2026.41(1) : 1-12
DOI: 10.17519/apiculture.2026.04.41.1.1

Original research article

U-Net 7|t I Alio] HEfEME Sot 22 OIS XS 2R
|
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m Identifying honey-bee subspecies is critical for preserving genetic diversity and understanding
behiavoral traits related for beekeeping. Conventional morphometrics are labor-intensive and
relatively inaccurate, while molecular methods provide high accuracy but at substantial cost.
Geometric morphometrics offer a cost-effective alternative but require manual annotation of
19 landmarks. This study proposes an automated pipeline integrating U-Net-based landmark
detection, Hungarian matching, GPA-based normalization, and supervised classification. A
210-dimensional feature vector was constructed from aligned coordinates (38D), pairwise
distances (171D), and centroid size (1D). Using ~400 forewing images of Apis mellifera carnica, A. m.
ligustica, and A. m. carpathica, performance was evaluated via nested cross-validation. Landmark
detection achieved Precision 0.844, Recall 0.777, Dice 0.844, and loU 0.682. Classification
accuracy reached 86.4% (LDA), 86.3% (SVM), 77.8% (Random Forest) and 85.2% (MLP). These
results demonstrate that automated landmark detection achieved practical accuracy and reduced
manual effort, while linear and margin-based classifiers outperformed tree-based models for
subspecies classification.

Subspecies, Landmarks, U-Net, Geometric morphometrics
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Table 1. The information of honeybee subspecies and breeding
lines of A. mellifera L. used in this study

Line Subspecies n Color Import source
A ligustica 68 Dark yellow Australia
C ligustica 77 Light yellow Northeast China
D carpathica 99 Gray Northeast China
F ligustica 70  Yellow-brown  USA
\Y% carnica 70  Dark gray Europe
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Fig. 1. Nineteen landmarks on the forewing of Apis mellifera, shown
in the IdentiFly program (ver. 1.8.0).
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Fig. 2. U-Net architecture for landmark segmentation.
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Before landmark detection

After landmark detection

T W

Fig. 5. Example of honey bee forewing images before and after landmark detection. The left panels show the original images, and the right panels
show the detected landmark coordinates (red points) at wing vein intersections.
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Table 2. Evaluation of U-Net model for landmark detection

Dataset Precision Recall Dice IoU
Train 0.868 0.816 0.868 0.726
Valid 0.844 0.777 0.844 0.682

Table 3. Acuracy evaluation of classification model for subspecies
classification by nested-cross validation
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Fig. 6. Ordination plot of wing vein coordinates derived from machine learning-based landmark detection. The distribution of five honeybee lines
(A,C,D,F, and V) is shown relative to reference subspecies regions (A = ligustica, C = ligustica, D = carpathica, F = ligustica, V = carnica).
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Fig. 7. Ordination plot of wing vein coordinates derived from manual detection with IdentiFly Program. The distribution of five honeybee lines
(A,C,D,F, and V) is shown relative to reference subspecies regions (A = ligustica, C = ligustica, D = carpathica, F = ligustica, V = carnica).
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Table 4. Comparison of classification accuracy and margin between
automated and manual methods based on centroid distances in ordi-
nation space

Auto Manual
Line  Subspecies
Accuracy Margin  Accuracy  Margin
A ligustica v 1.867 v 0.923
C ligustica v 0.301 v 0.172
D carpathica v 2.208 v 0.495
F ligustica v 2.321 X —-0.246
A% carnica v 2.108 v 0.906
Accuracy (%) 100 80
Mean margin 1.76 045

I

A2 2o (margin)7t A2 IA YERT E9]
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9l9IT} HI % B 2o e Hukd o 2 A ol 7}
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i
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b o
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£ 3 Hol7t @A AlsolA FEHoz WEE Tbs
/J TS uijAIS 4= glrh(Dilday, 2022).
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