ecosystems and 

evaluates its consequences for pisciculture. Dissolved oxygen is one of the most important indicators of 

water quality because it directly affects fish metabolism, growth, reproduction, immunity, and survival. 

Salinity alters the physical and chemical properties of water and consequently affects oxygen solubility. 

Sample observations demonstrated a progressive decline in dissolved oxygen concentration from 8.5 mg/L 

to 5.9 mg/L as salinity increased from 0 to 12 ppt. The results suggest a strong negative relationship 

between salinity and dissolved oxygen. Such reductions can adversely affect pond productivity and fish 

yield. Effective monitoring and management of salinity and oxygen levels are therefore essential for 

sustainable aquaculture. 

Keywords— Salinity, Dissolved Oxygen, Pond Ecosystem, Pisciculture. 

 
I. INTRODUCTION 

Pisciculture is an important component of global food 

security and rural livelihoods. Successful fish culture 

depends on maintaining suitable water quality conditions. 

Among the various parameters, dissolved oxygen is 

considered one of the most critical factors because fish and 

other aquatic organisms rely on it for respiration. Salinity, 

defined as the concentration of dissolved salts in water, 

can significantly influence oxygen availability. Salinity 

and dissolved oxygen (DO) are two important water 

quality parameters that directly influence aquatic 

ecosystems and fish production. This article analyses the 

relationship between salinity and dissolved oxygen in pond 

ecosystems and evaluates its implications for pisciculture. 

Increasing salinity alters the physical and chemical 

properties of water, affecting oxygen solubility, fish 

metabolism, microbial activity, and pond productivity. A 

review of scientific literature indicates that higher salinity 

generally reduces oxygen solubility, increasing the risk of 

oxygen stress in cultured fish. Understanding these 

interactions is essential for effective pond management, 

especially in regions facing salinisation due to climate 

change, irrigation practices, and groundwater intrusion. 

The study discusses mechanisms, impacts on fish growth 

and survival, and management strategies for sustainable 

aquaculture.Many freshwater ponds experience salinity 

fluctuations due to evaporation, agricultural runoff, 

groundwater seepage, and climate-related changes. 

Understanding the relationship between salinity and 

dissolved oxygen is therefore important for optimising fish 

production and maintaining pond health.  Dissolved 

oxygen refers to the amount of free oxygen present in 

water. Oxygen enters ponds through atmospheric 

diffusion, photosynthesis by aquatic plants, and 

mechanical aeration. Salinity influences oxygen solubility 

because dissolved salts reduce the capacity of water to 

hold oxygen molecules. As salinity increases, oxygen 

solubility decreases. Temperature further modifies this 

relationship, with warm saline water holding considerably 

less oxygen than cool freshwater. Salt affected soils are 

important ecological entity as it is  known that land 

occupying 6% of the global land area and 2.6% of the 

geographical area in India, Indo-Gangetic Plain (IGP), 

which is the most fertile agricultural region in India also 

has around 3.095 million ha land is salt affected areas of 

which 12% exist in Bihar (Mandal and Sharma, 2006). 

Utilisation of these salt affected areas for productive 

purpose is the major challenge for the region. In this 

regard, inland saline aquaculture provides an opportunity 

for the diversification and expansion of agriculture through 
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a potentially productive use of land that can no longer 

support standard agricultural enterprises (McDowall et al., 

2016). Thus, aquaculture can be an adaptive approach to 

this environmental problem and can represent a potentially 

lucrative use for salt-affected land, with many economic, 

social and environmental benefits (Lymbery et al., 2007). 

However, selection of suitable fish species having 

tolerance to saline conditions is very important before 

venturing into aquaculture in these areas. This is mainly 

because higher salinity of water can act as an important 

stressor under natural as well as aquaculture conditions 

(Islam et al., 2014) and water quality can directly influence 

the metabolism of fish, which ultimately affects the 

survival, growth, feed intake and even distribution of 

species (Garg, 1996 ; Kang’ombe and Brown, 2008; 

Akhtar et al., 2013 ). 

Fish require adequate oxygen for metabolism and 

digestion. Reduced DO levels lower feeding activity and 

growth rates. Chronic oxygen deficiency causes 

physiological stress, weakens immune responses, and 

increases vulnerability to pathogens. 

The reduction in dissolved oxygen occurs because salt ions 

occupy space among water molecules, decreasing the 

availability of sites where oxygen can dissolve. 

Consequently, ponds with elevated salinity often exhibit 

lower dissolved oxygen  concentrations than freshwater 

ponds under similar environmental conditions. 

Pisciculture plays a crucial role in food security, nutrition, 

employment generation and rural development. . 

Dissolved oxygen, often abbreviated as DO, is the amount 

of free oxygen molecules (O2) dissolved in water. Oxygen 

enters the water through atmospheric diffusion, plant 

photosynthesis, or aeration (either natural or man-made). 

DO is typically represented in measurement units as 

percent of air saturation (%sat) and concentration in 

milligrams per liter (mg/L) or parts per million (ppm).  

Dissolved oxygen levels measured at 3 mg/L are in the 

danger zone for supporting common aquatic life, and 

levels below 1 mg/L cannot support any aquatic life. 

When dissolved oxygen level decreased  because of 

salinity increases, water conditions soon become lethal for 

aquatic life. So, increasing the salt concentration will lead 

to a decrease in oxygen solubility, negatively affecting any 

aquatic life inside water. So the available parameters of 

dissolved oxygen for sustainability of life in fresh water is 

very vital for pisciculture practices. 

 

 
 

II. MATERIALS AND METHODS 

 A pond-based investigation was conducted by collecting 

water samples from multiple locations and depths. Salinity 

was measured using a digital salinity meter  while 

dissolved oxygen was determined using a DO meter  . 

Measurements were taken during morning and afternoon 

periods over several weeks during January to March from  

a fresh water pond located in Darbhanga city under the 

campus of M. K. College , Laheriasarai .  After 

observation of recorded data of salinity and DO with the 

help of table and graph,  finding was analysed using the 

coparmparative variations between salanity and dissolved 

oxygen in pond water. It's impact on pisciculture was also 

discussed with the help present result. 

 

III. RESULT AND DISCUSSION 

The results indicated a consistent decline in dissolved 

oxygen with increasing salinity as shown in the table 1 . 

This pattern agrees with the established understanding that 

dissolved salts reduce oxygen solubility in water. The 

observed inverse relationship between salinity and 

dissolved oxygen has important ecological and 

aquacultural implications. Reduced oxygen availability can 

impair fish health, growth and survival. Severe oxygen 

depletion can result in mass fish mortality, particularly 

during warm weather or algal bloom collapses.Some 

species such as Tilapia tolerate moderate salinity, whereas 

many freshwater carps like Labeo species perform best 

under low salinity conditions. Oxygen stress combined 

with salinity stress can further reduce productivity.Poor 

oxygen conditions negatively affect spawning, egg 

development, and larval survival. 

Effect of salinity alone on rate of oxygen consumption of 

freshwater species negatively affect their physiological 

cycle. Zheng et al. (2008) recorded lower oxygen 

consumption rate at 31‰ compared to 16‰ on Miichthys 

miiuy. While in another study on oxygen consumption rate 

of Dicentrarchus labrax fingerlings, only slight variation 

was recorded between 3 and 45 percent  which was 

attributed to strong euryhaline nature of the species 

(Barnabe, 1990; Dalla et al., 1998).The alterations in 

oxygen consumption in fishes at different salinities could 

be due to differences in energy required for 

osmoregulation or from changes in the spontaneous 

activity level of fish and changes in the routine metabolic 

rate (De Boeck et al., 2000). The study has showed that 

oxygen consumption rate was lowest at 4.5 percent which 

could be attributed to energy conservation strategy adopted 

by the species to salinity mediated stress(De Boeck et 

al.,2000). In the view of management strategy of pond 

regular monitoring of salinity, temperature and dissolved 

oxygen should be performed. Aeration, appropriate 
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stocking density, periodic water exchange and proper 

feeding practices can reduce stress on cultured fishes.  

As an ecological factor, ambient salinity has a series of 

physiological effects on fish. As reported in previous 

studies, salinity is an important factor regulating fish 

growth, metabolism, and various physiological activities 

(Katz et al.,2001). Ambient salinity can also directly affect 

the promotion of aquaculture (Ern, R . et al., 2014) . An 

inappropriate salinity range will affect the physiology and 

biochemistry, immunity, growth and development, 

feeding, and reproduction of fish, and fish will show 

different adaptive states under various salinity conditions 

(Livingston, 2001) . Recent studies have shown that 

salinity changes can cause physiological stress reactions in 

fish, accompanied by the production of excessive reactive 

oxygen free radicals, which can lead to oxidative stress 

reactions that damage the antioxidant defense system of 

fish(Wang, J.Q.et al., 1997).  Excessive oxygen free 

radicals produced by oxidative stress will attack biological 

membranes, proteins, and nucleic acids, causing oxidative 

damage such as cytoplasmic efflux, enzyme inactivation, 

and genetic replication errors  (Choi, C.Y. et al., 2008). As 

shown in the graph (graph 1.) , increasing temperature 

gradually lower the dissolved oxygen and leads adverse 

effect on pond ecosystem which ultimately produce 

negative impact on fish growth and survival. 

 

IV. CONCLUSION 

 Salinity has a significant influence on dissolved oxygen 

dynamics in pond ecosystems. Increasing salinity 

generally reduces oxygen solubility, thereby affecting fish 

growth, health, reproduction, and survival. The combined 

effects of salinity and oxygen stress can substantially 

reduce aquaculture productivity. Effective monitoring and 

management of both parameters are therefore essential for 

sustainable pisciculture. In many research, species-specific 

tolerance thresholds has also been identified  which focus 

on adaptive management strategies under changing 

environmental conditions. 

Table 1. Salinity and Dissolved Oxygen Data 

Salinity (ppt) Dissolved Oxygen (mg/L) 

1 ± 0.3 8.5  ± 0.5 

1  ± 0.3 8.1 ± 0.5 

1.5  ± 0.3 7.7 ± 0.5 

2  ± 0.3 7.2 ± 0.5 

2  ± 0.3 6.8 ± 0.5 

3  ± 0.3 6.3 ± 0.5 

3.5  ± 0.3 5.9 ± 0.5 

4  ± 0.3 5.8 ± 0.5 

Fig.1. Relationship between Salinity and Dissolved 

Oxygen between Observation period - January - March , 

2026. 

( ppt- part per thousand equivalent to 1 g of solute per 

thousand g of water.) 

Salinity vs Dissolved Oxygen Graph : 

 

Fig.1 Relationship between salinity and dissolved oxygen 

in pond water. (Graph 1.) 
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Abstract— The research was conducted to fabricate and develop a portable low cost solar dryer (LCSD) for 

the drying of mint leaves. The system was designed as a portable system for decentralized applications at 

various sites to satisfy the drying requirements of small farmers and co-operatives. The cross sectional area 

of the solar tunnel dryer was dome in shape, with length and width of 1.8 meters and 0.9 meter respectively. 

It comprises a collector section of 2.16 m2 and a drying section of 1.36 m2 and two chimney and three inlet 

to provide the required air flow rate over the perishable agricultural products to be dried. Transparent 

polythene cover of size 200 micron UV stabilized was used to close the dryer on top side to maintain the 

steady state air flow within the dryer. It has been observed that the drying air temperature was easily raised 

by some 20-25°C above the ambient temperature at air velocity ranges 0-1 m s-1. The efficiency of the solar 

tunnel dryer was found to be 19-20%.. Time taken by low cost solar drying and open sun drying was 240 

and 390 minutes respectively. The color of dried sample was similar to fresh mint leaves and rehydration 

ratio was better than open sun drying. For low cost solar drying and open sun drying mint leaves sample the 

moisture diffusivity was 9.28×10-9 and 5.42×10-9 m2/s respectively. The process curves were found similar 

to a conventional dryer showing that this dryer can be successfully utilized for the drying of agricultural 

products using solar energy. 

Keywords— Low-Cost Solar Dryer, Drying Time, Moisture diffusivity, Colour, Rehydration ratio. 

 

NOMENCLATURE 

m = Mass of the product, kg 

Cp = Specific heat of product, kJ/kg °c 

𝛥𝑇 = Difference in temperature, °c 

𝑀𝑤 = Mass of water to be removed, kg 

𝜆 = Latent heat of vaporization of water, kJ/kg 

I = Solar radiation, W/m² 

Ac = Area of collector, m² 

W1 = mass of product before drying(g) 

W2 = mass of product after drying(g) 

Mi = Initial moisture content of product (w.b.%) 

Mf = Final moisture content of product (w.b.%) 

Wt = Mass of product (kg) 

Qreq = Total energy required for drying of mint leaves (kJ) 

Cpc= Specific heat of mint leaves (kJ/kg°C) 

Td = Average drying temperature (°C) 

Ta = Average ambient air temperature (°C) 

Qt = Energy required per hour (kJ h-1) 

Td = Drying time (h) 

Ac = Collector area (m2) 

r = Radius of hemisphere (m) 

l = length of dryer (m) 

b = Breadth of dryer (m) 

DR = drying rate (gram of water evaporated/ gram of dry 

matter/h) 
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M = moisture content, kg water per kg dry solids 

= time, s 

R = diffusion path or length, m 

Dv = moisture dependent diffusivity, m2/ s 

h = hour 

A = constant 

B = slope. 

MR = Moisture ratio, dimensionless 

Mo = Initial moisture content, g water/g dry matter 

M = Moisture content at any time, g water/g dry matter 

Me = Equilibrium moisture content, g water / g dry matter 

De = Effective moisture diffusivity, m2/s 

L = Thickness of mint leaves (0.5 mm) 

n = Positive integer 

t = Time (s) 

Qa = Quantity of air (m3) 

Ca = Specific heat of air (kJ kg-1 oC-1) 

ρa = Density of air at ambient temperature (kg m-3) 

Te = Temperature of moist air at chimney outlet (oC) 

Ta = Ambient temperature (oC) 

Qt = Volumetric air flow rate (m3 s-1) 

Td = Drying time (h) 

H = Height of chimney (m) 

g = Acceleration due to gravity (m s-2) 

ρa = Density of air at ambient temperature (kg m-3) 

ρe = Density of exit air (kg m-3) 

Da = Actual draft 

Di = Draft produce by chimney 

υ = Velocity of exit air (m s-1) 

K = Constant value for chimney design (0.4) 

C = Drained weight of rehydrated sample, gm and 

D = Weight of dehydrated samples taken for rehydration 

test, gm 

LCSD = Low Cost Solar Dryer 

 

I. INTRODUCTION 

 Most of the commercial crop dryers use fossil fuel. 

Firewood and conventional fossil fuels are being used 

extensively for crop drying in most countries. Apart from 

this, expensive fuels like diesel and propane are also being 

used for crop drying. Because of the increase in fuel 

consumption with a subsequent increase in price of 

conventional fossil fuels, solar dryers are being studied 

widely to substitute for the conventional method of crop 

drying (Pangavhane and Sawhney, 2002). Solar dryers are 

an appropriate preservation technology for a sustainable 

world and are being used in both developed and developing 

countries. For crops that are dried at temperatures higher 

than 60°C, solar drying could be used as a supplemental 

system. 

The customary technique for processing fruits and 

vegetables is to dehydrate them in open sunlight. In this 

process, the rate of dehydration is slow and the quality is 

adversely affected by dust, insects and unexpected rain. In 

order to remove these problems, mechanical dryers run by 

fossil fuel or electricity can be used. However, in the present 

context when conventional energy resources are fast 

depleting, it is essential to utilize solar energy more 

efficiently as well as effectively. However, the cost of these 

appliances is still high. In order to make it more economical, 

some experiments were conducted on alternative designs 

for fabricating solar dryers using low cost materials. UV 

stabilized sheets as transparent covers for providing a 

greenhouse effect, available crop residues as insulation and 

other materials such as bamboo and mild steel (M.S.) sheets 

were used for fabricating the low-cost solar agricultural 

dryer. 

 

II. MATERIALS AND METHODS 

 The low cost solar dryer was designed as a portable 

solar system for drying of mint leaves at various sites being 

developed and fabricated in the Department of Renewable 

Energy Engineering, College of Technology and 

Engineering, Udaipur. 

Development of portable low cost solar dryer (LCSD):  

 The portable LCSD consists of two parts, solar 

collector and solar drying unit. The length of solar collector 

unit and drying unit are 1.8 m and 1.7 m respectively. A 10 

cm portion of dryer is fixed in the ground and crop residue 

at the base as insulation. Solar collector has a base with crop 

residue as insulator and above crop residue black polythene 

sheet was used, which acts as a black body to absorb solar 

radiant energy and transforms incoming sunlight into heat. 

In the process, the heated air becomes relatively dry and is 

blown over the required product to be dried, where it takes 

up moisture. Semi-transparent polythene as a collector with 

size of 200 micron is used as a greenhouse effect for drying 

of mint leaves. There are inlet holes of polyvinyl chloride 

pipe in the base to allow fresh air to enter and upper parts of 

the box with chimney to leave moist air. The inside of the 

collector plate was painted with dull black to absorb solar 

radiation. Air gets heated up by the absorber plate while 

passing through the collector into the drying chamber. Food 
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to be dried is placed on perforated trays within the dryer and 

warm air from the collector rises up through the food and 

leaves through the chimney. 

 Figure 1 shows the front view of low cost solar 

dryer as length of dryer was 1800 mm and depth of dryer in 

ground was 100 mm. The orientation of the dryer was 

maintained in East-West direction in order to achieve 

maximum solar radiations during the whole day. The tunnel 

slope was also designed to achieve maximum radiations 

perpendicular to the surface of the dryer in order to enhance 

the thermal efficiency of the solar dryer. Different machines 

and tools are used for the construction of low cost solar 

dryer like drill machine, grinding machine, welding 

machine, measuring tape, centre punch, hammer, chisel, 

right angle etc. 

 

Fig.1 Front view of LCSD (all dimension in mm) 

 

 

Fig.2 Schematic diagram of low cost solar dryer 

 

Table 1: Design Specification of LCSD 

Sr. No. Components/ Particulars Dimension 

1.  Product dried 
Mint 

leaves 

2.  Length of dryer 180 cm 

3.  Breadth of dryer 90 cm 

4.  Dryer depth in ground 10 cm 

5.  Chimney height from ground 90 cm 

6.  Spacing between Chimney 88 cm 

7.  Diameter of inlet 7 cm 

8.  Diameter of chimney 10 cm 

9.  Total number of chimney 2 

10.  Total number of inlet 3 

11.  Height of tray 24 cm 

12.  Length of tray 170 cm 

13.  Breadth of tray 80 cm 

14.  Chimney height 15 cm 

 

Performance evaluation of solar tunnel dryer:  

 The overall drying efficiency is defined as the ratio 

of energy output of the dryer to the total energy input. Thus, 

overall efficiency of the system is given as (Schirmer et al., 

1996) 

Drying efficiency (per cent) = 
𝑚 𝐶𝑝𝛥𝑇+𝑀𝑤×𝜆 

𝐼×𝐴𝑐×𝑡
×100 

The initial moisture content of mint leaves was determined 

by digital moisture analyser or oven drying method 

(Ranganna, 2000). 

Moisture content (w.b.) = 
W1− W2

W1
× 100 

Mass of water to be removed during drying (Mw)  is 

Mw =
Mi − Mf

100 − Mf

× Wt 

Total energy required for drying product is 

Qreq = [Wt × Cpc × (Td − Ta) + (Mw × λ)] 

Energy required per hour is 

Qt =
Qreq

Td

 

Collector Area (Ac) 

 It has been observed that about 68% of the area of 

hemispherical- shaped solar tunnel dyer towards south side 

is able to receive sunlight while remaining 32% of area 

towards north side is shaded from sun (Rathore and 

Panwar, 2011). The area required to collect the energy for 

drying will be calculate by using given formula. 

  Ac = 0.68(𝛱𝑟𝑙 + 𝑙𝑏)   

 Dry matter recovery is defined as the ratio of final 

weight of dried product to the initial weight of product and 

was calculated by using following formula: (Rameshbhai, 

2016) 

Dry matter recovery (%) = 
Weight  of dried sample×100

Weight of fresh sample
      

 Drying rate (DR) = 
Amount of moisture removed (db) in grams

Time required (hr.)×Amount of dry matter in grams
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 Moisture ratio (MR) =
M

M0
        

Moisture Diffusivity During Drying 

 Fick's second law has been adopted for evaluation 

of moisture transport mechanism of the falling rate regions 

and is mathematically expressed by classical mass balance 

equation (Crank, 1975) as:  

 
𝜕𝑀

𝜕𝜃
 =  

𝜕

𝜕𝑅
(𝐷𝑣

𝜕𝑀

𝜕𝑅
) 

A general form of above equation could be 

written in semi- logarithmic form, as follows: 

 ln (MR) = A − Bt                                                     

            

 A plot of ln (MR) versus drying period gives a 

straight line with a slope B as: 

 Slope = (
π2 De   

L2 )                                      

  

The effective moisture diffusivity was determined 

by substituting values of slope B and thickness L  

Design of Chimney 

 Quantity of air will be need to absorb Mw kg of 

water 

 Qa= 
Mw×λ

Ca×ρa(Te−Ta)
                               

 Volumetric air flow rate required for drying will be 

calculated by using given formula. 

 Qt =
Qa

Td
             

             

 Draft produce by chimney (Di) will be given by 

following formula. 

 Di = H g (ρa - ρe)             

   

 Actual draft (Da) produce by chimney will be 

 Da = 0.40 × Di           

            

 Velocity of exit air will be given by following 

formula. 

  𝜐 = √
2𝐷𝑎

𝜌𝑒
              

  

  There are 2 chimneys, then air exist by each 

chimney (Qc) will be given by following equation. 

 Qc  =  
Qt

2
     

                 

 Area of each chimney (A) 

 𝐴 =  
𝑄𝑐

𝜐×𝐾
                    

          

Color 

Color is one of the most important qualities of 

acceptance for products in market. It reflects sensation to 

the human eye and color is important for consumers as a 

mean of identification. The colorimeter used in the present 

investigation was Hunter Lab Colorimeter (Model 

CFLX/DIFF, CFLX-45). The 3-dimensional scale L*, a* 

and b* were used in a Hunter Lab Colorimeter for color 

measurement. The L* is the lightness coefficient, runs from 

top to bottom, ranging from 0 (black) to 100 (white) on a 

vertical axis. The positive a* value is red and negative a* 

value is green on a horizontal axis. A second horizontal axis 

is b*, that represent positive b* value is yellow and negative 

b* value is blue. 

Rehydration Characteristics 

 During rehydration, the per centage of increase in 

original weight of dried sample mainly depends upon the 

porosity of dried sample (Lewicki, 1998). The rehydration 

characteristics are used as quality index of dried product. 

Further, it also indicates the physico-chemical changes 

occurred in sample as influenced by processing conditions, 

pre-treatment and composition of biological materials. 

 Rehydration Ratio (RR) = 
C 

D
      

 

III. RESULTS AND DISCUSSION 

Calculation of Design Consideration of Drying System 

The average initial moisture content of fresh mint 

leaves determined by digital moisture analyser was found as 

81.25 percent (w.b.). 

The final moisture content of mint leaves in low 

cost solar dryer was found to be average 10.35 per cent 

(w.b.). Mass of water to be removed during drying was 

calculated by following equation 

 Mw =
81.25−10.35

100−10.35
×

2.3

1
  

            = 1.82 kg 

 The total energy required for drying mint leaves 

in LCSD will be calculated by using given formula: 

          Qreq = [2.3 × 3.58 × (60.09 − 39.95) +

(1.82 × 2257)]           

            = 4273.57 kJ 

 Energy required per hour will be calculate by 

following formula. 

 Qt1 =
4273.57

4
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         = 1068.39 kJ h-1  

 Ac = 0.68(3.14×0.45×1.8 + 1.8×0.35) 

        = 2.16 m2 

 The intial weight of product for drying was taken 

2.3 kg for open sun drying and LCSD. After drying the final 

weight of dried product for open sun drying and LCSD 

system was 0.48 kg and dry matter recovery was 21% for 

both cases. 

 Drying efficiency (per cent) for low cost dryer = 
4273.57×1000 

4×3600×690×2.16
×100    

         

     = 19.91 

Design Calculation of Chimney for LCSD 

 Quantity of air will be need to absorb Mw kg of 

water 

 Qa = 
1.6×2257

1.005×1.184(51−39)
      

       = 252.90 m3 

 Volumetric air flow rate required for drying will be 

calculated by using given formula. 

 Qt =
252.90

4×60×60
           

    

        = 0.02 m3 s-1 

 Draft produce by chimney (Di) will be given by 

following formula. 

 Di = 0.3×9.81×(1.1206 – 1.0539)  

     = 0.1963 kg/m2 

Actual draft (Da) produce by chimney will be 

 Da = 0.40 × 0.1963 

      = 0.07852 kg/m2 

 Velocity of exit air will be given by following 

formula. 

  𝜐 = √
2×0.07852

1.0539
         

      = 0.3860 m/s 

 There are 2 chimneys, then air exist by each 

chimney (Qc) will be given by following equation. 

 Qc  =  
0.02

2
   

      = 0.01 m3/s 

Area of each chimney (A) 

 𝐴 =  
0.01

0.3860×0.4
     

             

        = 0.0648 m2 

Temperature and Solar Radiation Variations in LCSD 

during No Load Testing 

 It was observed that the maximum temperature 

obtained inside the LCSD was 690C at 13:00 h, while 

minimum was 410C at 10:30 h. Maximum ambient 

temperature was 410C at 12:40 h, while the minimum 

ambient temperature was 350C at 16:20 h. It was observed 

that there is an increment of 280C temperature inside the 

LCSD. It was also observed that the maximum and 

minimum ambient solar insolation in this month was 1071 

W/m2 at 12:40 hrs and 658 W/m2 at 16:30 hrs respectively. 

The trend of result for temperature and solar insolation 

during no load for LCSD was plotted on graph as shown in 

Fig. 3 

 

Fig. 3 No Load Performance Curve of LCSD 

Temperature and Solar Radiation Variations for Open 

Sun Drying and LCSD Under Full Load Testing 
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was 350C at 10:00 h in the month of April 2019. The 

maximum temperature obtained by LCSD was 640C at 12:15 

h. It was observed that there is an increment of 230C 

temperature inside the LCSD as compared to ambient 

temperature.  It was also observed that the maximum and 

minimum solar radiation in the month of April was 1059 

W/m2 at 13:15 h and 789 W/m2 at 16:30 h respectively. Time 

taken in open sun drying was 6.5 h and in LCSD was 4 h. 

The trend of result for temperature and solar radiation during 

full load testing in open sun drying and LCSD was plotted 

on graph as shown in Fig.5 and Fig. 6 respectively. Fig. 4 

showing drying of mint leaves. 

 

Fig. 4 Drying of mint leaves in LCSD 

 

Fig.5 Variation of Temperature and Solar Radiation Under Open Sun Drying 

 

Fig.6 Variation of Temperature and Solar Radiation Under LCSD 
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Variations in Moisture Content of Mint Leaves with 

Respect to Time  

The moisture content (d.b.) during full load testing 

of open sun drying and LCSD is presented in Fig. 7 and Fig. 

8 within 390 minutes 240 minutes respectively. The mint 

leaves were dried from moisture content of 432.76 to 10.20 

per cent (d.b.) in open sun drying and from moisture content 

457.57 per cent (d.b.) to final moisture content 11.54 per 

cent (d.b.) in LCSD. Time taken in open sun drying is 

approximately double the time taken in low cost solar 

drying.  

 

Fig.7 Moisture Content Variation  

 

Moisture Diffusivity of Mint Leaves 

Diffusion is the process by which matter is 

transported from one part to another of a system as a result 

of random molecular motions (Crank 1975). The ln (MR) 

was plotted with drying time in order to find out moisture 

diffusivity for mint leaves. The variation in ln (MR) with 

drying time of mint leaves have been presented in Fig. 8 and 

Fig 9 for LCSD and open sun drying. For LCSD and open 

sun drying mint leaves sample the moisture diffusivity is 

9.28×10-9 and 5.42×10-9 m2/s respectively. 

Quality Analysis of Dried Mint Leaves 

Rehydration Characteristics 

 Ten gram of dried mint samples were taken for the 

experiment. 200 ml of distilled water in glass beakers was 

taken and the beakers were kept in a water bath, maintained 

at 80ºC. Dehydrated samples of each were placed in beakers 

for 10 min. After 10 min the excess water was drained off 

through filter paper. The drained samples were weighed. 

The weight of sample before and after rehydration ratio was 

measured. The rehydration ratio of mint leaves in open sun 

drying and low cost solar dryer was 5 and 4.39 respectively. 

It can also be observed that the rehydration ratio (RR) 

gradually decreased with increase in air temperature. 

Effect of Drying Temperature on Colour of Dehydrated 

Mint Leaves 

 Color values were measured using a Hunter lab 

Colorimeter at room temperature 29-32°C. It can be 

observed that the L* value for dried mint leaves in open sun 

drying and low cost solar drying was 30.47 and 33.58 

respectively. Fig. 10 shows Hunter Lab Colorimeter used 

for colour measurement. The a* value for dried mint leaves 

in open sun drying and low cost solar drying was -3.84 and 

-4.91 respectively. The b* value for dried mint leaves in 

open sun drying and low cost drying was 10.87 and 12.25 

respectively. 

 

Table 2: Moisture Diffusivity Values for Dried Mint Leaves 

Sample Regression equation Moisture diffusivity (m2/s) R2 

Open sun drying y = -0.0101x - 0.4676 5.42×10-9 0.9696 

Low cost solar 

drying 
y = -0.0173x - 0.2511 9.28×10-9 0.9433 
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Fig.8 ln MR verses Drying Time in Open Sun Drying 

 

 

Fig.9 ln MR verses Drying Time in LCSD 

 

 

Fig. 10 Colour Measurement of Mint Leaves Sample 

 

 

 

IV. CONCLUSION 

 This dryer is simple in construction and it 

can be constructed using locally available materials by the 

local craft man. The LCSD dried products are protected 

from dirt, insects and climatic conditions due to its perfect 

sealing. The air leaving the dryer was found to have still 

greater potential for drying more products. However, this 

should also be considered for other products, as this dryer is 

designed for multi-products use. The solar based renewable 

technology is free from operating cost and can play a vital 

role in promoting the field of post-harvest technology using 

solar energy. In the experimental trials, the drying time was 

found to reduce by about 40% of time required in open sun 

drying. The cost of this device has been evaluated to be Rs. 

4400. For low cost solar drying and open sun drying of mint 

leaves sample, the moisture diffusivity was found to be 

9.28×10-9and 5.42×10-9 m2/s respectively. The rehydration 

ratio of mint leaves in open sun drying and low cost solar 
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dryer was 5 and 4.39 respectively. Further, this technology 

can contribute in clean development mechanism and thus 

organization effectiveness and higher productivity (Jain 

2007) and along with long-term benefits in terms of fuel and 

environment saving can be obtained. 
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