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Abstract: Forest canopy height and trees distribution pattern are important indicators for studies of characterizing plant
community vertical structure, which are also important parameters for calculating forest biomass distribution pattern. The
traditional forest community survey methods expend a lot of manpower and resources and are also difficult to measure large-
scale community structures easily. It is also difficult to obtain accurate topographic information and vertical structures using
general traditional remote sensing images. In recent years, the rapid development of Light Detection and Ranging ( LiDAR)
technology makes it much easier to extract three-dimensional features of vegetation and is widely used in forest ecosystem
detection and simulation. UAV-LiDAR has become a more flexible LiDAR technology which had ability to obtain wide range
of vegetation canopy information with the development of low-altitude unmanned aerial photogrammetry and remote sensing
technology. Due to the penetrability of the laser and the influence of canopy density on different vegetation types, the
application of this technology is usually limited to the studies of measuring vertical structure of the coniferous forest
community while is less used in the studies of evergreen broad-leaved forest. In order to explore the feasibility of applying
the existing UAV-LIDAR equipment and vertical structure extraction analysis technology to evergreen broad-leaved forest
vertical structure study, we used UAV-lidar to calculate canopy height based on Canopy Height Model ( CHM) which is
obtained from the value of Digital Surface Model ( DSM) minus Digital Terrain Model (DTM ). We also extracted trees
location based on the local maximum value to calculate trees distribution pattern by Clark-Evans nearest neighbor analysis of
large tree in three 1 hm® plots of Ailao Mountain evergreen broad-leaved foresy. The results of accuracy analysis show that
the accuracy of canopy height’s measurement is above 95%. There are very significantly correlations between the vegetation
height measured by LiDAR and field measurement. The maximum R* is 0.927 while the minimum is 0.833. The mean values
of canopy height of the three samples are 18.79, 19.08, and 17.03 m while the standard deviations are 8.10, 7.34 and 7.17
m, respectively. The average detection percentage of individual tree detection in three samples is 86.3%. The means of
average user’s accuracy and the producer’s precision are 75.69% and 65.15% respectively. The spatial distribution patterns
of the whole tall trees in three plots were regarded as aggregated distribution by the result of field measurement, while the
result of measurements by LiDAR showed random or uniform distribution. The experiment shows that it is efficient for UAV-
LiDAR technology to extract the vegetation canopy height information accurately and obtain the location of trees. However,
the accuracy of the tree spatial distribution pattern determining needs to be further improved. Research in future should
focus on analyzing of the causes of error caused by LiDAR data from various angles (like environmental factor) and develop
more accurate single-wood extraction approaches and vegetation height extraction methods to provide more accurate indicator

data for measuring forest biomass and more biological processes by UAV-LiDAR technology.

Key Words; UAV-LiDAR; evergreen broad-leaved forest; vertical structure; canopy height; trees distribution pattern
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Table 1 Precision analysis of vegetation height’s LIDAR measurement value of each plot

FEHL A PlotA FEHL B PlotB FEHE C PlotC
CHM HJ{ii Mean of CHM/m 18.79£8.10 19.08+7.34 17.03£7.17
SEPREAF- T E Mean of field measurement of samples’ height/m 22.41+5.21 21.27+3.88 20.24+3.61

i TR A S 2 5

Eiiiﬁgﬁ{ﬁq;szsim of samples height/m 21.97+5.33 21.34+3.89 19.91+3.51
XL N ZE Mean of absolute error/m 1.21+0.71 0.94+0.71 0.99+0.79
SEIHINFIRZE Mean of relative Error/ % 5.73+3.71 4.62+3.60 4.94+3.80
SEHRERE Average accuracy/ % 94.40+3.71 95.38+3.60 95.07+3.80
¥k ZE RMSE/m 1.40 1.17 1.27
[F1 9 2 %X Regression coefficient 0.8922 0.9518 0.9647
R? 0.905 0.909 0.883

CHM: Canopy height model; LiDAR: Light detection and ranging;

®2 BIARMERNEETFN

Table 2 Accuracy evaluation of individual tree extraction

FEHLRUE Site scale HARE Tree scale
N, Ny Dp/% Ny, P, U,/ % d.;/m
b A PlotA 1018 825 81.04 606 59.5 73.45 1.004+0.462
FHb B PlotB 579 507 87.56 388 67.01 76.53 1.360+0.439
FEHb C PlotC 615 550 89.43 424 68.94 77.09 1.316+0.434

N, A PN B AR B 40E Total number of individual trees in the plot; N, : LIDAR #8021 5K B4 Total number of individual trees in the
plot; Dp : AR E 43 b Detection Percentage; N, : 1:1 X1 3¢ £ B AR Number of 1:1 correspondent trees; P, : 42 7= # K B Producer’s accuracy;
U, PRERE User's accuracy; dy., s B—XF 1:1 X0 56 8 BRI BE S Mean of distance of each pair of 1:1 correspondent trees
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FTBIE Clark-Evans SRt SBATEEGATHR AR M A% JR) A S BN R 3 fT7n . 1T LiDAR ¥
17 0 SO A 2 R (R /N TS PR, ARSI s 3 VAR N LR T AR K S IR AR S0 | i B T LiDAR
AR A5 SR BEAL BRI 2] 20 A

x3 EBHMHMAIHIES
Table 3 The distribution pattern of trees in each plot

FEHL A PlotA FEHL B PlotB FEHE C PlotC

LiDAR Wl 2% 5% N, 825 507 550
Results of LiDAR measurement CE 0.998 1.008 1.210
u -0.110 0.340 9.366

p(n/m?) 0.083 0.051 0.055

G3 Atk R RD RD uD

FE M 25 N, 1018 579 615
Results of field measurement CE 0.912 0.942 0.954
u -5.380 -2.669 -2.189
p(n/m?) 0.102 0.058 0.062

AR R AD AD AD

AD . REESr 7 Aggregation distribution ; RD : FEAL43 i random distribution ; UD : #4143 uniform distribution

3 e

FI I R B AR T BRMAB AR R A D7 AT AR 22l SR T B8 B~ 18 SR AR AR IR bR — 45 ¥ B i
TR ORI AR —Fh F S i B AR T A RSB AR K, 45 A TC AL ZR G 4 SR X s 8] A 25 24 B 72 11
Hesh Y FEARIRAR AR IE BLE5 A 2RO A A TSR LA PR3 A 3T AR e i B 5T I
BOHEHEA TR o5 FE RSP ER IR G209, EME A5 S aod TC AL 2RO AR HL AR IR T - Aogci A A BT
WCHE , 45 T BEE Y AR AR il J5 T S e B AR AR B B A bR, 2% R .G B S ISR 00 E B
B TS C S RS TT , IR O H TP OT R P A A ol 2 T e e e dl LIRS MO (5 6L i — 20 A LRI
S e B AN S 5 VR A B ELERAE D (8, 3 T I Rl A s D 25 A 05 (L i A i AR AR R T A
vy 18 ] AL X LA o S P AR sl 2 S (R e o e B O 1, L2 BA L S LA B SE A5 A L
FAE S ST IR B S, R AL O TR 1 8 = s RO D03, L B i A SO G ik 1)
RIS PrBATT H bR A C AR BE RS A — A0SR T AR S LB AR B, RS A
PR TR RE A AR G, A A HER B E A T3 (20 3R, (A BRI Kcdls 1 4l M B AR bR B B AR A L, AR T
G T NDLIE B B TOTT AT JUATREAE,, 1948 1 et b st e M T 2 1 s BT, S W iR P B2 e 52 2
L NFTHEVAEA AR P {1 T (6 5

ARG HE— AR T AL LIDAR 7 SRR =5 B 7 1 R e (9 ATk 5 e 1 . A7 B RO 2
SR A HE LU R 22 BOR ROBEAE DS B il SABL R e BE 4 5, R H B AR A W B 15 1 249 A W B 0 SR Al 98
Pro FET CHM Joy i KR 0 S ) SR B DL R IR A 285 J3E P4 /N T SIE B, 3K 49 ML A e A AT JEE A 5
BP0 TR T A B T A TR IOBE 3 R (R RO P A T RO IR 2R O S SRR AT A 3
ANEE HUAR B 35 531 9 £ 0.807 ,0.825 0,702 , 17 Ja v iy EE AR PAT, AR 2 M F AL 5, v S A B2 A 1 T A AR
[ 8 2 P AR, AR S A 5 i 5 XE LA DX 0, 405 B B T — R AR, 0k 2 ) B 00 B G ) = 2 I
, AN TE AL BRIHOE TR B 5% 1R REAE AR IBUBOIE Bl A A AR bk 2 EL5 A0 JE 2 B2 RS (R B R, i 7 2%
HRSEE )2 (A P2 BEL RO 28 38 T A UK [, ME LUK 1 3R 0T J2 R A B2 PRI AT o 4 2 1 A A Sed
EAELAR O,
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TIE R B 2 22 (IR T W LABSC ST sl BE LA A ) SR 6 bl 15 A B S I IR 2 S 4 5 A3 A i
Jar, IR RE T LiDAR S HC it SR AR BE /DN, i 1) 227 S0 s BE ML A1, 573 AMAR YU S 8 4 B A AT SRy 0F 58 %
LA AT YRR o3 TR 22 RO S TAR Ry RO I 22 02 A1 0 B At el 1 i ) 5 4 | 9 R C 8 55
DR By b £ 2 (8] P9 S SR I AT o AR SIS0 AR AN R T AR ol TOUR A PR 3 81— AU RDIR S, IR IR 1l )
TR IS SRR A A P

ARSI 1 HATAEAR Z A 75 I LS, AnAR YR B SO G TR 18 i 2= F A AR i o e A 2 AR 0.5m,
HRAS T IE AL M I 228 ST JE SR Y om GRS A — 2 WY 220, A AR AT b, AT L i a2E— 20 5 i A &)
PR AN R TS v G C ML TR IR B 55 T NP iR e B . 53 SRS BE 70 B n] 1 T JC AHL LiDAR 3l i Jmy 78
RO AELIE BRI 2 Rl I AR A (37 B4 8 ) ELAN RE LR B A QS B i A B 2 E A7 G T, BF S0 ik — 2B PR TS AN
FIRDIE FH T v IS AT 1) o P BRSO %, AN 5 M0 B IR AR UM ALY , 5 T3 1 T B 3R
RES JFS S AT M IE AL LIDAR #4725 LiIDAR il & 4 IGE B IR A

4 Lt
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86% Fe AT, FH P URE FE LA S A Pk B SE 241 0 9K 75.69% 1 65.15% , 3 822y T RE P A1 14) 8 K A 5 1) e it
R G R R P EG IR A IS, 121 SRR RF S 8E B O 1.23m, B U R (7 B8ORS R, (H 3T
LiDAR R 53 Ak Joy s 2 R Ae AR RS s B0, 5 SEBR G B0 N I REF AT, FERR IR,
INf 2B 5 ARG B ) B R SR R A R AR 5 FE B IO ¥, Dyl ik JE AL T iR 3 AR AR A e B A T
K HERIFE BT ; 17 & 3 1 B30 S BLIE 0O A = B A A 40 28 ARRSEAS [R) 1) T L 25 RO 1 T

B - R R e P AU R R el e A 1 L 2 2 i B R A S 0 2 SR E e L s m R A T
MHLHOC T I8 2 58 b B i 735 A B

5 % 3k ( References) :

[ 1] Simonson W D, Allen H D, Coomes D A. Applications of airborne lidar for the assessment of animal species diversity. Methods in Ecology and
Evolution, 2014, 5(8) : 719-729.

[ 2] Schut AGT, Wardell-Johnson G W, Yates C J, Keppel G, Baran I, Franklin S E, Hopper S D, Van Niel K P, Mucina L, Byrne M. Rapid
characterisation of vegetation structure to predict refugia and climate change impacts across a global biodiversity hotspot. PLoS One, 2014, 9
(1): e82778.

[ 3] Vogeler J C, Hudak A T, Vierling L. A, Evans J, Green P, Vierling K T. Terrain and vegetation structural influences on local avian species
richness in two mixed-conifer forests. Remote Sensing of Environment, 2014, 147, 13-22.

[ 4] Garcia M, Saatchi S, Ustin S, Balzter H. Modelling forest canopy height by integrating airborne LiDAR samples with satellite Radar and
multispectral imagery. International Journal of Applied Earth Observation and Geoinformation, 2018, 66: 159-173.

[ 5] Zellweger F, Baltensweiler A, Ginzler C, Roth T, Braunisch V, Bugmann H, Bollmann K. Environmental predictors of species richness in forest

landscapes: abiotic factors versus vegetation structure. Journal of Biogeography, 2016, 43(6) . 1080-1090.

http ; //www.ecologica.cn



950 A E = 40 4

[6]

[7]

[8]

[9]

[10]

[11]
[12]

[13]
[14]

[15]
[16]
[17]
[18]
[19]

[20]

[21]
[22]

[23]
[24]
[25]

[26]
[27]

[28]
[29]

[30]

[31]

[32]

[33]
[34]

Shugart H H, Saatchi S, Hall F G. Importance of structure and its measurement in quantifying function of forest ecosystems. Journal of Geophysical
Research; Biogeosciences, 2010, 115(G2) ; GOOE13.

IR, BFFIE, TEAA, R, MR, B E A T JUE WA R bR SR s [ 4 A i R AR S E R, 2012, 32(9) -
2729-2737.

Tao SL, WuFF, Guo Q H, Wang Y C, Li WK, Xue BL, HuX Y, Li P, Tian D, Li C, Yao H, Li Y M, Xu G C, FangJ Y. Segmenting tree
crowns from terrestrial and mobile LiDAR data by exploring ecological theories. ISPRS Journal of Photogrammetry and Remote Sensing, 2015, 110;
66-76.

Zhang J, Nielsen S E, Mao L F, Chen S B, Svenning J C. Regional and historical factors supplement current climate in shaping global forest canopy
height. Journal of Ecology, 2016, 104(2) : 469-478.

Woodwell G M, Whittaker R H, Reiners W A, Likens G E, Delwiche C C, Botkin D B. The biota and the world carbon budget. Science, 1978,
199(4325) . 141-146.

HE DREMATHREERAASRGAEYRABREEIF[D]. M. R, 2008.

Gower S T, Kucharik C J, Norman J M. Direct and indirect estimation of leaf area index, fyp,r, and net primary production of terrestrial
ecosystems. Remote Sensing of Environment, 1999, 70(1) : 29-51.

B, soha, TARL, REE, BIRE, KIAE. HMEY R ITE K HFTEIER. Mok, 2009, 45(8) : 129-134.
Ketterings Q M, Coe R, van Noordwijk M, Ambagau Y, Palm C A. Reducing uncertainty in the use of allometric biomass equations for predicting
above-ground tree hiomass in mixed secondary forests. Forest Ecology and Management, 2001, 146(1/3) : 199-209.

Salis S M, Assis M A, Mattos P P, Pidgo A C S. Estimating the aboveground biomass and wood volume of savanna woodlands in Brazil’s Pantanal
wetlands based on allometric correlations. Forest Ecology and Management, 2006, 228(1/3) ; 61-68.

R, XSO, B ERE. 8 A s 2 i RO SO AS LY ) 2 S s WA B AR, 2015, 23(3) ; 332-340.
TGEAR. S AR G2 A AR s e T A AR A B TE B2 R PERYRZ R [ D], L. RIS, 2014,

JRBER, RIEE, KRB, E&, ZEWB. KU L Gia o 2 5 B2 1 S AR R SR B AR SR, 2017, 28(2) : 367-374.
EM, VR, R, HEL, ZE, REE, Hik2s, skEW. BTN 3D B ARM TN (Cedrus deodara) B4 B E . H S5,
2018, 38(10) : 3524-3533.

Nguyen H, Wiegand K, Getzin S. Spatial patterns and demographics of Streblus macrophyllus trees in a tropical evergreen forest, Vietnam. Journal
of Tropical Forest Science, 2014, 26(3) : 309-319.

IEE, mEY-, BEx, XIEBE. AL LRI AR TR Z R LA Ak 5. AR Z R, 2011, 19(2) : 143-150.

B, SR, B, SLmih, E, 2 E, #EPE. LiDAR HORFEMT m a1 09 0 S BT, JLatAoll R 24, 2007, 29
(S2) . 78-81.

PR, XIEE, FERER), BESbk, 2RIk, BOLR, RS0, RIFDS, FERE, WENE, TEREE. BOLE R AE AR AR A A R G0 MDA A R
JHIUR 5 . il 2014, 59(6) : 459-478.

JEl AR, R, RRA, R, BT ARG BB B IIBT R gRR. IR RHEL, 2012, (2): 198-199, 203-203.

FRA, A, A, RN, EAEAE. T WorldView2 SEBAZ A HIAUE B S BRI SCMERTSE. wh AR S2104], 2013, 29(1) : 29-36.
Tao S L, Guo Q H, Li C, Wang Z H, Fang J Y. Global patterns and determinants of forest canopy height. Ecology, 2016, 97(12) : 3265-3270.
Crowther T W, Glick H B, Covey K R, Bettigole C, Maynard D S, Thomas S M, Smith J R, Hintler G, Duguid M C, Amatulli G, Tuanmu M N,
Jetz W, Salas C, Stam C, Piotto D, Tavani R, Green S, Bruce G, Williams S J, Wiser S K, Huber M O, Hengeveld G M, Nabuurs G J,
Tikhonova E, Borchardt P, Li C F, Powrie L W, Fischer M, Hemp A, Homeier J, Cho P, Vibrans A C, Umunay P M, Piao S L, Rowe C W,
Ashton M S, Crane P R, Bradford M A. Mapping tree density at a global scale. Nature, 2015, 525(7568) ; 201-205.

XEE, EE. PO T B FEEOE TSmOl B B0, MO TS, 2014, 27(1) : 49-56.

Davies A B, Asner G P. Advances in animal ecology from 3D-LiDAR ecosystem mapping. Trends in Ecology & Evolution, 2014, 29 (12):
681-691.

Ambrosia V G, Wegener S, Zajkowski T, Sullivan D V, Buechel S, Enomoto F, Lobitz B, Johan S, Brass J, Hinkley E. The Ikhana unmanned
airhorne system (UAS) western states fire imaging missions: from concept to reality (2006-2010) . Geocarto International , 2011, 26(2) ; 85-101.
Colomina I, Molina P. Unmanned aerial systems for photogrammetry and remote sensing; a review. ISPRS Journal of Photogrammetry and Remote
Sensing, 2014, 92; 79-97.

Salami E, Barrado C, Pastor E. UAV flight experiments applied to the remote sensing of vegetated areas. Remote Sensing, 2014, 6 (11):
11051-11081.

HAEW], R, EH, MR, BT, 3L RGBSR FMA A PR . 4252, 2017, 37(12) : 4029-4036.

Holmgren J, Nilsson M, Olsson H. Simulating the effects of lidar scanning angle for estimation of mean tree height and canopy closure. Canadian

http ; //www.ecologica.cn



3

fip B A BT IO ADLIO TR IR 8 S B0 R 2 ] I MR v Al L4548 0 A 951

[35]

[36]

[37]
[38]
[39]

[40]
[41]
[42]
[43]
[44]

[45]
[46]
[47
[48
[49
[50
[51
[52

T T

[53]

[54]

[55]

[56]
[57]

[58]

Journal of Remote Sensing, 2003, 29(5) : 623-632.

Wallace L, Lucieer A, Watson C, Turner D. Development of a UAV-LiDAR system with application to forest inventory. Remote Sensing, 2012, 4
(6): 1519-1543.

Wasser L, Chasmer L, Day R, Taylor A. Quantifying land use effects on forested riparian buffer vegetation structure using LIDAR data. Ecosphere,
2015, 6(1): 1-17.

ZEICHR, BRI, R, LR, s T L0 T BB Y BRARG S RO . SBIEREAR SR, 2015, 30(5) : 917-924.
B, K, ik, JUSH, R, B THLE LIDAR sl bk i~ 2440 5. PHIbpRa=Be# 4k, 2015, 30(3) : 170-174.
Larjavaara M, Muller-Landau H C. Measuring tree height: a quantitative comparison of two common field methods in a moist tropical forest. Methods
in Ecology and Evolution, 2013, 4(9) . 793-801.

BB, JLE . A T X A2 1L i AR BRIV AT, Sk @R, 2013, (4): 3-5.

A AR XA BN I BRI X ER G H ARG . B s RARL ML, 1988.

TR, FT TerraScan Y LIDAR KiiAb 2. 2241, 2007, (10) : 13-16.

Gyt RS, RER. WU Lidar (52 P34 B DEM SEHEHORBEZE. TTIUIE:, 2017, (2): 39-41.

Chen Q, Baldocchi D, Gong P, Kelly M. Isolating individual trees in a savanna woodland using small footprint lidar data. Photogrammetric
Engineering & Remote Sensing, 2006, 72(8) : 923-932.

T, XIEIE, PEN. BOUH SRR SEUCEIITIERE. B4, 2016, 20(5) : 1138-1150.

XUGERL, B, WaHhi. w2 RS0 PR B SRR E H S0 v ST WiTpkezBea4i, 2010, 27(1) ¢ 126-133.

2R, BT, R, TR B O s B R IS RIS . AL ROMOl AR, 2015, 37(3) : 27-33.

Bot, 2, B, BEUE, SR, FETARICEE T DA K i BRI SR . ARAUARL K224, 2016, 44(10) ¢ 22-29.

2R, BORCR, BN, SR, TR N[ E AR X E MO ZS TR S A AR SR R I EIT . MO RLARESY, 2007, 20(3) @ 334-337.
Fiildner K. Zur strukturbeschreibung in Mischbestéinden. Forstarchiv, 1995, 66. 235-240.

B, WA, RIHBEE BRGSO M8 R S I C R, SRS, 2005, 27(2) : 137-143.

HSCHR, BOHERE, 2R, DGR, EE. R0 IR GG A AR ORI DX ki bR T2 SR D B ) 43 B AR AR, 2014, 32(5)
467-474.

Kwak D A, Lee W K, Cho H K. Estimation of LAI using LiDAR remote sensing in forest//ISPRS Workshop on Laser Scanning. Espoo, Finland:
ISPRS, 2007 12-14.

Anderson K, Gaston K J. Lightweight unmanned aerial vehicles will revolutionize spatial ecology. Frontiers in Ecology and the Environment, 2013,
11(3) ; 138-146.

Ciuti S, Tripke H, Antkowiak P, Gonzalez R S, Dormann C F, Heurich M. An efficient method to exploit LIDAR data in animal ecology. Methods
in Ecology and Evolution, 2018, 9(4) : 893-904.

BEz, KR, XIEIE, S, WEle. 5T LIDAR Bl Ak 2w RARP B R, ZRAbpfl K%2440, 2015, 43(9) : 84-89.
WA, MREE, AW, WG, TRz, BRE, mESE. 2R AL S AR s ) 4 R X FUE R AW EZ R, 2017, 25
(1): 23-33.

TR, BEEEE. SN ARAK S R PR [F] 2 R R 23 [l 43 A A% SR I SE 4 Y O 3R A543, 2018, 38(20) : 7381-7390.

http ; //www.ecologica.cn



