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ABSTRACT  
Environmental stresses such as drought, salinity, nutrient deficiency, and temperature extremes 
significantly reduce agricultural productivity and threaten global food security. Soil ecology 
plays a critical role in plant resilience by influencing nutrient availability, microbial activity, and 
root health. Recent advances in Artificial Intelligence (AI) offer powerful tools for analyzing 
complex soil–plant–environment interactions. This study proposes an integrated framework 
combining AI-driven analytics with soil ecological parameters to enhance plant resilience under 
environmental stress conditions. Machine learning models are employed to predict plant stress 
responses using soil physicochemical properties, microbial diversity indices, and climatic data. 
Experimental results demonstrate that AI-assisted soil ecology modeling improves stress 
prediction accuracy and supports informed decision-making for sustainable agriculture. The 
findings highlight the potential of AI–soil ecology integration as a transformative approach for 
climate-resilient crop management. 
Keywords: Artificial Intelligence, Soil Ecology, Plant Resilience, Environmental Stress, Machine 
Learning, Sustainable Agriculture 
Introduction 
Global agriculture faces unprecedented challenges due to climate change, soil degradation, and 
increasing environmental stressors. Drought, salinity, extreme temperatures, and nutrient 
imbalance adversely affect plant growth and yield, posing a serious threat to food security. 
Traditional agricultural practices often rely on generalized soil management strategies that fail 
to account for dynamic soil–plant interactions. 
Soil ecology, which encompasses soil structure, nutrient cycles, microbial communities, and 
organic matter dynamics, is fundamental to plant health and stress tolerance. Beneficial soil 
microorganisms enhance nutrient uptake, regulate plant hormones, and improve resistance 
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against abiotic stresses. However, soil ecosystems are highly complex, making it difficult to 
analyze their interactions with plants using conventional analytical methods. 
Artificial Intelligence (AI), particularly machine learning and deep learning techniques, has 
emerged as a promising solution for modeling complex, nonlinear relationships in agricultural 
systems. AI can process large-scale heterogeneous data from soil sensors, weather stations, 
and biological assays to generate actionable insights. Integrating AI with soil ecology offers a 
novel pathway to predict plant stress responses and optimize soil management practices. 
This paper proposes an AI-driven soil ecology framework aimed at enhancing plant resilience 
under environmental stress. The study investigates how soil ecological indicators combined 
with AI models can improve stress prediction accuracy and support sustainable agricultural 
decision-making. 
Related Work 
Previous studies have extensively investigated the influence of soil physicochemical properties 
and microbial diversity on plant growth and stress tolerance. Soil organic carbon, nitrogen 
content, moisture retention capacity, and pH have been identified as critical factors affecting 
plant resilience under environmental stresses such as drought, salinity, and nutrient deficiency. 
Research shows that higher levels of soil organic matter improve water-holding capacity and 
nutrient availability, thereby enhancing plant tolerance to adverse conditions. Additionally, soil 
microbial biomass and enzymatic activity play a vital role in maintaining soil fertility and 
regulating plant stress responses. 
Microbial communities, particularly mycorrhizal fungi and plant growth promoting 
rhizobacteria (PGPR), have been widely recognized for their contribution to plant stress 
mitigation. These microorganisms enhance nutrient uptake, improve root architecture, and 
regulate stress-related phytohormones such as abscisic acid, auxins, and cytokinin’s. Several 
studies report that symbiotic microbial associations can significantly reduce the negative 
effects of drought and salinity by improving osmotic balance and activating antioxidant defense 
mechanisms in plants. 
In parallel, recent advancements in artificial intelligence (AI) and precision agriculture have led 
to the development of data-driven approaches for crop yield prediction, disease diagnosis, and 
irrigation management. Machine learning algorithms such as Random Forest (RF), Support 
Vector Machines (SVM), k-Nearest Neighbors (k-NN), and Artificial Neural Networks (ANN) have 
been successfully applied to analyze soil fertility parameters, climatic variables, and crop 
performance indicators. These models have demonstrated strong predictive capabilities in 
identifying stress patterns and optimizing agricultural decision-making processes. 
Furthermore, deep learning techniques, including Convolutional Neural Networks (CNNs) and 
Recurrent Neural Networks (RNNs), have improved the accuracy of plant stress detection using 
multispectral remote sensing imagery, Internet of Things (IoT) sensor data, and time-series 
environmental measurements. These approaches enable real-time monitoring of crop health 
and early detection of stress symptoms, contributing to sustainable and resource-efficient 
farming practices. 
Despite these advancements, most existing research treats soil properties, microbial dynamics, 
and AI-based modeling as separate components. Limited attention has been given to 
integrating soil ecological indicators particularly microbial diversity and activity into AI-driven 
predictive frameworks. Consequently, the complex interactions between soil ecology and plant 
stress responses remain underexplored in intelligent agricultural systems. This study addresses 
this gap by incorporating soil physicochemical and microbial indicators into AI-based models, 
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offering a holistic and ecologically informed approach to predicting and managing plant 
resilience under environmental stress conditions. 
Methodology 
This section explains the proposed methodology used to integrate Artificial Intelligence with 
soil ecological parameters to enhance plant resilience under environmental stress. The 
approach follows a layered architecture that enables systematic data acquisition, intelligent 
analysis, and decision-making. 
Framework Overview 
The proposed methodology is based on a four-layer intelligent framework designed to capture 
soil–plant–environment interactions and predict plant stress responses effectively. 
Data Acquisition Layer 
This layer is responsible for collecting raw data from multiple sources, including soil sensors, 
environmental monitoring systems, and plant physiological measurements. It ensures real-time 
and historical data availability for further analysis. 
Soil Ecology Analysis Layer 
In this layer, soil ecological parameters such as nutrient dynamics and microbial activity are 
analyzed to understand their influence on plant resilience. This layer bridges the biological and 
computational aspects of the framework. 
AI-Based Prediction Layer 
This layer employs machine learning algorithms to learn complex relationships between soil 
ecology, environmental conditions, and plant stress responses. Predictive models are trained to 
estimate stress severity and resilience scores. 
Decision Support Layer 
The final layer translates AI predictions into actionable recommendations for farmers and 
agronomists. It supports decision-making related to irrigation, fertilization, and soil 
management under stress conditions. 
Data Collection 
Data were collected from experimental agricultural plots under both controlled and stress-
induced environmental conditions, such as drought and salinity stress. The dataset integrates 
multi-dimensional variables to capture comprehensive soil–plant interactions. 
Soil Physicochemical Properties 
Soil samples were systematically analyzed to evaluate key physicochemical properties that 
directly influence plant growth and stress tolerance. Soil pH was measured to assess its effect 
on nutrient solubility and microbial activity, while soil moisture content was recorded to 
determine water availability for plant uptake. Soil salinity was analyzed to understand its role in 
inducing osmotic stress in plants under adverse environmental conditions. The level of organic 
matter was examined as an indicator of overall soil fertility and nutrient-holding capacity. 
Additionally, the concentrations of essential macronutrients, particularly nitrogen and 
phosphorus, were quantified due to their critical role in supporting plant growth, metabolic 
processes, and resilience under environmental stress. 
Soil Microbial Indicators 
Soil biological health was assessed by analyzing key microbial indicators that reflect the 
functional status of the soil ecosystem. Microbial biomass was measured to estimate the 
overall level of microbial activity and its contribution to soil processes. The microbial diversity 
index was used to evaluate ecosystem stability and resilience, as greater diversity is associated 
with improved soil functionality under stress conditions. Additionally, soil enzyme activity was 



Vol. 04 No. 02. Oct-Dec 2025  Advance Social Science Archive Journal 

3511 | P a g e  
 

analyzed as an indicator of nutrient cycling efficiency, reflecting the ability of soil 
microorganisms to decompose organic matter and make nutrients available for plant uptake. 
Environmental Factors 
Climatic data were collected using automated weather stations to capture environmental 
conditions influencing plant growth and stress responses. The recorded parameters included 
temperature, which affects metabolic and physiological processes in plants; relative humidity, 
which influences transpiration and water-use efficiency; and rainfall patterns, which determine 
soil moisture availability and play a crucial role in plant development under varying 
environmental stress conditions. 
Plant Physiological Parameters 
Plant responses to environmental stress were quantified using key physiological indicators that 
reflect growth performance and stress tolerance. Chlorophyll content was measured to assess 
photosynthetic efficiency and the impact of stress on plant metabolism. Plant biomass was 
evaluated as an indicator of overall growth and productivity under varying environmental 
conditions. Additionally, a stress index was calculated to measure the degree of physiological 
stress experienced by plants, enabling an objective comparison of resilience across different 
stress scenarios. 
Feature Engineering 
Feature engineering was performed to enhance model performance and reduce data 
complexity. Raw variables were cleaned, standardized, and normalized to eliminate scale bias. 
Microbial diversity indices were combined with nutrient availability metrics to construct 
ecological stress indicators, which capture the interaction between soil biology and fertility. 
Redundant and highly correlated features were removed to minimize noise and improve model 
generalization. 
AI Model Development 
To predict plant stress levels and resilience scores, multiple machine learning models were 
developed and compared. 
Random Forest (RF) 
Random Forest was used due to its robustness against overfitting and its ability to handle 
nonlinear relationships. It also provides feature importance rankings, offering interpretability 
regarding key soil ecological factors. 
Support Vector Machine (SVM) 
SVM was employed for its effectiveness in high-dimensional datasets. Kernel-based learning 
enabled the model to capture complex decision boundaries between stressed and non-stressed 
plant conditions. 
Artificial Neural Network (ANN) 
ANN models were designed to learn deep nonlinear patterns among soil, environmental, and 
plant physiological data. Multiple hidden layers allowed the model to capture complex 
interactions influencing plant resilience. 
Model Training and Validation 
All models were trained using labeled datasets, and k-fold cross-validation was applied to 
ensure robustness and avoid overfitting. Hyperparameters were optimized to maximize 
predictive performance. 
Evaluation Metrics 
Model performance was evaluated using standard quantitative metrics to assess prediction 
accuracy and reliability. 
Prediction Accuracy 



Vol. 04 No. 02. Oct-Dec 2025  Advance Social Science Archive Journal 

3512 | P a g e  
 

Accuracy measures the proportion of correctly classified stress and non-stress conditions, 
providing an overall assessment of model performance. 
Precision and Recall 

• Precision evaluates the correctness of stress predictions. 
• Recall measures the model’s ability to identify actual stress conditions. 

These metrics are critical for minimizing false alarms and missed stress events. 
Mean Squared Error (MSE) 
MSE quantifies the average squared difference between predicted and actual stress levels, 
providing insight into prediction error magnitude. 
Results and Analysis 
This section presents the experimental results obtained by applying Artificial Intelligence 
models to integrated soil ecological, environmental, and plant physiological data. The 
performance of different machine learning models is evaluated, and the impact of AI-driven soil 
ecology management on plant resilience under environmental stress is analyzed. 
Performance Comparison of AI Models 
The predictive performance of Random Forest (RF), Support Vector Machine (SVM), and 
Artificial Neural Network (ANN) models was evaluated using accuracy, precision, recall, and 
mean squared error (MSE). The results demonstrate that all models effectively captured soil–
plant–environment interactions; however, ANN achieved the highest overall performance. 
Table 1 shows that ANN achieved the highest accuracy (92.4%) with the lowest prediction error 
(MSE = 0.094), indicating its superior ability to model complex nonlinear relationships. Random 
Forest also performed well and provided useful feature importance insights, while SVM showed 
comparatively lower performance due to sensitivity to parameter tuning in high-dimensional 
ecological data. 
Table 1. Performance comparison of AI models for plant stress prediction 

Model Accuracy (%) Precision (%) Recall (%) MSE 

Random 
Forest 

89.2 88.5 87.9 0.118 

SVM 85.6 84.1 83.7 0.156 

ANN 92.4 93.0 91.8 0.094 

Figure 1 visually compares the classification accuracy of the three AI models, highlighting the 
superior performance of the ANN model. 

 
Figure 1. Model accuracy comparison among RF, SVM, and ANN 
(PNG generated) 
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Importance of Soil Ecological Features 
To understand the contribution of soil ecological parameters, feature importance was analyzed 
using the Random Forest model. The results indicate that both physicochemical and biological 
soil properties significantly influence plant stress resilience. 
As shown in Table 2, soil moisture emerged as the most influential feature, followed by 
microbial diversity index and nitrogen content. This highlights the critical role of soil biological 
health and nutrient availability in enhancing plant tolerance to environmental stress. 
Feature importance ranking based on Random Forest model 

Feature Importance Score 

Soil Moisture 0.26 

Microbial Diversity 
Index 

0.21 

Nitrogen Content 0.18 

Soil Salinity 0.14 

Soil Enzyme Activity 0.12 

Temperature 0.09 

Figure 2 illustrates the relative importance of soil ecological features, emphasizing the strong 
contribution of microbial and moisture-related parameters. 

 
Figure 2. Importance of soil ecological features in stress prediction 
(PNG generated) 
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Observed vs. Predicted Plant Stress Levels 
The accuracy of the ANN model was further validated by comparing observed and predicted 
stress index values under different environmental stress conditions. 
As shown in Table 3, the predicted stress indices closely match the observed values across 
normal, drought, salinity, and combined stress scenarios. This demonstrates the robustness of 
the proposed AI-driven framework in capturing real-world stress responses. 
Table 3. Observed and predicted plant stress index under different conditions 

Stress Condition Observed Stress Index Predicted Stress Index 

Normal 0.18 0.20 

Drought 0.63 0.61 

Salinity 0.58 0.56 

Combined Stress 0.74 0.72 

Figure 3 shows the strong alignment between observed and predicted stress values, confirming 
the high predictive reliability of the ANN model. 

 
Figure 3. Observed vs. predicted plant stress index under varying stress conditions 
(PNG generated) 
Impact of AI-Guided Soil Ecology Management on Plant Growth 
The effectiveness of AI-driven decision support was evaluated by analyzing improvements in 
plant biomass under different soil management strategies. 
As shown in Table 4, integrated AI–soil ecology management resulted in the highest biomass 
improvement (27.9%), outperforming conventional practices and single-factor AI interventions 
such as nutrient or irrigation optimization alone. 
Table 4. Plant biomass improvement under different management strategies 
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Soil Management Strategy Biomass Increase (%) 

Conventional 0.0 

AI-Guided Nutrient Management 12.5 

AI-Guided Irrigation 18.2 

Integrated AI–Soil Ecology 27.9 

Discussion 
The findings highlight the importance of combining AI with soil ecology for sustainable 
agriculture. Soil microbial communities act as key mediators of plant stress tolerance, and their 
inclusion in AI models provides deeper insights into soil–plant interactions. 
The proposed framework supports precision agriculture by enabling adaptive soil management 
practices such as targeted fertilization and microbial inoculation. While the study demonstrates 
promising results, challenges remain in large-scale data collection and real-time deployment. 
Future research should focus on integrating IoT-enabled soil sensors and deep learning models 
for real-time stress monitoring. 
Conclusion 
This study presents an integrated AI–soil ecology framework to enhance plant resilience under 
environmental stress. By combining soil physicochemical properties, microbial indicators, and 
AI-based predictive modeling, the proposed approach improves stress detection accuracy and 
supports sustainable agricultural practices. The results indicate that AI-driven soil ecology 
analysis can play a vital role in climate-resilient agriculture. Future work will explore large-scale 
field validation and real-time decision-support systems for smart farming applications. 
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