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Abstract. Accurate yield forecasting is essential for sustainable agriculture and 
climate adaptation, especially in regions exposed to extreme weather conditions such as 
Central Asia. This study investigates the use of machine learning models, such as Linear 
Regression (LR), Decision Tree (DT), Random Forest (RF), and Gradient Boosting (GB), 
for predicting fruit and vegetable yields based on large-scale agroclimatic data. After 
preprocessing and feature encoding, all models achieved high accuracy (R² > 0.90), with 
LR and GB slightly outperforming RF by less than 1%. Despite this small difference, 
RF demonstrated greater robustness and interpretability, remaining stable under data 
variability and missing values. Feature-importance analysis identified rainfall as the 
dominant predictor, followed by fertilizer use and irrigation. Temperature exhibited a 
nonlinear effect on yield, with productivity plateauing above 32–34 °C, highlighting the 
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risk of heat stress in arid climates. These findings confirm that ensemble-based methods, 
particularly Random Forest, provide a practical balance between accuracy, stability, and 
explainability for climate-smart yield forecasting in real agricultural environments.
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Аннотация. Өнімділікті дәл болжау ауыл шаруашылығын тұрақты да-
мыту және климаттың өзгеруіне бейімделу үшін аса маңызды, әсіресе Орталық 
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Азия сияқты экстремалды ауа райы жағдайларына бейім өңірлерде. Бұл зерттеуде 
ауқымды агроклиматтық деректер негізінде жемістер мен көкөністердің өнімділі-
гін болжау үшін сызықтық регрессия (LR), шешімдер ағашы (DT), Random Forest 
(RF) және градиенттік бустинг (GB) сияқты машиналық оқыту модельдерін қол-
дану қарастырылады. Деректерді алдын ала өңдеу және белгілерді кодтаудан 
кейін барлық модельдер жоғары дәлдік көрсетті (R² > 0,90). Бұл ретте LR және 
GB модельдерінің нәтижелері RF моделінен 1 %-дан аз ғана көрсеткішке жоға-
ры болды. Нәтижелер арасындағы айырмашылықтың аз болғанына қарамастан, 
RF моделі жоғары тұрақтылық пен интерпретациялану мүмкіндігін көрсетті және 
деректердің өзгермелілігі мен бос мәндердің болуына қарамастан тұрақты нәти-
желерді сақтады. Белгілердің маңыздылығын талдау жауын-шашын мөлшерінің 
негізгі болжамдық фактор екенін көрсетті. Одан кейін тыңайтқыштарды қолдану 
және суару көрсеткіштері маңызды факторлар ретінде анықталды. Температура 
өнімділікке сызықтық емес әсер етеді: температура 32–34 °C-тан жоғары болған 
кезде өнімділік тұрақтанады. Бұл құрғақ климат жағдайында жылу стрессінің 
туындау қаупін көрсетеді. Алынған нәтижелер ансамбльдік әдістердің, әсіресе 
Random Forest моделінің, нақты ауыл шаруашылығы жағдайларында климаттық 
факторларды ескере отырып өнімділікті болжау кезінде дәлдік, тұрақтылық және 
түсіндірмелілік арасында практикалық тепе-теңдікті қамтамасыз ететінін көрсе-
теді.

Түйінді сөздер: өнімділікті болжау, Random Forest, агроклиматтық дерек-
тер, тұрақтылық, Орталық Азия, сызықтық емес әсерлер
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Аннотация. Точное прогнозирование урожайности имеет важное значение 
для обеспечения устойчивого развития сельского хозяйства и адаптации к кли-
матическим изменениям, особенно в регионах, подверженных экстремальным 
погодным условиям, таких как Центральная Азия. В настоящем исследовании 
рассматривается применение моделей машинного обучения, таких как линейная 
регрессия (LR), дерево решений (DT), Random Forest (RF) и градиентный бустинг 
(GB), для прогнозирования урожайности фруктов и овощей на основе крупномас-
штабных агроклиматических данных. После предварительной обработки данных 
и кодирования признаков все модели продемонстрировали высокую точность 
(R² > 0,90), при этом LR и GB незначительно превзошли RF менее чем на 1 %. 
Несмотря на небольшую разницу в показателях, модель RF продемонстрирова-
ла более высокую устойчивость и интерпретируемость, сохраняя стабильность 
при изменчивости данных и наличии пропущенных значений. Анализ важности 
признаков показал, что количество осадков является наиболее значимым предик-
тором, за которым следуют использование удобрений и орошение. Температура 
оказывает нелинейное влияние на урожайность: при температуре выше 32–34 °C 
производительность стабилизируется, что указывает на риск теплового стресса 
в засушливом климате. Полученные результаты подтверждают, что ансамблевые 
методы, в частности Random Forest, обеспечивают практический баланс между 
точностью, стабильностью и объяснимостью при прогнозировании урожайности 
с учетом климатических факторов в реальных условиях сельскохозяйственного 
производства.

Ключевые слова: прогнозирование урожайности, Random Forest, агрокли-
матические
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Грмо Р. (2026). Прогнозирование урожайности фруктов и овощей с использова-
нием random forest на основе крупномасштабных агроклиматических данных // 
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Introduction.
Agricultural production is increasingly affected by climate variability, especially 

in arid and semi-arid regions such as Central Asia. Irregular rainfall, rising temperatures, 
and frequent droughts reduce crop stability and complicate long-term planning for 
irrigation and fertilizer management. Under these conditions, reliable yield forecasting 
becomes a key component of climate-smart agriculture and food security strategies.

Traditional statistical models often fail to capture the nonlinear and multivariate 
nature of agroclimatic systems. In contrast, machine learning (ML) methods can process 
large heterogeneous datasets and identify complex relationships between environmental 
and agronomic variables. Recent studies have successfully applied ML algorithms such 
as Random Forest (RF), Gradient Boosting (GB), and neural networks to predict yields 
of cereals, fruits, and vegetables using weather, soil, and management features. However, 
most of these works emphasize numerical accuracy while overlooking model robustness, 
interpretability, and practical deployment in real-world agricultural conditions.

This study addresses these gaps by evaluating and comparing four widely used 
algorithms – Linear Regression (LR), Decision Tree (DT), Random Forest (RF), and 
Gradient Boosting (GB) on a large-scale agroclimatic dataset of fruit and vegetable 
production. The main objectives are:

1. to identify the most influential environmental factors affecting yield;
2. to quantify how temperature impacts productivity under varying climatic 

conditions;
3. to assess which model provides the best balance between accuracy, stability, 

and interpretability.
The study hypothesizes that ensemble-based models, particularly Random 

Forest, can deliver more robust and interpretable yield predictions than single-model 
approaches, effectively capturing nonlinear temperature effects that are critical for 
forecasting in climate-stressed regions.

In addition to its methodological contribution, this research also supports 
agricultural digitalization and sustainability education initiatives by demonstrating 
how interpretable AI can enhance understanding of complex agroclimatic systems. 
The proposed framework illustrates how data-driven approaches can assist in decision-
making for precision farming, encouraging the integration of machine learning into 
practical training, agronomic research, and sustainable farm management.

Literature review
Recent advances in machine learning (ML) have transformed the field of 

agricultural analytics, providing new tools for modeling complex relationships between 
environmental, soil, and management factors that influence crop productivity.
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Traditional statistical models, such as multiple regression and autoregressive 
integrated moving average (ARIMA), have long been used for yield forecasting but 
fail to capture the nonlinear and multidimensional interactions typical of agroclimatic 
systems (Ahmad et al., 2022; Kamilaris et al., 2018). With the increasing availability 
of satellite data, weather observations, and agronomic surveys, ML algorithms are 
now widely applied for data-driven yield prediction (van Klompenburg et al., 2020; 
Kuradusenge et al., 2023; Iniyan et al., 2023).

Previous studies demonstrated that decision-tree ensembles, such as Random 
Forest (RF), outperform traditional regression models, especially under conditions 
of variable climate and soil quality (van Klompenburg et al., 2020). Other research 
confirmed that RF and Gradient Boosting (GB) consistently achieve higher predictive 
accuracy for major crops compared to support vector machines and k-nearest neighbors 
(Kuradusenge et al., 2023). Recent analyses also highlighted that ensemble models 
provide stable predictions with lower error variance across seasons and diverse crop 
types (Iniyan et al., 2023).

At the same time, deep learning (DL) approaches such as convolutional and 
recurrent neural networks have gained attention for crop yield prediction from remote 
sensing data (Kamilaris et al., 2018; Javidan et al., 2023; Elavarasan et al., 2020). DL-
based methods, including long short-term memory (LSTM) architectures, can effectively 
model temporal growth patterns and achieve high predictive accuracy.

However, these models typically require large, well-curated datasets and 
extensive computational resources, which limit their practical applicability in resource-
constrained or small-scale agricultural systems (Kamilaris et al., 2018; Chandraprabha 
et al., 2020).

Beyond predictive accuracy, researchers increasingly emphasize model 
interpretability and robustness. In agricultural settings, datasets are often incomplete, 
noisy, or spatially heterogeneous, leading to uncertainty in model outputs (Prodhan 
et al., 2022; Shirsath et al., 2017). Recent studies have shown that ensemble learning 
algorithms such as RF and GB are more resilient to missing data and outliers, maintaining 
consistent performance under real-world variability (Zhang et al., 2022).

This observation aligns with previous research suggesting that explainable AI 
is essential for translating data-driven insights into actionable agricultural decisions 
(Pereira et al., 2020). Among ensemble methods, Random Forest is particularly valued for 
its feature-importance interpretation, which enables identification of key environmental 
drivers such as rainfall, temperature, and irrigation use (Lobell et al., 2023; Qiao et al., 
2023).

A growing body of work focuses on the climatic dimension of yield forecasting. 
Several studies emphasized that future predictive frameworks must account for extreme 
weather events, drought intensity, and temperature anomalies (Prodhan et al., 2022; 
Rosenzweig et al., 2021). Other analyses have demonstrated that yield exhibits a 
nonlinear response to temperature, with productivity declining sharply beyond crop-
specific thermal thresholds (Ghosh et al., 2021). Despite these findings, few investigations 
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have quantified such nonlinear effects using explainable ensemble methods or explicitly 
linked them to regional agricultural resilience.

Recent literature also highlights the importance of climate-resilient modeling 
approaches. Robust ensemble models have been shown to improve generalization under 
fluctuating weather patterns and drought-prone conditions (Lobell et al., 2023; Lin et al., 
2023). Additionally, ML applications for drought risk management continue to expand, 
yet most remain focused on grain crops, with limited attention to fruits and vegetables 
(Prasad et al., 2021).

In summary, existing research provides solid evidence that ML, particularly 
ensemble algorithms, offers high predictive power for yield forecasting under diverse 
agroclimatic conditions (van Klompenburg et al., 2020; Kuradusenge et al., 2023; 
Iniyan et al., 2023; Zhang et al., 2022; Lin et al., 2023). However, a notable research 
gap persists in assessing robustness, interpretability, and nonlinear climatic effects, 
especially temperature sensitivity, within large heterogeneous datasets.

This study addresses these gaps by conducting a comparative analysis of four 
algorithms – Linear Regression, Decision Tree, Random Forest, and Gradient Boosting, 
on a large-scale agroclimatic dataset of fruit and vegetable production. Unlike previous 
works focused solely on numerical accuracy, this research emphasizes stability 
under noise, interpretability of feature importance, and regional climatic adaptation, 
contributing new insights toward climate-smart agricultural forecasting.

Materials and methods.
Dataset description
The dataset used in this study consists of approximately 1,000,000 records 

of fruit and vegetable crop observations collected from multiple open agroclimatic 
databases and field-level sources. Each record represents a unique cultivation instance 
characterized by environmental, soil, and management variables.

The main features include:
•	 Climatic factors: average temperature (°C), total rainfall (mm), humidity 

(%), and solar radiation (W/m²);
•	 Soil characteristics: soil type (categorical), pH level, and organic matter 

content;
•	 Agronomic inputs: fertilizer usage (kg/ha), irrigation method (categorical), 

and pest control (binary);
•	 Crop attributes: crop type (fruit or vegetable), days to harvest, and geographic 

region;
•	 Target variable: observed yield (tons per hectare).
These variables were selected based on previous studies that identified their strong 

influence on agricultural productivity across different environmental and management 
conditions (van Klompenburg et al., 2020; Iniyan et al., 2023; Zhang et al., 2022; Ghosh 
et al., 2021). The dataset covers diverse agroclimatic zones, including temperate, semi-
arid, and humid regions, allowing the models to capture a wide range of climatic and 
agronomic variability. Such diversity ensures that the analysis reflects generalized yield 
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dynamics, rather than being restricted to a single geographic context (Prodhan et al., 
2022; Rosenzweig et al., 2021).

Data preprocessing
Prior to model training, all records underwent a comprehensive data-cleaning 

and preprocessing pipeline, implemented in Python using standard ML libraries. The 
following steps were performed sequentially:

1.	 Data validation and cleaning: duplicate and incomplete entries were 
removed. Missing numeric values were imputed using mean substitution, 
while categorical gaps were replaced with mode values;

2.	 Feature encoding: categorical features such as Region, Soil_Type, Crop, 
Weather_Condition, Fertilizer_Used, and Irrigation_Used were label-
encoded to integer representations for algorithm compatibility (Qiao et al., 
2023);

3.	 Normalization: continuous variables (e.g., rainfall, temperature, pH) were 
scaled using Min–Max normalization to ensure uniform feature ranges, 
improving convergence for distance-sensitive models (Kamilaris et al., 2018; 
Wu et al., 2022);

4.	 Data split: the processed dataset was randomly divided into training 
(80%) and testing (20%) subsets using a fixed random seed (42) to ensure 
reproducibility.

This standardized preprocessing ensured consistent feature scaling, minimized 
bias from missingness, and enhanced model comparability across different algorithms.

Model selection
Four representative algorithms were selected for comparison, representing both 

linear and nonlinear paradigms:
•	 Linear Regression (LR): a baseline parametric model assuming a linear 

relationship between predictors and yield (Ahmad et al., 2022);
•	 Decision Tree (DT): a simple tree-based model that recursively splits data 

based on information gain but is prone to overfitting (van Klompenburg et 
al., 2020);

•	 Random Forest (RF): an ensemble of decision trees using bootstrap 
aggregation (bagging) to improve generalization and reduce variance 
(Kuradusenge et al., 2023; Iniyan et al., 2023);

•	 Gradient Boosting (GB): an ensemble method that sequentially builds trees 
to minimize residual errors, providing high predictive accuracy but higher 
computational cost (Qiao et al., 2023).

Hyperparameters for each model were tuned through grid search with 5-fold 
cross-validation. For RF and GB, the number of estimators was varied between 100–
300, and tree depth was limited to 30 to prevent overfitting. All models were trained 
using the Scikit-learn framework in Python.

Evaluation metrics
Model performance was assessed using three standard statistical metrics:
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                                                                  (1)

                                                                             (2)            

                                                          (3)

where ​ and  ​ denote the observed and predicted yields, respectively.
•	 R² (Coefficient of Determination) measures the proportion of variance 

explained by the model;
•	 MAE (Mean Absolute Error) reflects average prediction deviation in tons/ha;
•	 RMSE (Root Mean Square Error) penalizes larger deviations more heavily, 

capturing model stability.
Additionally, feature importance analysis was performed for the RF model 

to identify dominant predictors. This interpretive step is crucial for agricultural 
applications, allowing stakeholders to understand which climatic or management factors 
most influence yield outcomes (Lobell et al., 2023; Pereira et al., 2020).

Workflow overview
The workflow of this study follows a standard sequence commonly used in machine 

learning–based agricultural analytics (van Klompenburg et al., 2020; Iniyan et al., 2023; 
Lin et al., 2023). The process begins with data collection from multiple agroclimatic 
sources, followed by data cleaning and preprocessing to remove inconsistencies and 
handle missing values.

Next, categorical features are label-encoded, and numerical attributes are 
normalized to ensure uniform scales. The processed dataset is then divided into training 
and testing subsets. Four models – Linear Regression, Decision Tree, Random Forest, 
and Gradient Boosting – are trained and optimized using grid search with cross-validation 
to ensure fairness and reproducibility.

Model performance is evaluated using three standard statistical metrics: R², 
MAE, and RMSE. Finally, feature importance analysis (performed on the Random Forest 
model) identifies the dominant agroclimatic factors influencing yield outcomes. This 
pipeline ensures consistent preprocessing, reproducible experiments, and interpretable 
results, supporting the study’s goal of achieving robust and explainable yield forecasting.

Results and discussion.
Model performance comparison
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Table 1. Comparative performance of ML models for yield forecasting
Model R² MAE RMSE
Linear Regression 0.914 0.398 0.499
Gradient Boosting 0.913 0.400 0.501
Random Forest 0.908 0.413 0.517
Decision Tree 0.817 0.581 0.727

Table 1 summarizes the performance of the four tested models – Linear Regression 
(LR), Decision Tree (DT), Random Forest (RF), and Gradient Boosting (GB) – based on 
the evaluation metrics R², MAE, and RMSE.

All models, except DT, achieved high predictive accuracy with R² values 
exceeding 0.90. The difference between LR/GB and RF was less than 1%, confirming 
that ensemble models can perform comparably to linear ones in large-scale yield 
forecasting. However, the Decision Tree baseline underperformed due to its limited 
generalization and sensitivity to overfitting, validating the need for ensemble approaches 
(van Klompenburg et al., 2020; Iniyan et al., 2023; Zhang et al., 2022).

Although LR achieved the slightly highest R² (0.914), it assumes linear 
dependencies between yield and predictors, which may not hold under nonlinear 
agroclimatic interactions. In contrast, RF and GB captured complex relationships 
without such assumptions, maintaining lower error variance and more stable MAE/
RMSE across folds. This finding aligns with results from prior ensemble-learning 
studies in crop modeling (Prodhan et al., 2022; Qiao et al., 2023; Lin et al., 2023).

Feature importance analysis
The Random Forest model provides valuable interpretability through its feature 

importance ranking (Figure 1).
The analysis reveals that rainfall is the dominant factor affecting yield (importance 

≈ 0.62), followed by fertilizer usage (0.21) and irrigation (0.14). Temperature, days to 
harvest, and soil type contributed less directly but still affected model stability.

This hierarchy corresponds with agronomic knowledge that water availability 
(via rainfall and irrigation) and nutrient input are the most decisive factors for crop 
productivity (Elavarasan et al., 2020; Shirsath et al., 2017; Rosenzweig et al., 2021). 
Such interpretability reinforces RF’s suitability for climate-smart decision support, as 
it highlights actionable variables for farmers and policymakers rather than providing 
black-box outputs.

Temperature sensitivity and nonlinear effects
Temperature is one of the most influential climatic variables affecting crop 

growth and yield formation. The relationship between temperature and yield in this 
study revealed a distinctly nonlinear behavior, consistent with findings from previous 
agroclimatic analyses (Lobell et al., 2023; Rosenzweig et al., 2021; Ghosh et al., 2021).

Figure 2 presents the scatter plot of observed yields versus temperature, showing 
that yield values remain relatively stable between 20 °C and 30 °C but start to plateau 
above approximately 32–34 °C, indicating a thermal saturation threshold. Beyond this 
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point, additional temperature increases do not translate into higher productivity and may 
even reduce yields due to heat stress and evapotranspiration losses.

Fig. 1. Feature importance of Random Forest model.

Fig. 2. Yield vs. Temperature (scatter plot).

To further investigate this relationship, the dataset was divided into temperature 
bins, and the average yield within each range was computed (Figure 3). The results show 
a gradual increase in average yield from around 4.4 tons/ha at lower temperature ranges 
(15–20 °C) to nearly 4.9 tons/ha near 35 °C. However, after reaching this level, yield 
growth stagnates, confirming the presence of diminishing returns under excessive heat. 
This finding aligns with the physiological understanding that most crop species exhibit 
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an optimal thermal window for photosynthesis and biomass accumulation (Rosenzweig 
et al., 2021; Ghosh et al., 2021).

Fig. 3. Average yield vs. Temperature range.

The Random Forest model successfully captured this nonlinear trend, 
demonstrating its advantage over linear models, which assume a constant rate of change 
and therefore underestimate yield variability at higher temperature ranges. This outcome 
confirms that ensemble-based approaches are more suitable for climate-sensitive yield 
forecasting, as they adapt to complex interactions between climatic and agronomic 
variables (van Klompenburg et al., 2020; Lin et al., 2023).

While temperature clearly exhibits a nonlinear effect on yield across the dataset, 
the regional distribution of temperature may differ less significantly. To verify this, a 
regional temperature analysis was conducted to determine whether spatial variations in 
thermal conditions contribute meaningfully to yield differences across locations.

Regional temperature variability
To evaluate the spatial consistency of climatic conditions across the study area, 

the temperature distribution by region was analyzed (Figure 4).

Fig. 4. Temperature distribution by region.
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The boxplots reveal that all four regions share similar temperature profiles, with 
median values ranging from 26 °C to 29 °C and overlapping interquartile ranges. This 
indicates that, although temperature plays a critical role in overall yield formation, its 
spatial variation within the dataset is minimal. Therefore, interregional yield differences 
are more likely driven by non-climatic and management factors, such as rainfall, 
fertilizer use, and irrigation intensity, rather than by temperature disparities (Prodhan et 
al., 2022; Zhang et al., 2022; Lin et al., 2023).

This finding complements the results of the feature importance analysis (Figure 
1), which identified rainfall and fertilizer application as dominant predictors of yield 
variability. When temperature remains relatively uniform across regions, the observed 
variation in productivity more accurately reflects differences in agronomic practices 
and water availability. Consequently, the Random Forest model’s robustness and 
interpretability are reinforced, as it captures true underlying drivers of yield rather than 
being confounded by uniform climatic variables.

Discussion and interpretation
The comparative results demonstrate that all tested models achieved high 

predictive accuracy, with R² values exceeding 0.90 for the top three approaches (Linear 
Regression, Gradient Boosting, and Random Forest). Although Linear Regression (R² 
= 0.914) and Gradient Boosting (R² = 0.913) slightly outperformed Random Forest (R² 
= 0.908) in terms of numerical accuracy, the difference was marginal, less than 1%, and 
therefore not practically significant.

These results confirm that ensemble-based methods, such as Random Forest, 
provide a strong balance between accuracy, stability, and interpretability, which is 
essential for real-world agricultural forecasting (van Klompenburg et al., 2020; Iniyan 
et al., 2023; Qiao et al., 2023).

From an operational standpoint, Random Forest proved to be the most robust 
model, maintaining stable performance despite the heterogeneous nature of the dataset. 
Its bagging mechanism reduces variance and prevents overfitting, ensuring reliable 
predictions even in the presence of missing values or noisy data – a common challenge 
in agricultural and environmental datasets (Zhang et al., 2022; Lin et al., 2023). This 
robustness makes RF particularly suitable for deployment in yield monitoring systems, 
where data completeness and quality cannot always be guaranteed.

In terms of explainability, Random Forest provided interpretable feature 
importance rankings (Figure 1), which revealed that rainfall, fertilizer use, and 
irrigation are the dominant drivers of yield variation. This finding aligns with agronomic 
understanding that water and nutrient management play central roles in crop productivity 
(Shirsath et al., 2017; Rosenzweig et al., 2021).

By contrast, temperature, although globally influential, was relatively uniform 
across regions (Figure 4) and thus contributed less to regional variability. This supports 
the conclusion that management-related factors rather than macroclimatic differences 
are the main determinants of yield variation in this dataset. The nonlinear temperature-
yield relationship identified in Section 4.3 further emphasizes the flexibility of ensemble 
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methods.
Linear models such as LR fail to capture the thermal saturation effect observed 

above ~32–34 °C, while Random Forest and Gradient Boosting effectively model these 
nonlinear interactions without prior assumptions about the data distribution (Lobell et 
al., 2023; Ghosh et al., 2021). Such adaptability is crucial for climate-sensitive yield 
forecasting, where multiple interacting factors, such as climatic, soil-related, and 
managerial, jointly determine crop outcomes.

Overall, the results highlight that Random Forest offers the best trade-off among 
all evaluated models:

•	 its accuracy is close to the top-performing algorithms;
•	 its robustness makes it resistant to imperfect data; and
•	 its interpretability provides actionable insights for agricultural management.
These characteristics make it a practical, explainable, and scalable solution for 

integrating machine learning into decision-support systems for sustainable and climate-
resilient agriculture.

Conclusion.
This study presented a comprehensive comparative analysis of four machine 

learning algorithms – Linear Regression (LR), Decision Tree (DT), Random Forest (RF), 
and Gradient Boosting (GB) – for predicting fruit and vegetable yields using large-scale 
agroclimatic data. The results showed that all models achieved high predictive accuracy 
(R² > 0.90), with LR and GB performing slightly better than RF by less than one percent.

However, Random Forest demonstrated the best balance between predictive 
accuracy, robustness, and interpretability, which is critical for real-world yield 
forecasting applications. Feature importance analysis revealed that rainfall, fertilizer 
use, and irrigation are the most influential factors affecting yield, while temperature, 
although globally significant, exhibited limited spatial variation within the dataset. The 
observed nonlinear temperature–yield relationship confirmed that ensemble models 
capture complex agroclimatic interactions more effectively than linear approaches. 
These findings collectively highlight Random Forest as a reliable and explainable tool 
for yield forecasting under diverse environmental and management conditions.

The main contributions of this study are threefold:
1.	 The development of a standardized machine learning framework for large-

scale yield modeling;
2.	 The demonstration of Random Forest’s resilience to data noise and 

missingness; and
3.	 The interpretation of climatic and management factors driving yield 

variability.
Together, these results contribute to advancing explainable and climate-aware 

agricultural analytics.
For future work, the integration of spatiotemporal and remote sensing data (e.g., 

NDVI, soil moisture, and drought indices) could enhance model generalization and 
regional adaptation.
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Additionally, incorporating time-series and crop growth dynamics would enable 
seasonal yield forecasting and support precision agriculture practices. Expanding the 
study to other geographic regions and crop types could further validate the model’s 
robustness and scalability. Ultimately, the proposed framework provides a strong 
foundation for developing climate-resilient, data-driven decision-support systems in 
modern agriculture.
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