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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 (R? > 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.

Keywords: Yield forecasting, Random Forest, agroclimatic data, robustness,
Central Asia, nonlinear effects
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AHHOTAaNUsA. OHIMAUTIKTI Ao OoJDKay aybul IIApyallbUIBIFBIH TYPAKTHI J1a-
MBITY JKOHE KJIMMATTBIH e3repyiHe OeiiMeny YIIiH aca MaHbI3/bl, acipece Oprasbik
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A3l CHSKTBI DKCTpEMAJIJIbI aya paiibl JKaFaainapeiHa Oeitim eHipiepae. by seprreyae
ayKbIMIbl arpOKJIMMATTHIK IEPEKTEP HETi31H/1e )KeMICTep MEH KOKOHICTEPIIH OHIMI1Ti-
rig 6ospkay yiriH ceBBIKTHIK perpeccus (LR), memrimuep aramst (DT), Random Forest
(RF) sxone rpaguentTik Oyctunr (GB) cHAKTBI MalIMHAIBIK OKBITY MOJEIbICPIH KO-
JaHy KapacTeIpbuTanbl. Jlepekrepli aiablH aja eHJey XKoHe Oenriiepai KoAaTaydaH
KeiiH OapibIK Mozenbaep skorapsl qanaik kepcetti (R* > 0,90). by perre LR xone
GB monensaepiniy HoTmkenepi RF moneninen 1 %-naH a3 raHa KOPCETKIIIKE YKOFa-
pbl Oonnel. HoTrokenep apachiHAarsl ailbIpMaIIbUIBIKTBIH a3 OOJIFaHbIHA KapaMacTaH,
RF mozeni sxoFapbl TYPaKTBUIBIK TIEH HHTEPIIPETALMSIIaAHY MYMKIH/ITH KOPCETTI JKoHE
JIepEKTEePAiH ©3repMeNiiri MeH 60c MOHAEP/AiH O0MybIHa KapaMacTaH TYPaKThl HOTH-
KeTepAl cakTanbl. benrinepiH MaHbBI3ABUIBIFBIH TaJay >KaybIH-IIAIIBIH MOJIIePiHIH
HeTi3r1 0omKamMabIK (akTop ekeHiH KepceTTi. OnaH KeiliH TRIHAUTKBIIITAPIbI KOJIIaHy
KOHE Cyapy KOpCEeTKIIITepi MaHbI3IbI (pakTopiap peTiHae aHbIKTaIAbl. Temmeparypa
OHIMJIITIIKKE CBI3BIKTHIK eMec acep erei: Temneparypa 32—34 °C-taH xorapbl OoiFaH
Ke3Jle OHIMJAUIIK TypakTaHaJbpl. byl Kyprak KiIMMaT >KarJaiblHAa KbULy CTPECCIHIH
TyBIHJAY KayMiH KepceTeai. AJIBIHFaH HOTIIKENep aHCcaMOJNbIIK SIICTEpIiH, acipece
Random Forest MozeniHiH, HAKTHI aybll MIAPYalIbUIBIFEI KaFAalIapblHIa KIUMATTHIK
(bakTopiapabl ecKkepe OTHIPBIT OHIMAUTIKTI O0IKay Ke31HIEe AMIK, TYPAKTHUIBIK KOHE
TYCIHIIPMEINITIIK apacklHAa MPAKTUKAJIBIK TeTe-TeHIIKTI KaMTaMachl3 €TETiHIH Kepce-
Tei.

Tyiiinai ce3nep: enimainikri 6omkay, Random Forest, arpokanMaTThIK 1epek-
Tep, TYPaKTbUIBIK, OpTanbIK A3us, CHI3BIKTHIK EMEC dcepIep
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AnHoTanus. ToyHOE NIPOTHO3UPOBAHUE YPOKANHOCTH UMEET BAXKHOE 3HAUCHHE
Uit oOecrieueH sl YCTOWYMBOTO PAa3BUTHUS CEIBCKOTO XO3SHCTBA M aJanTalud K KIU-
MaTU4YeCKUM H3MEHEHHUSM, OCOOCHHO B PETHMOHAX, IMOJBEPKEHHBIX 3KCTPEMaIbHBIM
MOTOJIHBIM YCIIOBUSIM, TakuxX Kak LleHTpanbHas Asus. B HacTosiieMm uccieroBaHUU
paccMaTpuBaeTcs NpUMEHEHNE MOJIeIeld MATMHHOTO OOY4YeHUs], TAKUX KaK JIMHEHHas
perpeccus (LR), nepeso pemenuii (DT), Random Forest (RF) u rpaguenTHbIii OycTHHT
(GB), nist mporHo3upoBaHUs YpOKaWHOCTH (PPYKTOB M OBOIIIEH Ha OCHOBE KPYITHOMAC-
MTa0HBIX arpOKIMMATHYeCKUX JaHHbIX. [locie mpenBapuTenbHOM 00paboTKH TaHHBIX
U KOAMPOBAHMS MPHU3HAKOB BCE MOJENIN IPOJEMOHCTPUPOBAIN BBICOKYIO TOYHOCTb
(R*> 0,90), npu atom LR u GB He3nauutensHO npes3ounuiu RF menee uem Ha 1 %.
Hecmotps Ha HeOonblIyI0 pa3HMIly B MOKaszarensx, Moaenb RF mponemoncTpupoBa-
na Goyiee BBICOKYIO YCTOMYMBOCTH M HMHTEPIPETUPYEMOCTh, COXpaHssl CTaOMIBHOCTD
IIPU U3MEHYUBOCTH JAHHBIX U HAJIMYUU MPOMYLICHHBIX 3HAYEHUN. AHAJIN3 Ba)KHOCTH
MIPU3HAKOB TTOKA3aJ, YTO KOJIMYECTBO OCAJIKOB SIBIISICTCS] HANOOJIEe 3HAYNMBIM TTPEIHK-
TOPOM, 32 KOTOPBIM CJIEAYIOT HCIIOJb30BaHKE yNOOpeHHui U oporieHue. Temmeparypa
OKa3bIBAET HEJIMHEWHOE BIUSIHHUE HA YPOXKANHOCTH: MpU Temiieparype Boiiie 32-34 °C
IIPOU3BOAUTEIBLHOCTh CTAOMIIM3UPYETCS, YTO YKa3bIBAET HA PUCK TEIIOBOIO CTpecca
B 3aCyILIMBOM Kiumare. [lomydeHHbIe pe3yiasTaThl MOATBEPIKIAIOT, YTO aHCAMOJIEBbIC
MeTonbl, B yacTHOCTH Random Forest, oGecrnieunBaroT mpakTUYecKHii Oamanc MExIy
TOYHOCTBIO, CTAOMIIBHOCTBIO U OOBSICHUMOCTBIO TIPU MTPOTHO3UPOBAHUN YPOXKAHHOCTH
C yYETOM KJIMMaTHYECKUX (PaKTOPOB B PEATBHBIX YCIOBHSX CEIbCKOXO3SHCTBEHHOTO
IIPOU3BOCTBA.

KiroueBble cjioBa: mporHo3upoBanue ypoxaitnoct, Random Forest, arpokiu-
MaTH4YECKHE

Jas uutuposanusi: Hypranuesa C., Centkanuen K., Caxunos A., Kamu M.,
I'pmo P. (2026). IIporaozupoBaHue ypoKaitHOCTH (PYKTOB M OBOIIEH C MCIOIb30Ba-
HueMm random forest Ha OCHOBE KPyIMHOMACHITAOHBIX arpOKIMMATHYECKUX TaHHBIX //
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MexayHapoaHbIi KypHall HHPOPMAIIMOHHBIX U KOMMYHHKAIIMOHHBIX TeXHOMOTH. T.
7. No. 25. Crp. 339-354. https://doi.org/10.54309/1JICT.2026.25.1.020. (Ha asr.).

KoHdumKT nHTEepecoB: aBTOPHI 3asBISIIOT 00 OTCYTCTBUH KOH(IUKTa UHTEPE-
COB.

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 Al 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 Al
is essential for translating data-driven insights into actionable agricultural decisions
(Pereiraetal.,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 etal., 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/m?);

» 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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where and denote the observed and predicted yields, respectively.

* R? (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 inmachine
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: R?,
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 R? 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 R?, MAE, and RMSE.

All models, except DT, achieved high predictive accuracy with R? 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 R? (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.
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Fig. 1. Feature importance of Random Forest model.
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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).
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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).
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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 R? values exceeding 0.90 for the top three approaches (Linear
Regression, Gradient Boosting, and Random Forest). Although Linear Regression (R?
= 0.914) and Gradient Boosting (R? = 0.913) slightly outperformed Random Forest (R?
=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
(R?>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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