P AR RRE 2021,54(16):3417-3427

Scientia Agricultura Sinica doi: 10.3864/j.issn.0578-1752.2021.16.005

F#E (EFIRARSS) #RIRES (0SID) -

ETENEERMEREIHENZFNEFEMH
M
TOPmg ", A, 28T, F2F BAAAL FPET, HARF™

R R LKA P B A R PR, VTRIARAE 454003 7 of ANV REEBEEYIRMEBE SN, JEsT 100081; *CIMMYT fiH 75248, Jb5¢ 100081

WE: [B6) fA 2 HMERAETARLENBRNANEZTEGLEE R, BINEF T E /N AR BTN
EHR, AR EENER, 3TN TEAEEERAME. [FEYTUEELR 207 NERAZ BM AR, T 2018
—2019 1 2019—2020 FFH L 2 MNAEKFEFE A & M0 EFEBR T ALE T, FREFLH. BERITHE
RPHOEER A EHE, 25U 6 MHLBEI T EmERT FELAERH T EEAMNHEA. [£R] 2 HERLET, 3
MNEFHAEA LB EFZEEMEEMH X (X0.0001), HRIAHBREHHRLE S (0.61-0.85), EFEZHREHELS. &
EHEBEBAET, GHANBF I TR AREGEAM Y, ERFI T HEEINEFTHHTHIEZRE R 25]H 0.610.
0.611 1 0. 640 B ZE 0.649. 0.612 F1 0. 675, FHHHREZ (RMSH 2 HIFEAKZE 0.607. 0.612 F10.593 t-hm™; AL
BT, 3ANEFHETH £ 25 d 0.461.0. 408 F0 0. 452 R F = 0. 467.0.433 F 0. 498, F-35 RMSE A B £ 0. 519, 0. 559
#10.504 t-ho”. [ AR ERT ERFEEAGENERHJTES, RBHICRGTEGEMEE, 2 MERAETHE
ERPHENEELRE, THLNZFM TS EGNRESE,

kR AA0E; TE; oL SR B

Research on Winter Wheat Yield Estimation Based on Hyperspectral
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Abstract: [Objective] Using the hyperspectral data of winter wheat canopy at different development stages under two irrigation
treatments, the estimation accuracy of wheat grain yield was studied by machine learning method, and the best yield estimation
model was defined, which had the important application value for crop breeding. [Method] A total of 207 widely-grown wheat
varieties in the Yellow and Huai Valleys Winter Wheat Zone (YHVWWZ) of China were planted under full irrigation and limited
irrigation treatments in Xinxiang, Henan province during two consecutive growing seasons of 2018-2019 and 2019-2020, the canopy
hyperspectral was investigated at three growth stages after flowering, and six machine learning methods and ensemble methods were
adopted to establish yield prediction model by using spectral index as input features. [Result] The spectral indices at each growth
stage were significantly correlated with yield (£<0.0001) under both the two irrigation treatments, and also showed high heritability

(0.61-0.85) across all the three growth stages under both the irrigation treatment, which were mainly controlled by genetic factors.
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Under the full irrigation treatment, compared with the model with the best performance of traditional machine learning methods, the
average coefficient of determination (R?) of ensemble learning method in the three growth stages increased from 0.610, 0.611 and
0.640 to 0.649, 0.612 and 0.675, respectively, and the average root mean square error (RMSE) decreased to 0.607, 0.612 and
0.593 t-hm™, respectively; Under the limited irrigation treatment, the average R* increased from 0.461, 0.408 and 0.452 to 0.467,
0.433 and 0.498, respectively, and the average RMSE decreased to 0.519, 0.559 and 0.504 thm™ respectively. [ Conclusion]

Combining the prediction results of different models with the ensemble learning method could effectively improve the yield

estimation accuracy, and the mid grain filling achieved the best prediction accuracy under both the two irrigation treatments. Overall,

this study could provide the reference for yield estimation in winter wheat breeding.
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Table 1 Spectral indices used in this study

HKiLied Spectral index £ Name AF. Formula
NDVI®! Ao R Ry — Rero
Normalized difference vegetation index Ry + Rero
MCARIP ETERT 23 EE R 2 R,
Modified chlorophyll absorption ratio index [(Rr2 = Ry ) = 0:2(R = Rt ] o
NDRE™! H— ARt e Fe % Rypy = Royo
Normalized difference red edge Ry + Ry
GNDVI®? R — R Rog — Ry
Green normalized difference vegetation index R + Ry,
MSRP B IE LI Bt TR 5 Rysy / Rygs —1
Modified simple ratio index / Rogy/ Ryps +1
NDRSRF” H— 2L 1] 5 LU AE 4R 5L Ry, — R,
Normalized difference red-edge simple ratio Rey + Ry
MTVIZ B IE =R 4L 1.2[1.2(Rs00-Rs00)-2.6(Rs70-Rss0)]
Modified triangular vegetation index
MTCI2E MERIS Fifi it 32 345 2 Ry — Ry,
MERIS terrestrial chlorophyll index 2 Rog + Ry,
MNDVIPY EIEIA— ik a4k Rigo = Ryps
Modified normalized difference vegetation index Riso + Rogs = 2Ry
RDVIC! A R =R
Renormalized difference vegetation index N Rso0 + Rezo
vDIF HEHE T4 R, —R
970 900
Vegetation dry index Ry + Ry
1) R R (R7a9-Ra20)~(R701-Re72)
Chlorophyll index
VREI™ AR 2 LLIATRE R,
Vogelmann red edge index R,
35 A e Sl 3
ARVIF KA R A Ry = [Rsm - (R488 —Res1 )]
Atmospherically resistant vegetation index Rep +[Reg1 = (Ryss — Regy )]
NDMIP AL BdR S

Normalized difference matter index

R1649 - R179z
Rigpo + Rizoy
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Fig. 1 Flow chart for establishing grain yield estimation model based on Stacking method
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Table 2 Correlation analysis of spectral index and grain yield under full irrigation treatment, spectral index heritability

JtitFe ¥ FF1EH Flowering VESETH Early grain filling YR P Mid grain filling
Spectral index I 7 I#] H [r| H

NDVI 0.50%*** 0.83 0.53%** 0.75 0.66*** 0.74
MCARI 0.61%*** 0.85 0.65%** 0.85 0.69%** 0.82
NDRE 0.71%** 0.81 0.65%** 0.79 0.72%** 0.78
GNDVI 0.68*** 0.82 0.63*** 0.78 0.71%** 0.77
MSR 0.65%** 0.80 0.62%** 0.76 0.70%** 0.76
NDRSR 0.72%** 0.82 0.67*** 0.79 0.73%** 0.79
MTVI 0.59%** 0.77 0.60%** 0.73 0.63%*** 0.75
MTCI2 0.63%*** 0.83 0.59%** 0.80 0.68%** 0.80
MNDVI 0.62%*** 0.83 0.63*** 0.76 0.69*** 0.83
RDVI 0.60%*** 0.77 0.62%** 0.77 0.66*** 0.78
VDI 0.45%** 0.84 0.43%** 0.80 0.62%*** 0.83
CI 0.61%*** 0.82 0.59%** 0.79 0.64*** 0.81
VREI 0.69%** 0.81 0.65%** 0.75 0.72%** 0.76
ARVI 0.52%** 0.79 0.54*** 0.73 0.65%** 0.73
NDMI 0.53%** 0.80 0.56%** 0.63 0.61%*** 0.77

R RORIE P<0.0001 AKFFEE. FHE

*** indicates significant at P <0.0001. The same as below
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Table 3 Correlation analysis of spectral index and grain yield under limited irrigation treatment, spectral index heritability
JtitEFe ¥ FFE# Flowering VESRATH Early grain filling VSR H] Mid grain filling
Spectral index I )oa )oa Irl H
NDVI 0.48%** 0.63 0.42%** 0.69 0.53%** 0.65
MCARI 0.57*** 0.64 0.49%** 0.70 0.56%** 0.68
NDRE 0.56%** 0.67 0.48%*** 0.78 0.55%** 0.73
GNDVI 0.54%** 0.66 0.41%*** 0.73 0.54%** 0.71
MSR 0.55%** 0.65 0.43%*** 0.74 0.52%** 0.69
NDRSR 0.57*** 0.68 0.49%** 0.79 0.55%** 0.73
MTVI 0.45%%* 0.64 0.46%** 0.68 0.49%** 0.68
MTCI2 0.50%%* 0.62 0.45%** 0.71 0.50%*** 0.66
MNDVI 0.52%*x* 0.64 0.49%** 0.67 0.51*** 0.71
RDVI 0.49%** 0.66 0.47*** 0.65 0.50%*** 0.67
VDI 0.59%** 0.69 0.61%*** 0.68 0.58%*** 0.73
CI 0.48%** 0.64 0.49%** 0.74 0.52%** 0.74
VREI 0.55%** 0.68 0.48*** 0.68 0.52%** 0.69
ARVI 0.49%** 0.61 0.42%** 0.71 0.51%*** 0.68
NDMI 0.44%%* 0.73 0.49%** 0.66 0.50%*** 0.72
Lo} " o 12}
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Fig.2 The R? (a) and RMSE (b) distribution on the test set during cross-validation of six primary models at flowering
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Fig. 3 The R? (a) and RMSE (b) distribution on the test set during cross-validation of six primary models at early grain filling
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Fig. 4 The R* (a) and RMSE (b) distribution on the test set during cross-validation of six primary models at mid grain filling
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Fig. 5 R’ (a) and RMSE (b) distribution on the test set during cross-validation of secondary model
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Table 4 The average coefficients of each primary learner in the modeling of the secondary learner

pi-vii) IEHEEBRALBE Full irrigation treatment Fi7K4bF Limited irrigation treatment

Model TR XA T TN T LT
Flowering Early grain filling Mid grain filling Flowering Early grain filling Mid grain filling

ANN -4.53 0.43 -0.59 -4.10 -2.81 0.93

GP 0.24 0.26 -1.85 2.10 0.77 0.86

MLR 1.91 -0.19 4.51 -2.14 -0.14 -2.02

RF 0.84 -0.30 -7.30 -0.47 0.02 -0.37

RR 6.13 0.61 4.32 3.20 4.06 3.28

SVM -3.41 0.42 2.34 2.43 0.56 1.59
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