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Abstract

Aims Remote sensing is an effective and nondestructive way to retrieve leaf area index (LAI) from plot, regional
and global range. Soil background is one of the confounding factors limiting remotely estimating LA/ And soil
type contains a large proportion of soil background information, which can influence the optical properties of
vegetation canopy and soil. However, our knowledge on the effects stemmed from soil types underneath the can-
opy on LAl remote estimating have been in shortage. Thus, this study aims to explore the influences of soil types
underneath the canopy on winter wheat LA/ remote estimating.

Methods We analyzed the sensitivity variation of eight spectral indices, named normalized difference vegetation
index (NDVI), modified soil-adjusted vegetation index (MSAVI), modified chlorophyll absorption ratio index 2
(MCARIL,), red edge inflection point (REIP), red edge amplitude (Dr), red edge area (SDr), red edge symmetry
(RES), normalized difference spectral index (NDSI), to LAI in different soil types, and then we identified some
spectral intervals or parameters that were insensitive to soil type variations underneath the canopy. We also com-
pared the accuracy of two commonly used regression models, partial least squares regression (PLSR) and random
forest regression (RFR), in estimating LA/ for different soil types. We also explored the problems arising from
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applying the regression model developed in single soil type area to complex soil types area in retrieving LAL
Important findings This paper demonstrates the effects of soil types underneath the canopy on LA/ retrieving.
1) The sensitivity of spectral indices to LA/ is significantly different due to the soil type variation, but REIP has
the least effects from soil type variation among the eight spectral indices. Meanwhile, the band selection algorithm
of lambda-by-lambda not only chooses the most sensitive spectral interval for LAZ, but also provides a feasible
way to construct the spectral index that exhibits strong resistances to the effects of soil types underneath the can-
opy. 2) The accuracy of LAl estimation by regression models differs under soil type considered or not. So we sug-
gest that in small scale researches, especially in a field scale, the ability of regression models in explaining vari-
ables is the priority consideration, while the PLSR is superior to RFR in this respect. Under the premise of un-
known priori knowledge of land surfaces, the RFR is more suitable for retrieving LA/ than PLSR, but land surface
priori knowledge is still necessary. These findings provide the theoretical basis and methods for developing re-
motely sensing estimating LA/ models adapted to various land surfaces. Further analysis is needed in applying the
findings in more crop types, cultivars and growth stages.

Key words remote sensing; soil type; winter wheat leaf area index; spectral indices; partial least squares regres-
sion; random forest regression
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Table1l Descriptive statistics of winter wheat leaf area index (LAJ) values
(five soil types)

ek LAI p

Soil type NN - "

P BUME K CPIE bR BRRK

Min Max Mean SD CV (%)

b ot 1970 5.870 3.650 1.031 28.24 0.105
Fluvo-aquic soil
KFEL 2240 5.880 4.114 0962 23.39 0.593
Paddy soil
Ap g 1.100 6.710 3.482 1.557 4471 0.610
Brown soil
xR+t 1700  5.500 3.463 1.018 2939  0.536
Lime concretion
black soil
wt 1.320 5.860 4.483 1.235 27.54  <0.005
Cinnamon soil
SHh a5 1.100 6.710  3.838 1.232 32.09 0.242

Five type soils

preFET Anderson-Darling ) IEZS K I8 {H . p > 0.05U8 B H#ts il N IEZS
i

SD, standard deviation; CV, coefficient of variation. p is normality test value
using Anderson-Darling. p > 0.05 means that data obey a normal distribu-
tion.
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Table2 Spectral indices for winter wheat leaf area index estimating in this paper
JGIEHEHL Spectral indices

IH— 02 R A T
Normalized difference vegetation index (NDVI)

KR Reference
Rouse et al., 1974

3\ Equation

Rsoo — Resa

800 + 680

NDVI =

T IE2 - B4 RO 6 5 Qietal, 1994

Modified soil-adjusted vegetation index (MSAVI)

EN e TG
Modified chlorophyll absorption ratio index 2 (MCARL)
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\/(2><R800 1) = (6% Ry = 5x 4Ry ) - 0.5
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2115145 15 Red edge inflection point (REIP) Danson & Plummer, 1995

REIP =700 + 40 x R0 * Roxo) 2= Ry

R740 - R7oo
Ii44EME Red edge amplitude (Dr) Ao cdae Feng et al., 2009
3T A Red edge area (SDr) 2d A g50.150) Filella & Penuelas, 1994
LN FRIE R Red edge symmetry (RES) RES - Ry — Rers Juetal., 2010
755 — Y675

H—1b 2 S RE R 4L R - R, Lietal., 2013
Normalized difference spectral index (NDSI) NDSI j, = R+R.

1 J

RIEGHE S % . NDSER i “lambda-by-lambda i B 1% 5% 15 (Darmawan et al., 2009; Elsayed et al., 2015). i, jf&— & BT B AR B2 MR (<))o
MR
R is spectral reflectance. NDSI calculated by band optimized algorithm of “lambda-by-lambda” (Darmawan et al., 2009; Elsayed et al., 2015). i and j are arbi-

trary bands in a certain wavelength range (i <j). 4 is wavelength.

(Yeniay & Goktas, 2002):
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Fig. 3 Different soil spectral reflectance curves and soil lines. p; (Ayr) and pp(Areq) are spectral reflectance of lime concretion back
soil in near infrared band and red band, respectively; pr(Anr) and pr(Areq) are spectral reflectance of fluvo-aquic soil in near infrared
band and red band, respectively; pp(Anir) and pp(Areq) are spectral reflectance of brown soil in near infrared band and red band, re-
spectively; pp(Anr) and pp(hgeq) are spectral reflectance of paddy soil in near infrared band and red band, respectively; pc(Anr) and
pc(hreq) are spectral reflectance of cinnamon soil in near infrared band and red band, respectively.
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Fig. 4 Comparison of winter wheat canopy spectral reflectance in five soil types.
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FIAR S, ULBIAH EE AR 7RO S8, M T+
HERAS S R LA 7 B SN o
TR 1 8POGHE FaH S &N LA A R A
MR TR, BIANDVIERAEMBOCEEH L ILE
KK BB TR T~ K+ (Baret & Guyot,
1991; Myneni et al., 1995), {ENDVI-LAIf SR
et AR o 25 RIS B (s> > rne>
resnt> riw)o S MSAVIFIMCARLYE NNDVIFIEL
B, A RE RTINS | 5 LA R
P, (HAEJEERAE SR R, AN L35
KAX MSAVI-LAIFIMCARL-LATNIAR SIS A s >
> > ren > riag (X U0 IIE T — PRI AR X
SCE PR O T 48 AR /N X AT 7T -5 B, BAER
% IS M XAl 3 T — b IR AR TR RO 4R
B ML IR AR ORI, ANFAE S
R SR R R P EAR N SR IR b (1 =
LAINIAH M 22 57 REIPS LAIVIA A% R r s> re>

R3  AFHATEELADIX 8] FOGERRUIN AR 57 R (%)

Few> res> rpene; RESHSF IR NELAI
PRFMIRRKR, Hrowe> rar> ru> res> rosns; Dr
5 LAIMT A M Arme> rwe> rpsss> rus> res; SDr
5 LAIVIAR M (TG 18 IEAH JGIE 2 AR DG, 35 DA %)
{EAE L) Arme> rime> roset> rew> rat. NDSIS
LA R MR SMOL G e b s 1), X2l T
“lambda-by-lambda”# B {1t 3% H V2 M END SIS AN 5
BUINDVI. MSAVIFIMCARIL A AR H6 [F E  BE
(680 nm. 800 nm), AT EUNLL 1A [ S REAE T BOI
% 52 PR T4 52 G 1E X 35k (680-750 nm L1 7 ),
‘B UEF350-950 nmy [ P AT B O 1S ik Bk
T4 S, @A — 2 RO iR s S LAl
A DGR 2R B, Bhik 5 LA S R 1)
NDSIjyo SR, AR IR X NDSIS LAIFI A 5%
MAAEAEZE T (rae> rne> > roves> ras), HA
[F) - eSS T X AR 3k R e v ok B AHL A (i) A A 1%
W BF RS SR FH I e B i Byt A g A L 13828

Table3 Coefficient of variation (%) of spectral indices in different leaf area index (LAI) intervals

ik Fa s LAl

Spectral indices 1-15 152 225 25-3 3-35 3.5-4 4-45 45-5 >5
NDVI 6.32 10.91 7.18 7.94 437 1.95 1.9 2.01 1.44
MSAVI 13.86 24.48 18.57 24.42 12.77 8.72 10.01 8.02 425
MCARL 15.72 25.98 20.51 26.03 13.95 8.94 9.97 8.28 4.84
RES 20.54 25.8 24.06 18.15 16.26 8.36 8.49 11.69 7.8
REIP 0.44 0.45 0.53 0.39 0.41 0.23 0.25 0.29 0.24
NDSI 100.97 206.38 187.41 139.56 154.61 155.92 114.89 15833 150.22
Dr 19.51 28.93 20.25 31.48 15.98 15.68 12.38 13.61 7.38
SDr 17.01 23.61 14.44 27.18 122 1632 11.07 11.35 6.68
iR R,

Spectral indices see Table 2.

Ra OGRS A F I S &N M AR B AD A K

Table4 Correlations between spectral indices and winter wheat leaf area index (LAJ) in different soil types

PN TR AR EFERTX [ Z/NELAIF I Z . Winter wheat LAT in different soil types/Correlation coefficient (7)
Spectral indices Kt WL i BEmE Wt SH-LHE
Paddy soil Fluvo-aquic soil Brown soil Lime concretion Cinnamon soil Five type soils

(n=130) (n=130) (n=30) black soil (n =30) (n=30) (n=150)
NDVI 0.789 0.655 0.079 0.145 0.630 0.379
MSAVI 0.753 0.724 0.037 0.283 0.313 0.383
MCARIL, 0.769 0.722 —0.008 0.258 0.401 0.386
NDSI 0.854/NDSI7, 03  0.852/NDSIurs.az0)  0.788/NDSIgst.7s3y  0.701NDSIgeo.s76)  0.679/NDSIgs. g3y  0.561/NDSIens. 36)
REIP 0.836 0.735 0.500 0.208 0.426 0.408
Dr 0.714 0.732 0.016 0.375 0.186 0.340
SDr 0.624 0.704 —0.086 0.371 0.008 0.265
RES —0.834 —0.675 —0.368 —0.176 —0.477 —0.404
JeiE R BRI L2,
Spectral indices see Table 2.
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[ PLSRAE B gl B 4 /N 32 LAT ) S A 2 PR ASE 1Y
(£5)o MHELIERAIN, PLSRALRIFE = 1 S [
F 2030 = SRR AE 48 B B A N LA RS B, |
NDSIFIZLIN R R AE AR EO B 4P A s 2 4, 5K
UKL ¥ 4 AR 2 X KN LAT
HBEARAL R o rP PLSRpesinps M RE T 7K A8 L [X
68.4% ] & /N # LAI % & (RMSEcy = 0.533),
PLSR gesrerpnps i B 11 4 30 X 74.3% 1) 4 /N3
LA B (RMSEcy = 0.518), PLSRggip+prsprnpsifitE e
T AR HL X 77.1% 1 & /N FE LA S & (RMSEcy =
0.735), PLSRgupenps/fi B T b 22 22 43 [X 49% [

=5 LI R = 3fe [ JH (PLSR)BEZY Aty Yl 4 /N Fe M T B F i $(LAD S5

% INFE LATZS & (RMSEcy = 0.721); B NDVIFI
NDSIH) Z IIPLSRAX A FE 1 i = 31 [X 38.5% ] & /)N
# LAI?S 8 (RMSEcy = 0.954); R, 7383 X (1)
PLSRgesp+prrsprvps: > 101 FHLX FIPLSR s rempsnps: >
JK 5 = M X (8 PLSRresivns: > W0 35 2+ i X (1)
PLSR zzpenpss >Ho L HE X FIPLSR vpyrnpsre A AT &
F A RA KK, S HBIX 150N REAS R 23 B 45 SR %
B, FHRES. REIP. DrfINDSI4 4 (FIPLSRAS FE e,
fifRE T BB I X 34.1% 1 4 /N2 LATE B:(RMSE oy
=0.997). SR, AHEGATAT B — T BRI X [ A /N2
LAIG SR RRE B, A LR A R
PLSRRESJrRE[PJrDHNDS[*%E iﬁ’ﬂi& o

EAAER R, BIRLIDIE BXF LA B
/N, KA DCRENEA — SRS,
LR A T 20 SRR SR B A
(M Bl 2 ) i 4R 2R B R & B (Schlemmer et al,
2013). ¥ L FE BB (Vogelmann et al., 1993)% J5 1
WEFCA A, (H M PLSRAR LS BE 40 A1 45 FAIAR R LAT
X 8] 6 FE 2 AR 7 RE B (R P A ML
5 &G W5t (Horler et al., 1983; Delegido et al., 2013;
FIREE, 2017) ML S8, RPAI0E BARKSR Ehiar
A0 B B B TR LAL, DA R ST REAE G 1 i (an
REIP) W] I\ N A& 1T 41 A -2 35 BOG 138 B LATH
HAHBAR.
2.4 RFRIZBEE SR

RFRAE A S AR Rigee 5 oy FRIAS [F) 2H G 4G B TTIT 1,
Hngee 1 000-6 00078 H LL1 0004 A BGIEHL, myy
M-8 LAUAFIBGIE L. Bf 70 L T RERAG LA
LAIS SN LA AR BE (RPRIRMSE), W5 H R AR
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FH 266 1] KNS [R] 33 287 X (R AR i ngpee M ey

Table5 Results of estimating winter wheat leaf area index (LAI) by optimal partial least squares regression (PLSR) models

LA PLSRAM B R AL Calibration T X HGE Cross validation
Soil type PLSR models Number of latent 2 >

variables R RMSEc R RMSEcy  RPDcy
AFG+: Paddy soil (n = 30) RES + NDSI 2 0733 0489 0684 0533  1.805
1= Fluvo-aquic soil (n = 30) RES + REIP + NDSI 0.803 0.450 0.743 0.518 1.990

£i3# Brown soil (n = 30) REIP + Dr + SDr + NDSI

b2 2+ Lime concretion black soil (n =30)  REIP + NDSI
#31. Cinnamon soil (n = 30) NDVI + NDSI
5Fi+3E Five type soils (n = 150) RES + REIP + Dr + NDSI

3

4 0.837 0.617 0.771 0.735 2.118
2 0.579 0.649 0.490 0.721 1.412
1 0.466 0.887 0.385 0.954 1.295
4 0.378 0.968 0.341 0.997 1.236

NDVI. MSAVI. MCARL- RES. REIP. Dr. SDr. NDSIF|Z2.
NDVI, MSAVI, MCARI,, RES, REIP, Dr, SDr, NDSI see Table 2.
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Table6 Results of estimating winter wheat leaf area index (LA7) by optimal random forest regression (RFR) models

e Sl BENLAR K [ AR A 28 R YR B
Soil type The optimized parameters in RFR Model precision

Migee My Eizﬁf ﬁeﬁ%ble R RMSE RPD
JKFE -+ Paddy soil (n = 30) 1000 2 60.08 0.604 0.598 1.609
1= Fluvo-aquic soil (n = 30) 1000 8 72.86 0.733 0.528 1.953
Fr3# Brown soil (n = 30) 2 000 6 43.07 0.441 1.155 1.348
b2+ Lime concretion black soil (n = 30) 1 000 6 48.65 0.488 0.717 1.420
#)1 Cinnamon soil (n = 30) 1000 3 24.58 0.258 1.054 1.172
5Fi13% Five type soils (n = 150) 2000 4 42.61 0.427 0.930 1.325

RMSE, $577#Ri%%; RPD, MXt o #miRz .
RMSE, root mean square error; RPD, relative percent deviation.

#5 HEARRFRAGELAINIKS EE AR /KAG 1t
X, Hingee= 1000, myy= 220 B IRFRAG E 5% 1, R =
0.604, RMSE = 0.598; #] L3 [X, Hing = 1000,
myy= SALKIURFRIGEHeH, R® = 0.733, RMSE =
0.528; FHHEHLIX, Hinge= 2 000, myy, = 64 BIRFR
F B e v, R*= 0.441, RMSE = 1.155; b33 X,
Hintiee = 1000, myy = 641K RFRAG E B, R =
0.488, RMSE = 0.717; #3LH1IX, Hngee = 1 000, myy =
YR IRFRAS B, R® = 0.258, RMSE = 1.054;
HRFRy+> RFR i +> RFRp > RFRs> RFR 10 J8
M, A S T IEEIIES, Hnge= 2 000, myy = 441
F% 1 RER il 82 4 /N 32 LADKE F S v, R = 0.427,
RMSE = 0.930; {HAHEL T & L3RR OKFE 1+ )
A2 B AR R IRFR, A% & R
H HIRFRAG 54 /NZE LAIFRS B W B 6 E R
T 81 FE B A S A RFRAE TR A i 54 /N2 LATT
FEME: AR -, NDSIH SR H IR R X (&N
LANMS S B B, NDVI.MSAVI.MCARI,RESREIP.
SDrYERFRAGELAIT R¥E T ARIFEEMER, He
I 180 B B 22 AR R (37T 10)
25 PLSR5RFRIERUERELLER

Kl 7438 T PLSRAIRFR A B Sk B AR AR 7R g 48
INFELAITNNG B o« 2475 18 e 8 A 5, PLSR
AU TR S 4% /N FE AT 000 K FiE % 144/t T RFR,
R a2 AE A A 3 X » PLSRReip+prsprnps )4 N
LATPUINME 5 LATSSIME A5 38 KT RFR 4,200,
mo-6y (R°1H10.33, RMSE{%0.42, RPD0.77); 4 A%
& TR S, RFR (422000, mey-ay W 2/ NZLAIN
fift B B 71 W5 & T PLSR gesrzmp-pnps: (R 151 0.086,
RMSE{%0.067, RPD150.089).

i 125 R R GO MEA) A B £
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Fig. 5 Results of different groups of partial least squares regression model for estimating leaf area index (LAI). NDVI, MSAVI,

MCARL, RES, REIP, Dr, SDr, NDSI see Table 2. RMSE, root mean square error.
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Fig. 6 Variable importance values in optimal random forest regression (RFR) models. NDVI, MSAVI, MCARL,, RES, REIP, Dr, SDr,
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NDSI see Table 2.
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Fig. 7 Measured vs. predicted leaf area index (LAI). A, Paddy soil. B, Fluvo-aquic soil. C, Brown soil. D, Lime concretion black
soil. E, Cinnamon soil. F, Five soil types. Dash lines indicate the confidence intervals of prediction. PLSR, partial least squares re-
gression; RFR, random forest regression; RMSE, root mean square error; RPD, relative percent deviation.
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Table7 Leaf area index (LAI) predicted accuracy

e Sl F &R R AE R LR R
Soil type Considering the soil background Neglecting the soil background
PLSR RFR PLSR RFR
R RMSEcy R RMSE R RMSEcy R RMSE
JKFE1. Paddy soil 0.684 0.533 0.604 0.598 0.529 0.689 0.722 0.553
#+ Fluvo-aquic soil 0.743 0.518 0.733 0.528 0.559 0.682 0.635 0.632
£#3% Brown soil 0.771 0.735 0.441 1.155 0.098 1.467 0.244 1.387
W32 % + Lime concretion black soil 0.490 0.721 0.488 0.717 0.173 0.953 0.413 0.768
#%+ Cinnamon soil 0.385 0.954 0.258 1.054 0.349 0.986 0.287 1.052

PLSR, it/ T [1)9; RFR, BEHLARAIEIE. RMSE, 357 RE%E

PLSR, partial least squares regression; RFR, random forest regression. RMSE, root mean square error.
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Fig. 8 Comparison of measured leaf area index (LA/) and predicted LAI in box plots. PLSR, partial least squares regression; RFR,
random forest regression. RMSE, root mean square error. From top to bottom, the box plot represents the maximum, upper quartile,
median, lower quartile, and minimum of a set data, respectively.
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