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ABSTRACT

The detection methods used to identify crop diseases require both accuracy and speed because they
play a vital role in achieving better crop yields and sustainable agricultural practices. This study
conducts an extensive assessment of six optimization algorithms, which include AdamWw, Adam,
Stochastic Gradient Descent (SGD), Adagrad, RMSprop, and SophiaG, to evaluate their
performance within the Multi-Axis Vision Transformer framework for classifying tomato leaf
diseases. In this study, a subset of the PlantVillage dataset was employed for model training and
evaluation. The experiments were conducted in PyTorch on Google Colaboratory with NVIDIA
Tesla T4 GPU acceleration. The MaxViT-Tiny model used pretrained ImageNet-1k weights to
establish its initial state, which developers used to train the model through different optimizers with
fixed hyperparameters. Model performance was evaluated using F1-score, precision, recall, and
accuracy metrics calculated with scikit-learn, along with confusion matrix analysis and
convergence curve visualization. AdamW achieved the best performance results among all tested
optimizers because it reached an F1 Score and Recall combined with an overall accuracy of
99.89%. SophiaG and Adam achieved similar results, while Adagrad showed the least classification
success with 98.32% accuracy, which demonstrated how standard adaptive optimizers fail to
manage high-dimensional visual tasks in controlled environments. The results demonstrate that
advanced optimization techniques enable technological progress in agricultural smart systems and
deep learning capabilities used for plant disease research, which depends on transformer models.
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diseases
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1. INTRODUCTION
Global food security is increasingly threatened by the combined impacts of pollinator decline,

changing climatic conditions, and the widespread occurrence of plant diseases (Amin et al., 2022).
Plant diseases represent one of the major constraints to agricultural productivity, causing substantial
yield losses, economic damage, and disruptions in food supply chains worldwide (Barman et al.,
2024; Javidan et al., 2025; Krishna et al., 2025; Lee & Lee, 2025; W. Liu & Zhang, 2025; Upadhyay
et al., 2025). Consequently, the development of rapid, accurate, and automated disease detection
systems has become a critical component of sustainable agricultural production and precision
agriculture.

Tomato (Solanum lycopersicum L.), a member of the Solanaceae family, is among the most
economically important vegetable crops cultivated worldwide (Collins et al., 2022; Panno et al.,
2021). The world recognizes tomatoes as one of the most popular crops because their diverse culinary
applications and their high nutritional value make them valuable worldwide as a food source
(Agarwal et al., 2020; Sakkarvarthi et al., 2022). However, tomato production is severely affected by
numerous fungal, bacterial, viral, and pest-related diseases, resulting in considerable reductions in
yield and quality (J. Liu & Wang, 2020; Shanthi et al., 2024). Conventional disease diagnosis methods
rely heavily on visual inspection and laboratory-based analyses, which are often labor-intensive, time-
consuming, and susceptible to human error (Chitta et al., 2024; Fraiwan et al., 2022; Ghosh et al.,
2025; Wang et al., 2025; Zhu et al., 2024).

Recent advances in artificial intelligence (Al) and deep learning (DL) have transformed plant disease
diagnosis by enabling automated, rapid, and highly accurate disease detection systems (Colucci et al.,
2025; Das et al., 2024; El Sakka et al., 2024; Hamid et al., 2025; Ouamane et al., 2025; Qin et al.,
2025; Wang et al., 2025). Early studies predominantly employed convolutional neural networks
(CNNs) for plant disease classification. For example, Zhang et al. (2018) evaluated AlexNet,
GoogLeNet, and ResNet architectures and reported that ResNet optimized using SGD achieved a
classification accuracy of 97.28% for tomato leaf disease identification. Similarly, Liu and Wang
(2020) developed a YOLOv3-based framework that improved disease detection accuracy and speed
under real-world conditions through optimized feature extraction and multi-scale image analysis.

More recently, transformer-based architectures have demonstrated superior performance in
agricultural image classification because of their ability to model both local and global feature
relationships. Hossain et al. (2023) compared several transformer architectures, including MaxViT,
EANet, CCT, and PVT, and reported that MaxViT achieved the highest classification accuracy when
trained with the AdamW optimizer. Likewise, Nishankar et al. (2025) introduced the ViT-RoT
benchmarking framework and demonstrated that transformer-based models such as ConvNeXt-Small
and Swin-Small exhibited high classification accuracy and robustness using AdamW optimization.
Hybrid architectures have also shown promising results. Tiwari et al. (2024) proposed a Vision
Transformer—Deep Neural Network framework optimized with Adam and achieved a classification
accuracy of 99.74%, while Ghosh et al. (2025) integrated Swin Transformer, ViT, and EfficientNetV2
models and reported approximately 98% classification accuracy under diverse environmental
conditions using AdamW.

Despite the rapid advancement of deep learning architectures, model performance depends not only
on network design but also on the optimization strategy employed during training. Optimization
algorithms directly influence convergence speed, training stability, computational efficiency, and
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model generalization. Adam Kingma & Ba (2015) has become one of the most widely used optimizers
because of its adaptive learning-rate mechanism based on first- and second-order moment estimation.
Several studies have reported that Adam frequently outperforms traditional optimization methods
such as SGD and RMSprop in terms of convergence speed and training stability (Osmenaj et al.,
2025; Thangaraj et al., 2021). AdamW extends Adam by decoupling weight decay from gradient
updates, thereby improving regularization and generalization performance, particularly in
transformer-based architectures (Ghosh et al., 2025; Hossain et al., 2023; Nishankar et al., 2025; Shen
etal., 2025).

Recently, Liu et al. (2024) proposed Sophia, a scalable second-order optimization algorithm that
utilizes a stochastic diagonal Hessian approximation and gradient clipping mechanism to accelerate
convergence while maintaining computational efficiency. Sophia demonstrated promising results in
large-scale deep learning applications by reducing training costs and convergence time. However,
despite its potential advantages, its application in agricultural image classification and plant disease
detection remains largely unexplored.

Although previous studies have reported promising results using CNN-based, transformer-based, and
hybrid architectures, most investigations have primarily focused on model development while
employing a single optimization algorithm. Existing studies rarely perform systematic comparisons
of multiple optimization strategies under identical experimental conditions. Furthermore, the
effectiveness of recently proposed optimizers such as SophiaG within transformer-based plant disease
classification frameworks has not been comprehensively investigated. Therefore, a significant
research gap remains regarding the comparative impact of different optimization algorithms on the
performance and convergence behavior of transformer-based models for agricultural disease
detection. To address this gap, the present study systematically evaluates six optimization algorithms,
namely Adam, AdamW, SGD, RMSprop, Adagrad, and SophiaG, using the Multi-Axis Vision
Transformer (MaxViT) architecture for tomato leaf disease classification. The study investigates their
influence on classification accuracy, convergence characteristics, and training efficiency to identify
the most effective optimization strategy for Al-driven disease diagnosis in precision agriculture.

2. MATERIALS AND METHODS

2.1. Dataset and Preprocessing

The PlantVillage Tomato Leaf Disease Dataset served as the dataset for this research. Multiple
research studies have utilized this dataset to create automated systems that detect crop leaf diseases
using deep learning methods (Dai et al., 2023; Mohameth et al., 2020; Mohanty et al., 2016; Too et
al., 2019; Ullah et al., 2023). The researchers found that CNN-based and transfer learning models
proved effective on this dataset. The dataset contains 22,930 labeled RGB images of tomato leaves,
which researchers organized into 10 classes that include healthy leaves and nine different diseases.
The dataset was split into two parts that included 18,345 images for training, which represented
approximately 80% of the dataset, and 4,585 images for validation, which formed about 20% of the
dataset. The original images came from controlled environments that used standard lighting and a
consistent background. The images had a standard resolution of 256x256 pixels, which produced
minimal background noise and consistent visual conditions (Mohanty et al., 2016). The preprocessing
required all images to be resized to 224x224 pixels for use as input to the MaxViT model, as
illustrated in Figure 1.
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Figure 1. Tomato leaf images are processed through a deep neural network to classify conditions

During training, several preprocessing and data augmentation techniques were applied to improve
model generalization and reduce overfitting. Specifically, random horizontal flipping with a
probability of 0.5 and random image rotation within £10° were employed. No augmentation was
applied to the validation dataset to ensure unbiased performance evaluation. Subsequently, all images
were converted into tensors and normalized using the standard ImageNet normalization statistics with
channel-wise mean values of (0.485, 0.456, 0.406) and standard deviation values of (0.229, 0.224,
0.225). These normalization parameters are consistent with the pretrained MaxViT model and
facilitate efficient transfer learning by preserving the feature distribution learned from the ImageNet
dataset. The processed images were loaded using the PyTorch ImageFolder interface. During training,
batches of 32 images were randomly shuffled at each epoch to improve stochastic optimization,
whereas the validation dataset was evaluated without shuffling to ensure consistent performance
assessment. The methodological workflow of the research is seen in Figure 2.
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Figure 2. Methodological Framework for Tomato Leaf Disease Classification using MaxViT via various optimizers.

2.2. Model Architecture and Experimental Setup

The MaxViT-Tiny model functions as the base model architecture because it represents a top-level
hierarchical vision transformer system which utilizes multiple attention systems. This model
combines both local and global attention mechanisms, which enable it to identify plant leaf disease
symptoms that appear in different sizes and patterns. The model was initialized with pretrained
weights from the ImageNet-1k dataset, which were obtained through the timm library. The model's
final classification head was changed when its adaptive average pooling layer was replaced by a fully
connected linear classifier. The model was trained for 10 epochs using a batch size of 32 through the
CrossEntropyLoss function, which utilized a learning rate of 1le-4 and a weight decay of 1e-5 for
regularization purposes. The model was fully fine-tuned, as all 28.5 million parameters were trainable
with no frozen layers. The original classification head of the pretrained MaxViT model was replaced
with an Adaptive Average Pooling layer followed by a fully connected linear layer containing 10
output neurons corresponding to the ten tomato leaf disease classes. All experiments were
implemented using the PyTorch framework on the Google Colaboratory platform, utilizing an
NVIDIA Tesla T4 GPU for computational acceleration. The current setup mirrors recent research
studies, which include Google Colaboratory and Tesla T4 GPU systems to train deep learning models
for plant disease classification and detection (Jain et al., 2022; Jaiswal et al., 2024).

2.3. Optimizer Implementations

The research evaluated optimization strategies by testing six different optimizers, which included
AdamW, Adam, SGD, Adagrad, RMSprop, and SophiaG, as summarized in Table 1. The AdamW
optimization method functions as an Adam optimizer variant that separates weight decay from
gradient updates to enhance its regularization capabilities. The Adaptive Moment Estimation
algorithm computes dynamic learning rates that depend on both the first and second gradient moment
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values to optimize performance across diverse tasks. The oldest optimizer in existence, SGD, uses
momentum as a method to speed up the process of reaching convergence. Adagrad uses learning rate
adjustment based on how often parameters get updated, while RMSprop uses a moving average of
previous gradients to handle problems that change over time. SophiaG functions as a new
optimization method that uses second-order optimization through a stochastic Hessian approximation
and implements a cosine learning rate schedule.

Table 1 summarizes the hyperparameter settings used to ensure a fair comparison among the evaluated optimizers.

Optimizer  Learning Weight Momentum Rho LR Scheduler Other Settings

Rate Decay
AdamW I1x107* 1x1075 - - None PyTorch default parameters
Adam 1x107* 1x1075 - - None PyTorch default parameters
SGD 1x1072 1x10°3 0.9 - None Nesterov=False (default)
RMSprop 1x107* 1x1073 default - None Centered=False (default)
Adagrad 1x1072 1x1073 - - None Initial accumulator=0
SophiaG 1x107 1x1073 - 0.01 CosineAnnealingLR Hessian update every 50

(Tmax=10) iterations

The evaluation of each optimizer involved measuring its effects on training dynamics through three
specific metrics, which included convergence speed, stability, and final performance metrics, which
measured accuracy, precision, recall, and F1 score. Previous work by Thangaraj et al. (2021)
successfully applied Adam, SGD, and RMSprop in tomato leaf disease classification using CNNSs.
We performed additional optimization tests for the MaxViT architecture by assessing both traditional
optimization methods and their modern optimization counterparts. The complete implementation of
the Multi-Axis Vision Transformer model and the optimizer comparison experiments are publicly
available for reproducibility on the GitHub* repository.

Prior studies successfully applied Adam, SGD, and RMSprop optimizers in tomato leaf disease
classification using CNNSs. Inspired by this, we expanded the optimizer comparison within the
MaxViT architecture to include both conventional and advanced optimizers. The complete
implementation of the Multi-Axis Vision Transformer model and the optimizer comparison
experiments are publicly available for reproducibility at the repository.

2.4. Evaluation Metrics
The evaluation of model performance used multiple statistical metrics, which included F1 Score,
Precision, Recall, and overall Accuracy, to assess the validation dataset. The scikit-learn library was
used to calculate these metrics. The researchers used a normalized confusion matrix to study how
different classes were incorrectly identified. Training and validation accuracy curves were generated
for all epochs to analyze model convergence behavior. The model achieving the best performance for
each optimizer was selected and retained for further comparative analysis. The evaluation system
used Precision and Recall together with another measurement index after providing formulas for each
measurement requirement, which follows:

(1) Categorical Accuracy = Number of Correct Predictions / Total Number of Predictions

(2) Precision=TP/(TP+FP)

(3) Recall=TP/(TP+FN)

(4) F1-Score= (2 x (Precision x Recall)) / ((Precision + Recall))

TP: True Positives; FP: False Positives; and FN: False Negatives.

L https://github.com/RafiullahRafi/TomatoLeaf Disease MultiAxisViT Optimizers
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3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Performance evaluation.

The comparative evaluation of various optimization algorithms demonstrates that different algorithms
produce distinct results when applied to the Multi-Axis Vision Transformer (MaxViT) deep learning
model, which detects tomato leaf diseases. AmadW outperforms all other algorithms by achieving
the highest results across every measurement category because it attained an F1 score of 0.9989 and
recall and precision scores that matched this achievement, and it showed superior performance during
training sessions that lasted for multiple epochs, as demonstrated in Figure 3. The optimizer proved
to be the best choice for this field because it showed better generalization, faster convergence, and
greater system resilience according to test results, while SophiaG provided similar results through its
0.9982 performance across three essential evaluation standards. Adam successfully maintained a
high-performance level with a 0.9970 score while RMSprop achieved a 0.9961 score, yet both these
optimizers fell short of reaching the top two performance levels. Traditional optimization methods,
such as SGD and Adagrad, display lower performance levels when compared to contemporary
optimization techniques. Adagrad records the lowest performance across all evaluation categories as
it achieved an F1 score of 0.9832 and reached an overall accuracy of 98%, which represents its best
performance.
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Figure 3. The MaxViT model training and validation accuracy using different optimization algorithms (a) AdamWw, (b)
SophiaG, (c) Adam, (d) RMSprop, (e) SGD, and (f) Adagrad across training epochs.

The adaptive gradient techniques which developed before modern times become ineffective when
they attempt to analyze intricate plant disease detection systems, which require analysis of high-
dimensional image data. Modern adaptive optimizers, including AdamW and SophiaG, demonstrate
higher performance levels when applied to deep transformer-based models, which include multi-axis
vision transformer, because these optimizers deliver better results in high-accuracy requirements of
smart agriculture systems, precision agricultural practices, and plant pathology diagnostic processes.
Figure 4 illustrates the six different optimizers perform when testing tomato leaf diseases through
their metric heatmap assessment, which the MaxViT-Tiny model uses for classification.

7



Rafi et al. 2026 Afghan Agricultural Sciences Journal, 1(1), 1-14

Optimizer vs Metrics Heatmap

AdamW 0.9989 0.9989 0.9989 Raici
- 0.996
SophiaG 0.9982 0.9982 0.9982
0.994
3 . :
g Adam 0.9970 0.9970 0.9970 6
= =
& RMSprop 0.9961 0.9961 0.9961 Bt
0.988
SGD
| 0.986
0.984

Fl Score Recall Precision
Evaluation Metrics

Figure 4. Comparison of various optimizers on tomato leaf disease detection on the MaxViT model.

3.2. Confusion Matrix analysis

Confusion matrix analysis was conducted to assess the classification performance of the MaxViT-
Tiny model using different optimization algorithms. The analysis shows how the model predicts every
tomato leaf disease category, which demonstrates the strengths and weaknesses of each optimizer to
limit classification errors. The AdamW optimizer achieved the lowest number of misclassifications
(5), followed closely by SophiaG (8) and Adam (14), indicating superior performance in terms of
generalization. The two algorithms, RMSprop and SGD, recorded (18) and (26) misclassifications,
while Adagrad showed its highest misclassification count at 77, which indicates that the model
struggled with adaptive learning during its training process. The confusion matrix, which Figure 5
displays, shows the classification performance results of the MaxViT-Tiny model, which used the
AdamW optimizer for its training. The model demonstrated superior performance compared with the
other evaluated optimizers. The AdamW optimizer demonstrates higher correct prediction rates and
lower misclassification frequencies, which establish it as the most effective optimization method for
this particular situation.

The AdamW optimizer demonstrated superior performance across all metrics, achieving 4580 correct
predictions out of 4585 total samples, resulting in only 5 misclassifications, as shown in Figure 5.
The system achieved 99.89%accuracy because AdamW effectively reduced loss while maintaining a
steady convergence process. The improved performance of the system may be attributed to the
efficient second-order gradient approximation method and adaptive learning dynamics, which
enhance its capability to handle complex classification tasks.
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The abbreviations used in the confusion matrix represent the following full class names: BS — Bacterial Spot, EB — Early
Blight, LB — Late Blight, LM — Leaf Mold, SLS — Septoria Leaf Spot, SM — Spider Mites, TS — Target Spot, YLCV —
Tomato Yellow Leaf Curl Virus, TMV — Tomato Mosaic Virus, and HLT — Healthy.

Figure 5. Confusion matrix of the MaxViT model for tomato leaf disease classification using the AdamW optimizer,
representing the best-performing configuration among all tested optimizers.

The SophiaG optimizer reached 4577 correctly classified samples out of 4585 total samples, with just
8 misclassifications, resulting in an accuracy of 99.82%. The Adam optimizer recorded 4571 correct
predictions out of 4585, which resulted in 14 misclassifications and an accuracy of 99.70%. Adam
remains an effective optimizer for deep learning workflows because it uses adaptive learning rates
together with moment estimation techniques. The RMSprop optimizer produced 4567 correct
predictions from 4585 samples, which resulted in 18 misclassifications and achieved an accuracy of
99.61%. The learning rate adjustment mechanism of this optimizer enables efficient handling of non-
stationary objectives because it uses recent gradient magnitude data to determine learning rate
changes. RMSprop demonstrates strong performance during training because it maintains gradient
control even though it falls short of Adam-based optimizers in accuracy.

The SGD optimizer achieved 4559 correct predictions from 4585 total predictions, while making 26
incorrect predictions, which resulted in a 99.43% accuracy rate. Adagrad produced 4508 correct
predictions from 4585 total samples while making 77 incorrect predictions, which represents the
highest number of incorrect predictions across all tested optimizers, resulting in an accuracy rate of
98.32%. Adagrad applies learning rate adjustments based on how often parameters get updated, but
the system experiences excessive learning rate decline throughout the training process, which creates
obstacles during the later stages of training. The system shows reduced performance for complex
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classification tasks, which require handling small differences between classes, because of its high
misclassification rate. All optimizers' correct predictions and misclassifications are summarized in
Table 2.

Table 2 Performance comparison of optimizers based on accuracy, misclassification, and prediction results.

Optimizer Total Samples Correct Predictions Misclassifications Accuracy
AdamW 4585 4580 5 99.89%
SophiaG 4585 4577 8 99.82%
Adam 4585 4571 14 99.70%
RMSprop 4585 4567 18 99.61%
SGD 4585 4559 26 99.43%
Adagrad 4585 4508 77 98.32%

3.3 Discussion

This study presented a comparative evaluation of six widely used optimization algorithms—Adam,
AdamW, SGD, RMSprop, Adagrad, and SophiaG—uwithin the context of tomato leaf disease
classification using the Multi-Axis Vision Transformer (MaxViT) architecture. The study tested
multiple optimizers on the PlantVillage dataset because its goal was to find which optimizer achieved
the best results for disease detection in precision agriculture. The system achieves its effectiveness
because it uses a new stochastic diagonal Hessian approximation method and element-wise gradient
clipping system, which leads to rapid learning and effective generalization while using less processing
power. AdamW’s minimal misclassification rate (only 5 instances) further reinforces its robustness
and reliability for high-stakes agricultural applications.

Recent studies have demonstrated that optimizers play a crucial role in improving the performance
and stability of deep learning models for plant disease classification. The CNN-based method
achieved its highest identification accuracy of 97.28% for tomato leaf diseases through transfer
learning, which utilized AlexNet, GoogLeNet, and ResNet with the SGD optimizer (Zhang et al.,
2018). The traditional optimizers SGD and RMSprop provide dependable convergence results;
however, they need users to spend time tuning their hyperparameters. The Adam optimizer shows
quicker convergence times and improved generalization abilities through its automatic learning rate
adjustments, which use first and second moment gradient data (Kingma & Ba, 2015). Multiple studies
have demonstrated that Adam performs better than SGD and RMSprop because it produces more
accurate results and maintains training stability (Osmenaj et al., 2025; Thangaraj et al., 2021). The
AdamW variant enables transformers to achieve better performance through its weight decay
decoupling feature, which maintains stable optimization processes during transformer-based
architecture operations in MaxViT and ViT-RoT (Hossain et al., 2023; Nishankar et al., 2025). The
Sophia optimizer developed by Liu et al. (2024) reached its goal of faster convergence through curved
second-order approximation, which reduced the needed computation time. The MaxViT model
reached its optimal performance through AdamW optimization, which produced an F1-score of
0.9989 and precision and recall scores of 0.9989. Compared to CNN-based models and transformer-
based systems, AdamW enables more precise and dependable classification results for tomato leaf
diseases.

The superior performance of AdamW can be attributed to its decoupled weight decay mechanism,
which improves regularization while preserving adaptive learning rates, making it particularly
suitable for transformer-based architectures such as MaxViT. As shown in Figure. 3(a), AdamW
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achieved the fastest and most stable convergence, resulting in the highest classification performance.
SophiaG produced comparable results because its stochastic second-order Hessian approximation
enables efficient optimization and rapid convergence (Figure. 3(b)), although its performance
remained slightly below AdamW. In contrast, Adagrad exhibited the weakest performance (Figure.
3(f)) due to its continuously decreasing learning rate, which limited effective parameter updates and
caused unstable validation accuracy. Similarly, RMSprop showed noticeable fluctuations during
validation (Figure. 3(d)), whereas SGD converged more slowly (Figure. 3(e)) because it relies on a
fixed global learning rate despite its stable optimization. These findings indicate that transformer-
based models benefit from optimizers that combine adaptive learning rates with effective
regularization, explaining the superior performance of AdamW over the other evaluated optimization
algorithms.

The findings of this study should be interpreted in light of several limitations. First, the experiments
were conducted using the publicly available PlantVillage dataset, which consists of high-quality
images captured under controlled lighting conditions with relatively uniform backgrounds. Although
these characteristics facilitate consistent model training and fair optimizer comparison, they do not
fully represent the variability encountered in real agricultural environments, such as changing
illumination, complex backgrounds, occlusions, and varying disease severity. Furthermore,
PlantVillage is a curated benchmark dataset and may not adequately capture the diversity of tomato
cultivars and field conditions across different geographical regions. Consequently, the
generalizability of the proposed MaxViT-AdamW framework may be limited in practical
applications. Future research should validate the proposed approach using field-collected datasets
acquired under diverse environmental conditions and investigate its robustness across different
cultivation systems and geographic locations.

CONCLUSION

This study demonstrates the critical role of optimization algorithms in enhancing the performance,
convergence efficiency, and classification accuracy of vision-based deep learning models for
agricultural disease detection. The AdamW and SophiaG optimizers prove to be the most effective
optimizers for classifying tomato leaf diseases through the MaxViT architecture. The system
demonstrates its ability to exceed the performance of both old and new optimization methods, which
makes it suitable for use in plant pathology and smart agriculture. The study results provide important
knowledge about how artificial intelligence and deep learning technologies link with agricultural
diagnostic methods. The research findings lead to better disease detection systems, which help
sustainable farming methods to grow and increase agricultural productivity, and improve food
security and economic stability. Future research should examine hybrid optimization techniques,
validate the proposed approach using field-collected datasets from diverse environmental conditions,
and deploy MaxViT-AdamW systems in agricultural field settings to strengthen the connection
between precision agriculture research and its practical applications.
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packaging, yet the drivers of Wood-Based Panel (WBP) trade in Eastern Europe and Central Asia
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variation in log export value, while the random-effects model explains 55.97%. GDP per capita and
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imports, GDP per capita is the most robust determinant, with a positive and highly significant
coefficient in all specifications, whereas forest coverage, exchange rate, and population are
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models, confirming that country-specific unobserved heterogeneity is correlated with the
regressors. The study contributes by separating export- and import-side determinants for a
strategically important but under-studied regional WBP market. The findings suggest that export
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1. Introduction

Wood-based panels (WBPs), including plywood, particleboard, medium-density fiberboard (MDF),
high-density fiberboard (HDF), and oriented strand board (OSB), are essential inputs for construction,
furniture manufacturing, packaging, flooring, and interior applications. Their importance is linked to
affordability, structural versatility, and the possibility of using wood residues, recycled fibers, and
lower-grade logs in higher-value products (Dukarska, 2023; Gongalves et al., 2025). Because these
products depend simultaneously on forest-resource endowment, processing capacity, market demand,
and trade regulation, WBP trade provides a useful empirical setting for examining how natural
resources and macroeconomic conditions interact in regional markets.

The global WBP sector has expanded alongside rising demand for engineered wood products, low-
carbon building materials, and improved utilization of forest biomass. Countries with abundant forest
resources and developed processing industries, such as Russia and several European economies, have
increased production and export capacity, whereas economies with growing construction and
furniture markets often rely on imports to satisfy domestic demand (Sujova et al., 2016; Zhang et al.,
2022; Ivanov etal., 2023). Eastern Europe and Central Asia are therefore particularly relevant because
the region contains both forest-rich exporters and smaller economies with different levels of industrial
capacity, infrastructure, exchange-rate exposure, and policy openness.

Previous studies have examined forest-products trade, wood-market competitiveness, exchange-rate
behavior, and environmental regulations in trade (Buongiorno, 2016; Morland et al., 2018; Saraswati
et al., 2023; Sauvage, 2014; Wang et al., 2017). A subset of this literature uses cross-country panel
data to model forest-product trade and demand relationships, including comparative-advantage and
forest-endowment frameworks (Uusivuori, 2002) and estimates of the income and price elasticities
of import demand (Simangunsong & Buongiorno, 2001; Turner & Buongiorno, 2004). However,
much of this literature either analyzes aggregate forest-product categories, focuses on large global
markets, or relies on gravity-type trade frameworks that do not fully isolate country-specific
unobserved characteristics. Existing findings also differ: some studies emphasize income and market
size, others stress forest-resource supply, and others identify exchange-rate and policy conditions as
key determinants. This variation shows the need for a more focused empirical analysis of WBPs in
Eastern Europe and Central Asia.

This study addresses three specific gaps. First, it focuses directly on wood-based panels rather than
broad forest-product aggregates. Second, it examines 15 Eastern European and Central Asian
countries that share historical trade linkages but differ substantially in forest coverage, industrial
structure, exchange-rate conditions, and market size. Third, it compares pooled OLS, fixed-effects,
and random-effects models to account for unobserved country characteristics such as logistics
systems, institutional quality, industrial history, production technology, and historical trade
relationships. By doing so, the study provides a more consistent assessment of how macroeconomic,
resource, demographic, and policy factors shape WBP export and import performance.

To address these gaps, this study investigates the determinants of wood-based panel (WBP) trade in
15 Eastern European and Central Asian countries using panel data and comparing pooled ordinary
least squares (OLS), fixed-effects, and random-effects models to account for unobserved country-
specific characteristics. The analysis focuses on the effects of GDP per capita, exchange rate, trade
policy, forest coverage, and population on WBP exports and imports. These variables were selected
based on international trade theory and forest-sector literature, where GDP per capita reflects
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purchasing power, industrial capacity, and investment potential; forest coverage represents raw-
material availability and production potential; exchange rate captures changes in international price
competitiveness and import costs; trade policy reflects market access through tariffs, non-tariff
measures, customs procedures, and trade facilitation; and population represents domestic demand and
labor-market scale. Specifically, the study investigates the effects of GDP per capita and exchange
rate on WBP export and import performance, examines how trade policy is associated with WBP
trade flows, and evaluates the influence of forest coverage and population on export capacity and
import demand. Accordingly, the study addresses three research questions: (i) how do GDP per capita
and exchange rate influence WBP exports and imports, (ii) how is trade policy associated with WBP
trade flows, and (iii) how do forest coverage and population affect export capacity and import
demand? It is hypothesized that GDP per capita positively influences both exports and imports, forest
coverage has a stronger positive effect on exports than imports, exchange-rate movements
significantly affect export competitiveness, and trade policy has a measurable but context-dependent
association with WBP trade. By focusing specifically on WBPs rather than aggregated forest products
and by estimating separate export and import models, this study provides a more comprehensive
understanding of the macroeconomic, resource, demographic, and policy factors shaping regional
WABP trade.

The conceptual framework of this study is grounded in international trade theory and forest-sector
economics, which emphasize that macroeconomic conditions, resource availability, and policy
environment jointly determine trade flows. In this framework, GDP per capita and exchange rate
represent demand capacity and international price competitiveness, respectively, influencing both
exports and imports. Forest coverage is expected to mainly support export capacity through raw-
material availability, while population reflects domestic demand that may increase import
dependence. Trade policy influences trade flows by shaping market access through tariffs, non-tariff
measures, and trade facilitation. These relationships form the basis for the empirical export and import
models estimated in this study.

GDP per
Capita

Forest
Coverage

Export and Import value
»{of of wood-based panels
trade

Exchange g
Rates

Trade Policy

Population

Figure 1. Conceptual framework of the study.
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2. Materials and Methods
2.1 Study area and data sources

The analysis covers 15 countries in Eastern Europe and Central Asia: Armenia, Azerbaijan, Belarus,
Estonia, Georgia, Kazakhstan, Kyrgyzstan, Latvia, Lithuania, the Republic of Moldova, the Russian
Federation, Tajikistan, Turkmenistan, Ukraine, and Uzbekistan. These countries were selected
because they form a geographically connected regional market with shared post-socialist trade
legacies, strong differences in forest-resource endowment, and varying degrees of industrial
development and trade openness. The study period, 2005-2020, was selected according to consistent
data availability for WBP trade and macroeconomic indicators across the sample. The endpoint also
avoids severe incompleteness in the most recent years and reduces the influence of post-2020
disruptions on the baseline model. Trade and forest variables were compiled mainly from
FAO/FAOSTAT, while macroeconomic indicators were obtained from the World Bank, IMF, WTO,
and UNCTAD databases.
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Figure 2. Geographical location of the study countries.

Table 1 Forest and woodland area by country

Country Forest area (1000 ha) Forest land (%)
Armenia 328.26 11.53
Azerbaijan 1143.30 13.83

Belarus 8782.10 43.27

Estonia 2438.40 57.04

Georgia 2822.00 40.62
Kazakhstan 3483.92 1.29

Kyrgyzstan 1333.62 6.95

Latvia 3414.66 54.87
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Lithuania 2202.67 35.18
Republic of Moldova 386.50 11.72
Russian Federation 815311.60 49.78
Tajikistan 424.80 3.06
Turkmenistan 4127.00 8.78
Ukraine 9696.00 16.73
Uzbekistan 3715.50 8.43

Source: Compiled by the authors from FAOSTAT.
2.2 Variable definitions

The study uses two dependent variables: export value of wood-based panels (EVWBP) and import
value of wood-based panels (IVWBP). All variables are transformed into natural logarithms to reduce
skewness and allow elasticity-based interpretation of coefficients. Independent variables include
GDP per capita (GDP), forest coverage (FC), exchange rate (EXR), trade policy (TP), and population
(P). The trade-policy variable is treated as a proxy for the openness or restrictiveness of the policy
environment affecting market access, tariff and non-tariff barriers, customs procedures, and trade
regulation. Because trade policy is multidimensional, the results for this variable are interpreted
cautiously and as associations rather than as the isolated effect of a single policy instrument.

Table 2 Variable definitions and data sources

Variable Abbreviation Description Data source

Export value of -wood- EVWBP Dependent variable FAO/FAOSTAT

based panels

Import _value of - wood- IVWBP Dependent variable FAO/FAOSTAT

based panels

Gross domestic product per GDP Economic capacity and World Bank/OECD
capita income level National Accounts

Forest coverage FC Forest-resource availability FAO/FAOSTAT

Currency competitiveness

and import-cost channel World Bank/IMF

Exchange rate EXR
Trade openness/restriction

Trade policy TP and regulatory WTO/UNCTAD
environment
Domestic demand and

Population P labor-market scale World Bank

All variables were converted into logarithmic form for regression analysis.
2.3 Econometric model

The empirical analysis estimates separate export and import equations because the determinants of
selling panels abroad may differ from those of purchasing panels from foreign suppliers. Export
performance is expected to depend more strongly on resource endowment, processing capacity, and
price competitiveness, whereas import demand is expected to depend mainly on income, domestic
demand, and policy openness. The general panel specification is written as:
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InY it =a_i + BlInP it + [2InGDP it + p3InFC it + p4InEXR it + p5InTP it + ¢ it

where Y represents either EVWBP or IVWBP for country i in year t, o i captures country-specific
effects, B denotes the estimated coefficients, and ¢ it is the idiosyncratic error term. Pooled OLS
assumes common intercepts and homogeneous cross-sectional units. The fixed-effects model allows
the intercept to vary by country and therefore controls for time-invariant unobserved heterogeneity,
whereas the random-effects model treats country-specific heterogeneity as random and assumes that
it is uncorrelated with the regressors (Baltagi, 2005). The Hausman test is therefore central for
selecting between fixed and random effects (Hausman, 1978).

2.4 Model selection and estimation strategy

The analysis proceeds in five steps. First, descriptive statistics are reported to summarize the
distribution of the variables. Second, pooled OLS is estimated as a baseline specification. Third,
fixed-effects and random-effects models are estimated to account for panel structure. Fourth,
Hausman specification tests are used to determine whether fixed effects or random effects are more
appropriate. Fifth, diagnostic and robustness checks are considered, including multicollinearity
assessment through variance inflation factors, tests for heteroskedasticity and serial correlation, and
comparison of coefficient signs across pooled, fixed-effects, and random-effects specifications. If
diagnostic tests indicate heteroskedasticity or serial correlation, robust or cluster-robust standard
errors should be reported.

2.5 Diagnostic checks and robustness considerations

To strengthen the methodological reliability of the analysis, the diagnostic and robustness assessment
was revised using the available Stata outputs reported in the thesis appendices and empirical results.
The checks focus on model adequacy, coefficient stability, and model-selection diagnostics across
pooled OLS, fixed-effects, and random-effects specifications. The available thesis results report the
core panel diagnostics needed for specification choice, including F/Wald significance tests, R-squared
values, Hausman tests, observation numbers, and the consistency of coefficient signs and significance
across model specifications.

Table 3 Diagnostic and robustness checks considered in the panel regression analysis

Diagnostic / robustness check

Reported thesis-based results

Interpretation

Pooled OLS overall fit

Fixed-effects within fit

Random-effects overall fit

Export: N = 212; F(5,206) = 70.33;
Prob > F = 0.0000; R-squared =
0.6306; adjusted R-squared = 0.6216.
Import: N = 230; F(5,224) = 29.22;
Prob > F = 0.0000; R-squared =
0.3948; adjusted R-squared = 0.3813.

Export: N = 212; countries = 15;
within R-squared = 0.2398. Import: N
= 238; countries = 15; within R-
squared = 0.2570.

Export: N = 212; Wald chi2(5) =
62.24; Prob > chi2 = 0.0000; overall
R-squared = 0.5597; rho = 0.7221.
Import: N = 230; Wald chi2(5) =
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Both baseline models are statistically
significant, but the import model has
lower explanatory power than the
export model.

The within R-squared values show
moderate within-country explanatory
power, suggesting that additional
time-varying factors may also
influence trade.

The random-effects models are
jointly significant, but the rho values
indicate important  country-level
heterogeneity.
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Hausman specification test

Coefficient-stability check

54.92; Prob > chi2 = 0.0000; overall
R-squared = 0.3790; rho = 0.4212.

Export: chi-square = 63.05; p-value =
0.0000. Import: chi-square = 11.58;
p-value = 0.0410.

Export: GDP and forest coverage are
positive in the main specifications;
exchange rate is negative in pooled
OLS and fixed effects; trade policy
changes sign across specifications.
Import: GDP remains positive and
highly significant across pooled OLS,
fixed-effects, and random-effects
models.

The null hypothesis of random-
effects consistency is rejected for
both models; fixed effects are
preferred.

The substantive conclusions are
robust for GDP-driven imports and

resource/economic export
determinants, while trade-policy
effects should be interpreted
cautiously.

Overall, the diagnostic evidence supports the use of fixed-effects estimation as the preferred
specification. The Hausman tests reject the random-effects assumption for both export and import
equations, while the significant F/Wald statistics confirm that the explanatory variables jointly
improve model fit. The robustness comparison also shows that GDP is the most stable determinant
of imports, whereas GDP and forest coverage are the most consistent export-side determinants.
Because the thesis output does not report separate VIF, Wooldridge serial-correlation, or modified
Wald heteroskedasticity statistics, the robustness discussion is based on the reported model-
comparison diagnostics and coefficient stability across specifications.
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Figure 3. Analytical roadmap of the study.
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3. Empirical results

3.1 Descriptive statistics

Table 4 Summary of descriptive statistics

Variable Obs. Mean Std. dev. Min. Max.
log_EVWBP 216 15.4365 3.8238 6.9078 21.4495
log_IVWBP 234 17.9147 1.6620 9.9988 20.5543
log_P 240 15.8111 1.4007 7.9643 18.7974
log_GDP 240 24.2814 1.3976 22.1671 28.0105
log_FC 240 2.7026 1.1026 0.1310 4.0438
log EXR 240 2.7910 2.6844 -1.2112 9.3445
log_TP 236 1.2301 1.2249 -1.2040 2.8034

Source: Computed by the authors using Stata. EVWBP = export value; IVWBP = import value.

The descriptive statistics show that export values vary more widely than import values. The standard
deviation of log EVWBP is 3.8238, compared with 1.6620 for log_IVWBP, indicating stronger
cross-country and temporal heterogeneity in exports. This pattern is consistent with the uneven
distribution of forest resources and processing capacity across the sample. GDP, forest coverage,
exchange rate, and trade-policy variables also show notable variation, supporting the use of panel
techniques that account for country-specific differences rather than relying only on pooled cross-
sectional variation.

3.2 Pooled OLS results
Table 5 Pooled OLS export regression results (dependent variable: log_ EVWBP)

95% confidence

Variable Coefficient Std. err. t p-value )
interval
-0.5355 to
log_P -0.1981 0.1712 -1.16 0.249 0.1394
log_GDP 1.6223*** 0.1788 9.07 0.000 1.2697 to 1.9748
log_FC 1.4794%** 0.1787 8.28 0.000 1.1271 to 1.8317
-0.3891 to -
- Kk -
log_ EXR 0.2403 0.0755 3.18 0.002 0.0914
. -0.6135 to -
log_TP -0.3131 0.1524 -2.05 0.041 0.0127
o -29.8888 to -
Constant -23.9976 2.9881 8.03 0.000 18.1065

Number of observations = 212; F(5,206) = 70.33; Prob > F = 0.0000; R-squared = 0.6306; adjusted R-squared = 0.6216.
Significance: * p<0.05, ** p<0.01, *** p<0.001.
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Table 6 Pooled OLS import regression results (dependent variable: log_IVWBP)

95% confidence

Variable Coefficient Std. err. t p-value .
interval
-0.2617 to
log_P -0.0763 0.0940 -0.81 0.418 0.1090
log_GDP 0.8728*** 0.0969 9.01 0.000 0.6818 to 1.0638
-0.2438 to
log_FC -0.0521 0.0972 -0.54 0.592 0.1395
-0.0899 to
log_EXR -0.0148 0.0381 -0.39 0.697 0.0602
-0.4393 to -
N *hk -
log_TP 0.2761 0.0828 3.33 0.001 0.1128
-4.8041 to
Constant -1.6008 1.6255 -0.98 0.326 1.6025

Number of observations = 230; F(5,224) = 29.22; Prob > F = 0.0000; R-squared = 0.3948; adjusted R-squared = 0.3813.
Significance: * p<0.05, ** p<0.01, *** p<0.001.

The pooled OLS export model indicates that a 1% increase in GDP per capita is associated with an
estimated 1.62% increase in export value, while a 1% increase in forest coverage is associated with
an estimated 1.48% increase in export value, holding other variables constant. The negative
exchange-rate coefficient suggests that currency movements affect export competitiveness through
price channels. For imports, the GDP coefficient indicates that a 1% increase in GDP per capita is
associated with an estimated 0.87% increase in import value. These baseline elasticities show that the
statistically significant variables also have meaningful economic importance.

3.3 Fixed-effects results

Table 7 Fixed-effects export regression results (dependent variable: log EVWBP)

Variable Coefficient p-value Interpretation

log_P 0.1178 0.437 Not significant

log_GDP 1.3804* 0.050 Positive and - marginally
significant

log_FC 10,950 0.001 Positive and  highly
significant

log EXR -0.1539* 0.048 Negative and significant

log TP 0.4096* 0.018 Positive and significant

Constant -75.4040*** 0.000 Significant

Number of observations = 212; number of countries = 15; within R-squared = 0.2398. Significance: * p<=0.05, ** p<0.01,

*** p<0.001.
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Table 8 Fixed-effects import regression results (dependent variable: log_IVWBP)

Variable Coefficient p-value Interpretation

log P -0.0787 0.473 Not significant

log_GDP 2ATTT** 0.000 :i‘;ﬂit;:fam and highly
log_FC 4.2805 0.302 Not significant

log_EXR -0.0401 0.393 Not significant

log_TP 0.1371 0.247 Not significant

Constant -52.5600*** 0.000 Significant

Number of observations = 238; number of countries = 15; within R-squared = 0.2570. Significance: * p<=0.05, ** p<0.01, *** p<0.001.

After controlling for country-specific time-invariant heterogeneity, forest coverage remains a strong
positive determinant of exports, while exchange rate remains negative and significant. GDP is
marginally significant in the export model, suggesting that within-country changes in economic
capacity may support exports but that much of the GDP-export relationship is also captured by
persistent country characteristics. The relatively large fixed-effects coefficient for forest coverage
should be interpreted cautiously because forest coverage changes slowly over time; in a fixed-effects
model, limited within-country variation can magnify coefficient size. Therefore, the coefficient
indicates the direction and importance of forest-resource availability, but it should not be interpreted
as a simple short-run causal elasticity. In the import model, GDP is the only robust significant
determinant, indicating that import demand is mainly income-driven once country-specific factors
are controlled.

3.4 Random-effects results

Table 9 Random-effects export regression results (dependent variable: log EVWBP)

95% confidence

Variable Coefficient Std. err. z p-value .
interval
-0.2421 to
log_P 0.0538 0.1510 0.36 0.722 0.3496
log_GDP 1.8642%** 0.3550 5.25 0.000 1.1685 to 2.5599
log_FC 2.0112%** 0.5733 3.51 0.000 0.8875 10 3.1348
-0.2636 to
log_ EXR -0.1194 0.0736 -1.62 0.105 0.0249
log_TP 0.3439* 0.1710 2.01 0.044 0.0088 to 0.6790
-53.0360 to -
_ Hkk -
Constant 36.4676 8.4534 4.31 0.000 198992

Number of observations = 212; number of countries = 15; Wald chi2(5) = 62.24; Prob > chi2 = 0.0000; within R-squared
= 0.2022; between R-squared = 0.6309; overall R-squared = 0.5597; rho = 0.7221. Significance: * p<0.05, ** p<0.01,
*** p<0.001.
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Table 10 Random-effects import regression results (dependent variable: log_IVWBP)

Variable Coefficient Std. err. z p-value 95% confidence interval
log_P -0.1822 0.1067 -1.71 0.088 -0.3913 to 0.0269
log_GDP 1.2634*** 0.1797 7.03 0.000 0.9112 to 1.6157
log_FC -0.1245 0.2390 -0.52 0.602 -0.5929 to 0.3439
log_EXR -0.0694 0.0433 -1.60 0.109 -0.1544 to 0.0155
log_TP -0.1284 0.1132 -1.13 0.257 -0.3502 to 0.0935
Constant -9.2296* 4.0548 -2.28 0.023 -17.1769 to -1.2823

Number of observations = 230; number of countries = 15; Wald chi2(5) = 54.92; Prob > chi2 = 0.0000; within R-squared
= 0.2108; between R-squared = 0.5900; overall R-squared = 0.3790; rho = 0.4212. Significance: * p<0.05, ** p<0.01,
*** n<0.001.

The random-effects results are broadly consistent with the pooled OLS export model for GDP and
forest coverage. GDP and forest coverage remain positive and highly significant for exports, while
trade policy is positive and significant. In the import model, GDP remains positive and highly
significant, but other variables are not statistically significant. The difference between fixed- and
random-effects estimates suggests that unobserved country characteristics are important and should
not be ignored; this is later confirmed by the Hausman tests.

3.5 Model selection and overall significance

Table 11 Hausman specification test results

Model Chi-square p-value Decision

Export model 63.05 0.0000 Reject random-effects consistency;
fixed effects preferred

Import model 1158 0.0410 Reject random-effects consistency;

fixed effects preferred

The null hypothesis is that the difference in coefficients is not systematic. Because both p-values are below 0.05, fixed-
effects estimation is preferred for both export and import equations.

Table 12 Overall model significance tests

Model F-statistic Prob > F R-squared Decision

Overall model is

Export full model 70.33 0.0000 0.6306 statistically significant

Overall model is

Import full model 29.22 0.0000 0.3948 statistically significant

The F-tests confirm that the explanatory variables jointly improve model fit. R-squared values should be interpreted as
explanatory power rather than causal completeness.

The Hausman tests favor fixed effects for both export and import models. This means that unobserved
country-specific factors are systematically correlated with the regressors, making the fixed-effects
estimator more appropriate than the random-effects estimator. The significant F-tests confirm that the
full models are statistically meaningful. However, the lower within R-squared values in fixed-effects
models indicate that some time-varying determinants of trade are not captured in the current
specification. These may include logistics costs, institutional quality, production technology, trade
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agreements, geopolitical shocks, energy costs, sanctions, and changes in global demand. Therefore,
the results should be interpreted as robust associations within the available specification, not as
complete causal explanations.

3.6 Robustness interpretation

The robustness assessment compares the pooled OLS, fixed-effects, and random-effects
specifications. For exports, the pooled OLS model explains 63.06% of the variation in log export
value, while the random-effects model explains 55.97%; both are jointly significant. For imports, the
pooled OLS and random-effects models explain 39.48% and 37.90% of the variation, respectively.
The fixed-effects within R-squared values are lower, 0.2398 for exports and 0.2570 for imports,
which is expected because the fixed-effects estimator uses only within-country variation after
controlling for time-invariant country characteristics. The Hausman tests support fixed effects for
both export and import equations, confirming that unobserved country-specific factors are correlated
with the regressors and should be controlled.

Across specifications, GDP remains the most reliable import determinant, with positive and highly
significant coefficients in pooled OLS, fixed-effects, and random-effects models. On the export side,
GDP and forest coverage remain positive in the main specifications, indicating that economic
capacity and resource availability are central to export performance. Exchange rate is negative in the
pooled OLS and fixed-effects export models, while trade policy changes sign across specifications;
therefore, the trade-policy coefficient should be interpreted as context-dependent rather than as a
uniform causal effect.

4. Discussion
4.1 Export determinants

The export results show that WBP export performance is mainly determined by economic scale,
forest-resource availability, and exchange-rate conditions. GDP is positive and significant in the
pooled OLS and random-effects models and marginally significant in the fixed-effects model. This
implies that economically stronger countries are better positioned to produce and export WBPs
because they can support industrial investment, processing capacity, transport infrastructure, and
export-oriented firms. This finding is consistent with Buongiorno (2016) and Morland et al. (2018),
who emphasize the role of income, market scale, and competitiveness in forest-product trade. The
slightly weaker GDP effect under fixed effects suggests that part of the GDP-export relationship
reflects persistent national characteristics rather than only year-to-year changes.

Forest coverage is the most consistent export-side resource variable. Its positive and significant
coefficient across export models indicates that countries with larger forest endowments have stronger
raw-material availability and therefore greater potential for WBP production and export. This finding
agrees with studies showing that forest-resource supply supports forest-product competitiveness
(Saraswati et al., 2023; Coelho Junior et al., 2023) and with panel evidence that forest endowment is
a significant determinant of net forest-product trade (Uusivuori, 2002). However, forest coverage
alone is not sufficient. Resource-rich countries can convert forests into export value only when
harvesting, processing, logistics, certification, and sustainability standards are effectively managed.
This is why country-specific effects are important in the present study.

Exchange rate has a significant negative coefficient in the pooled OLS and fixed-effects export
models. This suggests that exchange-rate movements affect export competitiveness through price
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channels. Depending on the definition of the exchange-rate variable, a negative coefficient may
indicate that currency appreciation reduces export competitiveness or that depreciation improves
foreign-market affordability. This result is consistent with Wang et al. (2017), who reported that
exchange-rate fluctuations influence pricing behavior among wood-based panel exporters. The
finding also implies that exporters in the region are sensitive to macroeconomic instability and
currency volatility.

Trade policy shows mixed signs across models, which indicates that its effect is context-dependent.
In the pooled model, the coefficient is negative, while in the fixed- and random-effects export models
it is positive. This difference may reflect the broad nature of the trade-policy proxy. Trade policy can
include both restrictive elements, such as tariffs and non-tariff barriers, and facilitative elements, such
as preferential agreements, customs simplification, export promotion, or regulatory harmonization.
Therefore, the results should be interpreted cautiously and should motivate future research using more
disaggregated policy indicators.

4.2 Import determinants

GDP is the most robust determinant of WBP imports. It is positive and highly significant in pooled
OLS, fixed-effects, and random-effects models. This indicates that as countries become economically
stronger, their demand for imported panels increases. Higher GDP can stimulate construction,
housing, furniture production, renovation activities, and downstream manufacturing, all of which
increase demand for WBPs. Unlike exports, imports are less dependent on domestic forest-resource
availability because they are driven primarily by purchasing power and domestic demand. This result
is consistent with demand-side interpretations in forest-products trade models (Morland et al., 2018;
Nepal et al., 2021) and with panel-data evidence that import demand for forest products, including
wood-based panels, is elastic with respect to income (Turner & Buongiorno, 2004).

Trade policy is negative and significant only in the pooled OLS import model. This suggests that
restrictive trade policies may reduce import values when cross-country differences are not fully
controlled. However, the coefficient becomes insignificant in fixed- and random-effects models,
indicating that policy effects may be absorbed by country-specific characteristics or may not vary
enough over time to be strongly identified within countries. This result also highlights the limitation
of using a broad trade-policy proxy rather than precise measures such as tariff rates, non-tariff
measures, customs delays, trade-agreement participation, or regulatory quality.

Forest coverage, exchange rate, and population do not show robust statistical significance in the
import equations. The insignificant forest-coverage coefficient may indicate that domestic forest
resources do not directly determine import demand once GDP and country effects are controlled.
Some forest-rich countries may still import specialized panels due to quality, design, or industrial
requirements, while forest-poor countries may rely on substitutes or domestic processing based on
imported raw materials. Population is also insignificant, suggesting that import demand is more
strongly related to income and industrial activity than to demographic size alone.

4.3 Model limitations and robustness

The Hausman tests clearly support fixed effects, confirming that unobserved country-specific
characteristics matter. Nevertheless, the modest within R-squared values show that the models do not
capture all time-varying drivers of WBP trade. Important omitted factors may include infrastructure
quality, transport costs, energy prices, domestic production capacity, firm-level competitiveness,
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institutional quality, sanctions, regional conflicts, global price shocks, and changes in environmental
standards. Diagnostic tests for multicollinearity, heteroskedasticity, and serial correlation should
therefore be reported with the final estimation output, and robust or cluster-robust standard errors
should be used when required.

Another limitation concerns the trade-policy variable. Because trade policy is multidimensional, a
single proxy may not fully capture tariffs, quotas, non-tariff barriers, customs procedures, export
incentives, trade agreements, and regulatory quality. Future studies should use disaggregated policy
measures and product-level trade data. In addition, the period 2005-2020 includes major economic
and geopolitical changes; future research could use dynamic panel models, structural-break tests, or
interaction terms to examine whether determinants differ before and after major regional shocks.
Robustness checks using alternative policy indicators, lagged explanatory variables, or exclusion of
influential countries such as the Russian Federation would further strengthen the reliability of the
results.

5. Conclusion and policy implications

This study examined the determinants of wood-based panel export and import values in 15 Eastern
European and Central Asian countries from 2005 to 2020. The main contribution of the study is its
focused treatment of WBPs as a distinct forest-product category and its comparison of export and
import determinants using panel-data models that account for country-specific heterogeneity. The
first objective was to evaluate economic factors. The results show that GDP is a key determinant of
both exports and imports, while exchange rate significantly affects export performance in the pooled
and fixed-effects models. The second objective was to assess trade policy. Trade policy has a
significant association with exports and imports in some specifications, but its sign and significance
vary across models, indicating that policy effects are complex and context-specific. The third
objective was to examine resource and demographic factors. Forest coverage strongly supports
exports, whereas population is not a robust determinant of either exports or imports.

The Hausman tests support the use of fixed-effects models for both export and import equations. This
confirms that country-specific unobserved heterogeneity is important and that ignoring it may lead to
biased results. Overall, exports are shaped by economic capacity, forest-resource availability, and
exchange-rate competitiveness, while imports are mainly driven by GDP and domestic demand
conditions. These conclusions are directly based on the empirical findings and should be interpreted
within the limitations of the available variables and time period.

5.1 Policy implications

First, sustainable forest management should be treated as a trade-development strategy. Since forest
coverage positively affects exports, governments should strengthen reforestation, responsible
harvesting, certification systems, legality verification, and forest monitoring. These actions can
improve raw-material security while maintaining environmental sustainability and access to
environmentally sensitive export markets.

Second, macroeconomic stability is important for export competitiveness. The significant exchange-
rate effect shows that currency volatility can influence WBP export performance. Policymakers
should support stable macroeconomic conditions, reduce transaction costs for exporters, improve
access to trade finance, and provide information services that help firms manage exchange-rate risk.
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Third, trade policies should be simplified and targeted. Customs procedures, excessive tariffs, non-
tariff barriers, and regulatory uncertainty can reduce trade efficiency. Governments should improve
trade facilitation, harmonize standards, negotiate market-access arrangements, and distinguish
between policies that restrict inefficient trade and policies that support sustainable export growth.

Fourth, countries should strengthen domestic processing capacity. GDP-driven import demand
suggests that economic growth increases demand for WBPs. Investments in domestic manufacturing,
technology upgrading, energy efficiency, quality certification, and workforce development can
reduce excessive import dependence while improving export potential. Industry stakeholders should
also focus on higher-value panels, improved design standards, and reliable supply-chain management.

Future research should use more disaggregated product-level data, dynamic panel models, and
detailed trade-policy indicators. Incorporating variables such as logistics performance, institutional
quality, energy costs, sanctions, trade agreements, industrial capacity, exchange-rate volatility, and
global price indices could improve explanatory power. Firm-level or regional-level data would also
help identify how microeconomic competitiveness translates into national trade performance.
Additional robustness checks, including alternative time periods, exclusion of dominant exporters,
and lagged-variable specifications, are recommended to test the stability of the findings.
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ABSTRACT

Maize (Zea mays L.) is the second most important crop in Afghanistan's cereal production
system, enhancing food security, animal production, and the sustainability of rural livelihoods.
Maize productivity in Afghanistan is low due to various biotic stresses, including leaf diseases. The
dataset report of the detection of maize leaf diseases was conducted during the 2025 growing season
of maize in the top maize-producing districts of Kandahar province, Afghanistan. Under natural
growing conditions, high-quality images of maize leaves were taken, including geo-referenced
information about the occurrence of maize leaf diseases in the fields. A total of 1,027 images of
maize leaves were taken, classified into three different classes: healthy leaves, leaf spot-infected
leaves, and leaf blight-infected leaves. Leaf blight and leaf spot diseases were detected in maize
fields throughout the selected districts of Kandahar Province, Afghanistan. Leaf blight and leaf spot
diseases were more frequently observed in maize fields with high plant density and poor crop
management practices. The dataset can serve as a valuable resource for plant disease detection,
agricultural research, and the development of machine learning and deep learning models for maize
disease identification. Foliar diseases of maize, including leaf blight and leaf spot, are one of the
major constraints of maize cultivation in the province. This study provides a geo-referenced maize
leaf disease dataset that can support disease monitoring, early detection, spatial analysis of disease
occurrence, and the development of machine learning-based decision-support tools for integrated
disease management in Afghanistan.
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1. INTRODUCTION

Agriculture serves as a critical pillar of global food security, employment generation, and
economic development. Nevertheless, accelerating population growth and increasing food demand
have intensified the need for sustainable agricultural intensification to ensure long-term productivity
and resource conservation (Eli-Chukwu, 2019; S. Sharma et al., 2023). With numerous uses in food,
feed, and as an industrial raw material, maize is among the most significant staple crops in the world
(Entuni & Zulcaffle, 2022; Idress et al., 2024; Mohanty et al., 2023). Plant illnesses and pest
infestations are significant obstacles to agricultural productivity, frequently resulting in reduced
yields and substantial economic losses (Barman et al., 2024; Krishna et al., 2025; Upadhyay et al.,
2025).

In Afghanistan, maize is the most important cereal crop after wheat (Elham et al., 2020; Habibi
et al., 2025; R. Sharma et al., 2018). Aside from human consumption, the crop plays an important
role in the production of feed for poultry, biofuel, animal feed, and other uses (Elham et al., 2023).
In this country, maize is cultivated for both grain and fodder purposes, playing an important role in
human nutrition as well as livestock and poultry feeding. The total area under maize cultivation is
approximately 92,144 hectares, yielding about 180,000 tons of grain annually. However, the national
average yield remains relatively low at around 1.95 t ha™!, highlighting the need for improved
production practices and effective crop management strategies (Ahmadi et al., 2024), and multiple
factors, including low access to improved varieties, poor-quality seeds, low-fertility soil, and
inadequate use of fertilizers, limit maize yields in this country. In addition, maize productivity is
adversely affected by suboptimal agronomic practices, water scarcity, traditional irrigation methods,
and biotic stresses, including diseases, insect pests, and weeds (Mozafari et al., 2020).

The cultivation of maize in Kandahar province is extensive, covering several districts due to
the short growth period, water stress resistance, and the crop’s multifunctional uses. The cultivation
of maize contributes to the livelihood of the people, as the yield increases the availability of food and
income for the smallholder farmers. However, the yield of maize in Kandahar is much lower
compared to the global standard, mainly due to the limited access to improved technology, improper
management, and the effects of crop diseases, pests, and weeds (Mozafari et al., 2020). Among the
biotic factors affecting the yield of the crop, leaf disease is considered the most devastating. Among
the major biotic constraints affecting maize production, foliar diseases such as leaf blight and leaf
spot are particularly important. Maydis leaf blight is recognized as one of the most destructive foliar
diseases of maize worldwide and, under favorable environmental conditions, may cause grain yield
losses exceeding 40% (Kumar et al., 2022).

Despite the importance of maize production in Kandahar Province, Afghanistan, there is
limited field-based information on the occurrence and distribution of maize leaf diseases under natural
growing conditions. Most previous studies have relied on experimental datasets or generalized
regional information, which may not accurately reflect disease occurrence under actual field
conditions. High-resolution field image assessments provide valuable opportunities for documenting
disease symptoms and their spatial distribution, thereby supporting disease surveillance and
management. Therefore, this study aimed to assess the prevalence and distribution of maize leaf
diseases across four major maize-growing districts of Kandahar Province and to provide baseline data
for future disease monitoring and management programs.

2. MATERIALS AND METHODS
2.1STUDY AREA

Study was conducted through four selected districts of southern Afghanistan's Kandahar
province during the 2025 maize-growing season. The area which appears in Figure 1 as a separate
zone between Uruzgan to the north, Zabul to the east, and Helmand to the west. The territory, which
extends over 54000 square kilometers, contains extensive areas of dry terrain. The region experiences
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high temperature conditions throughout most of the year because precipitation occurs infrequently
and humidity dissipates quickly under intense sunlight. The agricultural system depends
predominantly on controlled irrigation systems because natural rainfall occurs only during brief
moments when rain falls from the clouds. The primary agricultural product of this region consists of
maize, which farmers cultivate through controlled irrigation systems that supply their fields with
water. The region depends on agriculture as its main economic activity, which requires water
resources from the Arghandab River and the flow management systems of the Dahla Dam. The
primary agricultural products for the region include wheat and maize, together with assorted fruits
and multiple vegetable types. The crop faces multiple threats, which originate from biological
organisms and environmental factors that include drought conditions and diminished soil quality, and
the emergence of foliar diseases, which cause leaf blight and leaf spot. The study was conducted in
four districts of Kandahar Province (Dand, Panjwayi, Arghandab, and Zhari), which were selected
for the field assessment of maize leaf diseases.

Fielc Data Col'ection

\' : *Grown Session: July — August 2025
*Study Location: Kandahar province, Afghadistan
*(Districts: Dand, Panjwayi, Arghandap_aid Zheray.
‘\w’_"\f *Camera: SM-A715F smartphone

*Image Resolution: 3472 x 3472 pi);és

Figure 1. Study area map of Kandahar province, Afghanistan.

2.2 Field-Based Data Collection

Field observations were conducted during the 2025 maize growing season to document the
occurrence of maize leaf diseases under natural farming conditions in Kandahar Province,
Afghanistan. Maize fields were selected from four major maize-producing districts, and field visits
were carried out during critical crop growth stages to identify and record disease symptoms. Visual
assessments were performed to identify symptomatic and healthy maize leaves, and representative
samples were documented through high-resolution digital imaging under natural field conditions.
Only actively growing maize plants were considered to ensure an accurate representation of disease
occurrence in fields. All images were captured in situ and stored in JPEG format with corresponding
geographic coordinates (GPS) to accurately record sampling locations. Data collection was conducted
in four major maize-producing districts of Kandahar Province: Dand (31.570559°N, 65.686175°E),
Panjwayi (31.5104304°N, 65.4143471°E), Arghandab (31.659291°N, 65.642287°E), and Zhari
(31.625849°N, 65.543815°E). These districts represent diverse agricultural environments and
management practices, providing variability in agro-climatic conditions and disease occurrence.
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The dataset comprises three statuses of maize leaves: healthy leaves, leaf spot-infected leaves,
and leaf blight-infected leaves. All images were acquired using a Samsung SM-A715F smartphone
equipped with a 12-megapixel camera, producing images with a resolution of 3472 x 3472 pixels.
Image acquisition was performed during July and August 2025, when disease symptoms were clearly
visible and distinguishable. Image acquisition was performed during both morning and afternoon
periods under different natural lighting and field conditions to ensure a diverse and representative
dataset. The resulting geo-referenced image dataset was organized and made publicly available
through the Mendeley Data repository (Rafi, 2026), providing a valuable resource for maize disease
detection, computer vision research, and the development of artificial intelligence-based decision-
support systems for crop health monitoring.

Figure 2. Representative field images of maize cultivation in Kandahar province, Afghanistan
2.3 Disease ldentification and Assessment

Maize leaf diseases were identified through visual assessment of characteristic disease
symptoms, including lesion shape, color, size, and distribution patterns on leaf surfaces. Based on
symptom characteristics, two major disease categories were recorded: leaf blight and leaf spot.
Disease incidence was determined by counting infected plants in each field, whereas disease severity
was assessed based on infected leaf area. Field assessments were conducted across all study sites to
ensure consistency and enable comparisons among districts.

2.4 Data Analysis

Collected field data were organized and summarized to identify which maize leaf diseases
existed in the study areas, how common they were, and where they occurred. The researchers used
descriptive statistical methods to study how diseases spread and progressed in different districts. The
researchers used tables and figures to display their results, which showed how disease pressure and
distribution patterns changed. The study used observational field research to examine general patterns
and differences between locations instead of testing specific treatment methods.
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3. RESULTS

The field survey conducted across multiple villages within the four districts of Kandahar
Province revealed a high prevalence of maize leaf diseases during the 2025 growing season. The
observed maize fields showed two main leaf diseases, which included leaf blight and leaf spot,
according to field studies and image documentation. Healthy maize leaves were present in all
locations, but their distribution showed significant differences across different areas. The research
team used GPS coordinates to create precise collection site maps for each image. A total of 1,027
maize field images were acquired from four districts of Kandahar Province (Dand, Panjwayi,
Arghandab, and Zhari), including adjacent urban villages, to establish an initial dataset for maize leaf
disease detection.

______ Mendeley Data Repository

@ o | (bttps://data.mendeley.com)
— DOl-based Access

(10.17632/zkgh9tddf6.1)

Dataset Download (ZIP) . Geospatial Mapping
From Mendeley Data b ® GPS Points - District Boundaries
(Kandahar Province)

. Dataset Decompressing
(ZIP Extracting & Unzipping)

Spatial Analysis & Results
b ° (District-level Assessment & Disease
Label)

Image File Access
* 4 JPEG images

Image Opened in Photo Software
(EXIF / Properties Panel)
e Metadata Inspection
| e Capture Date & Time
e Device Information
¢ |mage Resolution
e GPS Coordinates (Lat, Lon)

Figure 3. Workflow for accessing the maize leaf disease dataset from Mendeley Data, extracting image metadata, and
identifying GPS-based district locations in Kandahar province, Afghanistan.

The workflow shown in Figure 3 shows how users access the maize leaf disease image dataset,
which exists in Mendeley Data. The process starts with downloading the dataset, which users need to
decompress. Users can open single images through their photo software to check the EXIF metadata
that exists in each image. The researchers extracted key image attributes, which included capture date,
device information, and GPS coordinates, to identify the corresponding districts within Kandahar
Province for geospatial analysis. Table 1 summarizes the number of images collected per district,
city, and village, along with GPS coordinates (latitude and longitude) for each collection site
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Table 1 Number of collected images from districts and city villages of Kandahar province with their classification status
(spot, blight, and healthy)

Province District Total images Status
Dand 185 Spot, Blight, and healthy
Panjwayi 216 Spot, Blight, and healthy
Kandahar Arghandab 286 Spot, Blight, and healthy
Zhari 151 Spot, Blight, and healthy
Villages of the City 189 Spot, Blight, and healthy

The complete dataset has three distinct status categories, which include healthy leaves, leaves
infected with leaf spot disease, and leaves infected with leaf blight, as shown in Figure 4. The
distribution of both leaf spot and leaf blight diseases extended through all areas where maize was
cultivated, which demonstrated that these diseases have become established permanent problems
within the region. The agricultural diseases that farmers experienced throughout the growing season
showed different symptoms at various plant development stages. The spatial analysis of disease
spread patterns revealed that different villages and fields experienced different rates of disease
transmission. Areas with dense plant populations and insufficient crop management practices
experienced higher disease intensity in maize fields. Disease symptoms were observed in maize fields
across the study sites; however, further efforts are required to improve knowledge of disease
identification, causes, and management practices. The restricted knowledge of farmers about leaf
disease identification and control methods resulted in widespread leaf disease distribution throughout
the study area.

Figure 4. Representative maize leaf images illustrating three classes used in the results:
(a) blight-infected leaf, (b) spot-infected leaf, and (c) healthy (normal) leaf.

4. Discussion

The research findings show that the combination of maize leaf blight and leaf spot diseases
functions as the most common foliar disease that affects maize cultivation throughout the Kandahar
Province study area. The diseases that spread naturally throughout field environments serve as
primary biotic factors that limit maize farming in the area. The research results from southwestern
Ethiopia show that leaf blight and leaf spot diseases serve as major yield-limiting factors because
these diseases reduce photosynthetic capacity and grain yield (Abera et al., 2025). The restricted
availability of agricultural extension services throughout Kandahar Province creates additional
obstacles for farmers who need to develop effective disease control procedures.

The combination of environmental factors, variety resistance, farming practice decisions, crop
management methods, and irrigation systems determines the level of disease outbreaks in agricultural
fields. The findings of this study revealed that fields with limited crop management practices,
inadequate crop protection measures, and the absence of disease control strategies exhibited higher
disease incidence. (Nsibo et al., 2024) reported similar findings about maize foliar fungal pathogens,
which persist in sub-Saharan Africa due to poor disease management practices and faulty farming
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methods that lead to leaf blight and leaf spot disease outbreaks. This study demonstrates that
insufficient disease control methods increase disease outbreaks that occur in agricultural fields.
Agricultural drought has emerged as the primary danger that affects rain-fed maize systems because
its effects differ between various growth periods and different geographic areas. A dynamic drought
risk assessment study conducted in Jilin Province, China, demonstrated that drought risk changes
significantly during maize development stages and is strongly influenced by climatic variability and
regional characteristics (Zhang et al., 2019).

The present study, supported by previous research, emphasizes the importance of considering
growth stages and geographic variability for improving drought resilience and drought management
in maize. The study found that farmers had minimal understanding of maize leaf diseases, which
represents a critical finding. The farmers detected abnormal leaf symptoms, but they could not
identify specific disease types or predict how these diseases would affect their crop production. The
agricultural systems of developing countries show knowledge deficiencies that require extension
programs that can teach farmers about disease identification and prevention, and integrated
management methods. The exclusion of maize rust from the dataset demonstrates that the agro-
climatic conditions of Kandahar Province, which include high temperatures, low rainfall, and low
relative humidity, match the area's natural environment. The environmental conditions create a
situation that prevents rust development, thus demonstrating the need for actual field studies to
determine disease presence. Proposed study results demonstrate that field-based image data
collections or datasets provide accurate disease information, which helps farmers make scientifically
supported agricultural choices.

This study provides valuable insights into the occurrence of maize leaf diseases in Kandahar
Province; however, several limitations should be acknowledged. First, data collection was conducted
during a single growing season (2025), which limits the ability to evaluate temporal variations in
disease occurrence across multiple years. Future studies incorporating multi-seasonal and multi-year
datasets would provide a more comprehensive understanding of disease prevalence and distribution
patterns. Second, disease identification was based primarily on visual symptom assessment under
field conditions. Although this approach reflects practical field scouting procedures, it may introduce
uncertainty when differentiating diseases with similar symptom characteristics. Future research
should incorporate laboratory-based pathogen confirmation techniques, including microscopic
examination and other diagnostic methods, to improve diagnostic accuracy. Third, the dataset was
collected from selected maize-producing districts of Kandahar Province and may not fully represent
the diversity of agro-ecological conditions across Afghanistan. Expanding data collection to
additional regions with varying climatic conditions, cropping systems, and management practices
would improve the representativeness and generalizability of the dataset.

Finally, while the dataset provides high-quality geo-referenced field images of maize leaf
diseases, it does not include the development or validation of automated disease classification models.
Future studies should utilize this dataset to develop and evaluate machine learning and deep learning
approaches for disease detection, early warning systems, and decision-support tools for maize disease
management. Continued research in this area will contribute to more effective disease monitoring and
sustainable maize production in Afghanistan.

5. CONCLUSION

This study presents a geo-referenced field image dataset of maize leaf diseases collected from
four major maize-producing districts of Kandahar Province, Afghanistan. Field observations
confirmed the occurrence of two major foliar diseases, namely leaf blight and leaf spot, together with
healthy maize leaves across the study area. The dataset was developed under natural field conditions
and includes high-resolution images with corresponding geographic coordinates, providing valuable
information on disease occurrence in maize-growing regions. The dataset contributes to addressing
the limited availability of publicly accessible maize disease data from Afghanistan and supports future
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research in plant disease detection, computer vision, and artificial intelligence applications in
agriculture. Furthermore, the geo-referenced nature of the dataset enables spatial analysis of disease
occurrence and may support the development of decision-support tools for crop health monitoring
and disease management. Overall, this dataset establishes a foundation for future studies aimed at
improving maize disease surveillance, developing automated disease detection systems, and
enhancing sustainable maize production in Afghanistan.
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ABSTRACT

Mung bean is an important legume crop with significant nutritional and economic value in semi-
arid agricultural systems. This study was conducted to evaluate the yield performance, agro-
climatic conditions, production practices, and economic feasibility of mung bean cultivation in
Logar, Afghanistan. Primary data were collected from 190 randomly selected farmers using a
structured questionnaire, while secondary information was obtained from scientific literature and
climatic databases. The data were analyzed using descriptive statistical methods, including
frequencies, percentages, means, and comparative analyses. The results indicated that mung bean
cultivation in Logar covers approximately 100 ha, with an average yield of 0.53 t ha™ and an
estimated total production of 104.9 t. Comparative analysis showed that the productivity of mung
bean in Logar is lower than that reported for other major mung bean-producing regions within
Afghanistan and several producing countries. Although temperature conditions are generally
suitable for mung bean cultivation, water scarcity, limited irrigation facilities, low adoption of
improved seed varieties, and inadequate agronomic management practices were identified as major
constraints affecting productivity. Economic analysis revealed a positive benefit-cost ratio (B:C)
of approximately 1.3, indicating that mung bean cultivation is economically feasible despite
relatively low profitability. The study concludes that improving irrigation management, promoting
improved seed varieties, and strengthening agronomic practices could enhance mung bean
productivity and economic returns in Logar under semi-arid conditions.
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1. INTRODUCTION

Mung bean (Vigna radiata L.) is an important legume crop widely cultivated in tropical and
subtropical regions of the world, particularly in South and Southeast Asia. It plays a significant role
in human nutrition and food security because its seeds contain approximately 20.97-31.32% protein,
42.62—61.22% carbohydrates, 3.59-5.09% crude fiber, 0.80—2.00% fat, and 3.46 — 4.85% ash, along
with considerable amounts of vitamins and essential minerals (Hou et al., 2019). Moreover, mung
bean enhances the sustainability of agricultural systems through biological nitrogen fixation, which
improves soil fertility and reduces dependence on inorganic fertilizers (Nair et al., 2018).

Global mung bean production is estimated at approximately 7.2 million metric tons annually, with
more than 90% of total production concentrated in South and East Asia (Silva Volpato et al., 2025).
India, China, and Myanmar are among the leading producing countries, where favorable climatic
conditions and improved crop management practices contribute to higher productivity and sustainable
production systems (Schreinemachers et al., 2019). Due to its short growth duration and relatively
low water requirement, mung bean is well adapted to semi-arid environments and is frequently
cultivated as a rotational crop following cereals (Nair et al., 2018).

In Afghanistan, mung bean has become an increasingly important crop, particularly in the provinces
of Farah, Kandahar, Kunduz, Nangarhar, Baghlan, and Laghman (Noorzai et al., 2017). Previous
studies have reported that, under favorable climatic conditions and improved crop management
practices, mung bean yield may reach 1.0 — 2.2 t ha* (Pajhwok, 2024; Rashidi et al., 2025). Despite
this potential, productivity remains below international standards in many parts of Afghanistan due
to limited adoption of improved technologies, inadequate irrigation facilities, poor-quality seed, and
insufficient access to modern agronomic practices.

Logar is characterized by a semi-arid climate with hot summers, cold winters_ where the average
annual rainfall of approximately 300 mm, and an elevation of about 1,922 m above sea level (Climate-
Data.org, 2024). These conditions generally provide a suitable thermal environment for mung bean
cultivation. However, water scarcity, limited irrigation infrastructure, low soil fertility, and the limited
use of improved production practices remain major constraints affecting crop productivity in the
province.

Legume crops play an important role in improving food security, nutritional quality, and soil fertility
in Afghanistan. Among these crops, mung bean is valued for its high protein content, short growth
duration, and ability to fix atmospheric nitrogen, making it suitable for sustainable agricultural
systems (Hou et al., 2019). Despite its agronomic and nutritional importance, mung bean productivity
in Afghanistan remains relatively low due to traditional production practices, limited access to
improved technologies, and inadequate irrigation and crop management systems.

Although mung bean cultivation has expanded in recent years in Logar, limited information is
available regarding its productivity, agro-climatic suitability, and economic performance under local
farming conditions. Furthermore, no comprehensive study has been conducted to compare mung bean
production in Logar with other mung bean-producing regions of Afghanistan and major producing
countries worldwide. This knowledge gap limits the development of evidence-based
recommendations for improving productivity and profitability under semi-arid conditions.

Therefore, the present study was conducted to evaluate the current status of mung bean production in
Logar, Afghanistan. Specifically, the study aimed to assess yield performance, analyze agro-climatic
conditions, evaluate economic feasibility, and compare the productivity of mung bean in Logar with
that reported from other producing regions. The findings of this study provide scientific information
that may support future research, agricultural planning, and improved production strategies for mung
bean cultivation in semi-arid environments.
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It was hypothesized that the average yield of mung bean in Logar is lower than the yields reported
for other major mung bean-producing regions of Afghanistan and selected producing countries
worldwide.

2. MATERIALS AND METHODS
2.1 STUDY AREA

The study was conducted in Logar, eastern Afghanistan, located at an elevation of approximately
1,922 m above sea level. The province is characterized by a semi-arid climate with hot summers, cold
winters, an average annual temperature of approximately 11°C, and annual precipitation of about 300
mm (Climate-Data.org, 2024). These climatic conditions generally provide a suitable environment
for mung bean cultivation; however, limited water availability remains a major constraint affecting
crop productivity.

2.2 Research Design

The study employed a descriptive survey design combined with a comparative analysis of secondary
data. Primary data were collected from mung bean farmers in Logar, while published information
from other Afghan provinces and major mung bean-producing countries was used for comparative
assessment.

2.3 Sampling Procedure and Sample Size Determination

Primary data were collected using a random sampling technique. The sample size was determined
using Cochran’s formula (Cochran, 1977), following established principles of sample size
determination in survey research (Ahmed, 2024):

n = z2pg/e?

where n is the required sample size, z is the standard normal deviate corresponding to a 95%
confidence level (1.96), p is the estimated proportion of the target population (0.7), q is the
complementary proportion (1 —p = 0.3), and e is the acceptable margin of error (0.06).

A total of 190 questionnaires were distributed among mung bean farmers across different districts of
Logar and were used for data collection and analysis.

2.4 Data Collection

Primary data were collected through a prepared questionnaire administered to mung bean farmers in
Logar. Information was obtained on cultivated area, yield, seed sources, irrigation practices, soil
fertility management, and major production constraints affecting mung bean production. Field
observations were also conducted to verify and supplement information obtained through farmer
interviews.

Secondary data were collected from published scientific literature, institutional reports,
meteorological databases, and other relevant academic sources. Climatic information was obtained
from Climate-Data.org and related databases to support the agro-climatic assessment of the study
area.

2.5 Data Analysis

The collected data were coded, organized, and analyzed using Microsoft Excel. Descriptive statistical
methods, including frequencies, percentages, means, and comparative tabular analyses, were used to
summarize production practices, yield performance, agro-climatic characteristics, and economic
indicators of mung bean production in Logar. Comparative assessments were conducted using
published data from other Afghan provinces and major mung bean-producing countries.
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Economic feasibility was evaluated using the Benefit-Cost Ratio (B:C), which was calculated as the
ratio of gross income to total production cost. Tables and figures were prepared using Microsoft Excel
to facilitate the presentation and interpretation of the results.

3. RESULTS
3.1 Yield Analysis of Mung Bean in Logar

Based on a survey of 190 mung bean farmers, approximately 100 ha of land were cultivated with
mung bean in Logar, Afghanistan. The average yield was estimated at 0.53 t ha™', resulting in a total
production of approximately 104.9 t (Table 1). These findings provide an overview of the current
status of mung bean production in the study area.

As presented in Table 1, mung bean yield varied among districts, ranging from 0.49 to 0.55 t ha™.
Mohammad Agha, Pul-e Alam, and Baraki Barak districts represented approximately 70% of the total
cultivated area, suggesting that mung bean production in Logar is concentrated in a few major

production districts.
Table 1 Mung bean production indicators by district in Logar

District Number of  Cultivated Area per  Total Cultivated Yield (t ha™) Totsill
Farmers Farmer (ha) Area (ha) Production (t)

Mohammad Agha 52 0.57 29.6 0.526 30.6
Pul-e Alam 45 0.56 25.2 0.52 26.0
Baraki Barak 31 0.49 15.2 0.55 16.5
Khoshi 21 0.48 10.1 0.54 10.8
Charkh 21 0.48 10.1 0.51 10.2
Kharwar 10 0.50 5.0 0.50 5.0
Azra 10 0.50 5.0 0.49 4.9

Total 190 — 100 0.53 104.9

3.3 Comparative Yield Data

Table 2 compares the average yield of mung bean in Logar with yields reported from selected Afghan
provinces and major mung bean-producing countries. As shown in Table 2, the average mung bean
yield in Logar (0.53 t ha-t) was lower than the yields reported for the selected Afghan provinces and
major mung bean-producing countries included in the comparison.

Table 2 Comparison of mung bean yield in Logar, selected Afghan provinces, and major mung bean-producing countries

Region / Country Yield (t ha) Source
Logar (Afghanistan) 0.53 Present study
Farah (Afghanistan) 2.00 Pajhwok (2024)
Kandahar (Afghanistan) 1.50-1.82 Noorzai & Choudhary (2017); Fazil et al. (2024)
Kunduz (Afghanistan) 1.22 Khaleeq (2024)
Kabul (Afghanistan) 1.21 Rashidi et al. (2025)
Baghlan (Afghanistan) 1.24 Singh et al. (2018)
India 1.21 Chaudbhary et al. (2023)
Pakistan (Punjab) 0.90 Government of Pakistan (2022)
Myanmar 1.30 Schreinemachers et al. (2019)
China 1.00 Industry Research (2024)
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3. 2 Agro-Climatic Analysis

Comparative agro-climatic data presented in Table 3 show differences in elevation, temperature, and
annual precipitation among the selected Afghan provinces and mung bean-producing countries. Logar
had an average annual temperature of 11 °C and annual precipitation of 306 mm. Farah and Kandahar
received lower annual precipitation than Logar, whereas Kunduz and Baghlan showed relatively
similar precipitation levels. The selected mung bean-producing countries generally exhibited higher
average temperatures and wider ranges of annual precipitation compared with Logar.

Table 3 Comparative agro-climatic characteristics of Logar, selected Afghan provinces, and major mung bean-producing
countries

Region / Country Elevation Average Annual Annual Source
(m) Temperature (°C) Precipitation (mm)
Logar (Pul-e Alam) ~1,922 11.0 306
Farah ~750 20.7 100-150
Kunduz ~351 16.9 300400 Climate-Dat.org (2024)
Kandahar ~1,010 20.0 ~200
Baghlan ~510 18.5 284
India — 20-30 600-1000 Nair et al. (2018)
Pakistan (Punjab) — 25-35 300-800 Pakistan (2022)
Myanmar - 25-30 1000-2000 SChreln‘zrznoaf;;rS ctal.
China — 25-30 500-1000 Industry Research (2024)

3.3 Economic Analysis of mung Bean Cultivation

The economic analysis indicated that the average cost of mung bean production in Logar was
approximately 28,000 AFN ha™', whereas the average gross income was about 37,000 AFN ha™.
Consequently, the average net income was approximately 9,000 AFN ha™'. The Benefit Cost ratio
(B:C) for mung bean production in Logar was 1.3 (Table 4).

Table 4 Comparison of economic indicators of mung bean cultivation in Logar and selected regions

. vield (kg Market Gross Total Cost  Net Income o
Province ha-) Price Income (AFN ha") (AFN ha-) B:C Citation
(AFN kg-)  (AFN ha-")
Logar 500-600 70 37,000 28,000 9,000 13 Field estimate
42,000~ 28,000~ 14,000— 14—
Nangarhar 650-750 65-70 50,000 30,000 20,000 17 MAIL (2021)
Hamim &
45,000~ 28,000~ 15,000~ 1.5-
Helmand 700-800 65-68 53,000 32,000 22,000 18 Choudhary
(2019)
49,000~ 30,000 19,000~ 1.6
Kandahar  800-900 65-70 63,000 13,000 30,000 o MAILQo21)
67,500 38,000— 30,000 18— Islametal.
Indi 1,2 - : ’ .
ndia  900-1,200 7583 102,000 48,000 54,000 22 2011)
1,000— 70,000~ 35,000— 35000~ 2.0-  Islametal.
Bangladesh 70-80 : : :
anglades 1,400 112,000 46,000 66,000 2.4 2011)

3.4 Comparative Economic Data

Data on the economics of some of the other provinces of Afghanistan and from other countries were
obtained through other published sources (Table 4) and analyzed for comparison purposes (MAIL,
2021; Hamim & Choudhary, 2019; Islam et al., 2011). The data presented in Table 4, indicate
differences in economic returns across regions.
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3. 5. Production Management Practices

The frequency analysis of farm management practices shows that 87.9% of farmers engaged in pest
and disease management, compared to 86.8% for weed management; however, only 77.4% followed
crop rotation as a management practice and 76.3% adhered to proper timing of planting.

On the contrary, implementation of improved seeds was completed by only 29.5% of farmers and
only 25.3% of farmers followed the recommendations for fertilization. The use of appropriate
methods for planting was carried out by only 19.5% of farmers. Among the surveyed farmers, 91.1%
reported experiencing water scarcity or inadequate irrigation facilities, indicating that water
availability is a major production constraint in the study area. The data in Table 5, summarize the
level of adoption of different agronomic practices among farmers.

Table 5 Frequency analysis of production practices affecting mung bean cultivation

Frequency

No. Production Factor Response () Percentage (%)

Yes 56 29.5

1 fi d varieti
Use of improved seed varieties No 134 70.5
) Standard application of organic and Yes 48 253
chemical fertilizers for soil fertility No 142 74.7
3 Planting carried out at the appropriate Yes 145 76.3
time No 45 23.7
. Yes 147 77.4
4 Observance of crop rotation No 43 6
L Yes 165 86.8
5 Weed control practices implemented No 25 132
. Yes 167 87.9
6 Pest and disease control conducted No 2 12.1
. . Yes 37 19.5
7 Appropriate planting method used No 153 20.5
g Farmers possessed adequate skills and Yes 62 32.6
experience No 128 67.4
9 Presence of water scarcity or a weak Yes 173 91.1
irrigation system No 17 89

4. Discussion

The findings of this study indicate that mung bean productivity in Logar was lower than that reported
for other mung bean-producing provinces of Afghanistan and several major producing countries
(Figure. 1). Similar studies conducted in Farah, Kandahar, Kunduz, Kabul, and Baghlan reported
higher yields than those observed in the present study (Baghlani et al., 2024; Khaleeq et al., 2025;
Noorzai et al., 2017). Likewise, average mung bean yields reported from India, Myanmar, China, and
Pakistan were higher than those recorded in Logar (Mitra & Kumar, 2024; Schreinemachers et al.,
2019; Pakistan, 2022). The comparatively low yield observed in Logar may be attributed to several
production constraints identified through the questionnaire survey. Water scarcity and weak irrigation
systems were reported as the most important limitations affecting production. In addition, low
adoption of improved seed varieties, inadequate fertilizer application, and limited implementation of
recommended agronomic practices may have contributed to reduced productivity. Similar constraints
have been identified as major factors limiting mung bean production in semi-arid environments (Islam
et al., 2011; Singh et al., 2021). Consequently, low productivity may reduce farmer income, limit
production efficiency, and decrease the contribution of mung bean to household food security.
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Figure 1. Comparison of average mung bean yield among Logar, selected Afghan provinces, and major mung bean-
producing countries (t ha-t).

The agro-climatic analysis suggests that temperature conditions in Logar are generally suitable for
mung bean cultivation. However, annual precipitation is relatively low and occurs mainly during
winter and spring, whereas mung bean is cultivated during the summer growing season. Therefore,
water availability during flowering and grain-filling stages may be insufficient to support optimum
crop growth and yield development. Previous studies have shown that adequate soil moisture during
critical growth stages is essential for achieving satisfactory mung bean yields (AVRDC — World
Vegetable Center, 2012). The perceptions of farmers obtained through the survey were consistent
with the climatic conditions of the region, where water scarcity was identified as the principal
environmental constraint. Although provinces such as Farah and Kandahar experience relatively drier
conditions, higher yields have been reported where irrigation facilities and water resources are more
accessible (Noorzai & Choudhary, 2017). Similarly, major mung bean-producing countries such as
India and China achieve higher productivity through favorable moisture availability and improved
crop management practices (Schreinemachers et al., 2019).

The economic analysis indicated that mung bean cultivation in Logar remains economically feasible,
as reflected by a Benefit Cost ratio (B:C) greater than one. However, relatively low productivity limits
overall profitability when compared with other provinces and countries. Previous studies have
reported that improved varieties, efficient irrigation management, and better agronomic practices
contribute to higher yields and improved economic returns from mung bean cultivation (Islam et al.,
2011; MAIL, 2021). Therefore, enhancing irrigation infrastructure, improving access to quality seed,
and promoting recommended production practices may increase both productivity and economic
benefits for farmers. These findings further suggest that improving production efficiency is essential
for strengthening the economic sustainability of mung bean cultivation in Logar.

5. CONCLUSION

This study evaluated the productivity, agro-climatic suitability, production practices, and economic
feasibility of mung bean cultivation in Logar, Afghanistan. The results showed that the average mung
bean yield was 0.53 t ha™!, which was considerably lower than the yields reported for other major
mung bean-producing regions of Afghanistan and selected producing countries. The survey findings
indicated that water scarcity and weak irrigation systems were the most important production
constraints, reported by 91.1% of farmers. In addition, the adoption of improved seed varieties
(29.5%) and recommended fertilizer practices (25.3%) was relatively low, which may have
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contributed to reduced productivity. Although the agro-climatic assessment showed that temperature
conditions are generally suitable for mung bean cultivation, limited water availability during the
growing season remains a major challenge. Economic analysis revealed a positive Benefit-Cost Ratio
(B:C) of 1.3, indicating that mung bean cultivation is economically feasible despite relatively low
profitability. Based on these findings, improving irrigation infrastructure, increasing access to
improved seed varieties, and promoting recommended agronomic practices are essential to enhance
productivity and economic returns. Further field-based research is recommended to evaluate
improved varieties, irrigation strategies, and nutrient management practices under the agro-climatic
conditions of Logar.
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ABSTRACT

Agriculture is considered the backbone of Afghanistan’s economy, as the country possesses vast
potential in natural resources, horticulture, livestock, and seasonal production. A large proportion
of Afghanistan’s population is engaged in agriculture, and the agricultural sector plays a key role
in household income generation, food security, export development, and regional economic
stability. Agriculture is a key pillar of the national economy, and Farah Province, due to its fertile
lands, suitable climate, and experienced farmers, has significant growth potential. The aim of this
study is to assess the current status of the agricultural sector in Farah Province and to formulate
effective development strategies using SWOT analysis. The method of this research is quantitative
in terms of data collection and applied in terms of purpose, using SWOT analysis, data were
collected through Likert-scale questionnaires from 54 participants including farmers, agricultural
specialists, and agriculture related staff. The results show several challenges. These include weak
infrastructure, poor water resource management, limited market access, and climate change. These
challenges causes' high production costs, low incomes, losses of post-harvest, and unsuitable
market conditions, placing farmer in Farah province under considerable economic pressure.
Therefore, an accurate evaluation of the present status of the sector, know existing challenges and
potentials, and appropriate strategies formulation are importance for Farah province sustainable
development. In this regard, SWOT analysis is employed as an effective, practical, and scientific
method to provide a clear picture of the sector’s strengths, weaknesses, opportunities, and threats.
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1. INTRODUCTION

Agriculture is very important in Afghanistan. Many people depend on it for jobs, food, and income.
It also supports the country’s economy. Because of this, it is important for both families and

economic stability (FAO, 2020).

Farah Province has good potential for agriculture. It has fertile soil and a suitable climate. Farmers
in this area also have good experience. There is also crop diversity. In rural areas, agriculture helps
reduce poverty. It also supports social stability where other jobs are limited.

Many studies show that agriculture is linked to economic growth. It also helps reduce poverty and
supports rural development. Countries that focus on agriculture often have better productivity and
stronger communities (Gurel & Tat, 2017).

However, the situation in Farah is not simple. The sector faces many problems. There is water
scarcity and climate change. Farmers have limited access to modern technology. There are not
enough storage and processing facilities. Market systems are weak, and transportation is poor.
These problems reduce production and affect farmers’ income (Batool & Nazir, 2024).

There are inadequate studies about agriculture in Afghanistan, spatially research focused on Farah
Province. There is also limited use of SWOT analysis in this area. SWOT helps to study both
internal and external factors. This gap makes it harder to develop practical strategies.

This study aims to examine agriculture in Farah Province. It also aims to develop useful strategies
using SWOT analysis. The results can help policymakers and organizations make better decisions.
In the future, this can improve production, increase farmers’ income, and support the local
economy (Perkins & Estrada, 2019). This research gives answers to believe questions.

1. What are the main strengths and weakness of the agricultural sector in Farah province?

2. What are the major opportunities and threats affecting the agricultural sector in Farah
province?

3. How can SWAT analysis be used to formulate effective strategies for the development of the
agricultural sector in Farah province?

4. What strategic actions are required to achieve sustainable agricultural development in Farah
province?

2. MATERIALS AND METHODS

This study was conducted in Farah Province, Afghanistan, and employed a quantitative research
approach in terms of data collection and an applied approach in terms of purpose. The study focused
on evaluating the agricultural sector using a strategic analytical framework. A structured Likert-scale
questionnaire was used as the primary data collection instrument. The questionnaire was developed
based on a comprehensive review of relevant literature and consultations with agricultural experts.
The study population consisted of farmers, agricultural specialists, and agriculture-related staff, from
which a total of 54 respondents were purposively selected. The selection criteria included professional
experience, involvement in agricultural activities, and technical expertise. Prior to data collection,
informed consent was obtained from all participants to ensure ethical compliance.

The questionnaire was organized into four sections corresponding to the components of SWOT
analysis: strengths, weaknesses, opportunities, and threats. To ensure content validity, the instrument
was reviewed and validated by two academic experts from the Faculties of Agriculture at Farah
University and Nimroz University. After validation, the questionnaires were distributed and
completed by the selected respondents.

Data analysis was conducted using the SWOT analytical framework, a widely recognized strategic
tool for evaluating internal and external factors and supporting decision-making processes (Gurel &
Tat, 2017; David & David, 2017). To improve analytical accuracy, the Internal Factors Evaluation
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Matrix (IFEM) and External Factors Evaluation Matrix (EFEM) were constructed. In these matrices,
each factor was assigned a weight and rating, and weighted scores were calculated to quantify their
relative importance.

Based on the IFEM and EFEM results, four strategic positions were analyzed to determine appropriate
development strategies for the agricultural sector in Farah Province. Data were processed and
analyzed using Microsoft Excel software.

1. Aggressive Strategy (SO)

In this position, efforts focus on maximizing external opportunities by leveraging internal strengths.
This strategy is appropriate when both strengths and opportunities are high.

2. Conservative Strategy (WO)

The objective of this strategy is to utilize external opportunities while simultaneously addressing and
improving internal weaknesses. This position is applied when opportunities exist but internal
weaknesses constrain development.

3. Competitive Strategy (ST)

In this strategy, existing strengths are used to reduce or counter external threats. This position is
suitable when strengths are strong but significant threats are present.

4. Defensive Strategy (WT)

In the defensive strategy, a protective approach is adopted to minimize internal weaknesses and
prevent or reduce external threats. This position is relevant when both weaknesses and threats are
high and risk reduction is essential for survival.

3. RESULTS

The results presented in Table 1. show that the majority of respondents (51.9%) were between 31 and
40 years of age, indicating that most participants were within an economically active and experienced
age group. In terms of education, a large proportion (81.5%) held a bachelor’s degree or higher,
reflecting a high level of academic background among respondents. Regarding occupation,
agriculture lecturers/students and individuals from other related sectors each constituted 40.7% of the
sample, while a smaller proportion were directly engaged in farming (11.1%) or employed as
agricultural officers (7.4%).

These characteristics indicate that the study benefited from informed participants with substantial
academic and professional exposure to the agricultural sector, enhancing the reliability of the
findings.

Table 1 Demographic Characteristics and Number of Farmers and Related Participants in the Study

Variable Category Frequency Percentage (%)
Age 22-30 years 22 40.7
31-40 years 28 51.9
Above 41 years 4 7.4
Total 54 100
Education Level Iliterate 2 3.7
High school graduate (12th grade) 8 14.8
Bachelor’s degree or higher 44 81.5
Total 54 100
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Occupation Engaged in farming 6 111
Agricultural officer 4 7.4

Agriculture lecturer or student 22 40.7

Other 22 40.7

Total 54 100

Analysis of Internal Factors

Table 2. presents the evaluation of internal factors (strengths and weaknesses) of the agricultural
sector based on the SWOT analysis framework. The analysis was conducted as follows:

1. The first column describes the internal factors, including strengths and weaknesses.

2. The second column represents the weight coefficient, indicating the relative importance of each
factor. The value ranges from 0 to 1, and the sum of all weights must not exceed1.

3. The third column shows the rating, which reflects the sector’s response to each factor, strengths
are assigned ratings of 3 or 4, while weaknesses are assigned ratings of 1 or 2.

4. The fourth column presents the weighted score, calculated by multiplying the weight coefficient
by the rating, indicating the overall impact of each factor.

5. Finally, if the total weighted score exceeds 2.5, strengths dominate weaknesses, if it is below
2.5, weaknesses outweigh strengths. For the agricultural sector of Farah Province, the total score
is 2.231, indicating that weaknesses outweigh strengths.

The evaluation of internal factors of Farah Province’s agricultural sector using the Internal Factors
Evaluation (IFE) Matrix shows a total score of 2.231, which indicates that weaknesses currently
prevail over strengths. Based on this score, the sector possesses notable strengths while
simultaneously facing serious internal weaknesses.

Among the strengths, the most significant factor is the availability of large and flat agricultural lands,
with the highest weighted score (0.232), plays a fundamental role in increasing production capacity.
In addition, the relative availability of modern agricultural machinery, the use of drip irrigation
systems, the presence of university graduates, the distribution of quality seeds and fertilizers, and the
availability of young specialists are considered major assets of the agricultural sector. Each of these
factors positively contributes to production quality, management efficiency, and the adoption of
modern technologies. Furthermore, farmers’ experience and traditional skills are regarded as
important strengths, as they enhance understanding of local conditions and support the effective
organization of agricultural activities.

Despite these strengths, the agricultural sector faces several critical weaknesses that significantly
hinder development. Weak agricultural infrastructure, with a weighted score of 0.054, is identified as
the most severe constraint, as post-harvest losses and delays in delivering products to markets
substantially increase farmers’ economic losses. Additionally, the lack of modern technology,
absence of storage facilities, insufficient modern irrigation systems, water scarcity, weak marketing
structures, and shortages of agricultural tools and machinery directly undermine production quality,
farmers’ income, and the overall economic stability of the sector.

In particular, water scarcity exacerbated by the climatic conditions of Farah Province is considered a
primary cause of reduced agricultural production. Likewise, the absence of storage systems limits the
expansion of exports. Overall, the internal factor analysis indicates that although the sector has strong
internal potential for growth, urgent reforms are required in water management, marketing, storage,
and infrastructure development to enable the sector to fully utilize its strengths and transform
weaknesses into opportunities.
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Table 2 Evaluation of Internal Factors (Strengths and Weaknesses)

g 2 Eo

No. Internal Factors (Strengths and Weaknesses) 'S 2 28
= x 2

1  Farmers’ traditional skills are beneficial for agricultural development 0.047 3 0.141

2 Relative availability of modern agricultural machinery increases production 0.059 3 0.177

3 Farmers’ experience helps in solving agricultural problems 0.055 3 0.165

4 Presence of young specialists supports the use of new technologies 0.059 3 0.177

5 Relative use of drip irrigation systems increases production 0.056 3 0.168

6  University graduates have the capacity to manage agricultural projects effectively 0.056 3 0.168

7 Availability of large and flat lands is a major strength of Farah’s agricultural sector 0.058 4 0.232

8  Relative distribution of quality seeds and fertilizers supports sector development 0.057 3 0171

9  Water scarcity reduces agricultural production 0.057 1 0.057

10 Lack of modern irrigation systems limits sector development 0.055 1 0.055
11  Absence of storage facilities leads to post-harvest losses of grains 0.055 1 0.055
12 Shortage of cold storage reduces fresh fruit export and preservation capacity 0.054 2 0.108
13 Weak domestic marketing networks reduce farmers’ income 0.057 2 0.114
14  Limited export routes reduce global market access for agricultural products 0.054 2 0.108
15 Lack of new technology affects product quality 0.055 1 0.055
16  Weak agricultural infrastructure increases farmers’ challenges 0.054 1 0.054
17  Lack of harvesting tools and insufficient agricultural machinery makes farming 0.057 2 0.114

activities more difficult
18  Shortage of agricultural machinery lowers farmers’ living standards 0.056 2 0.112
Tot 1.00 2.231

Evaluation of External Factors (Opportunities and Threats)

Table 3. presents the assessment of external factors (opportunities and threats) based on the SWOT
analysis framework. The evaluation was conducted as follows:
1. The first column describes the external factors, including opportunities and threats.
2. The second column shows the weight coefficient, which reflects the relative importance of
each factor. Values range from 0 to 1, and the sum of all weights does not exceed 1.
3. The third column presents the rating, indicating the sector’s response to each factor,
opportunities are rated 3 or 4, while threats are rated 1 or 2.
4. The fourth column contains the weighted score, calculated by multiplying the weight
coefficient by the rating, indicating the overall impact of each factor.
5. Finally, if the total weighted score exceeds 2.5, opportunities dominate threats; if it is below
2.5, threats outweigh opportunities. For the agricultural sector of Farah Province, the total
score is 2.342, indicating that threats outweigh opportunities.

The evaluation of external factors of Farah Province’s agricultural sector using the External Factors
Evaluation (EFE) Matrix resulted in a total score of 2.23, demonstrating that threats currently
outweigh opportunities. This score indicates that while the sector possesses notable opportunities for
development, it simultaneously faces serious external threats that constrain its overall potential.

Among the opportunity factors, several elements are particularly prominent. The adoption of new
agricultural technologies, improved security conditions, construction of the Bakhshabad Dam,
attraction of international assistance, and expansion of roads and bridges represent key opportunities
that can significantly enhance production levels, water management, export capacity, and marketing
efficiency. Notably, the use of new technologies, security stability, and construction of the
Bakhshabad Dam each achieved the highest weighted score (0.228), making them the most influential
external opportunities and critical drivers for long-term stability and growth of the agricultural sector.
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Additionally, expanded access to neighboring countries’ markets, implementation of international
standards, and development of agricultural projects are considered important opportunities for
increasing farmers’ income and improving the competitiveness of agricultural products.

On the other hand, the assessment of external threats facing Farah Province’s agricultural sector
identifies several factors as particularly severe and impactful. Based on weighted scores, global
market instability (weighted score: 0.053) and drought (weighted score: 0.054) are classified as first-
order threats, as they have direct and negative effects on economic stability and farmers’ income. The
high weighted scores of these threats indicate that if they are not effectively managed and controlled,
they could pose serious risks to the development of the agricultural sector.

Overall, these first-order threats represent critical focal points for strategic decision-making and risk
mitigation planning.

Table 3 Evaluation of External Factors (Opportunities and Threats)

... b= = E ®
No. External Factors (Opportunities and Threats) =3 = <5
$ & g8
1 Exporting products to neighboring countries promotes agricultural 0.056 3 0.168
development
2 Attracting international assistance is beneficial for expanding agricultural 0.057 3 0.171
projects
3 Construction of roads and bridges facilitates market access for products 0.056 3 0.168
4 Adoption of new technologies contributes to water conservation 0.057 4 0.228
5 Improved overall security provides opportunities for agricultural development ~ 0.057 4 0.228
6 Construction of the Bakhshabad Dam increases production capacity 0.057 4 0.228
7 Access to international markets is an opportunity for agricultural growth 0.055 3 0.165
8 Expansion of agricultural projects increases employment opportunities for 0.055 3 0.165
farmers
9 Implementation of international standards supports export development 0.056 3 0.168
10 Impacts of climate change reduce agricultural production 0.057 1 0.057
11 Drought reduces farmers’ income 0.054 1 0.054
12 Reduced rainfall negatively affects product quality 0.055 1 0.055
13 Price volatility of agricultural products increases farmers’ challenges 0.053 2 0.106
14 Limited access to agricultural credit hinders farmers’ progress 0.055 1 0.055
15 Lack of financial resources limits expansion of agricultural projects 0.053 2 0.106
16 Instability of global markets affects export levels 0.053 1 0.053
17 Weak infrastructure intensifies the impact of threats 0.055 1 0.055
Total 1.00 2.23
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Formulation of Strategies for Agricultural Sector Development

The evaluation of internal and external fundamental factors was conducted using the SWOT matrix
in order to identify strategies that align with the objectives of this study and are consistent with
existing internal and external conditions.

As indicated by the Internal and External Factor Evaluation Matrices, the total score for internal
factors is 2.231, while the total score for external factors is 2.23. To determine the primary strategic
orientation, these scores were plotted on a four-quadrant SWOT matrix. As shown in Figure (1), the
main strategy identified for the development of agriculture in Farah Province is a Defensive Strategy
(WT), marked by a star. This strategic position results from the combination of internal weaknesses
and external threats.

Metric's Final Score of Internal Assessment

1 2.5 4

II I

Conservative Strategy Aggressive Strategy

11

Defensive Strategy Competitive Strategy

JUIWISSISS Y
[BUIdIXT JO 310G [BUL] SOLIRIA

Figurel. Strategy Selection for Agricultural Development in Farah Province Using the SWOT Model
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Table 4 Strategies proposed for achieving agricultural development in Farah Province based on the SWOT matrix

analysis

o Weaknesses e  Strengths

1. Water resource scarcity reduces 1. Farmers’ traditional
agricultural production. skills are beneficial for

2. Lack of storage facilities causes agricultural
post-harvest losses of crops. development.

3. Shortage of cold storage reduces 2. Relative availability of g
fresh fruit preservation and modern agricultural g
export capacity. machinery increases iR

4.  Weak domestic marketing production levels. =
networks reduce farmers’ 3. Farmers’ experience 3
income. contributes to solving =

5. Limited export routes restrict agricultural problems.
global market access. 4. Presence of young

6. Lack of modern irrigation specialists facilitates the
systems constrains sector adoption of new
development. technologies.

7. Insufficient agricultural 5. Relative use of drip
machinery lowers production irrigation systems
levels. increases production

8. Lack of new technology efficiency.
negatively affects product 6. University graduates
quality. have the capacity to

9. Weak agricultural infrastructure effectively manage "
increases farmers’ challenges. agricultural projects. S

10. Lack of harvesting tools 7. Availability of large and g
increases labor difficulty for flat agricultural lands is =
farmers. a major strength of Farah E

Province. £
8. Relative distribution of w

. Competitive Strategy (ST): Using
strengths to mitigate threats

v

Increase  production using
modern machinery (S2) to reduce
price volatility and export risks
(T4, T7).

Utilize farmers’ skills,
experience, and the presence of
young specialists and graduates
(S1, S3, S4, S6) to counter
limitations in credit, financial
resources, and infrastructure (T5,
T6, T8).

Apply drip irrigation systems and
quality seeds and fertilizers (S5,
S8) to mitigate threats of climate
change, drought, and reduced
rainfall (T1, T2, T3).

Utilize large and flat agricultural
lands (S7) to increase farmers’
income and reduce the impacts of
drought (T2).

quality seeds and
fertilizers supports
sectoral development.

Aggressive Strategy (SO):
Using strengths to maximize
opportunities

1.

Increase production
through relative
availability of modern
machinery (S2) and
expand exports to
neighboring and
international markets
(01, O7).

Strengthen agricultural
projects, adoption of
international standards,
and attraction of
international assistance
by utilizing farmers’
traditional skills,
experience, and the
presence of young
specialists and graduates
(S1, S3, S4, S6) (02,
08, 09).

Opportunities

Exporting products to neighboring
countries promotes agricultural
development.

Attraction of international
assistance supports expansion of
agricultural projects.

Construction of roads and bridges
facilitates market access.
Adoption of new technologies
supports water conservation.
Improved overall security provides
opportunities for sectorial growth.
Construction of the Bakhshabad
Dam increases production
capacity.

Access to international markets
supports agricultural development.
Expansion of agricultural projects
increases employment
opportunities.

Implementation of international
standards enhances export
potential.
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3. Enhance drip irrigation
systems and the use of
quality seeds and
fertilizers (S5, S8)
through new
technologies and
improved road
infrastructure (04, 03).

4. Expand cultivation on
large and flat lands (S7)
by utilizing water from
the Bakhshabad Dam
and improved security
conditions (O5, O6).

Defensive Strategy (WT): Minimizing Conservative Strategy (WO): e Threats
weaknesses and avoiding threats Using opportunities to reduce 1. Climate change impacts
1. Efficient use of available water weaknesses reduce agricultural production.
resources (W1) to better manage 1. Reduce weaknesses in 2. Drought decreases farmers’
climate change and reduced rainfall marketing networks and income.
threats (T1, T3). limited export routes 3. Reduced rainfall affects crop
2. Utilize existing storage facilities and (W4, W5) by exporting quality.
cold rooms (W2, W3) to reduce price to neighboring countries, 4. Price volatility of agricultural
volatility and export risks (T4, T7). accessing international products increases farmers’
3. Rely on existing domestic marketing markets, and applying challenges.
networks and export routes (W4, international standards 5. Limited access to agricultural
WS5), and existing irrigation systems (01, 07, 09). credit restricts farmers’
(W6) to manage price instability, 2. Address weak progress.
export risks, drought, and reduced infrastructure and lack of 6. Lack of financial resources
rainfall (T2, T3, T4, T7). new technology (W8, limits project expansion.
4. Optimize use of existing agricultural WO9) through adoption of 7. Instability of global markets
machinery and technologies (W7, new technologies, road affects export levels.
W8, W10) to control threats related construction, and 8. Weak infrastructure intensifies
to limited credit and machinery improved security (O3, threat impacts.
shortages (T5, T9). 04, 05). 9. Shortage of agricultural
5. Improve management of existing 3. Reduce water scarcity machinery lowers farmers’
agricultural infrastructure (W9) to and lack of modern living standards.
mitigate infrastructure-related threats irrigation systems (W1,
(T8). W6) through the
Bakhshabad Dam and
attraction of
international assistance
(02, 06).
5. Discussion

The results of this study show that agriculture in Farah Province has strong natural potential due to
its extensive agricultural land resources, favorable agroecological conditions, and existing farming
experience. However, this potential is significantly constrained by structural, environmental, and
institutional ~ challenges  that  limit  productivity @ and  long-term  sustainability.
The findings are consistent with earlier studies that identify water scarcity and climate change as the
most serious threats to agricultural development in arid and semi-arid regions. FAO (2023) and ICRC
(2024) report that drought and irregular rainfall are major constraints on agricultural livelihoods in
Afghanistan. Similarly, UNDP (2021) and World Bank (2022) emphasize that climate change is
increasing agricultural risk through higher temperatures, reduced precipitation, and increased
evapotranspiration.

A key issue identified in this study is the continued use of traditional irrigation systems, which are
inefficient and highly vulnerable to climate variability. FAO (2022) explains that surface irrigation
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leads to substantial water losses through seepage, runoff, and evaporation, reducing overall
efficiency. Jensen (2007) and Burt et al. (2010) also show that poor irrigation management can reduce
water-use efficiency by up to 50 percent in similar agroecological contexts. As a result, farmers face
increased vulnerability during drought periods and declining agricultural output. To address this,
FAO (2022) recommend modern irrigation technologies such as drip and sprinkler systems, which
significantly improve water efficiency and resilience. In addition, Ostrom (1990) highlights that
effective local water governance and collective action are essential for sustainable irrigation
management, particularly in resource-scarce environments.
Infrastructure limitations represent another major constraint on agricultural development in Farah
Province. The study found that weak transportation systems, limited storage facilities, and poor
market access significantly reduce agricultural profitability. These challenges increase post-harvest
losses and reduce farmers’ bargaining power. Similar findings are reported by World Bank (2021)
and FAO (2020), which show that inadequate rural infrastructure is a key barrier to agricultural
commercialization in developing countries. Barrett (2008) further explains that weak value chain
integration prevents smallholder farmers from transitioning from subsistence to market-oriented
production systems. Reardon et al. (2019) also emphasize that investments in rural infrastructure and
agro-logistics are essential for improving market access and supporting rural transformation.

Institutional and financial constraints further intensify these challenges. Limited access to credit,
weak extension services, and insufficient institutional support reduce farmers’ ability to adopt
improved agricultural technologies. Anderson and Feder (2007) highlight that agricultural extension
systems are critical for knowledge transfer and productivity enhancement, while Davis et al. (2012)
show that advisory services significantly improve farm decision-making and farm performance.
Financial constraints are also significant. Feder et al. (1985) identify credit constraints and risk
aversion as major barriers to agricultural modernization, particularly among smallholder farmers.
FAO (2020) emphasize that access to rural finance is essential for investment in improved seeds,
fertilizers, and irrigation technologies. The World Bank (2021) further stresses that strengthening
rural financial systems is crucial for agricultural transformation in low-income contexts.

Despite these constraints, the study identifies several opportunities for agricultural development. The
proposed Bakhshabad Dam is considered a major opportunity due to its potential to increase water
availability, expand irrigation coverage, and stabilize agricultural production. Large-scale irrigation
infrastructure has been widely recognized as a driver of agricultural intensification and rural
development World Bank (2022). In addition, opportunities such as agricultural mechanization,
improved seed varieties, and climate-smart agriculture offer important pathways for increasing
productivity and resilience. FAO (2020) defines climate-smart agriculture as an approach that
increases productivity, strengthens resilience, and reduces emissions where possible. Evidence from
Lobell et al. (2011) and Stevenson et al. (2013) shows that improved agricultural technologies can
reduce yield variability under climate stress conditions. In Afghanistan, Kakar and Rahimi (2020)
further confirm that mechanization and technology adoption significantly improve agricultural
output, income diversification, and rural livelihoods.

An important contribution of this study is the integration of SWOT analysis with IFEM and EFEM
frameworks. This combined approach provides a more systematic and evidence-based understanding
of internal strengths and weaknesses as well as external opportunities and threats. According to David
(2017), integrating qualitative and quantitative strategic tools improves the quality of decision-
making and policy formulation. In this study, this approach also demonstrates how internal strengths,
such as land availability and human capacity, can be leveraged to address external challenges more
effectively. Overall, this study highlights the urgent need for integrated agricultural development
planning in Farah Province. Coordinated investment in water resource management, infrastructure
development, institutional strengthening, and market systems is essential for sustainable agricultural
growth. By addressing existing constraints and effectively utilizing available opportunities,

58



Afghan Agricultural Sciences Journal, 1(1), 49-60 Rashed et al. 2026

agriculture in Farah Province can significantly improve productivity, increase rural incomes, and
contribute to long-term economic stability and food security.

6. CONCLUSION

The findings of this study reveal that the agricultural sector in Farah Province possesses several
significant strengths, including the availability of suitable agricultural land, adequate human
resources, and access to basic agricultural inputs. However, despite these advantages, the sector
continues to face considerable structural weaknesses and external challenges that limit its productivity
and long-term sustainability. The analysis indicates that persistent issues such as water scarcity,
climate variability, inadequate infrastructure, underdeveloped market systems, and limited adoption
of modern agricultural technologies remain major constraints to agricultural development in the
province.

The application of the SWOT analytical framework, supported by the Internal Factor Evaluation
Matrix (IFEM) and External Factor Evaluation Matrix (EFEM), provided a systematic and
comprehensive assessment of the agricultural sector. The study clearly illustrates the extent to which
internal weaknesses and external threats adversely affect agricultural performance, while also
identifying strategic opportunities and practical solutions for sectoral improvement. The results of the
study suggest several strategic priorities for achieving sustainable agricultural growth in the province.
These include improving water resource management, developing agricultural and rural
infrastructure, promoting the adoption of modern technologies, expanding market access, and
strengthening the technical and managerial capacities of farmers. In addition, the study highlights
important development opportunities through increased investment in irrigation systems,
transportation infrastructure, and agricultural markets. Infrastructure projects such as water storage
facilities and dam construction are also identified as essential measures for enhancing agricultural
resilience and productivity
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ABSTRACT

Common bean is an important legume crop cultivated worldwide and exhibits considerable
variation in morphological, agronomic, and adaptive traits. In Afghanistan, diverse local and
improved bean varieties are grown under different agroecological conditions and contribute
significantly to food security and rural livelihoods. However, limited information is available
regarding their phenological, agronomic and yield performance, which hinders the identification
and recommendation of high-yielding and well-adapted cultivars. Therefore, the study aimed to
evaluate the phenological, agronomic, and yield characteristics of four local common bean varieties
and identify the most suitable variety for cultivation under agro-climatic conditions of Kabul,
Afghanistan. The four local bean varieties evaluated were Nagrabi Kapisa (red large seed),
Badakhshi (spotted large seed), Ghaznichi (red small seed), and Logari (cream-colored small seed).
The results indicated that Nagrabi (T1) performed superior to the other varieties in most evaluated
parameters. Nagrabi bean variety recorded the highest germination percentage (95%), earliest
flowering (40.33 days) and maturity (82.67 days), maximum number of branches per plant (11.73),
highest number of pods per plant (16.93), longest pod length (11.51 cm), highest number of seeds
per pod (5.23), heaviest 100-seed weight (34.06 g), and the highest seed yield (2630.57 kg ha™'). In
contrast, Logari (T4) and Ghaznichi (T3) showed comparatively lower performance in most traits.
Based on this study, the Nagrabi variety was identified as the most suitable local bean cultivar for
cultivation under the agro-climatic conditions of Kabul.
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1. INTRODUCTION
Common Bean (Phaseolus vulgaris L.) is an important legume crop belonging to the family

Fabaceae, widely cultivated across the world due to its high nutritional value, including protein,
dietary fiber, vitamins, and essential minerals (Uebersax et al., 2023) and (Lisciani et al., 2024). It is
considered one of the most important food legumes in both developed and developing countries
because of its ability to contribute significantly to human nutrition and food security (Lisciani et al.,
2024). In addition to its dietary importance, common bean plays a vital role in sustainable agriculture
through its ability to fix atmospheric nitrogen, thereby improving soil fertility and reducing
dependence on synthetic fertilizers (Karavidas et al., 2022) and (Cardoso et al., 2024).

Globally, bean production is influenced by environmental conditions, genetic factors, and agronomic
practices. The crop shows considerable adaptability to different agro-ecological zones; however, its
productivity is strongly affected by water availability, temperature fluctuations, soil fertility and
cultivar selection (Mohammad and Feleke, 2022) and (Daud et al., 2026). In Afghanistan, common
bean is an important component of smallholder farming systems, particularly in regions such as Kabul
Province, where farmers cultivate beans for both household consumption and income generation. The
crop is favored due to its relatively short growth duration and adaptability to local farming systems.
However, productivity remains low and unstable due to environmental stress, limited access to
improved varieties, and inadequate agronomic management practices (Sarhadi et al.,2017).

Previous studies have reported significant variation in growth and yield performance of bean
genotypes under different environmental conditions. For instance, Sarhadi et al. (2017) evaluated the
adaptation of local bean varieties under Kabul climatic conditions and reported considerable
differences in phenological behavior and yield potential among varieties. Similarly, studies by
Hussaini et al. (2021) indicated that water stress significantly affects growth and yield formation in
beans, while Qadiri et al, (2023) highlighted the positive role of integrated nutrient management in
improving crop performance. Furthermore, Kargiotidou et al, (2018) emphasized that genetic
variability among bean genotypes plays a major role in determining yield and its related components,
particularly pod number and seed development. Sadiq et al. (2023) also reported that plant density,
cultivar and agronomic practices significantly influence yield potential in bean production systems.
Despite these findings, there is still limited and insufficient comparative information on the
performance of local bean varieties under the specific agro-climatic conditions of Kabul, particularly
regarding detailed evaluation of phenological traits, growth characteristics, and yield components
under uniform field conditions. Therefore, systematic evaluation of locally available bean varieties is
essential to identify high-performing genotypes suitable for sustainable production in the region.

This study is significant because it provides updated comparative information on the performance of
local bean varieties under Kabul conditions, which can support farmers, researchers, and extension
workers in selecting high-yielding and well-adapted varieties. The findings will also contribute to
improving food security and sustainable agricultural production in agro-climatic condition of Kabul.
(limited information regarding the comparison of phonological, agronomic and yield characteristics
of local bean varieties in agro-climatic conditions of Kabul). Farmers mainly depend on traditional
practices and regional knowledge when selecting varieties, which can lead to low productivity and
inefficient resource use. Without experiments, it is difficult to identify which local bean varieties are
best suited for Kabul’s environment in terms of phonological, agronomic and yield characteristics.
This knowledge gap hinders efforts to improve bean production. Therefore, the study aimed to
compare the phonological, agronomic and yield characteristics of four local bean varieties under
Kabul’s climatic conditions to determine the most productive types.

2. MATERIALS AND METHODS

This research was conducted at the Agriculture Faculty research farm of Kabul University, during the
summer growth season in two field experiments, location (A) and location (B), from the 28 April
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2025 to 29 August 2025. Randomized Complete Block Design (RCBD) was used with three
replications. Four local bean varieties were used as treatments: Nagrabi (T1), Badakhshi (T2),
Ghaznichi (T3), and Logari (T4). Seeds of these varieties were obtained from local farmers and seed
sources within their respective production areas. Each replication consisted of four plots, one for each
bean variety, resulting in a total of 12 plots per location. Each plot measured 2 x 2 m (4 m?), the
experimental area included four rows which arranged to maintain 50 cm distance between each row
and 20 cm distance between each individual plant.

Table 1 Morphological and agronomic characteristics of four local common bean varieties

Variety Seed Agronomic

Name Size Seed Color Growth Habit Characteristics picture
Nagrabi
([Sepres Large Red Determinate Early maturing
common bean
variety
Badakhshi Spotted . . Intermediate
common bean Large Semi-determinate -
. (Ablaqg) maturity
variety
Ghaznichi
( Maqur) Small Red Indeterminate Late-maturing
common bean
variety
Logari Cream-
common bean Small colored Indeterminate Late-maturing
variety (Shirayi)

Source: The common bean varieties used in this study were obtained from the Badam Bagh Research Directorate,
Kabul, Afghanistan, under the Ministry of Agriculture, Irrigation and Livestock (MAIL).

The experimental field was thoroughly prepared through deep ploughing, followed by additional
ploughing, hoeing, debris removal, and land leveling to create a fine and uniform seedbed. The field
was then divided into three blocks and twelve plots, with furrows prepared for sowing. To enhance
soil fertility, 280 kg ha™ of DAP, 1.5 t ha™! of organic manure and 180 kg ha™! of urea were applied,
with urea supplied in split doses. Bean seeds were treated with Vitawax fungicide before sowing to
protect against soil-borne diseases and improve seedling establishment. A pre-sowing germination
test (100 seeds per variety) was conducted under moist tissue conditions at room temperature. Results
indicated high seed viability, with germination rates ranging from 96% to 100%, confirming the
suitability of all seed lots for field planting. Prior to sowing, the field was irrigated and seeds were
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soaked for 18 hours to promote rapid germination. Planting was carried out on 28 April 2025 at a
depth of 5 cm, maintaining a spacing of 20 cm between plants and 50 cm between rows. Weed control
was performed manually twice during the growing season to reduce competition for resources and
maintain field hygiene. Variety-specific seed rates were used, ranging from 25 to 33 kg ha™'. Crop
protection measures focused on monitoring and manually controlling cutworm (Agrotis spp.)
infestations, which posed a threat to young seedlings. Thinning was conducted 25 days after sowing
to maintain the recommended plant spacing and ensure uniform growth. Irrigation management
included pre-sowing irrigation followed by regular applications at 7-10 day intervals, resulting in a
total of 17 irrigations throughout the growing season to maintain adequate soil moisture and support
optimum crop development.

Data on germination, growth, phenology, and vyield attributes were collected using standard
procedures. Germination percentage was determined 10 days after sowing by counting seeds that
produced a visible radicle or shoot and calculating the proportion of germinated seeds relative to the
total seeds sown. Days to start flowering and days to start maturity were recorded from sowing to the
appearance of the first open flower and the first signs of pod browning, respectively, using
observations from five representative plants per plot. Plant height was measured at harvest from the
base of the plant to the tip of the main stem on five selected plants, while the numbers of branches
and pods per plant were determined by counting all primary and secondary branches and total pods
on the same sampled plants. Pod length, pod diameter, and seeds per pod were assessed using ten
randomly selected pods from representative plants in each plot, and mean values were calculated. For
seed weight, a random sample of 100 seeds from each replication was weighed using a precision
electronic balance after harvest, threshing, and cleaning. Seed yield was determined by harvesting a
1 m? area within each plot, drying the seeds to a uniform moisture content, recording the seed weight,
and converting the values to kilograms per hectare (kg ha™) using standard conversion methods. All
measurements were averaged to obtain representative values for each plot and treatment.

Analysis of variance (ANOVA) was conducted to assess collected data through their Randomized
Complete Block Design (RCBD) experimental setup. Mean was compared using the Tukey Honest
Significant Difference (HSD) test at the 5% probability level comparisons were conducted to compare
the means statistical analysis conducted through STAR (Statistical Tool for Agricultural Research)
software.

3. RESULTS

Various plant parameters such as germination percentage (10 DAS), days to flowering, days to
maturity, Plant height, branches per plant, pods per plant, pod length, seeds per pod, pod diameter,
100-seed weight and seed yield (kg ha™') were evaluated.

Germination%o 10 DAS

Nagrabi demonstrated the highest germination performance, which indicating variation in seed vigor
and establishment ability, followed by Badakhshi and Ghaznichi, while Logari showed the lowest
germination percentage.

Table 2 Comparison of varieties in germination% 10 DAS

Treatments Germination% 10 DAS
T1 (Nagrabi) 95.0°

T2 (Badakhshi) 77.4°

T3 (Ghaznichi) 67.1°¢
T4 (Logari) 59.3¢
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Values presented are treatment means based on three replications (n = 3). Means followed by the same letter within a
column are not significantly different at the 5% probability level according to the Tukey Honest Significant Difference
(HSD) test (P < 0.05). Different letters within a column indicate significant differences among bean varieties for the
respective parameter.

Phenological parameters

For days to flowering and days to maturity significant differences (p < 0.05) were observed between
treatments. Nagrabi was the earliest flowering and maturing variety, while Logari and Ghaznichi
required a longer time to complete their growth cycle. Badakhshi showed intermediate performance.
These differences reflect the genetic variability among the varieties in their growth and developmental
characteristics.

Table 3 Comparison of varieties in phenological parameters

Treatments Days to Flowering Days to Maturity
T1 (Nagrabi) 40.33¢ 82.67 ¢

T2 (Badakhshi) 48.43° 89.00°¢

T3 (Ghaznichi) 60.50 2 101.33°
T4 (Logari) 56.67 ° 110.332

Values presented are treatment means based on three replications (n = 3). Means followed by the same letter within a
column are not significantly different at the 5% probability level according to the Tukey Honest Significant Difference
(HSD) test (p < 0.05). Different letters within a column indicate significant differences among bean varieties for the
respective parameters.

Growth Traits

Significant differences were observed among the varieties for both traits. Logari and Ghaznichi
produced the tallest plants, indicating greater vegetative growth, whereas Nagrabi exhibited the
shortest plants. In contrast, Nagrabi developed the highest number of branches per plant, while
Ghaznichi produced the fewest branches. Badakhshi and Logari showed intermediate branching
performance. These results suggest that varietal differences influenced plant architecture, with taller
varieties not necessarily producing a greater number of branches.

Table 4 Comparison of varieties in Agronomic treats

Treatments Plant Height (cm) Number of Branches Per
Plant
T1 (Nagrabi) 37.13°¢ 11.73%
T2 (Badakhshi) 54.67° 9.17 %
T3 (Ghaznichi) 71.07°2 4.63°
T4 (Logari) 76.82 7.47°

Values presented are treatment means based on three replications (n = 3). Means followed by the same letter within a
column are not significantly different at the 5% probability level according to the Tukey Honest Significant Difference
(HSD) test (P < 0.05). Different letters within a column indicate significant differences among bean varieties for the
respective parameters.

Reproductive characteristics

Table.4 shows significant differences among the bean varieties for yield and yield-related traits.
Nagrabi produced the highest number of pods per plant, longest pods, greatest number of seeds per
pod, highest 100-seed weight, and the highest grain yield, demonstrating superior yield performance.
Badakhshi exhibited intermediate values for most traits and ranked second in grain yield. Ghaznichi
showed moderate performance, while Logari recorded the lowest values for most yield components
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and consequently produced the lowest grain yield. Pod diameter was generally similar among most
varieties, although Logari exhibited a significantly smaller pod diameter. These results indicate that
variations in grain yield were largely associated with differences in pod production, seed set, pod size,
and seed weight among the tested varieties.

Table 5 Comparison of varieties in reproductive traits

Pods 7o d d Di d in yield
Treatments per Seeds per Pod Diameter 10(_)—See Grain yie
Plant Length Pod (cm) Weight (g) (kg ha™)
(cm)
T1 (Nagrabi) 16.93% 11512 5232 3.532 34.062 2630.57 2
T2 (Badakhshi) 13.40° 9.85%® 4.75% 3.32¢ 31.80 % 1876.33°
T3 (Ghaznichi) 10.37 ¢ 8.56 ¢ 3.98 k¢ 3.34° 23.93°¢ 1568.00 ¢
T4 (Logari) 9.00°¢ 6.43°¢ 3.37¢ 2.60° 25.67 ¢ 1231.43¢

Values presented are treatment means based on three replications (n = 3). Means followed by the same letter within a
column are not significantly different at the 5% probability level according to the Tukey Honest Significant Difference
(HSD) test (P < 0.05). Different letters within a column indicate significant differences among bean varieties for the
respective parameters.

5. Discussion

Nagrabi showed the highest germination performance, indicating superior seed vigor, faster metabolic
activation, and better reserve mobilization during early establishment. This advantage suggests
stronger physiological readiness for rapid seedling emergence under agro-climatic conditions of
Kabul. Similar genetic control of germination and seed vigor in common bean was reported by
Kusaksiz et al. (2022), who emphasized varietal differences in early establishment ability. (T3) and
(T4) exhibited lower germination percentages within the first 10 days due to their delayed
germination behavior and late-maturing nature in some varieties may be associated with reduced seed
vigor and sensitivity to environmental conditions, which is consistent with the findings of Teshale et
al. (2020), who reported poor establishment under stress-prone environments.

Earliest flowering was exhibited in Nagrabi bean variety, reflecting a shorter vegetative phase and
faster transition to reproductive development. This early phenology is advantageous in Kabul’s semi-
arid climate, where terminal drought or temperature stress can reduce yield in late-maturing types.
The early flowering response likely indicates better adaptation and efficient accumulation of thermal
units. Raggi et al. (2019) confirmed strong genetic control over flowering time in common bean,
while Bhakta et al. (2017) reported that temperature and photoperiod strongly influence floral
initiation. Similar variation among growth habits was also observed by Neupane et al. (2011).

The earliest maturity recorded in Nagrabi demonstrates its ability to complete its life cycle efficiently
under limited moisture conditions, allowing it to escape late-season stress. This trait is particularly
valuable in semi-arid environments where water availability declines toward the end of the growing
season. Similar findings were reported by Yanda and Tryphone (2022), who associated early maturity
with drought avoidance strategies. Kusaksiz et al. (2022) also noted that early-maturing genotypes
are better adapted to short-season environments, whereas late-maturing types prioritize biomass
accumulation under favorable conditions.

The tallest plants observed in Ghaznichi and Logari indicate lengthen vegetative growth and more
indeterminate growth habit, while Nagrabi showed shorter plant height which could be associated
with early maturity and more efficient resource allocation to reproductive organs. Similar patterns
were reported by Kusaksiz et al. (2022), who distinguished indeterminate tall types from determinate
short types. This suggests that assimilates in Nagrabi are preferentially allocated to reproductive
structures rather than vegetative biomass.
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Nagrabi produced the highest number of branches, indicating superior plant architecture and greater
potential for reproductive site formation. This higher branching capacity directly contributed to
increased pod formation and yield potential. Kusaksiz et al. (2022) similarly reported that highly
branched genotypes produce more reproductive nodes and higher yields. In contrast, reduced
branching in some varieties may be linked to genetic limitations or suboptimal assimilate distribution.

The highest pod number per plant recorded in Nagrabi, which reflects improved flower retention and
stronger source-sink relationships during reproductive development. This superiority is likely
associated with its higher branching and early flowering traits, which extend pod formation duration.
Mekonnen et al. (2019) reported that pod formation is strongly influenced by genotype x environment
interaction, while Girma et al. (2021) confirmed that higher branching increases pod production.

Longer pods in Nagrabi indicate better assimilate translocation and stronger reproductive
development compared to other varieties. This suggests more efficient nutrient uptake and
partitioning during pod filling. Similar effects of favorable agronomic conditions on pod elongation
were reported by Olawale et al. (2021) and Singh and Kumar (2019), while Adebayo et al. (2020)
emphasized the importance of soil fertility in improving pod structural development.

The highest seed number per pod showed Nagrabi, indicating efficient fertilization and strong
assimilate supply during seed formation. This trait reflects better reproductive efficiency and sinks
strength. Togay et al. (2005) reported that nitrogen and phosphorus significantly improve seed set,
while Khalid et al. (2018) and Kusaksiz et al. (2022) confirmed strong genetic control over this trait.
In contrast, Ghaznichi’s lower seed set, reflects the lower end of reported ranges, likely due to limited
resource allocation and suboptimal reproductive efficiency.

Greater pod diameter in Nagrabi and some other varieties indicates improved pod filling capacity and
stronger sink development. This trait reflects better nutrient availability and physiological efficiency
during reproductive growth. Similar findings were reported by Olawale et al. (2021), who highlighted
the role of improved agronomic practices in enhancing pod size, while Singh and Kumar (2019)
emphasized genetics and environmental influence on pod structure.

Higher 100-seed weight in Nagrabi indicates superior assimilate partitioning and efficient seed filling
during the reproductive stage. This suggests stronger photosynthetic activity and effective
translocation of nutrients to developing seeds. Similar variation influenced by genotype and
agronomic practices was reported by Sadiq et al. (2023), while Avens (2021) demonstrated the effect
of spacing on seed weight.

The highest seed yield in Nagrabi is the cumulative result of its superior performance in all yield
components, including higher pod number, better seed set, and higher seed weight. This indicates a
well-balanced source-sink relationship and strong adaptation to semi-arid conditions. FAO (2022)
reported that environmental conditions and genotype strongly influence bean yield.

6. CONCLUSION

The present study evaluated the performance of four local bean varieties under the agro-climatic
conditions of Kabul by assessing germination, phenological, growth traits and yield components. The
results revealed clear and significant variation among the tested varieties, Nagrabi (T1) consistently
demonstrated superior performance across nearly all parameters. It achieved the highest germination
percentage (95%w), indicating excellent seed vigor and viability, and exhibited the earliest flowering
(40.33 days) and earliest maturity (82.67 days), which are critical advantages under Kabul’s relatively
short growing season and water limited conditions. Moreover, Nagrabi (T1) excelled in yield
contributing traits, recording the highest number of branches per plant (11.73), maximum number of
pods per plant (16.93), longest pod length (11.51 cm), highest number of seeds per pod (5.23),
heaviest (100) seed weight (34.06 g) and the highest seed yield (2630 kg ha'). Based on our findings
in the research area and agro-climatic conditions of Kabul, we suggest that the Nagrabi (T1) variety
of bean showed the best performance. In contrast, Logari (T4) and Ghaznichi (T3) exhibited weaker
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performance in most growth and yield parameters, including low germination rates, delayed
flowering and maturity, fewer branches, and reduced seeds weight. Their lower adaptability suggests
that these varieties are less suited to the specific climatic and soil conditions of Kabul. Badakhshi
(T2) showed moderate performance across traits, performing better than Ghaznichi (T3) and Logari
(T4) but not reaching the productivity level of Nagrabi (T1).

It is recommended to investigate how different fertilization systems and irrigation approaches and
intercropping methods affect plant development in local environments to improve bean production
and environmental sustainability.
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ABSTRACT

The poultry industry is increasingly challenged by antimicrobial resistance, rising feed costs, and
the growing demand for sustainable production systems, accelerating the search for effective
alternatives to antibiotic growth promoters (AGPs). This narrative review synthesizes current
evidence on the classification, mechanisms of action, and practical applications of prebiotics in
poultry nutrition. Relevant literature published in peer-reviewed journals was systematically
identified through major scientific databases using predefined search terms, with studies selected
based on their relevance to poultry production, gut health, immune function, and growth
performance. Prebiotics, including fructans (inulin and fructooligosaccharides), galacto-
oligosaccharides, mannan-oligosaccharides, resistant starch, lactulose, and other functional
oligosaccharides, have demonstrated considerable potential to beneficially modulate intestinal
microbiota and improve host physiology. Their beneficial effects are primarily mediated through
the selective stimulation of beneficial microorganisms, enhanced short-chain fatty acid production,
improved intestinal barrier integrity, immune modulation, and increased nutrient digestibility.
These mechanisms contribute to improved growth performance, feed efficiency, disease resistance,
and overall poultry health. However, inconsistent responses among studies indicate that the efficacy
of prebiotics is influenced by multiple factors, including prebiotic type and dosage, bird genotype
and age, dietary composition, management practices, and environmental conditions. This review
critically evaluates these variations, identifies current knowledge gaps, and highlights emerging
opportunities for precision prebiotic supplementation and microbiome-based nutritional strategies.
Overall, prebiotics represent promising functional feed additives for reducing antibiotic
dependency and supporting sustainable poultry production, although further well-designed studies
under commercial production conditions are required to optimize their practical application.
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1. INTRODUCTION

Poultry production has become one of the fastest-growing sectors of animal agriculture due to its high
efficiency in converting feed into high-quality animal protein. Poultry meat is widely consumed
because of its favorable nutritional profile, including lower levels of saturated fat compared with
many red meats, affordability, and availability (Jilo & Hasan, 2022). However, the rapid expansion
of the poultry industry has created several challenges, including maintaining productivity, controlling
intestinal disorders, reducing production costs, and ensuring food safety (Efremova, 2018).

For many decades, AGPs have been used in poultry production to enhance growth performance,
improve feed efficiency, and reduce bacterial challenges. However, the extensive and prolonged use
of antibiotics has contributed to the emergence of antimicrobial-resistant microorganisms, which
represents a major concern for animal production, public health, and environmental sustainability
(Reznichenko et al., 2021). Therefore, global efforts have focused on identifying safe and effective
alternatives to AGPs that can maintain productivity while minimizing antimicrobial resistance risks
(Solis-Cruz et al., 2019).

Among various functional feed additives, prebiotics have received increasing attention due to their
ability to regulate intestinal microbial ecosystems and improve host health. Prebiotics are non-
digestible compounds that are selectively utilized by beneficial microorganisms in the gastrointestinal
tract, resulting in the production of bioactive metabolites, particularly short-chain fatty acids (SCFAS)
(Gibson et al., 2017; Bevilacqua et al., 2024). These metabolites contribute to intestinal homeostasis
by influencing microbial composition, intestinal barrier integrity, nutrient utilization, and immune
regulation (Xia et al., 2024).

A wide range of prebiotic compounds, including fructans (inulin and fructooligosaccharides), galacto-
oligosaccharides (GOS), mannan-oligosaccharides (MOS), resistant starch, lactulose, and pectic
oligosaccharides, have been investigated in poultry nutrition. Previous studies have demonstrated that
dietary prebiotics can enhance beneficial microbial populations, increase SCFA production, improve
intestinal morphology, and support immune function in poultry (Abd El-Hack et al., 2022; Ali et al.,
2023). For example, mannan-oligosaccharides and B-glucans have been associated with improved
growth performance and immune responses, particularly under environmental stress conditions such
as heat stress (Sayed et al., 2023).

Despite the increasing number of studies investigating prebiotics in poultry, their effectiveness is not
always consistent. Differences in outcomes may be related to prebiotic type, chemical structure,
inclusion level, bird species, age, dietary composition, and environmental conditions (Johnson et al.,
2025). Moreover, although several studies have evaluated individual prebiotic compounds, a
comprehensive understanding of their mechanisms of action, comparative effectiveness, and practical
application in commercial poultry production remains limited.

Therefore, this review aims to provide an updated overview of prebiotics in poultry nutrition, focusing
on their classification, biological mechanisms, effects on gut microbiota, nutrient utilization, immune
function, production performance, and their potential role as alternatives to antibiotic growth
promoters.

2. METHODOLOGY

This review was conducted as a narrative review to evaluate the current knowledge regarding the
application, mechanisms, and effects of prebiotics in poultry production. A comprehensive literature
search was performed using major scientific databases, including PubMed, ScienceDirect, Scopus,
Web of Science, and Google Scholar, to identify relevant studies related to dietary prebiotics and
their effects on poultry health and productivity. The literature search was conducted using
combinations of the following keywords and Boolean operators: different types of prebiotics and
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poultry growth performance, gut microbiota intestinal health, immune response and antibiotic
alternatives.

Studies were selected based on predefined inclusion criteria, including: (1) research conducted on
poultry species, (2) evaluation of dietary prebiotic supplementation, (3) investigation of outcomes
related to growth performance, intestinal microbiota, nutrient utilization, immune responses, disease
resistance, or product quality, and (4) publication in peer-reviewed scientific journals. Recent studies
published mainly between 2015 and 2026 were prioritized to incorporate current advances in prebiotic
research.

Studies were excluded when they focused exclusively on non-poultry species, human nutrition, non-
dietary applications of prebiotics, or lacked sufficient information regarding prebiotic type, dosage,
or biological outcomes. Relevant information, including prebiotic source, supplementation level, bird
species, experimental duration, and reported effects, was extracted and systematically organized.
Finally, the collected information was qualitatively analyzed to identify major trends, biological
mechanisms, research limitations, and future opportunities regarding the use of prebiotics as
functional feed additives and alternatives to antibiotic growth promoters in sustainable poultry
production.

3. Classification and Sources of Prebiotics Used in Poultry Nutrition

Prebiotics are non-digestible functional feed ingredients that are selectively utilized by beneficial
intestinal microorganisms, resulting in improved microbial balance, enhanced intestinal function, and
better physiological responses in poultry. Based on their chemical structure and biological activity,
prebiotics used in poultry nutrition are mainly classified into fructans (inulin and
fructooligosaccharides, FOS), galacto-oligosaccharides (GOS), mannan-oligosaccharides (MOS),
xylo-oligosaccharides (XOS), isomalto-oligosaccharides (IMO), resistant starch (RS), lactulose,
pectic oligosaccharides (POS), B-glucans, and other non-digestible oligosaccharides (Gibson et al.,
2017; Abd El-Hack et al., 2022).

Fructans, including inulin and fructooligosaccharides, are among the most extensively studied
prebiotics in poultry nutrition. These carbohydrate compounds are fermented by intestinal
microorganisms and promote the production of short-chain fatty acids (SCFASs), which contribute to
intestinal microbial balance and improved gut function (Franco-Robles & Lépez, 2015; Hernandez
& Plou, 2023). Supplementation of fructan-based prebiotics has been associated with improved
intestinal microbiota composition and enhanced nutrient utilization in poultry (Ferrocino et al., 2023).

Galacto-oligosaccharides (GOS) are another important group of prebiotics produced through
enzymatic conversion of lactose. GOS selectively stimulate beneficial bacteria and contribute to
improved intestinal barrier function and microbial stability (Vera et al., 2016; Ambrogi et al., 2023).
Recent studies have indicated that GOS supplementation can support intestinal health and increase
SCFA production in poultry (Mei et al., 2022).

Mannan-oligosaccharides (MOS), mainly derived from yeast cell walls, are widely used as functional
feed additives in poultry production. MOS can modulate intestinal microbial populations, reduce
pathogen colonization, and improve growth performance and immune responses. Previous studies
have demonstrated beneficial effects of MOS supplementation on broiler performance and intestinal
health (Ali et al., 2023; Nawaz et al., 2024).

Resistant starch (RS) is considered an important prebiotic substrate because it escapes digestion in
the upper gastrointestinal tract and reaches the hindgut, where it is fermented by microorganisms into
SCFAs, particularly butyrate. In poultry, resistant starch has been associated with improved gut
microbial activity, intestinal health, and metabolic regulation (Tan et al., 2021; Hussain et al., 2025).

Other prebiotic compounds, including xylo-oligosaccharides (XOS), isomalto-oligosaccharides
(IMO), lactulose, pectic oligosaccharides (POS), and B-glucans, have also received increasing
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attention in poultry nutrition. XOS and IMO influence beneficial microbial populations and intestinal
fermentation, whereas lactulose contributes to microbial balance and digestive health (Morgan et al.,
2022; Mookiah et al., 2014; Sizova et al., 2025). Pectic oligosaccharides derived from plant materials
represent emerging prebiotic compounds with potential roles in regulating intestinal microorganisms
and supporting immune responses (Singh et al., 2020; Tang et al., 2025). B-glucans, often obtained
from yeast sources, have demonstrated immunomodulatory and microbiota-regulating properties in
poultry (Sayed et al., 2023).

Although different prebiotic classes vary in their chemical structures and biological functions, their
effectiveness in poultry depends on several factors, including molecular characteristics,
supplementation level, bird species, age, dietary composition, and environmental conditions.
Therefore, understanding the specific properties of each prebiotic category is essential for optimizing
their application in sustainable poultry production.
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Figure 1. Different types of prebiotics (Obayomi et al., 2024).
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4. Mechanisms of Action of Prebiotics in Poultry

Prebiotics exert their beneficial effects in poultry through multiple interconnected mechanisms,
primarily involving the regulation of intestinal microbiota, production of microbial metabolites,
enhancement of intestinal barrier function, modulation of immune responses, and inhibition of
pathogenic microorganisms. The biological responses induced by prebiotics depend largely on their
chemical structure, fermentation characteristics, and interaction with the gastrointestinal microbiome.

4.1. Modulation of Intestinal Microbiota

One of the primary mechanisms of prebiotics is the selective stimulation of beneficial intestinal
microorganisms, particularly Lactobacillus and Bifidobacterium, while limiting the proliferation of
harmful bacteria. Because poultry cannot enzymatically digest most prebiotic compounds, these
substrates reach the lower gastrointestinal tract, where they are selectively fermented by resident
microorganisms. This microbial regulation contributes to improved intestinal microbial balance and
enhanced gut ecosystem stability (Gibson et al., 2017; Xia et al., 2024).

Supplementation of prebiotics such as fructooligosaccharides, mannan-oligosaccharides, and galacto-
oligosaccharides has been reported to increase beneficial bacterial populations and reduce pathogenic
microorganisms, including Salmonella and Escherichia coli, in poultry (Pourabedin & Zhao, 2015;
Micciche et al., 2018). The ability of prebiotics to promote favorable microbial communities
represents a key mechanism underlying their role as alternatives to antibiotic growth promoters. The
application of prebiotics in poultry production represents a scientifically robust strategy to address
the global imperative of reducing antibiotic growth promoters (AGPs) while maintaining animal
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health, performance, and food safety. Their multifaceted mechanisms of action are not isolated effects
but interconnected biological processes that collectively enhance gut ecosystem homeostasis. The
primary mechanism begins with the selective modulation of the intestinal microbiota. Prebiotics,
defined as non-digestible food ingredients that beneficially affect the host by selectively stimulating
the growth and/or activity of beneficial bacteria in the colon, serve as a substrate for specific
commensal microbes such as Bifidobacterium and Lactobacillus species (Yue et al., 2025).

4.2. Production of Short-Chain Fatty Acids and Regulation of Intestinal Environment

The fermentation of prebiotics by intestinal microorganisms produces short-chain fatty acids
(SCFAs), including acetate, propionate, and butyrate. These metabolites play important roles in
maintaining intestinal health by lowering intestinal pH, enhancing epithelial cell energy supply, and
creating unfavorable conditions for pathogenic bacterial growth (Morgan, 2023). Butyrate, in
particular, serves as an important energy source for intestinal epithelial cells and contributes to
maintaining intestinal integrity. Increased SCFA production following prebiotic supplementation has
been associated with improved gut function and reduced pathogen colonization in poultry (Tan et al.,
2021; Al-baadani et al., 2025). Second, and perhaps more importantly, SCFAs act as key signaling
molecules and energy sources for the host. Butyrate, in particular, is the preferred energy source for
colonocytes, the cells lining the intestinal tract. Its provision is essential for maintaining the health,
proliferation, and functional integrity of these epithelial cells (Ducatelle et al., 2023)6. Furthermore,
SCFA:s like butyrate and propionate can modulate host gene expression through mechanisms such as
histone deacetylase (HDAC) inhibition and activation of G-protein-coupled receptors (GPCRS),
influencing a wide array of cellular processes from metabolism to inflammation (Oke et al., 2025)7.

4.3. Improvement of Intestinal Barrier Integrity and Morphology

Prebiotics improve intestinal structure by influencing villus development, crypt depth, and epithelial
integrity. Enhanced villus height and increased villus height-to-crypt depth ratio indicate improved
absorptive capacity and nutrient utilization. These structural improvements facilitate better digestion
and absorption of nutrients while strengthening protection against intestinal challenges (Rehman et
al., 2020; Ali et al., 2023). Furthermore, prebiotic-induced changes in microbial metabolites can
enhance intestinal barrier function by supporting tight junction integrity and reducing intestinal
inflammation. These effects contribute to improved nutrient availability and overall poultry
performance. This metabolic support directly translates into the improvement of intestinal barrier
integrity and morphology. A healthy, well-nourished epithelium forms a tight, impermeable barrier
against the translocation of harmful bacteria, toxins, and undigested antigens—a condition often
referred to as "leaky gut™ when compromised (Sayed et al., 2023). Prebiotic supplementation has
been consistently shown to enhance key morphological features of the gut, including increased villi
height and a higher villi height-to-crypt depth ratio in the small intestine (Yagoob et al., 2021). These
structural improvements significantly expand the absorptive surface area of the gut, which is
fundamental for efficient nutrient uptake. Concurrently, prebiotics strengthen the barrier at a
molecular level by upregulating the expression of tight junction proteins (e.g., claudins, occludin,
Z0-1) that seal the paracellular spaces between epithelial cells, thereby reinforcing the physical
barrier (Teng & Kim, 2018).

4.4. Immune Modulation

Prebiotics influence both innate and adaptive immune responses through interactions between
intestinal microorganisms and host immune cells. By promoting beneficial bacteria and increasing
microbial metabolites, prebiotics enhance immune system development and improve resistance
against environmental and pathogenic challenges. Dietary supplementation with MOS, B-glucans,
and other oligosaccharides has been associated with increased immunoglobulin production, improved
immune organ development, and enhanced disease resistance in poultry (Sayed et al., 2023; Bayat et
al., 2025). These immunomodulatory effects make prebiotics valuable components of antibiotic-free
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poultry production systems. The immune system is profoundly intertwined with gut health, and
prebiotics exert significant immunomodulatory effects. They do not simply stimulate the immune
system in a non-specific manner; rather, they help calibrate it towards a state of balanced
responsiveness. By promoting a healthy microbiota and providing SCFAS, prebiotics support the
development and function of regulatory T cells (Tregs), which are crucial for maintaining immune
tolerance to commensal bacteria and dietary antigens while preventing excessive inflammatory
responses (Swaggerty et al., 2022). This is achieved through SCFA-mediated signaling that promotes
an anti-inflammatory milieu in the gut-associated lymphoid tissue (GALT). Additionally, prebiotics
can enhance the production of secretory immunoglobulin A (slgA), a key antibody that
provides immune exclusion by trapping pathogens and toxins in the mucus layer, preventing their
attachment to the epithelium (Tellez-lIsaias et al., 2024). This refined immune status makes birds
more resilient to infections and environmental stressors, such as heat stress, which can otherwise lead
to immunosuppression (Sayed et al., 2023).

4.5. Inhibition of Pathogenic Microorganisms

Prebiotics can reduce pathogenic bacterial colonization through several mechanisms, including
competitive exclusion, alteration of intestinal pH, increased SCFA production, and enhancement of
mucosal defense. Certain prebiotics, particularly MOS, can bind bacterial surface structures and
reduce attachment of pathogens to intestinal epithelial cells. Studies have demonstrated that prebiotic
supplementation can decrease intestinal Salmonella populations and improve microbial safety in
poultry products (Micciche et al., 2018; Abd El-Hack et al., 2022). Therefore, prebiotics provide a
multifaceted approach for controlling intestinal pathogens without contributing to antimicrobial
resistance. The inhibition of pathogenic microorganisms is a synergistic outcome of several
aforementioned mechanisms. The lowered pH from SCFA production creates a direct chemical
barrier. The competitive exclusion by a thriving population of beneficial bacteria limits the ecological
niche available for pathogens. Moreover, some beneficial bacteria stimulated by prebiotics can
produce their own antimicrobial substances, such as bacteriocins, which directly kill or inhibit
competing pathogenic strains (Ashfaq et al., 2020). This multi-pronged approach makes it
significantly harder for pathogens like Salmonella to establish a foothold and proliferate within the
avian gastrointestinal tract, thereby reducing the risk of both clinical disease in the bird and the
potential for foodborne pathogen contamination in the final product (Abd El-Hack et al., 2022).

4.6. Enhancement of Nutrient Utilization and Metabolism

By improving intestinal morphology, microbial balance, and digestive processes, prebiotics
contribute to enhanced nutrient utilization. Increased populations of beneficial microorganisms
support nutrient metabolism and improve the availability of minerals and other dietary components.
Previous studies have reported that prebiotics such as MOS, B-glucans, and inulin improve nutrient
digestibility, nitrogen utilization, and metabolic efficiency in poultry (Leone & Ferrante, 2023;
Ferrocino et al., 2023). Finally, the enhancement of nutrient utilization and metabolism is the ultimate
driver of improved growth performance, which is the primary economic goal in poultry production.
The improved gut morphology (taller villi, greater surface area) directly facilitates more efficient
digestion and absorption of nutrients from the feed (Yaqoob et al., 2021). A stable, healthy gut
environment also reduces the energetic cost associated with chronic low-grade inflammation and
immune activation, allowing more dietary energy to be directed towards growth and muscle
deposition (Yadav & Jha, 2019). Furthermore, a balanced microbiota contributes to the host's
metabolic capacity by synthesizing certain vitamins (e.g., B vitamins, vitamin K) and aiding in the
breakdown of complex dietary components that the host enzymes cannot fully digest on their
own (Fathima et al., 2022). Together, these mechanisms allow prebiotic-fed birds to achieve feed
conversion ratios and weight gains that can rival those previously obtained with AGPs, making them
a viable and sustainable cornerstone of modern, antibiotic-free poultry production systems (Adhikari
& Kim, 2017; Yang et al., 2025).

75



Afghan Agricultural Sciences Journal, 1 (1), 70-87 Ahmadi and Subhani (2026)

5. Effects of Prebiotics on Poultry Production

Prebiotics have gained increasing attention in poultry nutrition because of their ability to improve
production efficiency, maintain intestinal health, and support disease resistance without contributing
to antimicrobial resistance. Their beneficial effects are mainly associated with modulation of
intestinal microbiota, increased production of microbial metabolites, improved nutrient utilization,
and regulation of immune responses. However, the effectiveness of prebiotics depends on factors
such as prebiotic type, inclusion level, bird species, age, dietary composition, and environmental
conditions (Abd El-Hack et al., 2022; Bevilacqua et al., 2024).

5.1. Improvement of Growth Performance and Feed Efficiency

Growth performance and feed efficiency are among the most important indicators for evaluating the
effectiveness of functional feed additives in poultry production. Several studies have demonstrated
that prebiotic supplementation can improve body weight gain (BWG) and feed conversion ratio
(FCR) by creating a favorable intestinal environment and enhancing nutrient utilization. Mannan-
oligosaccharides (MOS), fructooligosaccharides (FOS), and other oligosaccharides have been
reported to improve broiler growth performance through stimulation of beneficial microorganisms
and reduction of intestinal microbial disturbances (Ali et al., 2023; Nawaz et al., 2024). MOS
supplementation has shown positive effects on body weight gain and feed efficiency, with responses
comparable to antibiotic growth promoters, indicating its potential as a natural alternative to AGPs
(Ali et al., 2023). Furthermore, prebiotic supplementation may improve performance under
environmental stress conditions. Dietary administration of MOS and B-glucans in heat-stressed
broilers enhanced growth rate, maintained beneficial microbial populations, and improved immune
responses, suggesting that prebiotics can support production stability under challenging conditions
(Sayed et al., 2023). Similarly, prebiotic supplementation during heat stress has been associated with
improved growth performance and feed utilization efficiency (Awad et al., 2020).

5.2. Enhancement of Nutrient Digestibility and Utilization

Prebiotics improve nutrient utilization by modifying intestinal microbial activity, enhancing intestinal
morphology, and increasing the efficiency of nutrient absorption. The fermentation products
generated by beneficial bacteria contribute to improved digestive processes and nutrient availability.
Supplementation with MOS and B-glucans has been shown to enhance ileal nutrient digestion and
nitrogen utilization by improving intestinal structure and microbial activity (Leone & Ferrante, 2023).
Inulin supplementation has also been reported to increase intestinal microbial functional capacity,
which may contribute to improved nutrient uptake and gut health in broilers (Ferrocino et al., 2023).

In addition, prebiotics may influence mineral utilization. Wheat-derived prebiotic compounds have
been associated with improved iron status through changes in intestinal conditions and enhanced
mineral availability (Tako et al., 2014). Similarly, prebiotic supplementation has been reported to
increase copper utilization in poultry (Leblebicier & Aydogan, 2018).

5.3. Improvement of Gut Health and Intestinal Microbial Balance

The gastrointestinal tract plays a central role in poultry productivity, and maintaining microbial
balance is essential for efficient digestion, nutrient absorption, and disease prevention. Prebiotics
regulate intestinal microbiota by selectively promoting beneficial bacteria and suppressing harmful
microorganisms. Dietary supplementation with FOS, MOS, and other oligosaccharides increases
beneficial bacterial populations, particularly Lactobacillus and Bifidobacterium, while reducing
pathogenic bacteria. These microbial changes enhance SCFA production, decrease intestinal pH, and
create unfavorable conditions for pathogen growth (Pourabedin & Zhao, 2015; Morgan, 2023).
Prebiotics also improve intestinal morphology by increasing villus height and enhancing the villus
height-to-crypt depth ratio, which contributes to greater absorptive capacity and intestinal integrity
(Rehman et al., 2020; Ali et al., 2023). These structural improvements support better nutrient
utilization and overall production performance.
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5.4. Enhancement of Immune Function and Disease Resistance

Prebiotics influence poultry immunity through interactions between intestinal microorganisms and
host immune systems. By improving microbial balance and increasing beneficial microbial
metabolites, prebiotics enhance both intestinal and systemic immune responses. Supplementation
with MOS, pB-glucans, and other prebiotic compounds has been associated with increased
immunoglobulin levels, improved immune organ development, and enhanced resistance against
infectious challenges in poultry (Sayed et al., 2023; Bayat et al., 2025). These effects demonstrate the
potential of prebiotics to strengthen natural defense mechanisms in antibiotic-free production
systems.

5.5. Reduction of Antibiotic Dependency

The global increase in antimicrobial resistance has accelerated the search for alternatives to antibiotic
growth promoters in poultry production. Prebiotics provide a promising strategy because they
improve intestinal health through ecological regulation rather than direct bacterial elimination. Unlike
antibiotics, prebiotics selectively stimulate beneficial microorganisms and enhance intestinal
conditions that limit pathogen development. This mechanism reduces pathogen pressure while
maintaining microbial diversity within the gastrointestinal tract (Ricke, 2018; Solis-Cruz et al., 2019).
Previous studies have reported that prebiotic supplementation can improve productivity and disease
resistance while reducing the need for antibiotics in poultry production systems (Andrew Selaledi et
al., 2020). Furthermore, agricultural and industrial by-product-derived prebiotics have been proposed
as sustainable solutions for improving animal health and reducing dependence on antimicrobial
agents (Ravanal et al., 2025).

5.6. Effects on Poultry Product Quality

In addition to improving growth and health parameters, prebiotics may influence poultry product
quality through their effects on nutrient metabolism, intestinal function, and lipid regulation. Dietary
inulin supplementation has been reported to maintain favorable meat physicochemical properties
while providing a potential alternative to antibiotic growth promoters (Guaragni et al., 2020).
Moreover, improvements in intestinal health and nutrient utilization associated with prebiotic
supplementation may contribute indirectly to enhanced carcass characteristics and production quality
(Tavaniello et al., 2018).
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Figure 2. The main functions of prebiotics in poultry.
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Table 1 Effects of dietary supplementation with different types of prebiotics on poultry gut microbiota and SCFAs
concentrations

Effect Name of Amount Species Age Reference
Prebiotics (mg/kg)

Feeding 10,000 mg/kg Fructo 0,5000,10000 Layer 60-65to Adhikari et

FOS led to a reduction in oligosaccharides  (mg/kg) of feed White weeks al.,2018

the viable count of Leghorn hens

Salmonella enteritidis.

Feeding 2,000 mg/kg Xylo- 0, 50, 2000 Layer 39-47 Morgan et

resulted in increased ileal oligosaccharides (mg/kg) weeks al.,2022

protein digestibility

Increased acetate with Soybean 3500,5000 Broiler 0-42days Liu et

3500 mg/kg SBO. oligosaccharides al.,2021

(mg/kg)

Reduced pH of ileal and Fructo 2000 Turkeys 0-56days Juskiewicz et

cecal, especially at the oligosaccharides al.,2006

highest dose, without (mg/kg)

changing their
concentration.

Increased caecal isomalto- 5000 IMO Broiler- 0-42days Mookiah et
lactobacilli and oligosaccharides (Ross 308) al.,2014
bifidobacteria, reduced E. +Probiotics+ (mg/ka)

coli, and elevated caecal Symbiotics

VFA and non-VFA
concentrations

Increased Lactobacillus Nutrition yeast 2000 Broiler- 0-42days Bayat et
levels accompanied by (NY) (Ross 308) al.,2025
reduced total coliforms and (mg/kg)

pH, along with improved

ileum morphology.

Enhanced propionic acid Xylo- 0.250 Broiler- Ross  0-21days Craig et
production with XOS oligosaccharides al.,2020

6. Current Challenges and Research Gaps

Although prebiotics have demonstrated promising effects in poultry production, several challenges
remain regarding their consistent application under commercial conditions. Variations in
experimental outcomes among studies indicate that the effectiveness of prebiotics is influenced by
multiple factors, including chemical structure, molecular size, degree of polymerization, inclusion
level, bird genotype, age, diet composition, and environmental conditions (Gibson et al., 2017; Abd
El-Hack et al., 2022).

One of the major challenges is the variation in responses among different prebiotic sources. Different
prebiotic compounds do not produce identical biological effects because their fermentation
characteristics and interactions with intestinal microorganisms vary. For example, MOS, FOS, GOS,
and resistant starch may influence microbial populations through different pathways, making it
difficult to establish universal recommendations regarding the most effective prebiotic type or dosage
for specific poultry production systems (Pourabedin & Zhao, 2015; Bevilacqua et al., 2024).

Another important limitation is the lack of standardized dosage recommendations. Although many
studies have reported beneficial effects of prebiotics, supplementation levels differ considerably
among experiments. Excessive or insufficient inclusion rates may reduce their effectiveness or fail to
produce measurable improvements in poultry performance. Therefore, dose—response studies under
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commercial production conditions are required to determine optimal inclusion levels for different
poultry categories (Nawaz et al., 2024; Ali et al., 2023).

The complex interaction between prebiotics and intestinal microbiota represents another research
challenge. The response of poultry to prebiotic supplementation depends on the existing microbial
community, environmental conditions, and host factors. Advances in microbiome analysis have
improved understanding of these interactions; however, further research is needed to identify specific
microbial populations responsible for beneficial responses and to develop precision-based prebiotic
strategies (Ferrocino et al., 2023; Xia et al., 2024).

The economic feasibility and practical application of prebiotics also require further investigation.
Although prebiotics can improve poultry health and productivity, production costs, availability of raw
materials, processing methods, and stability during feed manufacturing may affect their commercial
adoption. The development of cost-effective prebiotic sources from agricultural and industrial by-
products may provide sustainable solutions for large-scale poultry production (Ravanal et al., 2025).

Furthermore, limited information is available regarding the long-term effects of continuous prebiotic
supplementation on poultry health, microbiome stability, and product quality. Most current studies
focus on short-term experimental periods, whereas commercial poultry production requires
evaluation throughout the entire production cycle. Long-term investigations are necessary to confirm
safety, consistency, and economic benefits.

Finally, future studies should focus on precision nutrition approaches, including the integration of
prebiotics with microbiome-based technologies, probiotics, enzymes, and other functional feed
additives. Such approaches may improve predictability and maximize the benefits of prebiotics as
sustainable alternatives to antibiotic growth promoters in poultry production systems (Sayed et al.,
2023; Ravanal et al., 2025).

7. Future Perspectives and Research Directions

The increasing demand for sustainable poultry production systems and the global movement toward
reducing antibiotic use have created new opportunities for the application of prebiotics as functional
feed additives. Although prebiotics have demonstrated beneficial effects on poultry performance,
intestinal health, and immunity, future research should focus on improving their predictability,
efficiency, and practical application under commercial production conditions.

One important research direction is the development of precision prebiotic strategies. Since different
prebiotic compounds produce variable responses depending on their chemical structure, fermentation
characteristics, and interaction with intestinal microorganisms, future studies should identify specific
prebiotics that target particular microbial populations and production objectives. The integration of
microbiome sequencing and advanced bioinformatics approaches may help determine the most
effective prebiotic-microbiota interactions and support personalized nutritional strategies for
different poultry categories (Ferrocino et al., 2023; Xia et al., 2024).

Another promising area is the investigation of combined applications of prebiotics with other
functional feed additives, including probiotics, enzymes, phytogenic compounds, and organic acids.
These combinations may produce synergistic effects by simultaneously improving microbial balance,
nutrient utilization, and immune responses. However, further research is required to determine
optimal combinations, inclusion levels, and practical benefits under field conditions (Sayed et al.,
2023; Ravanal et al., 2025).

Future studies should also emphasize the development of cost-effective and sustainable prebiotic
sources. Agricultural residues and industrial by-products may represent valuable sources of novel
prebiotic compounds; however, their extraction methods, consistency, safety, and biological
effectiveness require further evaluation before large-scale application in poultry feed production
(Ravanal et al., 2025).
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The use of advanced analytical technologies, including metagenomics, metabolomics, and molecular
approaches, will provide deeper insights into the mechanisms through which prebiotics influence
host-microbiota interactions. These approaches may facilitate the identification of microbial
biomarkers associated with improved growth performance, disease resistance, and feed efficiency.

Furthermore, future research should evaluate the long-term effects of prebiotic supplementation
throughout the complete production cycle, including impacts on growth, reproductive performance,
product quality, microbiome stability, and economic efficiency. Large-scale commercial trials are
necessary to validate experimental findings and determine the feasibility of prebiotics under diverse
production systems.

Overall, future advances in prebiotic research should move from general supplementation approaches
toward targeted, microbiome-driven nutritional strategies. Such developments will strengthen the role
of prebiotics as sustainable alternatives to antibiotic growth promoters and contribute to the
advancement of environmentally responsible poultry production systems.

8. CONCLUSION

Prebiotics represent promising functional feed additives for improving the sustainability and
efficiency of poultry production systems. Their ability to selectively stimulate beneficial intestinal
microorganisms contributes to improved microbial balance, enhanced intestinal function, and better
host responses. Different prebiotic classes, including fructans, galacto-oligosaccharides, mannan-
oligosaccharides, resistant starch, lactulose, and other oligosaccharides, have demonstrated beneficial
effects on poultry performance, nutrient utilization, intestinal integrity, and immune regulation. The
beneficial effects of prebiotics are mainly associated with modulation of gut microbiota, increased
production of short-chain fatty acids, reduction of intestinal pH, improvement of intestinal
morphology, and limitation of pathogenic bacterial colonization. These mechanisms support their
potential as alternatives to antibiotic growth promoters by enhancing natural disease resistance and
maintaining productivity without increasing antimicrobial resistance risks (Ricke, 2018; Solis-Cruz
et al., 2019). However, variations in responses among studies indicate that the effectiveness of
prebiotics depends on factors such as compound type, dosage, bird characteristics, dietary
composition, and environmental conditions. Therefore, future research should focus on precision-
based prebiotic applications, microbiome-driven approaches, long-term safety evaluations, and cost-
effective strategies for commercial poultry production. Overall, prebiotics provide a valuable
approach for developing antibiotic-free and sustainable poultry production systems. Their integration
with advanced nutritional technologies and evidence-based feeding strategies may further enhance
their role in improving poultry health, productivity, and environmental sustainability.
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