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Abstract: Leaf water content is a key indicator that reflects the physiological conditions of vegetation. It is of great
significance to construct a highly universal hyperspectral inversion model of the water content of leaves to accurately
evaluate the ecological functions of karst and non-karst vegetation. As a result, developing hyperspectral inversion models
of leaf water content for karst and non-karst vegetation, respectively is becoming more necessary. In total, 694 samples
from 17 plant species were taken at karst and non-karst areas in North Guangxi. Leaf water content and reflectance
spectrum ranging from 350 nm to 2 500 nm of all leaf samples were measured simultaneously. Four model structures
including single-band, difference, ratio, and normalized difference were employed in this study. All possible index
models with single waves and couple of two waves based on both reflectance spectrum and first derivative spectrum were
related to leaf water content for karst and non-karst vegetation, respectively. The results were as follows: The spectral
indexes of Dy =D 5, had the best modeling and verification result, and was the best index model for estimating leaf
water content of karst plants; For non-karst plants, the spectral index of D,/ D jgesand ( Dayss=Dges ) 7 (Dazset Digss)
had similar results, and both of them could be used as the best estimation indexes of leaf water content. This results also
showed that, for karst plants, the leaf pubescence had little effect on the construction of inversion model of leaf water
content. Generally, the newly constructed optimal spectral index has a better fitting effect on the leaf water content in

karst and non-karst areas than the traditional index, and has a good general applicability, which could provide a

scientific basis for the accurate assessment of vegetation water state in North Guangxi.

Key words: karst area, leaf water content, leaf pubescence, spectral index, hyperspectrum
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Table 1 ~ General situation of plant species and leaf water contents in different regions

I H %5 7K 3R Leaf water content (%)

X35 YFp nFRHEE Hok:
Region Species Leaf surface pubescence Number i g (0 2
Range xXks

HIHEIX ZK 4K Delavaya toxocarpa 7t No 26 0.50~0.80 0.61+0.08

Karst area ML Zanthoxylum armatum 7 No 59 0.52~0.75 0.63+0.05

K Pyracantha fortuneana & No 37 0.41~0.67 0.54+0.08

JUJE I Bauhinia championii 7t No 60 0.38~0.57 0.46+0.05

I ¥ Paliurus ramosissimus 7t No 48 0.35~0.67 0.56+0.06

M Sageretia rugosa H Yes 58 0.30~0.57 0.44+0.06

¥EA Xylosma racemosum 7t No 48 0.38~0.71 0.52+0.06

B XI#k Cyclobalanopsis glauca J& No 59 0.39~0.53 0.47+0.03

REBR Acer coriaceifolium A Yes 48 0.28~0.63 0.50+0.06

HMUBESE Mallotus philippensis A Yes 47 0.36~0.56 0.49+0.04

SEARW Radermachera sinica Tt No 30 0.48~0.72 0.62+0.06

EAIX B Eucalyptus wrophlla x E. grandis 7t No 82 0.38~0.76 0.57+0.08

Non-karst arca HHHE Castanopsis fissa % No 33 0.48~0.61 0.5120.03

T AR Schima superba % No 33 0.48~0.65 0.5520.04

W Liquidambar formosana % No 12 0.52~0.75 0.5920.06

HESE Castanea henryi 7t No 14 0.44~0.60 0.51+0.05

®2 REEMEIS

Table 2 Model structure of spectral index

] ‘ BTN
H g Tk AR b FAOE KA
First derivative
Index type Raw spectrum formula
spectral formula
B R, D,
Single band
2E{H A R,-R, D,-D,
Differential
R (ki R,/R, D./D,
Ratio
H— R (R,-R,)/(R,#R,)  (D,=D,)/(D,+D,)
Normalized

P R ARHEIE; DA SHOLE,; a b RRWHEK,
T,
Note: R is the reflection spectrum; D is the first derivative

spectrum; a and b represent the wavelengths. The same below.
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Table 3  Linear fitting accuracy of known spectral indexes and leaf water contents
AKX EHE X
St ¥ A S Karst area Non-karst area
Spectral index Formula References
R RMSE R’ RMSE

DVI, s 099y Rizee=Riunig Sun et al., 2019 0.29 0.07 0.47 0.05
DVI (145 2505)  Rasos ~Riss WK%, 2018 0.52 0.06 0.61 0.04
DVI (i35 2236)  Danse=Digns RPR4E, 2018 0.37 0.07 0.53 0.05
RVIgos100  Reio/Reso XIS #RSE, 2018 0.05 0.08 0.04 0.07
RV 650 Rago/Risso X%, 2017 0.08 0.08 0.03 0.07
RV 520, 16001 R0/ Rieon X% %5 | 2017; Zhang & Zhou, 2019 0.09 0.08 0.04 0.07
RVI 50160002 Rison” R AR, 2011; KFEHFS, 2014 0.08 0.08 0.03 0.07
RV g0 1) R’ Rz El-Hendawy et al., 2019; Zhang & Zhou, 2019 0.10 0.08 0.03 0.07
RVIigw,0500  Roso/Rono FERRIREE, 2016; WK, 2019 0.17 0.08 0.07 0.07
RV 500,070)-1 Rooo/Rono XG4, 2017, KEEE, 2019 0.18 0.08 0.03 0.07
RV 909,972 Roro/ R WIBAE, 2011; RIS, 2014 0.18 0.08 0.03 0.07
RVIs500  Riso/Rias Sun et al., 2019 0.32 0.07 0.47 0.05
RV 1300,1450)  Risoo”Russo XA 45, 2017; HRESE, 2019 0.13 0.08 0.02 0.07
RV s 25050 Riges/Rosgs TwPEE, 2018 0.37 0.07 0.56 0.05
NDVI 5 500 (R —Rap)/ (R +Rap) R 2016; Sun et al., 2019 0.08 0.07 0.08 0.07
NDVI 605000 (Rgoo=Rego )/ (Rgog+Rego) WIREF, 2018; WHEBEEAE, 2016 0.06 0.08 0.04 0.07
NDVI 08100 (Rgio=Rego )/ (Rgio+Rego) X #2018 0.06 0.08 0.04 0.07
NDV 05,550 (Roso=Raos )/ (Ryse+ Rygs) Sun et al., 2019 0.01 0.08 0.07 0.07
NDVI 005  (Ryso=Roo) /(R +Rpp0) Zhang & Zhou, 2019 0.01 0.09 0.09 0.07
NDVIL g0 16000 (Ryzg=Rigon )/ (Rgag +Ri00) WA, 2011 ; W EKMEAE, 2019 0.08 0.08 0.04 0.07
NDVI 450 1650 (Rgso~Rigso )/ (Rgso+Rigso) EPE&E, 20185 Sun et al., 2019 0.07 0.08 0.05 0.07
NDVT 55 1600y (Rigss = Rigao )/ (Risg R 40 ) Zhang & Zhou, 2019 0.08 0.08 0.04 0.07
NDVT 55 230y (Risg =Rz )/ (Rysg +Roiz0) Zhang & Zhou, 2019 0.04 0.08 0.08 0.07
NDVT g5 1210y (Rigo~Rizao )/ (Rygo +R 240 ) RS, 2016; X555, 2017 0.10 0.08 0.03 0.07
NDVT g5 14500 (Riggo~Riaso )/ (Rygo +Ruso ) W DM S, 2019 0.13 0.08 0.00 0.07
NDVI g0 1000 (Ryso—Rgso )/ (Rygo+Riao) El-Hendawy et al., 2019 0.09 0.08 0.02 0.07
NDVI 0600 ( Roro=Rigo) 7 ( Roso +Rigo) El-Hendawy et al., 2019 0.15 0.08 0.04 0.07
NDVI 5 1501 (Rizor =Rizis )/ (Riso #R i) Sun et al., 2019 0.32 0.07 0.47 0.05
NDVI (s 05y (Risos =Risas )/ (Risus +Ross) B4R, 2018 0.38 0.07 0.57 0.05
NDVI (g0, 1722  (Rigao =Rz )/ (Rygao + R0 ) WIKSE, 2018 0.06 0.08 0.27 0.06

BT~ FHOCE R B IR A ZEE R RBWACY 0.13 (&l 3:a) . AFIMEBA A BAL
RURERI AU EBOR B L T RO s MG R b K Buai B o A B AHBL (8] 3:b-d) , #B &
b, Fovh Bl BRSSO IR TR O I BAEFTE R, =1 400~1 850 nm R, =1 320~1 420 nm

23 FEREEWMH R aKERE

X3, AR R, =1 850~2 500 nm R, =1 390~1 520 nm

I 3 0T LA Y JEA i A R GIE R FIR, =1 800~1 920 nm X3k N I BRAH &
W BERUAS [R] 3% B 4L A Xt i R 35 7K SR 40 A B b 1Y) FH L 4 AT kit B RO S AT — B S B
IRAR A, 6T A Bk BEFE B A RO R B, SR B A A ORI R T A 3 B
fR#Z(R<0.14) ,7E 1 300 nm AW BRI AT, i S &KRMAH RPKT 0.5, 78 2 350 nm I
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Fig. 1 R’ profile of linear fitting of spectral index to water content of single band (a) and differential (b) of

different band combinations, ratio (¢) and normalized (d) of karst plant reflection spectrum
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Fig. 2 R’ profile of linear fitting of first derivative spectrum to water content of single band (a) and differential (b) of

different band combinations, ratio (¢) and normalized (d) of karst plant reflection spectrum
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Fig. 3 R’ profile of linear fitting of spectral index to water content of single band (a) and differential (b) of

different band combinations, ratio (¢) and normalized (d) of non-karst plant reflection spectrum

(R*=0.76) M Dyye=D s (R*=0.68) , —J5 1, 7]
R 55 5 1 DA 1 1 2215 () o 7 235 4 R 2 3 1)
SRS S A O (B RAE, 20125 R UL, 2015;
X EPKEE | 20165 Sun et al., 2019) . X TIEH
XI5, A X R K RE T 22, i 2 1 XM
Sz BT R hn, H R 20T 2 i o8B 8,
MEHRAEY KT RENETERER, —F
1], AT e T2 0 DA A PR ) i e 5 4 25 R A
KB, HEER LAV XRR IR Y Ml 5T 45 A BELIT 1 1
HERE L Z 6] (1) 7K 43 #1343 OCHK , A 85 5 0 4k ™
(WRUEFASE ,2013) , AT B0HE P A4 8] AR 4 25 57
WK, k5% R4 (2019) 5H R % (2016)
A5 H AN TR DX A% Bk it 5 7K 3R R B A7 A 22

SR SRR o (38 3 % 5 X i R e i
W 5 7K B o0 28 P i 45 R W, o R R A 5
A ) 1) i O D' T 98 A0, 8R4 TR B T
B AE P AU RO ST WY A T R R
XF 7K 3 I 5 ) AN B S 3XRT BB S T AR BE A
T Y R B e B s T, O HLER oA A
MR SRS BB A B TR L R

2H G B B B AR BORA LG, RS T AR B
1 fA ki AN REAI T A SRR By s, S 1Ol
T 22 AR B OR Rt 206 D BB AL — fik LE 5
g B R Y R A A v T B TR BE (2R ERRR S e
2016; #RiEH LS, 2017, Corte et al., 2017) , AW
s, B AL, B AR B S M A KR



734 AL R A7 41 %
) 2400
045} g

2200
| 2000
035"

1800
030 | 'fh E 1600

% 025 | | £ 1400
020} W’ ‘ l |\ i‘h 1200
0.15 | \ ‘l | F} ‘I‘ l\ ’l ‘ 1000
0.10 ,Jl | ‘ | Hr‘ m ‘ ’ ‘ 1 800
.05 i ‘\”l‘ L‘ || |“| «\]| ‘ | H 1 600

Il‘ IUM _‘I n‘ 1 ’I‘lﬂl “ J‘l. " L) LI ’ | A 400

400 600 800 100012001400 1600 180020002200 2400
# 4 Wavelength (nm)

500 1000 1500 2000 2500

D, (nm)

y

500

2000

1000 2500 500 1500 2500

D, (nm)

1500
D, (nm)

2000 1000

Kl 4 JEA Y — B R EOCIE BRI B (a) AR BUH A 22 EHA (b) (AL (e) FI
T — A0S (@) SETEH8 O B K SIS 1 R 43 A B
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x4 EBRXEYRERBEREEMGIELSR
Table 4 Modeling and verification of plant spectral index model in karst area
feagi BE
FE R i | Modeling (n=346) Verification(n=174)
Index variable Model

R’ RMSE R RMSE

Ry y=0.901 6x+0.174 7 0.28 = 0.07 0.29 s 0.07

Rose0~Risa y=6.533 5x+0.559 6 0.62 = 0.05 0.63 s 0.05

Ropi/ Ry y=1.101 4x-0.593 0 0.61 == 0.05 0.64 s 0.05

(Ropg =Ry )/ (Rapgo+Ry4s7) y=2.239 6x+0.510 4 0.61 s 0.05 0.64 *x 0.05
Dy y=-377.847 4x+0.407 3 0.57 s 0.06 0.53 s 0.06

Doy =D 735 y=299.415 5x+0.289 8 0.68 s 0.05 0.67 s 0.05

D/ Do y=0.204 5x+0.388 5 0.62 s 0.05 0.52 s 0.06
(Disss=Diggs ) 7 (Dysss +D ) y=2.077 4x+2.352 8 0. 60 s 0.06 0.58 s 0.05

. #x TR P<0.01, T,
Note ;

*% indicates P<0.01. The same below.
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Table 5 Modeling and verification of plant spectral index model in non-karst area

JEie LA
R R i Modeling (n=116) Verification(n=158)
Index variable Model

R’ RMSE R’ RMSE
R y=-0.882 5x+0.932 1 0.13 #* 0.07 0.03 #x 0.06
Rono=Rssg y=7.078 8x+0.527 2 0.72 #x 0.04 0.69 s 0.04
Rosi/Risse y=1.137 64-0.611 0 0.72 #* 0.04 0.68 #x 0.04
(R ~Rigse )/ (Rong + R 456) y=2.353 1x+0.522 5 0.71 *%* 0.04 0.66 #* 0.04
D5 y=-684.766 5x+ 0.324 6 0.57 #% 0.05 0.53 #% 0.04
D536~ Do y=-332.446 9x+0.557 2 0.70 # 0.04 0.61 #x 0.04
D356/ D g y=3.933 1x+0.320 2 0.76 *x* 0.04 0.64 s 0.04
(Dy356 =D igss )/ (Dysse+D g5 y=2.208 4x+2.515 5 0.75 #* 0.04 0.64 #x* 0.04

L sl
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Table 6 Modeling and verification of plant spectral index model of hairy and bright leaves in karst area

ey Modeling

ISHIE Verification

b P A R EUE i
Leaf surface type Index variable Model
R’ RMSE R’ RMSE
B AL Dyous =D 173 =299.42x+0.29 0.68 s 0.05 0.67 *x* 0.05
Hairy and bright leaves
ZE Do =D ooy y=300.21x+0.29 0.69 0.05 0.65 % 0.05
Bright leaf
£ (Dys=D 1 )/ (DD, ) y==0.23x+0.54 0.51 % 0.05 0.36 % 0.04
Hairy leaf
80 80
o Do D e b ¢
Js 4 ,e L4 D5356/D1gss L
=7 %5161173141 10,1697, R*=0.67 . 2 =& Line 1:1 ’
S RVSE{.05. P OO’R - £ 50l ¥=0.72x+0.154, R’=0.72 L7
g e S g RMSE=0.04, P=0.00 0e."’
= 60 =
> >
< )
£ 2
2 50+ = 60 °
= =4
£ £
40t ° =
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Fig. 5 Comparison of estimated with measured leaf water content at karst and
non-karst areas based on the spectral indices D,y =D ;5 and D,/ D g
E ’xﬁ%i@?% Ui B I B 2 5 RE SV A M S ke fiﬁb‘f} A8 — B 3 80 AT BR ‘)'ikﬁrhfﬁi
H AR BUROE 15 A5 B, AR T R Bl 98 B 1 A AR R RO AR RS L T, B
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{# (Damson et al., 1992; Yi et al., 2013; MBS,
2015) o Mo, B BOGTE IR B0 R BAE— B S 4K
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T B G 09 T Ry % 2 RN AR v (EON B K 25
W 8 B — B 5 B0 3 A B4 b I B AR <86 5
BT, v DU R R G 0 I A

25 LITIR  Dogys =D oy WA Y I 7 KR
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