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Abstract: Plant height (H) and above-ground biomass ( AGB) are important parameters for monitoring
growth and evaluating yield of crop. It is significant for agricultural precision fertilization management to
acquire plant H and AGB information of potato quickly and accurately. Hyperspectral images, measured
plant height (H) , measured above-ground biomass (AGB) and three-dimensional information of ground
control point ( GCP) were obtained respectively at the budding stage, tuber formingstage, tuber growth
period, starch accumulation period and maturity period of potato. Firstly, the digital surface model
(DSM) of test field was generated based on the unmanned aerial vehicle (UAV ) hyperspectral gray images
combined with GCP, and the potato plant height ( H
analysis of the potato AGB with the original canopy spectrum and hyperspectral indexes was performed,

) was extracted by using DSM. Then correlation
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and the optimal spectral parameters and top 10 spectral parameters were selected, and the univariate
model was constructed by exponential regression ( ER) with plant height and optimal spectral parameters,
respectively. Finally, multiple linear regression ( MLR ), partial least square regression ( PLSR ) and
random forest ( RF) were used to construct and compare the AGB estimation model at different growth

periods to select the optimal model. The results showed that the H,, extracted from the UAV images was

dsm
highly fitted with the measured plant height (H) (R*> =0.84); in the univariate model, the verification
accuracy of AGB estimated by ER in each growth period was higher than that of corresponding modeling
and H,

and the estimation accuracy of Clrededge was the highest (R* =0.45) in the tuber growth period; in the

accuracy, in which the effect of the model was in the order of optimal spectral parameters, H,
multivariable model , three methods were used to construct AGB estimation model for each growth period,
and the model with spectral index added to H,_, had higher accuracy in each method. The effect of AGB
model with spectral index and H, of MLR (R* was 0. 64, 0.70, 0.79, 0. 68 and 0. 63) was better than
that of PLSR (R* was 0.62, 0.68, 0.75, 0.67 and 0. 60) and RF (R*> was 0.56, 0.61, 0.67, 0.63
and 0. 53) in each growth period. The potato AGB was mapped by using the MLR model, and the AGB
distribution was consistent with the actual growth situation in the five growth stages. The MLR model
integrated with H
support for the quantitative research of precision agriculture.

can be used to estimate the potato AGB in a large area, which provided technical

dsm
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Fig.1 Location of potato experimental area and experiment design
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Tab.1 Hyperspectral indexes and calculation equation
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Fig.2  Correlation analysis of AGB of potato with original spectrum
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Tab.2 Correlation coefficient of hyperspectral index and above-ground biomass in bud period, tuber form
period, tuber grow period, starch store period and maturity period
[ PR S B HESIE i S8 S ] TE RS ARG
W) 3% 2 SRR B PSRI -0.596* -0.727* -0.696 ™ -0.682* 0.396 *
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IR 2 WS L 48 B R A B R X
FEH02 H L MCART MTVE2 -0.555* -0.631 -0.595 -0.261 0. 360
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B IE eV FE AR 5 MSAVI 0. 657 ** 0.651* 0.730 ** 0.748 ** -0.266
A7 2 LU AP R B 15 %k SRT 0.676 0. 662 ™ 0.715* 0.726* -0.238
itk Z M IE A AR SPVI 0.631* 0.673 0.728* 0.756 ** -0.256
HEIH—AAE B FEE RDVI 0. 658 ** 0. 642 0.731* 0.746 ** -0.270
IH— LA AR %L NDVI 0.675* 0. 580 ** 0.729 ** 0.733* -0.255
R M BE R DA R SAVI 0. 659 ** 0.639 0.731* 0. 746 ** -0.270
Pt LA A R 5 MSR 0. 678 ** 0. 636 0.724* 0.733* -0.237
T 0 P AE 46 2 WDRVI 0.675** 0.632* 0.725* 0.727* -0.247
AR B8 4L RVI 0. 677 0. 664 ** 0.715* 0.733* -0.217
T o+ 7R 0.05 WEKF, + KR 0.01 WEFKF,
F3 HERB 10 MRS BHOHEX R AITE
Tab.3 Correlation coefficient absolute value of top 10 spectral parameters
A P8 it EIES LS ] TR S e
R MCRE OGIEEE MXRE OLREEE MSCERE R MR i E AL HHIC R AL
R 0.679  PSRI 0.727  Clrededge 0.747 Ry 0.756 R 0. 405
MSR 0.677  SPVI 0.673  NDVlcanste 0.747 SPVI 0.756  PSRI 0.396
RVI 0.677 RVI 0.664 DVI 0.733 MSAVI 0.748  GI 0. 390
SRI 0.676  SRI 0.662  RDVI 0. 731 SAVI 0.746  MCARI_MTVI2 0. 360
NDVI 0.675 TVI 0.659  SAVI 0. 731 RDVI 0.746  MTVI2 0.327
WDRVI 0.675  OSAVI 0.655  MSAVI 0.730 DVI 0.742  TVI 0.315
SAVI 0.659  MSAVI 0.651  NDVI 0.729 0SAVI 0.742  Clrededge 0.308
RDVI 0.658  DVI 0.650  SPVI 0.728 TVI 0.741  MCARI2 0. 306
MSAVI 0. 657 NDVIcanste 0. 645 WDRVI 0.725 MCARI2 0.734 NDVlIcanste 0.304
NDVIcanste 0.652  Clrededge 0.642  MSR 0.724 RVI 0.733  TCARI 0.304

\B‘E :R674 \R745 \R()5067\j.llj%:€ﬂf\‘ 674746 950 nm iﬁﬁﬁi E"Jﬁﬁﬁ%ﬁo

g A7 AISEN U} A IR HEE Sral N2
2.3 OHEM EEYSHEZER
2.3.1 HUARERAAY

A4 B IR R UGS BE o A A i
FIF ER A Dh 45 20 [ AR e i SR AR, 0
B EF AR PEM e br, A5 R WK 4, H
T4 0L AU RIS S H H,, A
ARV HORAETE 22 5, B I0 TE A8 P 25 Kk
M eI e R H,, A H o A A 1 TR b AR
W IEAE R LR AE RPK, 1 RMSE F NRMSE /)y,

T A AR B 5 v, A e MR A . R TR AR B
1155, P H03 R0 A 00 5 R TR 1) S R I UE. R 4
ik, RMSE F11 NRMSE # 5 , LAAS [7] 25 12 44 8 1 1 I
AR AR R A 2 i i A G 1 B R
AR E ST H A H,, BRI BAE,
ZEIE AT, LA 3 i ) ) AN [ ASE A A AR
WEAE R/ T 3075 0 AN s 2438, RMSE A1 NRMSE A%
FiX 2 AT, EE T, M AR R B RCR
FEUEE HA AR | RIRE 2 DR AR G148 2015 21 1)
BRI fe It . B ZE R K A R0 I 4R A% A5




194 P

1/ 1 R O S ¢

2021 4F

F4 KREMRMALBELRENDRE D FEMERDEFSHR

Tab.4 Regression analysis of plant height and optimal spectral parameters estimated potato AGB

- —_— AR LisanEs
R? RMSE/(kg-hm~?) ~ NRMSE/% R’ RMSE/(kg+-hm~2)  NRMSE/%
H 0.16 382.18 32.11 0.22 331.16 25.74
M Hy, 0.21 352. 88 30. 37 0.28 323. 66 24. 09
Rera 0.33 332. 46 29.22 0.36 293. 51 22.59
H 0.35 304. 85 25.17 0.39 254.63 24.09
HZEIW s Hy,, 0.38 277.48 23.67 0.43 242. 81 22.99
PSRI 0.39 239.23 21.26 0. 46 227.54 20. 74
H 0.37 250. 64 24.55 0. 40 232.45 18.36
s g Hy 0. 40 249. 95 23.35 0.43 223. 88 18.28
Clrededge 0. 45 229.01 19.19 0.48 218.76 17. 89
H 0.32 313.32 25.56 0.33 273.21 24.33
TEB TR Hy,, 0.33 294.75 24. 11 0.35 252.83 23.67
Ry 0.38 249. 26 22. 44 0.41 233.31 19. 68
H 0.12 402. 69 32.41 0.19 379. 66 29. 45
JAIH Hy, 0.17 361. 26 31.97 0.25 351.43 28.37
Roso 0.29 347. 87 29. 86 0.35 310.95 25. 67

R R* %5 5, RMSE Hil NRMSE #¢1i%, AH b HoAth 24E &
1, oA T A R A AR R R A, O b A )
FRNE B i s, L ROR 2 AR A G5 8 2 Clvededge
AR AL S b A e A SR e e, AR AR NG E
£ R 7 % 0.45 F1 0.48; RMSE 43 %] Ky
229.01 kg/hm* Fl 218.76 kg/hm?®; NRMSE 43 5
19.19% F1 17.89% ., VEMFR BRI, £ BRUKE B AR $4
FHZE R A TG, A5 2 R RIROR TP IR AR 2%
R 5 e i 5Ok A2 A 5SRO 38 K AR B v, B TR AR
FE MR, X E AT 5 A I AR AR IR
LSS 24T BILARI RS AL SR AR
SERA R RIS TR AR, FLUCR P08 iU e By
FUZH )5 JE DU Ay
2.3.2 ARG

I A R A B R RN AR E I A,
T A R R e T B, ks B, 5% 3
BEIUHT 10 DGR E— R A A i A A i, )
FH MLR \PLSR \RF #5253 5l #6452 5 A F 1
() Hl b 2B A e A AR | I 00 UE S A TR | DA T 22
IR AR AR AR RN FE AR L3R 5 6,
R 5.6 A1, B E T L 3 AL Vs +H
AR Rl Ak A M b A e A RS TR R 1Y
RPHAN LA Vs S 5, I RMSE I NRMSE 42
G, Mo A4 i O A0SR B

AR E B 3 ROy AR B BRI 2 5
H S, IS R O B AR NI IR AR R AR T L
Ak B %K, RMSE F1 NRMSE %7 , 00 3 - 4=
PR % A H W, E AR R IE S R?

P&, RMSE Al NRMSE P A, B2 AU B 15 521 2l 3%
PELIE U, A 3 oy 3 1 5 A5 750 ) Sl A 4 o
AR R T 9085 01 RN B4 01, RMSE Al NRMSE )
RT3k 2 A 11, B M b A= P (R SR AR 4T TR R
A H,,, 2 B B R RURG B2 A Fe e PRk, B
ZEROR A A LA AR B, BRI IR OE R A,
RMSE Fl NRMSE e fI%, #4) 2 1 A5 B %00 e 4, Tl
AGB K5 i, RIRE A H AR RSO A F B —
VIs B8 JERFR BRI, AR AR R I LR S R?
B —I78 %, RMSE #1 NRMSE 728 &5, # s | 4
PSR TR AR 25 AR B H,, WAL UR 8¢
o LREHT S MEF WM 3 Rkl 2 R AR it
P 3 1) £ SR B DE AN 6 A T 0, B A2 DA
T 75 [ A 78 g Sl A S T8 0 R A e 25 04 K i i
P, U B2 i A AN GE Ry B2, 1T B0 B AR
B RINGE R 25, XA 3 o b e (5L A8
AL & E T MLR UL H, + VIs 4 8 Al 1
BRI (R 0. 64 0. 70 .,0.79 0. 68 0. 63) , T
PLSR #4 & (i #E B Yk 2 (R* M 0.62.0.68.0.75,
0.67.0.60) , 3T RF A AR 22 (R*H 0. 56 ,
0.61.0.67.0.63.0.53) , Horh 7R RS0 UL H, +
Vs kA% 5 b 8 0 AR TR A5 R 3k 31 d 4, i MILR
PLSR Il RF Ay b A 9 b A R B4R R 435I
0.79.0.75 #10.67; RMSE 4352 161. 54 .206. 22 .
212. 89 kg/hm” ; NRMSE 43514 11. 43% 13. 78% FiI
15.35% , % UE 4 R? 43 %I 24 0.85,0.83 Al 0.70;
RMSE 43 %] & 132.23, 144.87 , 189.73 kg/hm*;
NRMSE 434514 9. 39% .10. 35% #1113. 15% .,
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Tab.5 Modeling analysis of estimation potato AGB based on different model variables at different growth stages

. . MLR PLSR RF
B Ap i - - -
R? RMSE/ (kg+hm -2 ) NRMSE/ % R?> RMSE/( kg+hm "2y NRMSE/% R*> RMSE/( kg+hm -2 ) NRMSE/ %
Vs 0. 60 316. 89 26. 69 0.58 331.77 27.38 0.42 351. 12 28. 06
BEH
Vis + H, 0. 64 305.92 24. 83 0. 62 313.28 25.77 0. 56 332.19 27.68
o Vs 0. 67 260. 27 20.78 0. 66 285.29 21.18 0.58 307.22 22. 66
HELIE B
Vis + H, 0.70 242.53 18. 49 0. 68 265.35 19.58 0.61 282. 18 20. 89
\ Vs 0.72 185. 85 13. 65 0.71 215.71 14. 89 0. 60 248.53 16.76
BS80S ]
Vis + H, 0.79 161. 54 11.43  0.75 206. 22 13.78  0.67 212.89 15.35
. Vs 0. 65 270. 45 21.02 0.63 299. 31 22.09 0.52 317.55 23.46
TER R BRI
Vs +H,, 0.68 253. 68 19. 42 0. 67 279. 18 20.79 0.63 208. 47 21.49
o Vs 0.55 332.68 27.36 0.42 347.74 28.61 0.37 361.59 30. 08
JAH
Vls+H,, 0.63 312.82 25.78  0.60 328.29 26. 81 0.53 343. 61 28.55

F6 BEFHUARERTEMANIREN EEYEREIEDFT

Tab.6 Verification analysis of estimation potato AGB based on different model variables at different growth stages

o . MLR PLSR RF
R A
R* RMSE/(kg-hm~%) NRMSE/% R* RMSE/(kg-hm=%) NRMSE/% R* RMSE/(kg-hm~?) NRMSE/%
S Vs 0. 65 280. 03 22.62  0.62 287.52 23.39  0.59 301. 85 24.38
E'E' Vis+H,, 0.68 270. 36 20.43  0.66 285. 60 21.03  0.62 287. 46 22.77
. Vis 0.74 217.26 18.94  0.72 230.22 19.93  0.66 244. 86 20. 01
HELTE B
Vis+H,, 0.76 202.27 17.49  0.74 219.23 18.45  0.68 238. 87 19. 62
) Vis 0.83 151.29 10.27  0.82 174. 34 12.04  0.67 204. 11 15.48
2 &S ES ]
Vis+H,, 0.85 132.23 9.39  0.83 144. 87 10.35  0.70 189.73 13.15
‘ Vs 0.72 221. 41 19.05  0.70 244.02 20.69  0.65 275.36 21.87
TER TR
Vls+H,, 0.73 197. 37 18.02  0.71 221.91 19.92  0.67 233.45 20. 47
o Vs 0.63 297. 44 23.46  0.57 310. 56 24.94  0.48 335.36 25.56
A
’ Vis+H,, 0.67 285. 99 21.25  0.64 289. 64 22.14  0.62 307. 45 23.16

2.3.3  FEF MLR FERIAG M b A W25 (8] oA

XF HE A% A T A A A R A
J5 % FH MLR #5RIDL Vs + H, 78 iR B
B S AAEE WM M AR R IR A
(2 [a] oA P S a1 3 fo . i 3l 4
AR M AR R TR TR
PO 5O E A KR8, BRI, DR
AR AR, B A A (A AR AR, 1T e s A 9
DX 3 Pt b A R B I A, X S RN X
BeoK it A4S BRI E 448 2 1 B A KA G ST L
LhEA M b 25 b A T S 2R K OEE, S/N IX b
YRR AR WA K B AR S A A
DX Ui ) A R/ PRI K R DR A K
PRGBS, R 25 AR IR S B, A VR AR i
AR R [ AL 4 A F WS, b
P ik B K, B /N X M A e s () o A fe h
BT e A B T AR B b SR R A (HE
LA HLADAS G 1) b T B 2540 | 3 il b 2507
U2 R REAS /N X B A= W [A] FAR TR — 30
T DX AR e VG e R 25 7 i, R S B4

TR OGS SRORE AT L B 75 5R A 5% 5 sl 1l X
SR ) Y T M b 2R I A B ST RES /N XA
FAEY R RAR T H N KRR IR SIS TR i 3
B, R S M A Y T B
71, P DU U 2 A T % A A SRR B LB )
B W RO AL AC K 7 25 S A R0 B

3 i

AR SCHEAT Pk e A B O 90 i R VR R
AR Y ( Crop surface model, CSM) #7477 B 4 4 {H
PR R, TR K O B AR DL 2B i Ak AT
L, ZBWAFAE— 5 W e B, AT B T 4 (B B3 22
W TR, BRI, SR AR TGS K EE AR A
5 GCP, i1 Photoscan FPFA2 MR HE X Y DSM, 12
WrENEENMN H,,, PR IS 5 DAF
240 SRR R AT TR EG, H R IAF] 0. 84, F B
FIH GCP HEAT ke B IR A BRSO3
SUA R v 5 S D {1 R A i 0, =2 2 PR Dy 48 2 ST
PR A2 25 RN A5 /)N FE AT = 4 Bl NPT B
MRS LR TR ECE S )R S AE B R,
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Fig.3  Spatial distributions of AGB in different growth stages of potato
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