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ARTICLE INFO ABSTRACT

Keywords: Introduction

Energy Ratio, Wheat is a strategic crop that supplies around 20% of global calories and protein, making it essential for

) food security. Although cultivated on more than 217 million hectares worldwide, consumption still

Grain Loss, surpasses production, highlighting the need to improve yields and reduce post-harvest losses. In developed

LDA, countries, post-harvest losses are about 2%, but in developing regions they are much higher, wasting not
only food but also energy, water, fertilizer, and land. Mechanized harvesting with combines has improved

Net Energy, efficiency but grain losses of 2—10% remain, often caused by weather, improper settings, or operator error.

PCA Where combine access is limited, farmers use stage-mechanized or semi-mechanized systems. Stage-
mechanized harvesting involves reaping, manual gathering, and threshing, while semi-mechanized relies
mainly on manual cutting and threshing. Both increase shattering and gathering losses compared to
combines. Studies in Iran report combine losses near 5—6%, while semi- and stage-mechanized systems
result in greater losses. Each kilogram of grain lost also represents wasted production energy, yet few studies

Received: have directly linked harvesting losses with energy efficiency. Kurdistan province, a major wheat-producing

2025/10/07 area, faces combine shortages during peak harvest. This study therefore assessed and compared losses and
energy indices under three systems combine mechanized, stage-mechanized, and semi-mechanized in

Revised: Marivan.

2026/09/06 Materials and Methods

Accepted: The experiment was conducted in Marivan, Kurdistan province, a mountainous area with a cold-temperate

2026/09/13 to Mediterranean climate, located in western Iran. A 2-hectare wheat field was used in a randomized
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complete block design with three harvesting methods combine mechanized, stage-mechanized, and semi-
mechanized each replicated four times. In the semi-mechanized system, cutting and gathering were manual
with stationary threshing. In the stage-mechanized system, reaping was mechanical, followed by manual
gathering and threshing. The combine system used a John Deere 955 harvester for one-pass harvesting.
Inputs including seed, fertilizers, pesticides, human labor, fuel, and machinery time were recorded and
converted to energy equivalents, while outputs were grain and straw yields. Energy indices calculated
included energy ratio, energy productivity, net energy gain, and specific energy. Grain losses were
categorized as natural field losses, header or cutting losses, gathering losses, threshing losses, cleaning
losses, and qualitative losses. Sampling involved one-square-meter frames and trays placed under
machines. Data were analyzed with one-way ANOVA and Duncan’s test at 5% significance. Principal
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Component Analysis (PCA) identified dominant variables, while Linear Discriminant Analysis (LDA)
tested classification accuracy. Analyses were performed in R (v4.5.1).

Results and Discussion

Harvesting method significantly affected both losses and energy performance (p<0.01). Combine
harvesting had the lowest mean total loss of 6.95% (372.2 kg/ha), compared with 10.03% (537.6 kg/ha) in
stage-mechanized and 10.76% (576.9 kg/ha) in semi-mechanized systems. Cutting loss was highest in the
stage-mechanized system (3.8%), while the combine recorded the lowest header loss (2.9%). These values
agree with international ranges of 2—10% for combine losses. Energy analysis showed combine harvesting
also minimized energy waste: 5,469.3MJ/ha compared to 8,485.1 MJ/ha for semi-mechanized harvesting.
Net energy gain was greatest in the combine system at 26,371.0 MJ/ha, compared with 23,016.4 MJ/ha in
stage-mechanized and 23,622.8 MJ/ha in semi-mechanized systems. The combine achieved the highest
energy ratio (1.56), productivity (0.106 kg MJ™), and lowest energy intensity, indicating improved
efficiency. PCA revealed the first two components explained 83.1% of total variance, with the first strongly
correlated with net energy gain and negatively with losses, clearly separating combine harvesting from the
others. The PCA biplot placed combine as most efficient and semi-mechanized as least. LDA confirmed
these results, with Wilks” Lambda (A=0.042, p<0.001) showing strong discrimination. The model reached
91.7% classification accuracy with Kappa=0.88 and AUC=94.2%. These outcomes confirm that combine
harvesting not only reduces losses but also increases energy ratio, while stage-mechanized and semi-
mechanized systems remain less efficient due to multiple steps and greater labor needs.

Conclusion

This study shows harvesting method has a decisive impact on wheat grain losses and energy efficiency in
Marivan, Kurdistan. Combine mechanized harvesting reduced losses to below 7% while maximizing net
energy gain and productivity, making it the most efficient option. Stage-mechanized and semi-mechanized
systems had higher cutting, gathering, and threshing losses, leading to greater energy waste. Statistical
analyses with PCA and LDA validated energy indices as effective indicators of harvesting performance and
consistently ranked combine harvesting highest. These findings stress the need to improve farmers’ access
to combines in major wheat-growing areas, where shortages during peak harvest amplify post-harvest
losses. By lowering both grain and energy waste, full mechanization strengthens farm profitability, national
food security, and sustainable resource use. As this study was limited to one season and site, further multi-
year and multi-regional research is recommended to confirm results under diverse climatic conditions.
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Fig 2. Conceptual framework for optimal harvesting
method selection.
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Table 2. ANOVA and Duncan's multiple range test for wheat harvesting losses (kg ha™).
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Table 3. ANOVA and Duncan's multiple range test for wheat production and energy indices.
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Fig 3. Distribution and separation of harvesting treatments
based on the principal components
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Table 4. Results of the Bartlett and KMO tests.
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Fig 4. Separation of harvesting treatments based on the
linear discriminant functions.
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Table 6. Assumptions and significance of discriminant

functions.
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Table 8. Validation metrics of the LDA model
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