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Inversion of functional traits of Spartina alterniflora leaves based on hyperspectral

data
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Abstract: The key to the successful invasion of Spartina alterniflora is its ability to grow and reproduce and its ability to
adapt to the environment. Leaf water content, relative chlorophyll content, carbon—to—nitrogen ratio, total nitrogen, total
phosphorus, and specific leaf area, and other leaf functional traits reflect S. alterniflora’ s ability to utilize resources and
adapt to the environment. This study was carried out in the coastal wetland of Yancheng, Jiangsu Province, to study the
relationship between leaf functional characteristics of S. alterniflora and hyperspectral data. Principal component analysis
was performed on the original spectral data and first—order differentially transformed spectral data to extract new principal
component variables as new independent variables. Then stepwise regression, BP neural network, support vector machines,
and random forest regression models for different leaf functional traits were established. The optimal model is selected by
comparing the decision coefficient R* and Root mean square error (RMSE) of the constructed model, and then the optimal

model is constructed based on the sensitivity band obtained by the correlation analysis to verify its accuracy and
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applicability. The results indicated that (1) the accuracy of the first derivative transformation of the hyperspectral data was
better than that of the original spectral data. (2) Through predictive modeling of different leaf functional traits, it was found
that the prediction effects of the four models are ranked as follows: random forest > support vector machines > BP neural
network > stepwise regression. The random forest model had high accuracy and stability, which was obviously better than the
other three models. The stepwise regression model had the worst effect and was not suitable for modeling and predicting leaf
functional characteristics of S. alterniflora based on hyperspectral data. (3) Using the sensitive bands obtained by
correlation analysis as independent variables, we established random forest models with different leaf functional traits. The
R?of the constructed models were all greater than 0.90, and the R’of the verification model was between 0.73 and 0.95,
which further confirmed the accuracy and stability of the random forest model. These results showed that the hyperspectral
data can be used as a powerful means to quickly monitor the growth status of S. alterniflora, and the random forest model

can be used as a high—precision model to estimate the different leaf functional characteristics of S. alterniflora.

Key Words: Spartina alterniflora; leaf functional traits; hyperspectral ; random forest model
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Table 1 Method for measuring leaf functional properties of Spartina alterniflora

- IHEMEIR Leaf founctional traits W 5E J7 % Measurement methods

M H 5 7K 3R Moisture content( MC) (fifF -1 /fif &

AEXt4%E & & Soil and plant analyzer develotrnent (SPAD) 43 % i1 (SPAD-502Plus; Konica Minolta, Japan)

FOIF L Specific leaf area (SLA) ?ﬁ%gﬁ”fﬁ L3852 Tmage] BCPFH2HR AR, LU I 1 AR = BT AR/
A Total nitrogen( TN) JCE M HTL (vario PYRO cube; Elemental, Germany)

S Total phosphorus(TP) HEFPL L@ (NY/T 2421-2013)

BBk Total carbon( TC) ﬁ%ﬁ*)ﬂi( vario PYRO cube; Elemental, Germany)

(2) EIr b

GBI 1 B 22 ARSCHESR  AA e TUAR TR A A% . R i TR RS e g 5
Bl o0 H R EAH IR I 227 i A O DB AR DGR B o372 B DB JUAS 10078 el 1% e
DGR R R R . ASHEFE P 89 R A R 1S B TR psych pRECRSEBE,
1.2.4 B Hrab B K AR ST 5 PR

V38 5 3 A B AR BT B AR A A i R B AR DK B D e P bR A T AR A AR S B A AL
[ 5457 ( Stepwise regression, SR) . BP #1245 [ 2% ( BP artificial neural network, BPNN) | % ¥ [a] & #L ( Support
vector machines, SVM) FHLEEM ( Random forest, RF ) #AY AEH () SEBUAK AT T 4014 Weka 3.8, JET R I H 5K
PR 46 v DT S SR 38 LA K — B o3 46 I (R DG A5 0 5 B AR OK B e D RE PR B AH DG 23 A, e dme A I8
B AT R ARDRE I i HeE RE(RY) (BT RIR 25 (RMSE) #E179FM . B )5, i3 Origin 2020 K4
A

2 HR55%H

2.1 HARKEM FORetk o b

e EAK DI RE R AT 0T, A5 3038 2 g R . IRl LA BAEK B 5 K R4 E
H0.66, 15 FEl M 0.56—0.74 , & K RAXT 5 ;SPAD Jy 41.41, brifEdw 2% 4 5.17 ; TC/TN TN TP .SLA FI3I{8 4y
Ao 2712 1.32 g/kg 0.18 g/kg 41.68, Hort SLA MUbRAEM 228K, i85 20.26., DIfg Ik 19 B el LA Kb
WEAR 22 AEAE VLR T B AR RE 22 ] 1 22 55, S 1 m i B AT D R M bR i) B e 4L T 45128
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Table 2 Functional characterization of Spartina alterniflora

M DI RETER FEA R FoME FoR{E HfH B fi 2
Leaf founctional traits No. of samples Minimum Maximum Mean Standard Deviation
i H 2 /K3 Moisture content( MC) 60 0.56 0.74 0.66 0.03
AR I 28

60 30.67 53.23 41.41 5.17
Soil and plant analyzer develotrnent (SPAD)
ik L TC/TN 60 13.23 35.77 27.12 4.62
B Total nitrogen( TN) 60 0.92 2.37 1.32 0.28
S Total phosphorus( TP) 60 0.11 0.31 0.18 0.04
LT AR Specific leaf area( SLA) 60 4.99 115.51 41.68 20.26

22 FWAE
ARG I R BB BRI S SRR LA S — B R B R A7 R 4 el /D 1 AR RN B, 4R s Bk
N 3 AT LLE RIS SR8 PCL I TTERE N 0.53, PC2 B BTHRE N 0.31, AT F 5805 Rt vk
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RIAF0.84, [ F] PC3 BYTTHRFIAF] 0.1, IR B 1T 3 A T80y, BTk Ri530.94, W\FE 4 TIEH,

— B B R T R AR — T A BT 0.49 5 M Y TTHRE N 0.18 , HoAR T 5T

T 0.1, R+ 1 R TTiik A5 3] 0.8 BT 4 > EIMER BT AL i

[

F3 FBRRIERFEEHSH(PC)ER
Table 3 Principal component analysis results of the original spectral reflectance
e FFIEAR THRA L e
Eigenvalue Proportion explained Cumulative proportion
PC1 1132.48 0.53 0.53
pPC2 668.34 0.31 0.84
PC3 216.48 0.10 0.94
x4 —HREDRIEBEEHR S5 (FDPC) 452
Table 4 Principal component analysis results of first derivative transform spectral data
FDPC FRIEAR Dities E e
Eigenvalue Proportion explained Cumulative proportion
FDPC1 1053.20 0.49 0.49
FDPC2 386.42 0.18 0.67
FDPC3 176.36 0.08 0.75
FDPC4 115.68 0.05 0.81

2.3 JEUERDEHE SRS R DI REMEIR AR A o B
JEL R ETE B AR 5 0 D RE MR Z ) B AH G 2 Fs . A Es SRR, it K R AE 731828
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Fig.2 Correlation between original spectral reflectance and leaf functional traits
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Fig.3 Correlation analysis between first derivative spectral data and leaf functional traits
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TC/TN LK TN A4 EERORE B A, 11— B (o0 IS 31 1 S S PR A0 G 2R 45 30 | B ORORE R A1, (HL B 6 P — B 38
A BT R AR P AN A M AT B R B LR 4 R A RS 2L SR \BPNN (SVM | RF (1
B RMKIR K 0—0.75,0.34—0.89 .0.58—1.00 ,0.98—0.99, F1 4k SVM HYHR/> A 45 AL T RF FEAY [H R 52>
T SVM B8 RF R AR PR TR 4558 LU vl DAk B, 4 Rl AU (9 HE ¥ RF>SVM>BPNN>SR , SR 6 4%
R 14025 T RRSE T R e A5 S5 i R DR MR IR Z A0 1) 6 ZR R Lt i), DR A A R e 2% |
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Table 5 Modeling and evaluation of leaf functional traits based on principal component analysis

I F SHEE PR g JR4 Original — B %43 First derivative
Leaf founctional traits Model R? RMSE R? RMSE
ey & SR 0.37 0.03 0.75 0.02
Moisture content( MC) BPNN 0.70 0.03 0.89 0.02
SVM 0.99 0.00 1.00 0.00
RF 0.98 0.01 0.99 0.01
ARX I3 5 1 SR 0.36 4.38 0.42 4.18
Soil and plant analyzer develotrnent( SPAD) BPNN 0.56 4.48 0.67 3.98
SVM 0.78 4.55 0.84 4.56
RF 0.99 1.73 0.99 1.70
TC/TN SR 0.08 4.47 0.11 4.66
BPNN 0.34 4.60 0.39 4.45
SVM 0.58 4.46 0.86 4.24
RF 0.99 1.74 0.98 1.98
B SR — — 0.10 0.28
Total nitrogen( TN) BPNN 0.41 0.27 0.32 0.27
SVM 0.72 0.20 0.99 0.04
RF 0.98 0.11 0.98 0.12
R SR 0.22 0.04 0.34 0.04
Total phosphorus(TP) BPNN 0.63 0.04 0.70 0.03
SVM 0.99 0.00 1.00 0.00
RF 0.98 0.02 0.98 0.02
EAUNTTEA SR 0.42 17.04 0.32 16.98
Specific leaf area( SLA) BPNN 0.66 16.67 0.78 16.66
SVM 0.78 20.85 0.77 20.95
RF 0.99 7.34 0.98 7.11

SR %A AR Stepwise regression ; BPNN ; BP #1282 %% BP artificial neural network ; SVM : 32§ [ s 4L Support vector machines ; RF ; Ffi HLAR K

Random forest ; RMSE ; Root mean square error
2.5.2  FETHURI BRI RETER R A H ST 5 I

i RS T E R A S R B, AR SVM M IR RUSCRA UL T RF B (ELR AR
AFRSE , BE RS T 0.58—1.00, 1M RF BERIAYEEE R* KT 0.90, LRG R, RF BEAUE I fEmf LA AE . %
TR BE TR 7S B A U B 7. RF [ RERD  5630E RF A0 B ALK Bt Fy D REEIR 0 5000 kS
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JEVL R AR ENE . INEAEK R Fr DI REEAR 1Y RF B8 (3 6 [ 4) AR S , I RP T 0.90, 50 1E R* A
F0.73—0.95 Z [8], T A ARV 2 TRAFIEE R, BB RIG Y6 BUsR Dk B Al — B Sl oy e i Rk B AR
SRR, — B T TN & 2 DL M SLA BYEBIEBE (R, =0.97 ,RMSE, =0.11; RS, =0.94 ,RMSE, =
8.10) I T A GG H485 (RE, = 0.97 ,RMSE, =0.10; R, =0.94 , RMSE,, , = 8.15) , LA T U5 61 % T
IR (IS UE , Bk TP A — B o gk RIS TR a0, A 0L T I dn . AR 3B T X546 St 1 4 i
AT — B sl o e A B4t w2 S e, o 3 D AT LR MRASE TR XoF Pt Ty R P PR T 00 7 P A 7

x6 BTHIEFHBERHNELKEMNFIEEEKBETNRMEE

Table 6 Random forest model of S. alterniflora leaf functional traits based on spectrally sensitive bands

R e R JE 45 1% Original — Bt First derivative
Leaf founctional traits R? RMSE R? RMSE
i H & 7K Moisture content( MC) 0.94 0.01 0.96 0.01
AR -4 F &4 Soil and plant analyzer develotrnent( SPAD) 0.96 1.69 0.97 1.48
TC/TN 0.96 1.97 0.97 0.01
JA Total nitrogen(TN) 0.97 0.11 0.97 0.10
1% Total phosphorus( TP) 0.96 0.02 0.96 0.02
LM AR Specific leaf area( SLA) 0.94 8.10 0.94 8.15
3 itig

3.1 EDGIEEEE S AR R A aE R A AR B

3 A X H ALK BN [F] i B D BB IR 5 IR = s DA R — O AR 4 5 1 s DTS A e R S AT, BT XS TR
FEARAS R T AR AR VT 2 5 o MC SR LA KB S B G B AETE BB R, FEEH T
FELTAMETE B, A 61 3R 2 2 B A BRI, I FLIZ S5 SR A5 3 1 Wi B B 45 ) R A a0 ff
FERIUESE s 5 SPAD 3 AH GBI By = 2R b T ] DL B e Uk B, 3 35 R R A A W) 32 e W I kot ok
PATEATE R s AL AT AR E 45 80 TH5 2 1 s TC/TN TN TP | SLA 5 i b 18 78 4 26 1 I8 B
FEAE R TIT LALLM B, oA TC/TN TN 5 ARG S S S M AR SC MBI, 5 5 Bk 1 45 LA B it 11
25 T AR S PR XHETA 2 0.85 F10.81 AH 228K, {HAE TN 55— i /3 Y63 £ 675,770,850 ,1076—1850 nm
W P 5 5 Bk S5 IR 25 FAFAE S X TP 5 AR (0 45 R 5 3008 % %5 (19 TP 7E 529—578 nm PAK
699—746 nm 5 JFIA S 5 A B AR A LS TR E] T TP 55— B - 6% B A S Pk 5 HRIR 5T 45 SR A7 A6 A8 ik
Bes XU R ZER  HEW RN =, — R T MR 22 5 S L IR bR Z RIER AR 25 5 = TAF
BRI, PR RAR S R, A5 45 2 0 45 5 BE 5 50 B 78 FE7E ML =2 Ad , SUAFAE—
SEIMRFE B OR TR AR A 25 A FEAR i DA SO R BB A B 5 v , 25 (AR T RE IR 15 1 D3t 4 22 T 14 A O
MANTFEES
3.2 TR BSR4 45 R L b

PIREERIE 5 D RE MR AR DCE A 4G SR W, FE AR S K 1 DA B A B 1 BRI T — B it
Ay BEE S R T REMCR B A R ACE B, ARG 5.6 K 4 rpOAS RS R AR LA K B0 R 3 A 45 S ik
— I T — B s AR 40 B i R R A TR T IR B . DA g iR SERa L e R
AATBE W2 R — 3, DI — B o i RE NS 4R 1 6 5 T R IR AR DG | 42 5 T RE IR 14 s RS
BE . FEABFSEH 3 HE SR . BPNN SVM  RF4 R (Bl SRR 1T D RE R 0 T30, SR 7Y (9 B R* A F 0.10—
0.75,BPNN Z% R/ T 0.32—0.89,SVM &4 R* AT 0.58—1, RF A A EHAL R* 4T 0.98—0.99, S AfH)
ZEOLAH He A, Ao B 25 SRR X HER I (R 7)

http ; //www.ecologica.cn



15 1 ZEEE AF R T RDCIE RO B B AR B D REMER R 6167

JR 466 — B sy JR b6 — B
0.72 - 48 - 5
0.72 = 1 =0.13+0.79x y=0.18 +0.72x y=6.92+0.83x . ™ y=8.47+0.80x
070 -  R*=0.88 070 - R2=0.90 461 R2=086 = S0 progo4
0.68 | 0.68 - 44+ ‘4‘2 i
0.66 L
0.64 066 - * ol
.64 — 20+
40 |-
0.62 - 0.64 - 40
0.60 - 0.62 - 38 38 - .
ossp ., M . MC 36l 36 SPAD
060 1 1 1 1 34 1 Il Il
0.56 0.60 0.64 0.68 0.72 0.56 0.60 0.64 0.68 0.72 34 36 38 40 42 44 46 30 35 40 45 50 55
32 L = 10.60 +0.60x 34 Ly=7.68+0.72x 201 5,=053+06lx 50 |Ly=044+067
2 R>=0.85 - Pn kL R2=095 R*=0.90 ’ R*=0.92
= 30 1.8 -
i 30 - 181
-,;_.: 28 - 28 - 1.6 - 16
B 26 26 Lak T
=9 .
o 24 24 - 14 |
E nf 2r L2 1.2
=3 20 . 2F
2l sl TC/TN | o L N ot TN
1 | | 1 | 1 | 1 | 1 | | | 10 | | 1 1 1 1 1 ]
15 20 25 30 35 1.012141.618 2.02224 1.012141.6 18202224
021 Fy=0.07+0.61x . 0.21 Ly =0.08 + 0.57x 60 LY = 12.20 + 0.68x . ) 13.04 + 0.66x
020l R2=0.85 020l R=077 R2=0.75 . R2=0.77 i
0.19} 0.19 - 50 -
0.18 - 018
0.17 ’ 40
0.16 |- 0.17f
015 0.16 30
0.14 - 015" =" TP 20
0.13 I 1 I 1 0.14 1 I 1 i i 1 1 i i | 1 1 1 i i 1 I
0.10  0.14 0.18 0.22 0.12 0.16  0.20 0.24 10 20 30 40 50 60 70 10 20 30 40 50 60 70
W& Measured value
B4 EfRKEMAIEEEREH ARG IEERMEMELE
Fig.4 Predicted and true values of S. alterniflora leaf functional traits in a random forest validation set
x7T HBERSWALER
Table 7 Comparison of model results with previous research results
A (PN ELE S AL A (PN EAE S A3
Mode Previous research results This paper Mode Previous research results This paper
SR 0.16—0.3114 0.10—0.75 SVM 0.67—1.0014 0.58—1.00
BPNN 0.65—0.83147) 0.32—0.89 RF 0.92—0.9414] 0.98—0.99

PAZE RO T4 RN A LR 4 PR BUAE AN [ AR L i A 3 4 R R B, 1220 [BF AR /E MC \SPAD [ TP
LA B SLA BIMG SR B R LT TC/TN A TN (3% 5) 5 Al 3 A RUAE AR figbn B9 S R ICER 2 4L, IRt
oAty 3 RS AU EGZ AL [ AR RS BEINAR E , Horh RF BRI A R EINARE . 48 BRTIR, RF 0 T HAl 3 AR, m]
REZIN N RE (AR R B AT 95 , DR SRR B39 120 L R B 4Y o AE B 1 7= AR AR R BEBLAY , BN 2L
AT SHORRE WA G B LG PG, DRI S AR R 0> s SVML T BPNIN FUI A0 RN S 119 st PRl vl
R LA (A £ 5 SR I R AS R S48 AR BIFSE (R A TS 2 LU AR S, JF FLZE Cui 26 152
B, RF SVM  BPNN FEAN[F] 2= 15 AN [l b i) S 38 rp 2 ik 21 7 ARG A9 CR , D HERR 17 SR A A ] i — B2
PIE 11 SR B RUCR B2 1 J5U P AT BE 2 T I BE MR 5 e Ik 2 18] 9 5 2R R AR eV i DA A5 31 4 A5 75 v
BVEZE . W T A AR RIPRAE R i 22 5, B A0 35 FHPE A7 A6 22 5% AT ST P REF BERSE BAT 45 hm L e )
AREA TG L T ARG T ARG, AR A ORI A Fp it — 2P B BRIE

http ; //www.ecologica.cn



6168 A E = 41 4

4 £t

AT LATE I3 SR IR TR0 3 ) F AR OISR B, SR T 38 PO ISR A B AE K 0 14 i il S A3 % ol
SO R =t ER IR G IR P SN WA DR EROR S et N W B N N e ) T AL e SN N S e g e L I
ANTEIE D REPEAR S R i s A AR O, e R T BRI B LU # 1B 8 Bl BP ?EF?"IW%\S'Z%WEHL\F@
PLERAR 4 BT ENACR , 2t — LB UE T BEHLARAMARE Y 5 PP R P, 222458 F

(1) ARV 55 v D' 20 o oz ) SRR e B A7 A 2 5, v, 5 R 5 KR 8 38 A G A i B 2 2407 T
ZLANZL MG B 5 RS 2 3R 5 i A SR BEII 57 T 1] DL 2 B Btk S0 L RN EE i T AR PSR A5 i 4 D' i
08 ) AT UL B BEAR G | B S BIRU) 5 J e o R ke i 20 A B s BE AR O, TN T — B o ot g K
AR FUA R 2% SO BEBRAFAE T T WOG B BE, SAFAE TLLANB B, 35 M OG A B 22 T Iy v D il e o3
Ay B LR, — B o A DL RSB S DI REPEAR Z 18] B RH DGR S B8 A7 1 T4 e e RS

(2) A SRR G T R A B — B ol o A48 14 e G i 1A S B 3 M4 UK 19 20 288, i ar
ANFE D REEAR B TR | 255 HUBOA R PEARAS AR R F) 25 28, % BB AL AR MRS 2R > S 85 1] 11> BP #ft 42 )
25> A, FE P REALARAR B AR LS S0 RS B2 2R T 0,80, 328 205 [0 Y A8 A8 gt s ASONE 2 ] S AR T LA S 1
J PR AT E 2 D RE PR 5 oL i Bt 2 A1 5 RS2 AR LR Y, DR T S BUS R 25 RAF AR R 22 57

ABRFERE—HAUESE T IR TSRO Lh S — B Sl Bt b B AR B AN R D REMEIR A FEI RE A7 , T g RIS ]
Hﬁiﬂﬂﬁﬁ*ﬁ%/\fi%1 ESC I RN A SR e o [R) I AS I S8 o — AP RS 1 AL AR AR 28 F) i 1o 4 AR
TEVE  HZES ROB T 2 B SE Rk TR R A IE

£ 3R ( References)

[ 1] Wang L W, Wei Y X. Revised normalized difference nitrogen index ( NDNI) for estimating canopy nitrogen concentration in wetlands. Optik,
2016, 127(19) : 7676-7688.

[ 2] Sheaves M, Brookes J, Coles R, Freckelton M, Groves P, Johnston R, Winberg P. Repair and revitalisation of Australias tropical estuaries and
coastal wetlands: opportunities and constraints for the reinstatement of lost function and productivity. Marine Policy, 2014, 47. 23-38.

[ 3] Barbier E B, Hacker S D, Kennedy C, Koch E W, Stier A C, Silliman B R. The value of estuarine and coastal ecosystem services. Ecological
monographs, 2011, 81(2): 169-193.

[4] CaiF, SuXZ, LiuJ H, Li B, Lei G. Coastal erosion in China under the condition of global climate change and measures for its prevention.
Progress in Natural Science, 2009, 19(4) . 415-426.

[5] #mE, ke, £ RMRENERE. IEAMLATIE, 2006, 19(3) : 18-21.
A6, R, BOURME, sk2JEL, SR, BRI, SO E R K AR S RS SS DI RENT AR, Mol A LRI, 2014, 39
(4) . 24-30.
Ehh, TR, I, R, SKEEHR, SRR, B RIFEEMEREH IR ST, MOl BEIRAT B, 2018, (2) : 24-28, 137-137.

8] Tian B, Wu W T, Yang Z Q, Zhou Y X. Drivers, trends, and potential impacts of long-term coastal reclamation in China from 1985 to 2010.

Estuarine, Coastal and Shelf Science, 2016, 170; 83-90.

(9] EHZF, £7, BN, AR HBFm LA T KD RIS, BRI, 2014, 25(2) : 553-561.

[10] Blankespoor B, Dasgupta S, Laplante B. Sea-level rise and coastal wetlands. AMBIO, 2014, 43(8) : 996-1005.

[11] Kirwan M L, Megonigal J P. Tidal wetland stability in the face of human impacts and sea-level rise. Nature, 2013, 504(7478) ; 53-60.

[12] Roques A. Biological invasion. Integrative Zoology, 2012, 7(3) ; 227-227.

[13] Ehrenfeld J G. Ecosystem consequences of biological invasions. Annual Review of Ecology, Evolution, and Systematics, 2010, 41 59-80.

[14]  ZEhmak, #WeF, BAZE), skiBok, Yok, SREG. FAEAK B AR INEINEA: 25 R G 55 DI RE AU S2 I S A B I AR, 2005, 24(5)

33-38.

[15] Diaz S, Kattge J, Cornelissen J] H C, Wright I J, Lavorel S, Dray S, Reu B, Kleyer M, Wirth C, Prentice I C, Garnier E, Bonisch G, Westoby
M, Poorter H, Reich P B, Moles A T, Dickie J, Gillison A N, Zanne A E, Chave J, Joseph W S, Sheremet’ev S N, Jactel H, Baraloto C,
Cerabolini B, Pierce S, Shipley B, Kirkup D, Casanoves I, Joswig ] S, Giinther A, Falczuk V, Riiger N, Mahecha M D, Gorné L D. The global
spectrum of plant form and function. Nature, 2016, 529(7585) : 167-171.

[16] Violle C, Navas M L, Vile D, Kazakou E, Fortunel C, Hummel I, Garnier E. Let the concept of trait be functional! Oikos, 2007, 116(5) :
882-892.

[17] Reich P B, Oleksyn J. Global patterns of plant leaf N and P in relation to temperature and latitude. Proceedings of the National Academy of Sciences
of the United States of America, 2004, 101(30): 11001-11006.

[18] Cornelissen J H C, Lavorel S, Garnier E, Diaz S, Buchmann N, Gurvich D E, Reich P B, Ter Steege H, Morgan H D, Van Der Heijden M G A,

Pausas J G, Poorter H. A handbook of protocols for standardised and easy measurement of plant functional traits worldwide. Australian Journal Of

http ; //www.ecologica.cn



15 1 ZEEE AF R T RDCIE RO B B AR B D REMER R 6169

[19]

[20]

[21]

[22]
(23]

[24]
[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]

[37]

[38]
[39]

[40]
[41]
[42]

[43]
[44]
[45]

[46]
[47]

[48]

[49]
[50]

[51]
[52]

Botany, 2003, 51(4) . 335-380.
Garnier E, Navas M L. A trait-based approach to comparative functional plant ecology: concepts, methods and applications for agroecology. A
review. Agronomy for Sustainable Development, 2012, 32(2) : 365-399.
Carlucci M B, Debastiani V J, Pillar V D, Duarte L D S. Between-and within-species trait variability and the assembly of sapling communities in
forest patches. Journal of Vegetation Science, 2015, 26( 1) ;: 21-31.
Liu M C, Kong D L, Lu X R, Huang K, Wang S, Wang W B, Qu B, Feng Y L. Higher photosynthesis, nutrient-and energy-use efficiencies
contribute to invasiveness of exotic plants in a nutrient poor habitat in northeast China. Physiologia Plantarum, 2017, 160(4) . 373-382.
WHEE R, B mOCRE RN . dbaT. EAEEE i, 2000.
Aragon P, Sanchez-Fernandez D, Hernando C. Use of satellite images to characterize the spatio-temporal dynamics of primary productivity in
hotspots of endemic Iberian butterflies. Ecological Indicators, 2019, 106 105449.
WP, RIS, AR2IF. EOGRREE. R B SH. Jbat. mARHCE U, 2006.
EAEMS, MR, SR, XUHAR, WA BTG S BT AT O R AR B SRR i SO Y. BB IEOR 5 H, 2017, 32
(6): 1056-1063.
FEARR U5 MR ) G RHEDRSE [ D] UM FONIBTE R, 2017.
Rebelo A J, Somers B, Esler K J, Meire P. Can wetland plant functional groups be spectrally discriminated? Remote Sensing of Environment,
2018, 210; 25-34.
Yendrek C R, Tomaz T, Montes C M, Cao Y Y, Morse A M, Brown P J, McIntyre L. M, Leakey A D B, Ainsworth E A. High-throughput
phenotyping of maize leaf physiological and biochemical traits using hyperspectral reflectance. Plant Physiology, 2017, 173(1) : 614-626.
Gitelson A A, Merzlyak M N, Chivkunova O B. Optical properties and nondestructive estimation of anthocyanin content in plant leaves.
Photochemistry and Photobiology, 2001, 74(1) . 38-45.
SR, HEE, E, R, R, BN, WA, R PRI IR E R R R s SO AR . RSk, 2018, 37
(10) : 3163-3170.
LiW, DouZ G, Wang Y, Wu G J, Zhang M Y, Lei Y R, Ping Y M, Wang J C, Cui L J, Ma W. Estimation of above-ground biomass of reed
( Phragmites communis) based on in situ hyperspectral data in Beijing Hanshigiao Wetland, China. Wetlands Ecology and Management, 2019, 27.
87-102.
LiW, DouZ G, Cui LJ, Wang R M, Zhao Z J, Cui S F, Lei Y R, Li J, Zhao X S, Zhai X J. Suitability of hyperspectral data for monitoring
nitrogen and phosphorus content in constructed wetlands. Remote Sensing Letters, 2020, 11(5) : 495-504.
DouZ G, CuiLJ, LiJ, Zhu Y N, Gao CJ, Pan X, Lei Y R, Zhang M Y, Zhao X S, Li W. Hyperspectral estimation of the chlorophyll content in
short-term and long-term restorations of mangrove in Quanzhou Bay Estuary, China. Sustainability, 2018, 10(4); 1127.
DouZ G, LiYZ, Cui L], Pan X, Ma Q ', Huang Y L, Lei Y R, LiJ, Zhao X S, Li W. Hyperspectral inversion of Suaeda salsa biomass under
different types of human activity in Liaohe estuary wetland in north-eastern China. Marine and Freshwater Research, 2019, 71(4) . 482-492.
Iia% AP L T (VA I IR R T 0 [ HY 22 S T B AR A A ISR, 2017, 39(5) ¢ 149-160.

T, STEE, 5, HiE, ST, R, 26 VLR IR O S S AR MR S . MR bR S AR, 2019, 15(3)
59— 62.
Smith K A, Tabatabai M A. Automated instruments for the determination of total carbon, hydrogen, nitrogen, sulfur, and oxygen//Smith K A,
Cresser M S, eds. Soil and Environmental Analysis; Modern Instrumental Techniques. Boca Raton, FL: CRC Press, 2003 202-246.
S, AL AT JURt: B ERO AR AL, 2000.
WA, sk, 2R, S, wRIRE, X8R TR RO AR I AN R B K RIS W oY W HE K 4, 2018, 37(10)
9-15.
REBIL, FRH T ST WO B 2k R BRI HUAR P A SRR AN AR, 2016, 36(20) : 6538-6546.
BRT ORHERT, BOGE, AR, HERH. %?%i%*ﬁﬁﬁﬁ*ﬁ%”fﬁﬂfﬁ? AR, J:**“’?ﬁ 2014, 34(20) : 5736-5745.

AR, BRSCHE, BRI, sRAKBT, JRCE, SR, #ERGE. SR ALK E ROt G R A R OLIE B AL AR AR,

2015, 35(4) . 1175-1186.
LKA, B, TR, B8 ORAREE B ROGEE B ERITR. Rl TR, 2006, 22(9) : 138-143.
TN, A, FERDS . AR ORI B R LR AT MRS . R SR 2003, 18(2) ; 76-80.
g, AL, KIER, MEAK, B, MEITR. ST BP 4 00 4% A MR RTT B S AR ORI, Al TRE2A, 2016, 32(S1):
177-183.
AP, K, BE, k—, PIEE, FRAE. SIERNEH IR & E AR ETSL. MR, 2018, 16(6) ; 742-748.
HEE, M4, Wadive, JADUYE, TEEE). T BB EE 4B HI BP $i 28 2% 1K il 0 3 & it i A 5. T B A Al 24, 2017, 25
(8): 1224-1235.
Karimi Y, Prasher S O, Madani A, Kim S. Application of support vector machine technology for the estimation of crop biophysical parameters using
aerial hyperspectral observations. Canadian Biosystems Engineering, 2008, 50(7) : 13-20.
EWRR. B IR O RHIE XA B SBR[ D). K. PUILRMBHL R, 2015,
RE, A, R, BiRA, X5, SRasE. ST RENLARARE I i A/ M T AR BRSO AT . E AL, 2018, 51(5)
855-867.
W, 30D, RN, WHE, MR, XIME. FE T REPUSR MR A b i I AR ECR B . A B, 2017, 48(5) 1 159- 166.
Cui L], DouZ G, LiuZ]J, Zuo XY, Lei Y R, LiJ, Zhao X S, Zhai X J, Pan X, Li W. Hyperspectral inversion of Phragmites communis carbon ,
nitrogen, and phosphorus stoichiometry using three models. Remote Sensing, 2020, 12(12) . 1998.

http ; //www.ecologica.cn



