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Inversion of subtropical forest stand characteristics by integrating very high resolution im-
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Abstract

Aims We applied the integrated very high resolution imagery acquired from Unmanned Aerial Vehicles (UAV)
and Light Detection and Ranging (LiDAR) point-loud data to estimate the stand characteristics of a naturally-
regenerated forest in a subtropical area.

Methods The high precision digital elevation model (DEM) of the forest was constructed base on LiDAR
point-cloud and the inverse distance weighted interpolation method. The 3D point-cloud of forest canopy layer
was constructed from UAV image pairs, with information from DEM height information normalization, for can-
opy height and density. With the above effort, we developed a prediction model to estimate Lorey’s height, stand
density, basal area, and volume.

Important findings The quantitative metrics generated from this study appeared very sensitive to Lorey’s
height, followed by volume and basal area. Using UAV as a flexible and rapid method for generating forest can-
opy characteristics, combined with topographic information from high precision LiDAR data, seems a viable,
rapid, inexpensive, and flexible method in canopy research.
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DR E DX 458 RS B8 R RS (A o T8 BT Vg P
M ARIBOR R MRS S R, BRI 1R )1
THAE, LA 1 se SR Te) v L A kG
JE(Wulder et al., 2010) . {H 27 38 s 3= 20k 1)
RIS B, IR KG9 7 Em MR,
ME UL 20 e BAR AR I 2 L5 4 HLAE S Mkt X
W, R AR B AR S 2 A AR S i, RINAE
TR E G EReE 2E AR DN, BRI B
5L ' B A (Duncanson et al., 2010; 2=
2% 2012),

WOLH IS (LIDAR) 21T 47 2k & JE Vi 1) 3 5y
R, WO F R O ARG, R [ = R
HETEEAE, W] H T ARG ALy B P 2
SERIPREIAG B RO IAEOE AR, BB
MRME A= = Sz e Tz N FH (BTARSE, 2013). D4Rk,
TAMLUAV) LEAE 2= TR ®AT I RE ), M AR
JRCAS R R GG, SRR T TR G A BRI A
R0 % o JE IS RS W R B K, [F]IN, PR T A
SYEE R (W ) IRBUSCA . Turner4$(2012) 56
ANUAEH B RN BT T — 2223k, 45 G Hhfi %
Tl S(GCP)ZREX T B Ml R 55 A0 T 1 2507 v R AR Y
(DEM). Wallace%s (2012) 7 F #h i 6l s &6 A
PULLEE RS B B A2 1 1 R E L 2 0 Hb  Hh JE R
Z« MathewsH1Jensen (2013)F) i /1 /NBEAA b 5215 4=
) R B SRE T R 2T, RIS T AR A
AR o Azzari®(2013) % FH S i Kinectf
T TG N AR BB T BRI = YEghii), JTEAT
T HURMENT . Morgenrothf1Gomez (2014)F F %+
BRI =Y s ST T R R B A
EZHME; Lucieerds (2014) FHUAVE A4 45 &
1253 S5 K (SFM) SEVESRICT ek 88 1) T A 5 i
3. Zarco-Tejada®:(2014)F FH &1 43 HER TE AHLAZ
X152 R M A4 (Canarium album)3EAT T B AH i
0, g5 AR BB 153 D A IS5 A IR KI5
Wiy o SR e 1T AML H BAE A — P08 AR T,
PLUAV 5 2= 4 BF 90 E AR AT PR 23 Ik B 38 1R AE 5T
B, MR AR A AR, LIDARS:AL
28 JOH 3R BT B b 78 (GBX 06, 2007; Harwin &
Lucieer, 2012; Westoby et al., 2012; Dandois & Ellis,
2013).

AT AL 548 B 5T AR AR 28 4 Ll AR ik (4 1)
[ AEAE HRAty RAR U AE MO TE A 5, IR R4

HE A UAV R MLIDAR 5 25 B8 Al 554 bR 20y
MEAIBEART L WFFT H I N 1) 20 BB LIDAR
M R AR R R B DEM I 45 A UAVAZ KT 3 41 #4)
FER RSN A Yt S N e S gt W)L X Y =]
— AR TR EEANE JZ 5 2 5 AT R MR AR AL R (K
SRR A, 2) 3 BRI (e AR R ) R A T
i MO E L B A, ERRE .

1 HREXFEIERIE

11 fAREXH#R

WS DX 2E LA, TR B T AR RBE & R
fii, rcHLERAASR N 118.80° E, 32.07° N, A
13.90 hm?, =if16-40 m. LW A RS %, DU
Z00 W, AERF/KIEL 005.9 mm. EEARMEA YL
VAT 2 T R R AT AR, 32 B Bl A R R
(Zelkova serrata). #J#4(Broussonetia papyrifera). %
yi(Ligustrum lucidum). 75 1# (Pteroceltis tatarinowii)
SERE R, 5 /b 'S5 KA (Cedrus deodara) . [5] 411
(Juniperus chinensis). #li#Z(Cryptomeria japonica var.
sinensis) SEEH B o BF ST X 3SR K 22 O SO A3 A
A+, MORZ I Gk, Mok aikgtase, H
SRS TS, H AT AR AR KR EI
1.2 LiDAR¥EFKER

LiDAR¥ i 3R B ks & ok Optech Airborne Laser
Terrain Mapper (ALTM) 31003 )t 1% Jg %% (Optech,
Toronto, Canada)it 25 mi =5 dl . FEAMEOGIR [F] A3
A8 = YEAAARE(X, Y, 2)~ 58 (H (intensity) FlTIR [B] 25
4 (return type) &5 {5 Ko
1.3 UAVEGEHEIRER

WK B ANAE BT & [ 3k, B
2% B PE W & B G (IMU,  inertial measurement  unit)
(ADI, i) SR ECCHLSE I — 4l 22 AR\ T35 L
SN . IMUZS  ADIS16355, £ T 35l ik
FETE K BHIBEIR, FEHARSHC Ny 1) n] ¥ 5 3
200 m-s™; 2) A d w350 mesh 3) 4% kAT
J£20-5 500 m; 4)FHUREE(RiTEE) < +3 m; 5)5
AR £2m. AN T EH RS 1)# )
K2 710 mm; 2)H1 5 K:1 956 mm; 3)# k4 118 kg;
4) 5 6 kg; 5) A % #ifi4 kg; 6) AT 2500 m; 7)
RATHEFE100 kmeh™; 8)TRAE J)64% .« o AL I b
THIREYE R GEREAT AT R R 38 TH

TEJEHR R IR T HE REEOS 5D Mark 1 AH#L
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(Canon, Kyushu, Japan)3REX &= 8K BUR L
515 o SREURA] 20124E8 H12H » AL E 2%
oA 1) 250715 ZCMOSHLIE#%(1 920 x 128014
2): 2) Bisk: ARuE8.5 mmisk; 3)EG /NG RAE
W 11K0.7-0.9 MBZEE]; £EE2-5 s; 4)BEGRT
li): 1/2500 s; 5)£EFH: 35 mm; 6) K~ 55 i 152 mm
x 113.5 mm x 75 mm, 810 g. At [ A15% [ T8 53 5 4
30%F170%.
1.4 bS5 EHE 3R Y

SEAIFITIX SE B 150 380 ok {7 DO AIF 7T X AR A
RO REAEAR S P R 2 B, 8 vl b D SR T [
TR, HAR10 m, 30BENL M T2 E L
T (EL). A I (] 4 20144E5 H o FRHRIT)
50> 5 3E 3 Trimble GeoXH6000 Handhelds (Trimble
Navigation Limited, i) FRKFGPSE (4 GPSHI
GLONASSHZE, FFHL# | AUSGNSS K L) i i 4%
L ISCORS f ks 4 SE I 22 00 5, $&THILAK 1 47
i 15 200.5 mUL P o AR5 1) R A T8 Ik 2 A5
S, TR R AE S AR, e S
=5 emPREREREAR R, JEENMAE. .

118.81"E

I A28 SR T PR R, AR v L ek Vertex TV 75 900 vy
28 (Haglof, Jb50)3kEL.

FEHERE S5 TSI ) LR (B2 s 57
i 25 A DA SRR AR 88 (2 2% 1y s i A 58l L A T
gk Yy o JEFE L N AT RN 5, % ORE
Lorey st i+ MR 732 5 R & B 5 by S IR AR 4 RPAE,
TR

Lorey st e (K T IR AR IR ) o 8 28 2Xn 3

H = ghigi igi @

N h R SRR R, gk SR TR A i
Wi AR, koA FE YRR E

2) MR oy % S 1 Dy A T AR B B AR S, B
plant-hm™ Ay 24, T8 o A S0 b 5y 2 e e
hm?bk 5y 25 BE 15 51);

3) i v U 1 AR LA BT DA 1.3 mAL AT
(ORSIRTIET R, Lhm® hm 22 BORE, S8l b sl i 42
HUbR 73 FEVH ST

4) & RREAMAYR TLIR A AR JOM R (I3
A8 PR TR USRI BE VT I A AR 40 0 (2007) ) ) THE,

32.08°N

FEHl Sample plot
114% Diameter 10 m

0 50 100 200 m

57X DEM
Wwa
"
M9oim Y .
.IT.IZm

|Ir
v

32.08°N

118.81"E

Bl AT AL S aS [0 73 Al . DEM, i 507 e R 2
Fig. 1 UAV image of Niushan forest, with yellow circles showing the spatial locations of the sample plots. DEM, digital elevation

model.
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1 ILRHMIAE S Ao A

Table 1 One-variable volume equation for stand volume in Jiangsu Province

W Tree species

3 Formula

#%F Remark

#27K Cunninghamia lanceolata

JK*% Metasequoia glyptostroboides

fil#f Platycladus orientalis

M43 FH1 Broadleaf 1 (# Populus. #k Quercus)

MArEE2 Broadleaf 2 (Jil## Robinia pseudoacacia. #ilfii
Erythrina variegata. il Salix. %% Other)

V=AxD®x (ExD +G x IgD)°

V=AxD®x ((E+Fxe©*PHC

A=0.000058777042, B = 1.9699831
C =0.89646157, E = -2.2426

F =0.2021, G = 6.6922

A =0.000058777042, B = 1.9699831
C =0.89646157, E = 1.000438

F =-0.00024755, G = -0.07897864
H=7101.252

A =0.000091972184, B = 1.8639778
C =0.83156779, E = 1.000084

F =-0.0000671125, G = -0.1223273
H =29416.66

A =0.000050479055, B = 1.9085054
C =0.99076507, E = 0.9236004

F =0.0502109, G =-0.09686479
H=-37.80742

A =0.000050479055, B = 1.9085054
C =0.99076507, E = 6.569053

F =-4.565682, G = -0.03200782
H=1.697762

D, Mgfz.
D, diameter at breast height.

T AL AR B AR (SR )V R B R B, 1R
B SR TR (hm?) B A . AEICR I S R
SRR, % SR v AV 2.

2 FEHOAR DRSS RS
Table 2 Summary of plot-level characteristics

FEHIAR SR i1t Statistics (n = 30)

Plot-level characteristics A, 16 VI
Range of variation Average

Lorey’sh 7.00-31.65 22.99

Lorey’s height (m)

RO 1146-3 950 2560

Stand density (plant-hm)

J3R) i T T 2.48-13.23 6.41

Basal area (m%hm™)

P 66.36-488.97 274.36

Volume (m*hm™)

2 MRAE

AT 5T KL T LiDAR s 2 38 BB AR T = kG
DEMFIUAV H T 52 G50 7 51 e S IR R B et 22 1
J2 Y S AU AR AL (DSM)$EHY 5 76 J2
2B B AH O AR AR A 8 A PR 7 R 1 AR e TN A
M, R ARRFES WLE2,

2.1 LIDAR#EALIE

H) T LIiDARXH 42 iitDEM, DEM & 3K BUFH Yo} 4%
TR HE o B A BRI R s DA R =20 1) Hdis it
ARFR, AL G o S R S R A B, 1 LR
fr AR IR P A, MR RPN, — 2RO R U A
— RN RS AR B . RN RS X 5K
B DLREAT AT o ik 2 PR LIDARE S i s 1 4,
i1 T LiDAREHE & 73 Wil dEAT 1Y), 5 B L bRl 1)

A ml, % BIE(2007) 8 5%, SR LUK T
WO p 2 P TR BE (1) P DRI T 22 U1 T B
St )R HHRAR, ¥R B A Sk
BRIEBPYE, WOt iz (1) 73 2R H DB N 43 28 (1K) 7 1k
SERRHL (B ) = B A5 S, R AR R R R 2 DA
RUIRR RSO, S5 UAV A% S k4T H 4
1E. 3) DEMAERK, 570285 AR I 2SR s BE 25
BUEBEATL m x 1 mif4d{E, 42%DEM.
2.2 UAVEIGEIREALIE

UAVEAZ B AL BE gt sl ik s g2 X
HILES, Fh =M AzhillE . 87 15 15 (DOM)
R =20 15 2 A BB 4 (K 3) o FLAARFE
A

(1)iET UAVT & 18 7T X 3132100 £ 52 14,
HIT IMUSE LSRRI RIS L L . mifE . PR
JEE ARAMFNL 0] LA S50 IREXIF G SO, BRI 52
1535 41 920 x 1 080.

(2)fif By Pix4D AT SR B AR AGN IVRHAE L,
W R G SR BUREAIE 550 8 7604, - 34 453 i %
74 Q92T L g X, Tk e kT AT AR A
TR TC# g, AR e, 52 4
FU3E673 4714, A =4 221 175, PSR
740.2315 %

@)FIH COA =4l B bR RIS 7 e % R
BT 2E T IUIX =4 52, 650 R B 2 18 55 055
TH TSP A RSB FLIR R T, TR S
INBGEIERAE M S LIDARSEATER AL m x 1 mff
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H T 5 UAVEAR ANEFEA T LIDARS R
Actually UAYV imagery Small footprint LiDAR data
measure

LR 1=V AR HE
Feature matching Image registration
{2731 K L
Image sequence Data preprocessing
Zeh = Ay RS
Aerial triangulation image mosaic
I AZME | | EMRE WEAE | AEHR
Data collection point cloud Orthophoto Ground point filtering point cloud
LI ESGIEGH - T b
Hole filling Spatial interpolation 2 [A) S Spatial filtering lSpatial interpolation
A
DSM (Digitai Surface DEM(Digital Elevation
Mode) Mo‘del)
T
L |
ARbRIL AL BEIZH
Coordinate matching Superposition operation
DHCM(Digtal Canopy Height
Model)
fﬁﬁéﬁﬂ‘fr A HEAREL Variable extraction
Correlation y
FEH % R RRE R analysis MR B
Stand characteristics of sample plot Characteristics of point cloud
T
% T
Multiple linear regression
A AL AR B T AR Y

Forecasting model of characteristics

B2 WAL,
Fig. 2 Technical flow chart for this study.

MRS A2 B DSM U i3 25 VA —4k; [RII i st 5245 9F
PR SRR UAV 2RSS, 1R A TLIDAR K =
EJUAV 520K 5 DT (1) 4 Bh 36 F JEC Pl o
23 PA—hEsTE=REN

R RS0 s B AL B, B BE B 3R
(AR e BE IR 3R 1S, 73X i DSM 5 DEM ZE (L Ifij >k,
A H 25 R 27 e 2 AL (DCHMY) . (T
DSM%DDEM*%%ME'T%/AK' £ i&%&%%ﬁf&

T*ﬁ $ﬁn¢ww@%ﬁﬁwﬁMmM$W§
45, TMLIDARK FH P 2280 M ki R %5 . S0 K FH Sz
SRR 174N ST b ) () M T 36 AAF AT A A, S5 1T A
WFFTER (R /N2 4%, 2010; RAEERLAE, 2007), @ik
BT AR LS EOEN = YA AR Z R R
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DEME5DSMAE KRG —, LMESHIZH . 2)m s
f =8 WFYTIX LIDAR 5 2 & 22 730, £40.17
sem2, UAVESAS 5 280 772 916, 25.56 54 -m™2,
P R 2 K, R L m x 1 milk
H i 2 S RIS H T

#DSM 5 DEMBAT Z{Hia 5, 3K13DCHM, 5%
R 2 B A — Ak . AR AR N H— S 1)
H P HHTHRE, 2 MLIDAR &S 2 HF5T R (Lefsky
et al., 2001; Popescu, 2007; X Z<#24%, 2012; Fg 53 Fl
AH TG, 2012), ARWFFCIEICT w5 oA BUR wE A
(h10\ h25~ h30\ h40\ h60\ h75~ h85\ hQO)y Eﬂﬁﬁifz
J22 v P L AT 3R 4 (5110, 25, 30, 40, 60, 75,
85, 900 40); HJTATHAL(dios doss daps daon deo-
d7s+ des~ doo), RIFEAH T /007 i BE A LA B i) At
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fi 1

Imaging

- % Image acquisition

MR B
Digital orthophoto map

SHEINE
Point cloud

E3 UAVHT AL
Fig. 3 Procedures for processing the UAV data.

#3 ZuhlAsHTAEER
Table 3 List of independent variables for this study
B A (H— M =3RS ) PR e (S 2 40)
Independent variable Dependent variable
- A Lorey’sh i Lorey’s height (m)
Height percentile 43 Stand density (plant-hm™)
(hao, hzs, hao, o, hiso, h7s, hes, o) Jfig sl i F - Basal area (m?-hm™)
MR AR R Volume (m*hm™)
Point cloud density variables
(d10v d25v d30: d401 d60v d75v d85: dQO)
FIREYIME Average height (hav)
A Maximum/minimal
height (hmax| hmin)

e = A

Automatic arial triangulation

SAEPTA s BT B A b 3 R (hayg), B
A= FE P IME,; R E R (hnaw), BRI — A5
FE 1 B KA, B8R 51 5 (i) BRI E — 4 1 B ) s /)
B [FINE, A TR SR AN R 2 4 BT IR,
BT EE2MUN s
24 1RBEIHLE

T FRHA — b A2 B 194 AR 4 REAIE AR
5 SRR M A DGR AR it (R R O R TR S
PIERE (£3) o SO TEM 7 ORI Z Je e Ptk [ H 7 v
F T A R A G2 R 5 13E N 32 (stepwise) R UE %2 v
SE B BRI AR A A3 38 330 AR g £ 395 725
RIFE RO BRI/, P e 2 5 R e g

L SRR

Key point extraction

"

B i

TR T 2R
Bundle block adjustment

WA FEbRERE: 1) R, WK RS A
AR Z (A AP, 32X B H 2k 35 DL RE
DL

R=1-Y @5 /> (5 @
i= i=1

KA, X h SRR MR X AR
TSR X N SEIRF AL SR 28 o PR R

2)¥ 75 MR 2 (RMSE): ik I /& WY 5 LA
i 22 )15 RDSEIN K LEAEL R ~F 5 AR

RM%=fli@%Y (€))
noig

)X T MR 2 (rRMSE): 5 S RMSE 55 512
W25 B ARSI A LU, rRMSERSE /)N, A5 7R 3 0]
(P25

rRMSE = RMSE

x 1000
N 1UV/

oN
-~
~
N’

X

i

3 HERoMH

3.1 HHESEMEXIMES
ANl W (K 4), It S R
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dao dyo
ds0 das

- Lorey’st & Lorey’s height

= %= WA Basal area
- MATEFE Stand density

< EME Volume

B4 s FAEAR S SRR RRAE L TR AH DG 73BT e hyo,
has......hao R AH L P2 T 43 35 Dawg N EEARSF 388, e A9 3¢
j(f%}ﬁ, hminﬁﬂ%d\%—g; dlg, d25 ...... dgoﬁﬂ}f?%—gﬁj\{ﬁ%[)ﬁ
Fig. 4 Analysis of coefficients between point-cloud metrics
and stand characteristics. hyg hgs...hg, height percentile; hy,
average height; hp., maximum height; hy,, minimal height;
dyg, dzs... dgg, point cloud density.

I A% 4 15 Lorey s 5 (14 AH DG B e i (R® = 0.58—
0.95), EFE R (R? = 0.29-0.7), iy i i FH 5 4k
I E AR, BEEHREIUE T, Bm(hag) FIML
%Eﬁj\fiﬁ(hﬁ—hgo)%n ':P Eﬁ]%ﬁ)ﬁ ﬁ%g(dso, dgo)5
MR RFAE 2 18] AR DGR =, T s B A (Piin)
L AR VA=) VA A O S W i R R o/ s i (|
[ AH R PRI o
32 AEEEMEREEDT

Mt 2 GRS BT, R SRR, R A

4 MRS SEARE I RORS B VP
Table 4 The integrated models and their accuracy assessments

AR e 5 S AR B Ol B4 (RP40.29-0.86) (24) . M
BRI SHORE, M RIERES AN LI, H
A BB T T T B s S SR g P A A
2, B SRR N MR A A R AR DG . ARy
TEAZ S FUAH, Lorey'st sy bl & B e i, & BLEIR
2., o W R RIAR A3 5 B AR o BLA 5 SL5 A O6
PEASHT A 530, IRMSEFR, KBS M i BT AR Ik
S Lorey’s#if 155 (6.47%) . & B (6.93%) il vy W T
H1(16.38%). H#k73% 5 (27.04%)

A AR R S B (I5) K, Lorey’sh i
PSR (R? = 0.9), A K5 FE 5 LURAF LA
W Ey, ARDCPE B I v 0 T A RbR 23 35 K A
SEA(R? = 0.46F1R? = 0.32), BFIEHS L fuh (R?
=0.55), BNFHRK.

4 g

I 1o 45 G UAV 55 LIDAREL I £ 0 4 8 bk 53
ik, PR AL 5 DG BC S A0 25 rh = A P B R AR B
WFFTIX =4 il A o B R IR 45 £ LIDARSE X
IR A Y T SR el e R AR, 45 T 5
DRI s 5 0 — A i A AR B 2 Tl
SRR NG o AR T R W15 SR 1
AR AR ELAE R (R ) LA AR s () U,
BRI IR, ARG R AN e W ARG . E T
UAVEL T AR AR B AN 598, R BESRIUR e
JE IR, DRI 3 2 e e LA L (K bR o
JEEANTR] I 5z e g LA G 18 M v B T R B0
B, A RO TR R A AR, U
Ja

(AFCINE ST EIVEL RIth =k S-Sk LN X VA
B BB AN RS B U A R, L
B AR 3 LA ARG R e AT RHAE(2010) 1
FI/ANEBELIDAR B TR 2 Bt Al 5000 5= KU AR AR

MIPHFHEAS B Stand characteristics B PRI SR Combined extraction estimation models R? RMSE rRMSE (%)
Lorey’st 5 Lorey’s height (H)(m) H =0.23 + 0.579hyq + 0.346hgg 0.86 0.13 6.47
M4y Stand density (N)(planthm™) N =596.552 + 414.135hgo — 346.586h39 0.29 0.69 27.04
Jl T A Basal area (G)(m*hm™) InG = 2.752Inhgo — 1.841Inhyo — 1.126 0.53 0.28 16.38

EHUE Volume (V)(m>hm)

InV = 2.499 + 1.429Inhg + 0.7Indgg

0.59 0.40 6.93

doo, B M LB R HE T Do, Do oo i AR I i BE FT A3 Mawg AT 105 o

dgo, point cloud density; hio, hso... hgo, height percentile; hyyg, average height.
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