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Abstract

Aims Monitoring forest species diversity continuously and efficiently is important to maintain ecosystem ser-
vices and achieve sustainability and conservation goals. In this paper, we explored the relationship between leaf
biochemical and spectral properties and their inner linkage with species diversity, then estimated the forest species
diversity based on a clustering algorithm using airborne imaging spectroscopy and Light Detection and Ranging
(LiDAR) data in the Gutianshan National Nature Reserve of China.

Methods Firstly, we isolated individual tree crowns (ITCs) with the watershed algorithm from the LiDAR data.
Then we calculated the optimal vegetation indices (VIs) representing the key biochemical properties from the hy-
perspectral data and selected optimal structural parameters from commonly used LiDAR-derived structural pa-
rameters based on correlation and stepwise regression analysis with the field samples. Finally, a self-adaptive
Fuzzy C-Means (FCM) clustering algorithm was applied to map the species diversity (i.e. Richness, Shannon-Wiener
index and Simpson index) in the study area for each 20 m x 20 m moving window.

Important findings The results indicated that biochemical components (chlorophyll a & b, total carotenoids,
equivalent water thickness, specific leaf area, cellulose, lignin, nitrogen, phosphorus and carbon) could be well
quantified by leaf spectrum using partial least squares regression (R* = 0.60-0.79, p < 0.01), and represented by
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hyperspectral VIs, namely, Transformed Chlorophyll Ratio Index/Optimization of Soil-adjusted Vegetation Index
(TCARI/OSAVI), Carotenoid Reflectance Index (CRI), Water Band Index (WBI), Ratio Vegetation Index (RVI),
Photochemical Reflectance Index (PRI) and Canopy Chlorophyll Concentration Index (CCCI). The individual tree
isolation showed high accuracy (R’ = 0.77, RMSE = 16.48). The correlation and stepwise regression analysis
showed tree height and skewness were the optimal structural parameters among seven commonly used forest
structural parameters (R* = 0.32, p < 0.01). The species diversity indices calculated from the self-adaptive FCM
clustering algorithm based on the six VIs and two optimal structural parameters correlated well with the field
measurements (species richness, R*= 0.56, RMSE = 1.81; Shannon-Wiener index, R = 0.83, RMSE = 0.22; Simp-
son index, R* = 0.85, RMSE = 0.09). With the clustering method combined with crown-by-crown variations in hy-
perspectral biochemical VIs and LiDAR-derived structural parameters, we created continuous maps of forest spe-
cies diversity in the examined subtropical forest without the need to identify specific tree species. Our case study
in Gutianshan showed the potential of airborne hyperspectral and LiDAR data in mapping species diversity of the
subtropical evergreen broad-leaved forest. It could also provide a pathway for monitoring the state and changes of
forest biodiversity at regional scales.

Key words forest species diversity; self-adaptive Fuzzy C-Means clustering algorithm; imaging spectroscopy;
Light Detection and Ranging; individual tree isolation
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MY Z RN RS RS T
Re AR E M B A 5 KA H (Diaz et al., 2006; Harrison
et al., 2014). YIFhZ FEME T 7T AEY) 2 FEE I HE,
BRERT R RIS S REE 2 MR R, R T
AR E . AR, T A SIS SR
SRS, H ET A BRAR AR B B I LR B R G A
FRKBH &z, 2014), WA RE B A R,
WA FI 2 HEME R R EE, RN 2
FE M M ) 3 BT B A 77 1 A (Kerr & Ostrovsky,
2003), B R ORTELERETT R IR 53 41 (Myers
et al., 2000; Duro et al., 2007). ARG H
I7 SRECEUE B . shaS IR 3s, e R AN
IR B T AR R 2 B I AT R H
T, R R IR VE AR R 2 ek, FEAE
FEA 8] 422 P Fh 77 (Turner et al., 2003). E327E 15
TR AR ECE VR 2R Y, DRI R AR 44 FR
AECE . ZT AR T A R 10 SRS BARRE,
Xof T 3 B AR 1 2 18] 73 R AN 2 PR R R
m. AN, HTFRMRAESRARRNE M, KA
23 JB) S MG N T BN AR MRS . AR R
BT R BHERE T AN S HECE &, I A HrEL
BRI AR A B 2 R TR . MRE
[ CBREAE T3 & 1& I S HCR RNV FRRAE, A
MIEARZ 2y FERAREL SIS LIS
X N RS MR -GER AR AR R,
HEAT W Rh 22 BRI 7 B B SR AR

A S A A B AR ) SRR Ve TR, B
Wi 5 R4 1) AR BE DD RE RN SRAE IR, SR AE K
KA YA 1A X (Running, 1990; Goetz &
Prince, 1996). FMGE)Z WA 725, TERKFE
JE FECR TR R . 2 RV s AR R R R,
Jr HEAA 23 ) 2 53 B B (Townsend et al., 2008). M
A oy R A I s R AR B, T
s e 228 UL 2] /) 7 2 6 1 (Ussting et al., 2004). [
A R RS RN A 4 B SR B R R = AT,
JEHRE R E G R R R R, S AR
Sy ONLER H , d I AU 2 ST O R R AR AR
PRI G F SR BEAT YRR B A 2 RV PR AL (E a0 4R 5,
2003; Carlson et al., 2007). AsnerflIMartin (2008,
2009) 2= T 't vk HoaE R A O e /s 36 v IR AN [
Yk AR 5N (RP = 0.47-0.81), ENNIE T 47k
RS A 5 Z (M N TEREK, a7 T ZRARP Tl
(AL 28 B ME— 1, 6T LR e 40 2 (spec-
tranomics)” 77 2: 1 T # 5 AR ) b 22 4 1 00
Zhao%5(2016) 44 1% 7% B T 0 #4752 ] i ARt
FLIX, FIH RS EE S T A AR S it i < Bk
i 346 HH 8l A= A 2H 43 T AR AR TR K W R 22 B 1
(R*=0.58-0.85).

WG TR A (LIDAR)IE I K 56 A7 ik v 45 32 7k J 2
M F HE AR AR 1 = 4 2= A5 R, SREUE i = B ]
PRI 5y T AR A T R SE AR AR S5 A S50 (Lim et
al., 2003; Coops et al., 2016). W5t FK I T 5543
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K5 WFh 2 BEPERR BRI AR DG OC R AT SEILA 2 R 1
)45 5, {5 20 Lopatin 45 (2016) 3% T HL 3 LIDAR %%
PEPEHL T W AR B I RE bR v s 22 A0 -3 7t = v B
FH T 30 A0S H v 3 b DX R 2B WK 1 9 b 22 A 1 A
(R*= 0.66, nRMSE = 16.29%); Simonson25(2012)7E
[F] —Hb X [ TR AR A Z RE Ve S R B, P
Skt % BEVE BN AR ISR = 0.50, p < 0.001), FIH9
Folt &5 K 2 B0 T2 SO0 30 ot 1) 93 2K v A B T O
89%; T 3L T % (2018) %) 3 [E M #4451 £k i AR )
Fh Z BEVE ORI TE R, 95% 0 L B R I« ik J2 o5 A
T 4% 2 33 2R 5 Wb 22 R M HR B0 A 96 M AR e
(R*=0.39-0.42), 4R, Z5HIZHOFAR g BFHE
RS R &, A F LiDAR i 47 #4325,
RZFIMTEILA . VIR R AR . BRI
WU 55 DR 35 5, TGV 3R A J s At B T A B 45
RO B IR IR 25 R AE S5 AR A2 2 R s
RAEMDCIERHEASE &, 76 XU EYFN 2 48 1 I8
e & % B K AF P (Rocchini er al., 2018; Wang &
Gamon, 2019).

AT AT A 2R I IR — AN IR s 4R
G, RIEIE AR oA, BRIk EEA e
TREBCR A — RIS AR AR B ES . X
TR, R —PFh 60 i T B A A5 AR
[ (1) A AL 53 T B A s BEAR UL, 72 X8 B TR
— WP TEAS R ek 2 2 A 5 U T R B AR
Xl — B 43 55— b S B M BB 3 BRI A
T T H AR RFE, AT AT LR A A AR 2
5, A AR R R R, 752 R
SRELUT 5Y0Fh Z FEMEAR G AL Sk ALs iS4,
W B ARARAE e/ B oo R, A
VIR 25 e B, BORYIRR & FE - Zhao%5(2018)
TEFR E fi e B8 SRR X T HLELIDARF =t 1%
Kl 7E AR R TN E A, 8t
H S NI YA R KT, S TR X TR AR
Y FEE E(RMSE = 2.20)F1Shannon-Wiener $5 2
(R* = 0.83, RMSE = 0.25), 58 1 #EE A6 14 il
AV ST R I R A X R £
BEMEFR B AT AT M o (H A% A AFAE — 28 ] 73,
il R TSI PR P P Ko BE AR A A ZE 2 B BS N THT IE
AN, ERESHORIUN, RREBFRIX &% 3)E
5y 5 e RaA M 29, F—mF A s S
SEMFHIE B MER B IE O . AAE
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A it R AR SRS [ (1 AS )1 = AR R ) i N 22
5, TEIZHT T X AT I A A 5 S S 5O %A
BB F R E, 78I A X AR 2 K 1 0
PR3 FH 1 1A B A

/T S 75 78 A N o1 R N v = o 4 2
SRR R AR ) 22 15 1 1 S R AT S by FE L R AR
PFIXAERNFFIX, AP SR E LIDARF 5 b 1 2
JEEHE, BTN AE . e 2 R 2 R =
HIR R, FEHERH T AW X TR YA 2 K 1
NN BE &y is ) A X =I5 AT =Y = % = A G LT (A
TERARE g R s i DR B EREICH)
R ETTE, WETARYF 2 FEVEAL ALY, I
RS R G B E S VRS A, ATy
by X35 4 ] AR B AR AR Fob 22 AP MR IR A 2

1 #RFAE

11 #REH#R

BIF 98 XA T WL A8 A2l L R 2 3 SRR
PIX, MBI E A, BRI, EARHER
X ERAFA R B BT I R IR S ] et AR iy VEAE
Fe L A 2 T R a3 i, VF 2 2 AE
IZEFC B X IR R R I AR A T T T R R
=T (HLAHESE, 2008; Legendre et al., 2009; ExifFJi
&, 2018), [FAIET, i HH Uk A2 A [ AR AR AR ) 22 K
WA Y (Sino  Bon-CForBio) HH V. #4475 25 ] I AR
A (S 5, 20155 KIS, 2016).

AHIEFT LA H D OR7 XR A O i AR T 7
X, HbFEALFR/9118.08°-118.18° E, 29.19°-29.28° N,
MEAZ9104 km? (1), 75 H L@ L RFEL
KA — 807, FUETIUERT 258 m, FEAS LR R IR
Jb- VU R AE [ o 123 X ] m MY e P 2 R
X, PUZ0 B, MR, £ 1Hm153 C, 4
BE7KE1 963.7 mm. W H ILEES ER AN E, L
B v By L b £ IR R M X A VA
FEborAn. PRkt s e 1k L AR XA e B
AR el BT UG, R b T R B L S DA R
(Castanopsis eyrei)~ Kinj(Schima superba)f X
(Cyclobalanopsis glauca)5s A Fh B H LR
ZRRE MR, AL TR B R X LS 1L R (Pinus - tai-
wanensis) NP E [ TEAZHR(700-1 100 m)FH4EE
HEAR(L 100 mBL L), (it Y28 s 0 106 5 ek vk
- VR AS AR, 3B K BR AR AR A 1 R SR IRAE AR
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Fig. 1 Land cover and locations of forest field measured sample plots in Gutianshan study area.

(T-BHUREE, 2001).
12 HERLIE
121 EREEE

BLELIDAR KX =il 4 120174710 F 454k
1Ei85 ¢ HL L HILiICHy R 4t 3k H(Pang et al., 2016).
AR X R 2456, P RAT SRS M2 000 m.
Hrb, LiDAR#HE HBOLH I (LMS-Q560, Riegl,
Horn, Austria)3ff5, N30, S FEER
350 m % G RO G (5 A3 (AISA. Eagle
II, Specim, Oulu, Finland)3kf5, JiEvi FEl400-970
nm, JeiEFER N33 nm, ZFEDFEFR N1 m.

LiD AR (1 AL BEAKHE KM 5 1 3845 2R
RATH U0 B 18 B AL B R R TEY A1 (HL
WO T IE R R A BB R NE) AT, FIH
TerraSolid X F4¥4 s 2= H 314 J9HITH £{(Max building
size = 60, Iteration angle = 6, Iteration distance = 1.4)
R A AL (BRI T AR ), B S R = B 1 IR ]
e AR AR R R T EL(DSM), B H A=
b T TR A A R U = g TR (TN e 2 B8 7

FIFEH Y (DEM), f% o B i 2 5 12 515 2 5d
JZ 15 AR (CHM)(Zhao et al., 2013). 7ETT JE AR 45
IS HBEHT, 3 7 52 B 1 e AR AR I8 25 0
fr B DEMAG JCIE, 19 3 5 2 FE 55 b I 1 AR X 5 B
B2 B H I 500 I A — 1 i = B8

TS O AL B AR S e bR LT IE
KA IE M58 3 #2 1F, HLICHy R BB E M
CaliGeoProf S8, JUAT A IE 1 Je R H A7 & 1
AMEBGPS . IMUFH &k E DEMZHE 1E47 AL b R B
J5 153 B 55 1) L FR AL AR, B S 34T Boresight £ £
KA IEHR T ATCOR 434K FIMODTRAN SHi%)
HEAT; HOBSR SRS IR 456 25 6 4R TR IE AL (IRC)
EJATCOR 4K AR TR R 3 [m] 5 1Ly X 9 T HA0'
RIS . BRI B2, FIFATCOR 44K
PEER AL I 42 50 BRDFAR I 458 B4 i 6 1% 5 18 38
SR G — BAE AR KTV R0°, KBHKR T 450,
I JE AT B, R B ISR B 22

UbAh, A FTIX I 1 Hh 7 Bl Ok F 30 ms ]
S3HEER I [ b 78 4l 2O 4R (ChinaCover) o U

DOI: 10.17521/cjpe.2019.0347

©U0 000 00O Chinese Journal of Plant Ecology



602 FEMIEZ IR Chinese Journal of Plant Ecology 2020, 44 (6): 598615

£ DL 77 P15 TR HY 4 A1 3% [ Bl b T A2 Landsat
B BRI, KIEEFAO LCCSH R T AR T
SE SCHTE v [ 7 5 SR T AR 5 SR R SR I
KA2G, Kb E B AR, B, #FHb
Mo N TR S H A6 — 21401 — 2K (Wu
et al., 2017). AHFFTIX ) 1 #0178 95 /2 7F ChinaCover
TR R AT AR, LR AR,
MRy TRASHR, HERL, JKAR R HAD S KR ().
122 #HHRNEE

i T UL B R B S R R P AT, RS
120 m x 20 m#E 75341 B 77 HIDY A s AR AR
22 53GPS (EALFE S+ 2 m)BfiE . FFJ7 A IRICH) B
RKSEOAFENFI AR WIZDBH = 5 cm). B &
(>3 NI oA T N S R R ) AN = S o =10
PO X (TruPulse200, TruPulse, Texas, USA)MI &,
s R F B AlE e AR A R AL AN E M
FEo [RIBIESREL T RETT Bt SBE . Bem), 3%
FRAFNMR I IS D, 7 BIARAAR P B2 A i
TR B (LAD 53 5 ) £ AR A ALV 4 7 2 9 BT X
(LAI2000, LI-COR, Lincoln, USA)M&E3k15. Ih4h,
TE34METT 1, BENLIERE 7 64N 75 R Al A
& PR T AREA B R 0.5 m), FEHTE
J2 G S H R I RS FE 30T o

BT DI EAE, 2 it T34 TT )
M=EEJZ. Shannon-Wiener$g £ (H)F1Simpson+s %1
(D). M FE FERDYME H, FEE AT A R A
HokE 7R . Shannon-Wienerf1Simpsont g% B 58 AT
IR EE TR, RIS, 2
SR 2 FEERR 25 G e bR . HoH, Shannon-
Wiener$a 206 T ¥0Fh 2 B 58U, Simpsonts 2106}
T E SR S FE T UK . AR ET @S
F & AR RS AN O RS R T
HoaanT:

H:Z_pilnpi (1)
i=1

D=1- ipﬁ 2)
i=1

K, p AR & A n ANV R S NP
& BT PR S AR Le i (Pielou, 1975).
1.2.3 H{BESNEHIE

T b 1T U0 %) A T R A T A i s AN SR B
KL, AR AR P AR A TN A0 VG B, R
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BRI RIS A A S 1T SRR
R FEIX B AL A B R (T B IR 55, 2001; BRAE S,
2017). [FIES, FRYBAEA AL AL 1R F AR,
B 1670 F AR 4L 5y, XX 17N AB Rl F
HEAT AL S5

I i B SCER 58 A IR 2 A 15 2 v o
For NP o He b — ZHAR AN R R B 212008 1
Fr, T 3 WG K ol BV i SR 3R
a (Chl a). ™4EEDb (Chl b)RIZEHE N R (Can) & &,
X G A AL A 43 AR AR F e 0 AR B R
[#] B 6 7 Se R 2026 1) AT 4R s 38 (55 = i 4%,
2003). 53— ZHARTERE ML FA P /NI & %
KAH200-3004H F, FE6/NNIERFE, 25
BEMLIEHR34, AE20 cm x 20 em AL AR A
AN E J A, B A A E 185 C
WE T ZRERE, RUEEMEAR R 0
FRERTS go Kb, H R S/KEEWT) L
FAUSLA) 5 63K A F 50 73 A7 2% D) AH 55 (Wright et
al., 2004), EWTHW R8RS TREZ Z5HE
- TH AR () LU R R, SLAY I F B T RS 5
B, B BWN). BEP) SN AR
WA KR SRREV LT TR, HHE
YIEAER . WRIRAE FH A A AR A AR RAMETE &S
(Long et al., 2006), N& & 1] F| ] o & 2 WX (Vario
EL cube, Elementar, Hanau, Germany)Jll &, k&=
FIF RS RN AGEN 2, PE R RV -
Prib ki sg; £F4E R (Cel) A & (Lig) &M 45
LGB SCHE . dERFRIBT /R, S 58 T HEA)
XA R AN A B GTEMelillo er al., 1982), F
BB AT VI LI (Van Soest, 1963); #(K)RE
ISR AN N B S, S ER AR EGEE T
R IEAL(ICAP-6500, Thermo, Waltham, USA)Jl
5E; PEICER, WIHS(Ca)s B5(Mg). £E(Zn)- £#H(Mn).
BB [FIRE R FH JG 2R 3 B G 2 » 25 B8 BB 2 A
AL S R, B RERCR AR LA T A Rk
AL E R Fr, A3 M A 2 I A 1P 38
B, R E 5 A L E T, RAHE R
LA AR o S (GR 1)
124 MRXIEWNERE

7E 5256 % R F AR v B Mo ) 6 14 (FieldSpec 4
Std-Res, Analytica Spectra Devices, Colorado, USA)
Xof M T ] 25 SR A 9 17/ S5 IR i 43l kAT
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JERENE, A FREEALE B 104 i F v SR 3ME
(K12). RN R S 520, #2 BRI /N 17400 nm
MR T2 400 nmE#E, FEAT400-2 400 nm [A] ]
S 5 #3847 Savitzky-Golay J€ I ~F 1 4b P (Savitzky
& Golay, 1964).
1.3 ZHEMENAE

AHIE T ) AR TR B 2 U3 o Wb 2 e
B B SGBAE T- IR B 22 FE I 4B HIOE DG 1 =y B A4
Moy, HBIRBAEW S Bt TH Fobig
e A 2H i [ U5 23 A e B REAS SR AR Fh 22 1
PER A ARG Sy, R oGS SEE RS 2 6

MR R 2, RIS S SR 2 FE1E
(R 1B 73 dr i U AL S5 M S8, 51 NBROR 73 B SRk
THRFRR RBE b 1) fe M AE # 18 Hor S 25 44 2 4
5 5 R S AR C A J KT 5, %20 m x
20 mE FSREURER R E, R EE B,
Shannon-Wienerf1Simpsont& 45, Fi| FH s 1 s 5 4
HATIRUE, SEILAERT TT X AR TR ARV M 2 0
M55 R e o
131 BASBE%

PLIE T LiDARF 2B Bl (1) 483 T 3B 45 78 1) 7k
EE ERTICHM A 2, RIS A S EEE

0.6
— %1% Litsea coreana var. sinensis
— 2148 Machilus thunbergii
05 LKA Pinus taiwanensis
— R E¢A Daphniphyllum oldhamii
E K Symplocos stellaris
g 04 ILEHN Pinus massoniana
8 — H WX Cyclobalanopsis glauca
é — 2K Cunninghamia lanceolata
& 031 — {ith& Castanopsis eyrei
ﬁ — B Xk Quercus phillyreoides
™ — 1% ¥§ Myrica rubra
0.2 - — WARSEMN Carpinus viminea
— % Adinandra millettii
A — ¥ Castanopsis fargesii
0.1~ \ \ — WIVLHTARZEF Neolitsea aurata var. chekiangensis
L ‘ — f1%k Lithocarpus glaber
0 | | | | | | | | | | KT Schima superba
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P Wavelength (nm)
B2 oy AT X7 SA R AeE dh 2k
Fig. 2 Spectral signatures of 17 dominant tree species in Gutianshan study area.
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Fig. 3 Technique flow chart of forest species diversity mapping in Gutianshan study area.
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il 143 7K UG BE S IR R 193 B5(Zhao et al., 2013,
2014). HEAECHM BN TR s 5, DLRETT A
B T R 1 P HAE (1.8 m) 1 A 1 R B s AR 7 X
B, ZBEARRA T X T AR &K B
J& 0F JE 4 CHM N F {8 i1 5 15 21) 88 84 K 2 52 AR DA
IR/ B e PRI PR, R AR T AR P J E A AR VR AR
IR AT DRV R 27 D 2V 2 N P N = el
9 CHMIEAT P IR 73 7K U A2 i DL /2y 2 W et T IR, 7
PR 53 7K AR e 2 TR I N — Uk B = 3 ARE B 7>
FIR L, o Jm A TS 2 I 3 SR st AT A A A
T J5 B SR e TR o ST 73 280 P P AR T A A 3
TH BB BB T e BB (91MN0.2 ma R
Bot), BE LR 7/ EBERTPE, A
R 5 RE B B B A MU UL G . i EVEA A
IDLZw A2 15 & S8

132 ETFHEMMFELEADBEHIEEHEN

PRI AR R AL ALy 5 B R R )
&, AFRBAERH S BA AR EWM AL, Eoy
Br 17 AL A A A2 7 B ME— 1%k, U5 6 I
167 A=A 20 73 BEAT PR AL (H— 1) AL 3 . Min-Max
PR A2 0 B AG A BEAT eV e, AT (AN [
PR FEARAE R — HCR 0 N BEAT B M, e R 8
wr:

M;; = (X; —min(X;))/(max (X} ) — min(X}))
SErb, M, AR R AL LA I — (L85, X, i
Yo i £ A6 41535 B0 S8 DN 4B, max (X ;) AT min(X;)
I3 9 R EAC A 73 SEDIME 1) e KB AR /IME . 207 1%
A {EExcel 201014 H SEHL

FE16H FHAEAC 2 7y vh e B RE s SR AE AR AR A
WL AEAC A 7y o B ST S D' M FH i e
/N 3fe[r] I (Partial Least Squares Regression, PLSR)
JiET e Mt AR AL e, dEad S seie
AR ZE I B B A 0 BURH SR P v ) ZE A A
eI Sy o fwde /) IR A 7V —
ZXZ WG RNETE, T T ERS . S
FHIR M A0 22 SR R 0 M O AR A, B AE2E AL
b STk HAH RIS K5 L @57 5]
B, WTIEILIMP TLOBAFSCBL . Bl A, R 5
S ) AEAG A oy S R AT X B B, R OG
YRR iy IV R R AR A 2R G, TR R DA 25710
NIFFEHI M 45 8, U Asnerds (2009)i% £ 1 i 7l

RIS MHIEREIR AR T AR 2N 605

TKEE R = 0.54-0.83115Fh A L4159y, X 4:(2016)
EHE T RS VG EITER = 0.57-0.85 K 8Fh A= 4L 4H 4y

B e LA ELA) 5, AT O AR b 48 L
R 168 5 2 AHG B A 45 2. L, Chl afIChI
b R FH e 4 B MRS S S8 248 B (TCARD AL AL B -
e A BU(OSAVD IV LU AE K R R (Daughtry et
al., 2000; Wu et al., 2008); CarF| % N & /it
FIEH(CRDFE 7~ (Gitelson et al., 2002); EWTiE IS 7K
W BHR BB 5 13 3 (Penuelas et al., 1993); SLA
A AR A TR EU(RVT)) R 7R (Jordan, 1969). —E84E
A 53 B T AH L2 AR e s B A RO 1% B
FERIE, T A DL SROE M A B HE T DA
RAE, UnCel A1 Lig (1) 56 1% W Wi 7 ik 2 S (Kokaly et
al., 2009), sEEfEY)FiE A mABA4ER, o]
R 2 0 L AR 3 5 48 L (PRI)(Gamon et al.,
1992)K R 7R L B R AE A 435 NAFIP OGS R WA RR
fEES, ANSHEWEKMTZREVI, o HHE
JZ M4 Kk 1R $(CCCI) % 75 (El-Shikha et al.,
2007). MLk, BRAEWE TR BEAT H B SR
FRAE 3B, e e 08 1 Bl B e 5 5 A e
WFR B SRR Rk R, 2 52 HE N
TGRS frike AR A R A FE 2K
J&, H: T LiDARFH &G A v 50 H SR RUBE (1) 8%
T, 1E P 2 FE AL BRI AN S5
B, ARG R LAGRAT UAE AL B, 1557 2 451
X R FR B 520 (Zarco-Tejada et al., 2001). FEH
FeB SR FHENVI 5.3 80F S8 .
133 ETLIDARKIER TR LEMSEIER

i I AR AR 540 250 32 B 95 % 4010 B0
SPYSREAE S IR AR E R 22 O R R
SPILE N ZE S TR IE R R 2 AR (GR2),
3 SHIE AR 3 L5 R A A B 4 ) b S R AR
Pl ZFEMERRIE . TERIF 78 X 2 T LiDARZ U 115734
AFETT AR E M TSRS HL, @R A4 BT P
W SIS HON I Fh 2 FEME SR B fR R R B, TR b2
fitlh b FHIZ A5 [H] A 53 B (Stepwise Regression, SR)
TRIEIUS YRh 2 R A R R S B E N B L g
FISBH o 3B [NV 43 M 3 ST AE L 1] U o A7 J itk
BEARERXMAZEZR -5 NS, FHXa
—ANE A EIAT AL, MR B 5 N
EAR R, HIBRXT R AR AR AE F 8 E F Ak 1R
B, 3 [R5 T R A M s i 5 AR R R AR R 1) K
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#2 WHERSHMSH
Table2 Canopy structural parameters derived from LiDAR

ik Description 5] H Reference

IERLT MR Z B R, B XS 3

45K 250 Structural parameter

Riafio et al., 2004

0/ LN fo7 e 2 fiE
95%71 Mﬁl 'EJE- Approximates the peak height in meters of the forest canopy, obtained from the point cloud of the
95% quantile height first echo
N ) | a8
e R R TR IS8 R B, B & R 20 J2 1 O B R R W [ Gt 3145 Lefsky et al., 2002

The mean height of vegetation, obtained from the point cloud of the first and last echo of each
vegetation layer

LA T R R0 — R [ o ey BB, R P i TR BB R BT AT — R Il v AR 3
Proportion of first vegetation returns (see above) for which there is a second return, obtained
from the point cloud of the first echo and all secondary echoes of vegetation

R AR T B BE A e A, h:*ng Inp; , Horbt, pFoR AR B IEY  Clawges ef al., 2008
I 5 23R [BUELS B A 3R [ A B 81, ot v

Metric intended to characterize the density and height distribution of foliage in a vegetation

Mean vegetation height

T FIER Moffiet et al., 2005

Vegetation permeability

P
Foliage height diversity

profile. Formula: /4= —Zpl- Inp; , where p; is the ratio of return value of point cloud in dif-

ferent height intervals to all return values, 7 is the tree height

TR 22 (i UK B J LB ACR 1 1) S HUFE . Metric the dispersion of each individual tree Nelson et al., 1988
Standard deviation (first return)

PS8 At o A 22 JITAT SR i 85 AR B ¥ s 22 O A AL IR P38 Zhao et al., 2018

Mean absolute deviation Mean of absolute value of the deviation of tree height from the mean

i BE (R B8 S AN E TS Antonarakis e al., 2008

Skewness (first return) Highly correlated with kurtosis

%, WBILSPSS 22.0F 145 .
134 BEMEMCHERZE

R Hrid i Bl S A AT S B> I LA E
F B, AE R — R Bl R T REME, A FZEZ A
5 )X AT GeAH 7:(Wang et al., 2006). Hr, BI#ICHY
B & 5 7% (Fuzzy C-Means clustering algorithm,
FCM)fe 8 44 JE R B3 Ak — M AE AL AL i)
LIS AR AR I EL, e AR M B AR AR ] ) B 22
Jiik. BRICHMER I T4 € AR X =

X1, X2,y Xaf, 4ﬂ/\iﬂﬁﬁ0ﬁ(2 c < n)Jf
ERBHPOY = {vi, v, -, v}, HERBTHE N
RIEFERBIENEU = [u] 8o, E*T BIU V)

HARZAFINT:
ZZ ufld; 3)

Jj=li=l

u; €[0,1]

< “4)

Zuij =1

i=l1
X, w; RARFMERGE T HEIRNFEE,
dy = || x; —v; | WA R 5 FiN IR0 2 1]
MR ECEE S, m = 1A dE 5.
TR C I 5 2 1A 0 4 i ) A gk A TR 8 S
JE FEFERE UM RSy, 443 B bs (U, S
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W/ ME, R BT SRIESRAFI(U, V) 2 A,
AR B URMVIERIE K, A eRmis O, ¢

BB, Vo R I L
1
e ®)
. ) Nz
z dlS) 1
r=l1 d;gk)
S
vl(k+1) _ j:ln 6)
(k)"
u;;
S

i B AR CYA B R S 555 (Sel f-adaptive Fuzzy
C-Means clustering algorithm) /& fi& T H81 CI M 2K,
It FA R E R ECR B B SR BURER B H, BHRK
RATE VOE ISR EL, ok T SRREEN T W) IR{E
AIRUE R @, LiFTYu (2009)42 Hi i) elodt A 25k iR 24
L(c)nF:

ZZ Uy Vi /(e-1)
L(c): izl j=l
ZZ”UXJ_V /n c) (7)

i=1 j=1

- _ZZ”U Yj

i=l j=1
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L(c) 5y FRRNFRMEEE 2 f, 5y BERRFT
KNIEEZ A LieylR, MIZARLE R, BR
SRR NP S B, BT o SR
R RIS E AR E0T LUt 5 Shannon-Wiener
F1SimpsonfE . 1ZH LR HIDLYAEIE 5 SZH o

2 #R

21 BRAEH

3ANMETT B 3 B Al SR A5 R 5 S SR HE 1Y
Xf He o an B4 A BT R, DA Al A N A 1125
FEJT NBI(E4B), 7Rl RHE#iAL B S LIDAR
B 28 BR 73 B AT B R e A B AT IR ) 45 R
FUR S B 45 RAEHUR I S AR (R = 0.77,
RMSE = 16.48), (H2H T R a®E. WdEE.
seb ik /A DR R S, 5 3R B A R g3 BB
., WAL E AN RE S S B R AL B 5 43 UL IC (Naesset
& Okland, 2002; Koch et al., 2006; Zhao et al.,
2014). 13 FIH HIAERGEECOR, TR H A
B H G AR S3 EN T AR P 650 v A
b EL S, 2N AN R A DA A A — N TR T AN 23
Hlo 255 FETT B 7: B 45 R 90, Sl R H
9106, B R 3 1) 5 B0 A 73 1 H W 1K T S B
ARHE .

200 A

® 255+ Plot No. 25
O Hi4x33/M#J5 The rest 33 plots

AR M RKEE MMM Z L 607

22 mMMEMKEAS

HF AR RAE VTR AP ) L6 Fr AR Ak 4 5y
(U — A 25 SR A ES s o % 26 AR 3R T AN [RIA
PRI AL LA, TR — 2670 N & A K B AR R
T A A 5 S Z AR A X TRk, [F—
T TEA F 2 R I AR TR & 2T
AR 2SR . AR %, ARSI Fh ]
2 5. Bl B R b R (L ba R FEF bk, it
K& BARIE, H SRR MA S EMHER K. 16
AN AR S (U — 58 R B T 17N AR R A
1 ME— I A ARE, A FEAF 0 AR AR EE TC R )
s E L ZRWEE.

Kk A A ZH 53 T 5 S ME R T P AL (R 3)
RO LR, Mg RKa. KRR BRI TIECR
BHF(R? = 0.70-0.79), HUCHM 45D, K% N,
Y. KGR N. P (R =0.60-0.69), HAlzH
Sy TR 7 B AR T AT IR LA (R < 0.51).
SR 1608 AR A 20 2 1A TOUDN RS P55 2 i N (R RIE 72,
AR T UL E10R A AL 23 (R = 0.60-0.79)1F K
AL AR5

FE 19645 1Ol 5 A0 A 10 4H 73 Sk 5% P 8 45 K et
BT e B 45 & 5 45 B RS REAE A Py E S Bk
X HAAT T A IR L, R&IEFETCARIIOSAVI.

gwm o
e
2
«
- 0
8 og o
2 100 9
S %té ) (@]
A~ o ol (o)
¥ /0 o
E O,'Q Qo
= Ooo o
Eﬂ 50 o o’ P
S o y=0.7025x + 18.401
‘ R2=0.77
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R L .
0 m
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Fig. 4 Validation result of individual tree isolation (A) and individual tree isolation result of plot No. 25 (B) in Gutianshan study
area. The red polygon represents plot border, the white polygons represent canopy locations, and the red dots represent field-measured

positions of the base of tree trunk.
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ARAf Schima superba
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W 4% a Chla

FitF Lithocarpus glaber B 142 Chl b
Hhi# Castanopsis eyrei 1 TTHH | [ . B A N Car
%[z 1% Litsea coreana var. sinensis | [ [ £ Carbon
FBAMEEM Carpinus viminea |- OEN
#% Castanopsis fargesii O K
% Adinandra millettii T [ . O P
R B2 A Daphniphyllum oldhami = 4E Ca
%HE Myrica rubra B4 Mg
B XI#k Quercus phillyraeoides B3 Zn
WHTH ARZET Neolitsea aurata var. chekiangensis 0 % Mn
F X Cyclobalanopsis glauca OB
2T Machilus thunbergii B £4EE Cel
Z K Symplocos stellaris B RJEE Lig
2K Cunninghamia lanceolata W L ER SLA
I Pinus taiwanensis W R EOKE ERT
ILEEH Pinus massoniana - —— |
10 12

ES5 i LT X 17U A R 16 R AL A A — L R

Fig. 5

16 standardized biochemical components of 17 dominant tree species in Gutianshan study area. Car, carotenoids; Cel, cellu-

lose; Chl a, chlorophyll a; Chl b, chlorophyll b; Lig, lignin; SLA, specific leaf area; EWT, equivalent water thickness.

R3S RS

Table3 Validation result of leaf biochemical components

A S Hhigza HEEED KEIE bR WMER KSR AR ARER K S
Biochemical ~ Chla Chlb Car SLA EWT Cel Lig Carbon N P Ca K Mg Mn Zn B
component

R 0.70 0.60 0.69 0.79 0.67 0.66 0.76 0.72 063 0.63 0.51 0.23 048 0.10 0.09 0.21

Car, carotenoids; Cel, cellulose; Chl a, chlorophyll a; Chl b, chlorophyll b; Lig, lignin; SLA, specific leaf area; EWT, equivalent water thickness.

R4 ERAEACH T R R RO HAT LA S

Table4 Vegetation indices corresponding to the optimal biochemical components

A Sy LERIEE HHEAK 51 H

Biochemical component Vegetation index Formula Reference

IH-%¢ % a/b Chl a/b TCARI/OSAVI TCARI/OSAVI [705,750] = 3[(R750.66 — R704.6) — 0.2(R750.66 — Daughtry et al., 2000;
Rss50.67)(R750.66/R704.6))/[(1 + 0.16)(R750.66 — R704.6)/(R750.66 + R704.6 +0.16)] Wueet al., 2008

%Iﬁﬂ? I\% Car CRI CRI = 1/R510 - 1/R550 Gitelson et al., 2002

7K§?~ EWT WBI WBI = Rgos/Ro72 Penuelas et al., 1993

/W N/P cccr CCCI = (0.7415R799 — 0.6965R720)/(0.0319R799 — 0.281R729) El-Shikha et al., 2007

EEmH AR SLA RVI RVI= Rys50/R70s Jordan, 1969

YR/ Cel/Lig PRI PRI = (Rs31 — Rs70)/(Rs31 + Rs70) Gamon et al., 1992

TCARI, ¥R ST 164 OSAVE, PRACB 3384 CRI, K% MRS WBIL KIEBHEEG CCCL b2 M 4Rk ETa %, RV, PUAEAE
WeHa B PRI, LB UM REL

TCARI, Transformed Chlorophyll Ratio Index; OS4VI, Optimization of Soil-adjusted Vegetation Index; CR/, Carotenoid Reflectance Index; WBI, Water Band
Index; CCCI, Canopy Chlorophyll Concentration Index; RV, Ratio Vegetation Index; PRI, Photochemical Reflectance Index.

CRI. WBI. CCCI. RVINPRIFt6MEWFEHAE AT
KIS H(FRS). Hrh, HaRKafirta £
G IHHTCARIOSAVIZ 7, KtHE 3 FH CRIFR R,
Ky & B WBIE R, NFIPE I CCCIFR R, 274
FORIACT 2 I35 X NI PRIZR R, L TIF FHRVE
FoR, R A B 0 6 IR IS B T LA 23 B
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23 EIMENSH

XE34ANFETT TGS B B AR SR LS
SN 2 FEVESR B AR SR EAT AT (R 5) . T ELAGHY
SR, 95% 0 AR FEE G AU W ) 5 W0 Rh =
AR 2 FEVESR BN AR SV E ey, WIS 2 50,
i JEE 5 ) = e P2 AN b 22 M i BT A SR A2k e
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Table5 Correlation analysis of LIDAR-derived structural parameters

RilgHes: M HRKREERMRRT A Z R 609

M ZFEES L Structural parameter

Shannon-
) S5 2 5% i e . Simpson ~ Wiener -
oS A ﬁ%;ﬁﬁ FRE ;gﬁ LR T
B Wi Mean % i Foliage %iE#H  Simpson  Shannon- _pgmes
95% Quan- Mean vege- Standard Skewness 188 Vegetation  index Wiener riehness
: . . ) absolute . height e .
tile height  tation height o deviation Lo permeability index
deviation diversity
MHLEM 5% M EFE  1.000 0.884" 0.757"  0.8117 —0.320 —0.233 0.233 04557 0320 0.088
Vertical - N x X o o ¥
structure MM EE 0.884 1.000 0.428 05117 -0.578 0.171 0318 -0.352"  —0.187 0.012
S R 2 0.757" 0.428" 1.000 0.988"  —0.055 -0.763"  0.134 0314  —0.236 0.002
PR 22 08117 0.511" 0.988"  1.000 —0.167 -0.700" 0214 0328  —0.244 0.010
WERLER -0.320 0578 -0.055  -0.167 1.000 0281  -0.546" -0.171  —0.225 0.152
Inner o . o o
structure TR ZHENE —-0.233 0.171 -0.763"  -0.700" —0.281 1.000 0.227 0.020 0.020 0.123
T 5B % 0.233 0.318 0.134 0214 -0.546" 0.227 1.000 -0.095 —0.075 0.149

% FE0.0LZKP-CRUIN) b 2 B AE G; *, 7E0.057K (R _F 2 F AH K

**_ correlation is significant at the 0.01 level (two-tailed); *, correlation is significant at the 0.05 level (two-tailed).

RO HE T WO T IBHEHL A S A kG SR IE 44
Table6 Validation result of LiDAR-derived individual tree height

BAKETT

Individual tree plot 2 3 4 5 6
R 0.784 0.836 0.741 0.774 0.715 0.785
RMSE 1.196  0.894 0.684 1.083 1323 1.132

Be B EIA TS R, Simpsondi £ A1)
[ A 44 95% 3 1 B30 v o5 A0 i B2 1 Ay e (. 5 4 2 4
FRMAERCND = 1.237 — 0.036 x 95%7 K s i —
0.094 xfwE(R> = 0.32, p < 0.01), %45 BE RN
PN G5 K B BT R L32% B R 2 BEE . ATE T
B IR195% 3 B3 v P R0 i 5 351 55 v P A A 9K,
RERSIE — B R R WU Bl (1) 2 FEVERFAE, WKL
N RN SE T .

UbAh, NRHIESS S E SO, fE6 N B
RN B HIRE T R, K5 T LIDARSE $2 U Bk
W v 5 7 SRS ey JEAT 0T B 23 BT (3R.6) 45 SRR B,
BT DU R A SR (R = 0.715-0.836,
RMSE = 0.684—1.323), [AI it 545 FE 5 LA AE T AH
o B —30tE, WivégafiDurrieu (2011)14 5 AR =
RMSE 41.83 m; Apostol Z5 (2020) $2 B I 5 = #2
(Picea abies)F11EME(Fagus longipetiolata)W =13
TR ZE 7 91.09F11.17 m.

24 BEFBRARMBLEER

BT AR RS RIS S, R
F B & BRI CIME SRR, EHETT X N IR
75 K/N20 m x 20 mi & HHH TR, HFI 34
T3 Rl = & FE AN 2 FEPE R B S I W AR AR TR AR £
FEEMG S5 R TRE B I0E . WRTAR, WMEE

JEE {1 000 A ) A T Se A (R® = 0.29, RMSE =
7.75), 4IEFRETT PR AMARCR T (R =037,
RMSE = 2.41)F1°KF2 (R* = 0.56, RMSE = 1.82)#4
25 SLEYFEE BT R, R A R
1. Shannon-Wienerf&#{(R* = 0.83, RMSE = 0.22) !
SimpsontE#{(R* = 0.85, RMSE = 0.09) 545 £ 5 &
AHEL, P4 R ir(E6).
P FCIX I RN R 2o Ao 1 A 0

R BT B R, TR, =R FR O A3 e
AT A — e A A X A
WA Z PRI, EE R T XIEIRAEL 000 m
PLE, FRAREALR DLBE LA o F2 )T Rl TR A MRORT &
AR, FREEAPEIR ] T AR R E, PR
—; REGESANPE R AR MR, 2 OA#E
HUAN DA A AR N ACH I A TR, @R AE
AR L&, WA 2 B 2 R
fl. e ZMXPHRG R, YF=FEE 2%
8 S P v P T B R A b 2 B S n i ek 1
R

3 itig

AR GREE% Q019 R — R X FET &
325 4 K H ML AR PR (Random Forest, RF) /774
347 Simpson (R* = 0.53, RMSE = 0.042)f0
Shannon-Wienerf&$((R*> = 0.53, RMSE = 0.30)[)4i
SAHEL, ASRER R R, R AR T 7R AR
2. For, BEALARMR IS B i FH 5= TR Siep ()
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Table7 Prediction and validation for species richness in Gutianshan study area

FEJ7S SRR B LR SRR RIS | M5 SRR E LR SR RIH

Plot No. Measured Etei Extei (FHIMAH) | Plot No. Measured Etei FEp (TR
species Measured Measured species  Prediction species Measured Measured species  Prediction
richness species richness” richness”™ richness species richness” richness”™”

1 14 9 8 10 13 7 6 8

2 10 6 5 8 19 10 6 9

3 17 9 9 8 20 17 11 8 8

4 9 6 5 7 21 16 10 6 8

5 11 9 7 8 22 16 10 9 7

6 20 14 11 13 23 8 5 5 5

7 19 14 10 11 24 9 8 5 5

8 11 6 5 8 25 13 6 3 6

9 6 4 3 6 26 13 9 7 7

10 14 8 5 7 27 14 6 4 5

11 18 9 6 6 28 7 5 5 7

12 10 7 6 9 29 16 8 5 7

13 16 7 5 5 30 20 12 8 8

14 16 10 8 8 31 15 6 8

15 20 12 8 9 32 16 8 7 9

16 18 14 8 8 33 15 8 3 5

17 16 8 5 6 34 17 13 9 8

R 0.29 0.37 0.56 RMSE 7.75 2.41 1.82

FRIRFEARETT B SUA TR 5 B Ah =R+ KR 23R A BN T2 B R S 0D R

Measured species richness * and measured species richness ** represent the number of tree species measured in the field which comprise more than one indi-

vidual tree or two trees, respectively.
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Fig. 6 Validation result of Shannon-Wiener index and Simpson index in Gutianshan study area.
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FE LS FRRAE (P B 2%, 2005; Coops et al., 2016).
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Fig. 7 Digital Elevation Model (DEM)(A), species richness (B), Shannon-Wiener index (C) and Simpson index (D) mapping in

Gutianshan study area.
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0.85. EFMHHR4> I N1.97410.76« % TR AR 5N
2.50/110.88, M A B 7t 3 F- ChinaCover £{ 45 4 1) 1
#2811 545 2 1 Shannon-Wiener £ Simpson 5 %1
() F5) A8 AR 23 59 2,45 H110.91 . A AR 51
2.32H10.85. AR AR N2.47400.87, H5FET7
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