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Figure 1 Overview map of the study area
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Figure 2 Canopy spectral data acquisition equipment
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Figure 3 Schematic diagram of leaf area extraction
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Figure 4 Schematic diagram of the integrated model structure
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Table 1 P-value table for ANOVA analysis of near-infrared texture

2 X L2 /m ¥u i % [rl Jo il LiiEr s I gt X e
20-40 0.195 0.01 0.01 0.01 0.075 0.01 0.075 0.01
20-60 0.15 0.015 0.01 0.015 0.015 0.015 0.015 0.015
20-80 0.1 0.04 0.015 0.04 0.01 0.04 0.01 0.04
20-100 0.22 0.025 0.02 0.025 0.025 0.025 0.02 0.025
40-60 0.2 0.01 0.03 0.13 0.04 0.01 0.04 0.01
40-80 0.35 0.027 0.022 0.027 0.04 0.03 0.04 0.027
40-100 0.24 0.032 0.027 0.032 0.022 0.032 0.022 0.032
60-80 0.098 0.04 0.018 0.04 0.015 0.04 0.015 0.04
60-100 0.16 0.008 0.03 0.008 0.025 0.008 0.025 0.008
80-100 0.15 0.1 0.245 0.15 0.21 0.01 0.24 0.15

®2 RS EANOVASHPER
Table 2 Reflectance ANOVA analysis P-value table

FEEXTHE bandl band2 band3 band4 band5
2 /m WOl ol £ 21 AR
20-40 0.214 1 0.621 0.967 1
20-60 0.61 0.774 0.284 1 0.658
20-80 0.01 0.01 0.01 0.01 0.289
20-100 0.01 0.01 0.026 0.01 0.01
40-60 0.01 1 1 1 1
40-80 0.01 0.338 0.607 0.777 0.055
40-100 0.01 1 1 1 1
60-80 0.071 0.805 1 0.351 0.11
60-100 0.553 1 1 1 0.701
80-100 1 0.695 1 0.186 0.227
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Figure 5 Correlation analysis of vegetation indices at 20 m
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0. 552, 3% F B AR AR [F] &5 B2 N TR G AR AR ASE 50 (1 S TR &2
o TR AR

TE 40 m A1 60 m B, FUREAE B85 A R2 43 51 F B )
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I R*H 0. 644~0. 717 (HAEZ 20 m(R*=0. 745) 1545 —
E R, 7E80 m A 100 m 514, iX — ¥ g &,
XGB-IR & # A R0 5] F B 2 0. 668 fl 0. 652, 1% 7 B
20 m R BE TR AL S EORS BE A o AR ] R R
M) R2fz K 2Z{H M 0. 131(0. 657 5 0.526) , T B A7 5
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Table 3 Results of multi-height and multi-model inversion
AT

20m 40m 60m 80m

FRAERLAL R
100 m

R* 0.601 0.583 0.562 0.516 0.553

XGB-Z&t#  RMSE  0.769 0.793 0.819 0.825 0.813
MAE 0.639 0.684 0.691 0.721 0.665

R* 0.635 0.599 0.607 0.543 0.557

RF-Zr# RMSE 0.782 0.822 0.801 0.825 0.835
MAE 0.602 0.634 0.692 0.682 0.668

R* 0.657 0.619 0.526 0.584 0.538

XGB-#E# RMSE 0.781 0.819 0.825 0.792 0.803
MAE 0.601 0.622 0.701 0.632 0.691

R* 0.651 0.614 0.538 0.599 0.584

RF -H # RMSE 0.798 0.805 0.831 0.812 0.823

MAE 0.599 0.625 0.712 0.635 0.632

R* 0.745 0.717 0.683 0.668 0.652
XGB-iEf1  RMSE 0.699 0.707 0.748 0.765 0.784

MAE  0.507 0.535 0.573 0.605 0.611

R* 0.711 0.644 0.691 0.655 0.668
RF-1RA RMSE 0.714 0.792 0.739 0.781 0.765

MAE 0.552 0.601 0.565 0.602 0.605
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Research on inversion of winter wheat leaf area index
based on UAYV multispectral data at different flight
altitudes and integrated learning

Liu Hao', Xu Jiyu', Liu Yanfu', Yang Xiaofei',
Zhang Zhitao™ ?, Chen Junying" *

(1. School of Water Resources and Civil Engineering, Northwest A&F University, Yangling 712100, China;
2. Key Laboratory of Agricultural Water and Soil Engineering in Arid Areas (Ministry of Education), Northwest
A&F University, Yangling 712100, China)

Abstract: The leaf area index (ILAI) is a key biophysical parameter characterizing the canopy structure and growth status of
winter wheat, playing a crucial role in precision agriculture monitoring and crop condition assessment. However, existing
inversion methods suffer from unstable accuracy and insufficient model generalization capabilities across varying flight
altitudes. To adress these limitaions, this study develops an LLAI estimation framework based on multi-altitude UAV
multispectral data by integrating ensemble learning architectures with multiple machine learning algorithms. Analysis of
variance (ANOVA) was applied to analyze the mechanisms through which flight altitude influences spectral reflectance and
textural features. Following the extraction of vegetation and textural indices from the multispectral data, Pearson and
Spearman correlation analyses were conducted to screen LAI-sensitive features for predictive modeling. Four distinct models
—XGBoost, RF, XGBoost-EN, and RF-Ridge—were subsequently established to perform multi-altitude and multi-feature
LATI inversions and comparative accuracy evaluations. The results indicate that UAV flight altitude exerts a significant scale
effect on both reflectance and textural characteristics, with 80 m indentified as the critical threshold for reflectance variations.
Regardless of whether single-feature or mixed-feature inputs were utilized, 20 m flight altitude consistently yielded the highest
estimation accuracy across all tested altitudes, R* achieving a maximum of 0. 745, RMSE of 0.699, and MAE of 0. 507.
Furthermore, The XGB-EN and RF-Ridge ensemble models outperformed the standalone machine learning models,
exhibiting superior inversion performance with an R? of up to 0. 802, an RMSE down to 0. 592, and an MAFE down to 0. 421,
indicating excellent fitting accuracy and stability. Overall, XGBoost-EN is the optimal model for the LLAT inversion task.
This study validated the feasibility of ensemble learning models and machine learning methods for high-precision LAI
inversion across multiple altitudes, providing a theoretical foundation and technical pathway for remote sensing-driven crop
growth monitoring.
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