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Fig. 1 Morphology differences and division of leaves

from individual Poaceae plants
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Table 2 Parameters and results of proposed method

Sample N r, /m Ng N,
Giant Reed 1 51242 0.03 17662 33580
Giant Reed 2 34195 0.03 20534 13661
Giant Reed 3 42636 0.03 20391 22245
Giant Reed 4 28416 0.03 12586 15830
Giant Reed 5 34195 0.03 10635 27916

Reed 1 16936 0.02 7106 9830

Reed 2 17881 0.02 6093 11788

Reed 3 15852 0.02 6962 8890

Reed 4 7705 0.02 1651 6054

Reed 5 8322 0.02 2236 6086

Reed 6 8821 0.02 2673 6148

Reed 7 10379 0.02 2445 7934

Reed 8 7941 0.02 970 6971

Reed 9 15117 0.02 2587 12530

Reed 10 6421 0.02 2545 3876

Reed 11 11272 0.02 1914 9358

A0 TE Ji 5 B2 B ) SRR B v L 16 S REAS B o3
B B S RCON D 5 AR AR Y R
(N g 4350 b R R B S BN B 5300l 4700, 16 %%
JERS L R b R M BB (N, 5 Ng))
435 i SRR 28 D0 R 2504,

XEFF, W SRR A A Tk AR R
Fend B rpr, T AR BEF 43 (E L) 43 89 1B 28 10 %01
M5 RN ) B GR & s i82 (E ) 23 85 18 R4
1520 M T (N Do 788 ] e M AR (B i R 2K i
R, S22y 45 06 B B T R AT 0 S . Gl i S [R] i

8 AR AR 0 0 ) AR O3 T G 25 R
(N ) M T mU08CR ON D 2000 i S ROEC 2906 A
1405 [RS8 o i g 22 5 o0 31 B G IR A w00
B 25T B (N ) T R B (N D 23
BB 16 0 1500, 32y 5506 1 Bt AT AE
225 () T 3 P A 0 o A TR 0 . T R 0 2
R ZERT RUBCR (N ) 5 M7 R 8O (N O 20 50 8
RE 4205 59% .

XFF, A S AR TR R R R R
R oy B AR A (e 5 Co) 1Y R 430
BB 16001100 8 2 BE B 22 53 19 43 ) Al s 5
2 B34 VG T RN ) 7RSS T % S PR AR
(9 H 50 H o3 B AT B A 25 AT R (N, D R
(N, D250 B R R 1206 4206 . FERIAT kNN X 14
GRR A WA HEAT 250 30 23 O 45 R T L o B A5 B 2R AT
MBCE (N O M U (N, 20 0 e Ry
12063500 . B B4 R, 22 i (N 5
M AR (N D 2090 i B B0 24205 76 %0

CRA WHR B 45 AL AT op 25 i B o3 i
430057 V05 Xk i s 2 vp 25 LR T RO U g3 G o
2896.72% o PARNARAS BHE B i1 1 s B R R T
ZERT R L 35 AR A R 22 5 TR A 5 A AL
PR SE PR O
3.2 BEFMER

ME T 1 R BEAT 0 BT (P 40 AR SCB 1k /Y 45
5 T3 70 B bR A 25 2R 10— BOPE B L R P 25 AT
5 A T A R o S D R A R AT 2
BT CEIS) AR SOk 7 3 AR BE 0. 87 . % 3

“é, 0.8 L S8 8
? o
Q
§ 0.6 g w 06 &
% o
/) 3]
?; 0.4 - g % 04 &
£ 7.7 1=
02 % 02
A A &7 -
0 5 i / i .." L/ L/ 0
Giant Ree G e Gian® Ree Reed Reed 2 Reed 3  alomst perfect
S [ agreement
o 0.81, 1.00
® 19 - 1.0 x & [0.81, 1.00]
I~ \‘ ‘ © substantial
& 0.8 L = 0.8 § K € [0.61, 0.80]
5 0.6 - 06 é moderate
] ¥ K € [0.41, 0.60]
g Q
T ooa- 7 04 3
[33 2 o
& / 2
02 - =02
5 3 5
Reed 6 Reed 7 Reed 8
Sample

Bl 5 A SCE A T AE R R T SR . () F (D F,
Fig. 5 Accuracy of proposed method for two plant groups. (a) F,; (b) F,

1310001-6



R

#4945 £ 13 #H/2022 £ 7 B/ EE

Kappa ZE(H 0. 68, P A= H R E N 0.85(F) 5
0.87(H) I H P RS EE R 0. 73(Z8) 5 0. 95(if) . H
T F, R AR AR R AR 1T 2 B ROR 5 F 38 Kappa
RBT BN 0.87.0. 71,10 F, W - AEREE A U 2353
0.88.0. 65, [FIIF,F, Ml R HE MR FE A 25 5 b B 1R B
JLE Sk 0. 78~0. 96, Kappa RE{EHE M 0. 55~0. 91,
FHBIF FEAS L5 AL e 3 — B B 58 4 — B X
[, HA Giant Reed 3 i — F Pk Ab F “ o 5 — 8Pk X
[B] 75 F IF 5 R AR FE AR 25 SR ) B AORS B R 0. 79~
0.93,Kappa REGELFE N 0.51~0. 76, HAF1E Reed 7,
9.10 3X 3 MEEA MY — FPEAL T B —F P IX )7,
i LR F, R R RS SR 5 N TR 4 R ) — Bk
3.3 oiWEitie

REARTE A5 10 2 2 1k 5 808 v A7 7 B s 1, & 5 3
H AR R o0 J A E — 8 1 25, ol A AR SO v 1k BB Y 1
S5 RATAE— W 2. Meah, i S AT 06 3% = 5
PR 22 5 (W 25 O U (B HERRIE ) B 250t
o 2 B /> Rl B e e 0 Y i R A S s
B 8 AT ) L T R B R A B R R
43 E G PR G il ZEFF 60 7 SR AR BRI L S T X 2
- 25 i) 3242 3 P 4 AE A 0 S . %o TR A R R ) AR B
Wi, 5 22 A W Em L PR, IR AR 1S B R AT A
YR VTR YE A bR R AR RRAE AT -, B IE N
B, ERABIL Y W3R4T 55 v L 7 B 1 R X
AR AR RSB O R A
PR B S5 BGHE T — P8R, X T — o R A
A A SR R B L Ak DAAR AT B UE A 1 25 oy e R
FRSER.

i A R A B R ) 25 0 B R LART T 35 0 22 5 AR
K IAT I ZE o3 B S 0RS BE B IR 21 90 Mo & 95 %5 LA
o BRI TR BE 2 2T ZE 043 8 0 vk (RS BE A L (H R
oy AR A T R R B AR A A 1 L X T 2 8 AT U B
PP RE ER G ARTE TAE RN, AR Sy
B RARRS BE AR T L3Ry vk L (H R IE T 2R 0 A R
FULIE S B T A RABHEY R ZE 5. BT
AR SCR AR A AR 1 2 B0 10 7 B PR A B S s 1)
W ARAE RS B IEAT M GE R R | X3 A K A R Bl
SRS R ST PRI AR SRR T S R g A L R R
UL E A A B

B AR I AR SCREIE I B AR AN R BR AT
S T Y R L N N S 7/ O N = R £
HoAth i A R AR B Y CAn/NZE L FOR (RT3 AT R R
e TAEMEZ 7, WA, T 5 A R ARHE Y &
AR AN L A 2R A 2% AR PR A AR EL B P ol A5 A bk B
PR Y S J2 DA R I R ZERF B . IR X AR
Az K R AT B 25 NI AT 25 o AT A M L TR B
PARR B 1Y ZE 43 ) Oy 1k A SRR B 3R £ Bl R AE
HEAT AARIRE T R Z k25 ik e FI 0 ol s R 45 &

FRpRC T AL O TR 8 O B0 i R
T I 22 PR A 25 i o3 B 05 1 AT 5

4 4k S

AW TR L 42 1 — PR T TLS Bodls i #E ok
T M AR AR OF A7 507 26) 1 25 0 23 B 530 1, 4 A
2R S AE TG B LA 2 L A ) o A B 22 S L 48
MR 5 ZEFF R A R B IR B T 87 Do, DA A 3K X
R AR ZE 3020 RS R3O0 % A A W B8 2 005 i S i At
Bl . T YT IE R A A OSSO T dR H E T TLS K i
P18 IV 3% % b AR AR A ) 25 3 R R A RO i AR
TE X AN ) 25 M 245 HE AT R 20 1) B iy L 30 5k ) i B2 A
B m RS BV AR R S as ) 34 R AR AR 14 58 0 )
F 35 B 25 R B 2050 04 T Bd, Oh ive O A ) s 0
S A 2 m) 28 ST vk L I D AT iR R L B AR DL R A
R B 14 =25 i 73 ) B M 0 i 3t — b A 5 S g

& * X

[1] Packer ] G, Meyerson L A, Skalova H, et al. Biological flora of
the British Isles: phragmites australis[J]. Journal of Ecology,
2017, 105(¢4): 1123-1162.

(2] wEFZRSEEYEREZA S PEMYEM] . db: B
S ARAL, 1993,

Editorial Committee of the Flora of China, Chinese Academy of
Sciences. Flora of China[M]. Beijing: Science Press, 1993.

[3] Weiss M, Jacob F, Duveiller G. Remote sensing for agricultural
applications: a meta-review [ J]. Remote Sensing of Environment,
2020, 236: 111402.

[4] Jiménez-Ruiz J, Hardion L, del Monte ] P, et al. Monographs
on invasive plants in Europe N° 4: arundo donax L[]J]. Botany
Letters, 2021, 168(1): 131-151.

[5] JinSC, Sun XL, WuFF, etal. Lidar sheds new light on plant
phenomics for plant breeding and management: recent advances
and future prospects[J]. ISPRS Journal of Photogrammetry and
Remote Sensing, 2021, 171: 202-223.

[6] MR, FHEZE, WK, &, ETHOCHE BN YK =48
B ARTFHE ] FE#EOE, 2020, 47¢5): 0510001.

HuY W, Wang J J, Fan Y Y, et al. LiDAR-based three-
dimensional modeling and volume calculation for space objects
[J]. Chinese Journal of Lasers, 2020, 47(5): 0510001.

[7] Eitel ] U H, Hofle B, Vierling L. A, et al. Beyond 3-D: the new
spectrum of lidar applications for earth and ecological sciences
[J]. Remote Sensing of Environment, 2016, 186: 372-392.

[8] GuoQH, SuY]J, Hu TY, etal. Lidar boosts 3D ecological
observations and modelings: a review and perspective[J]. IEEE
Geoscience and Remote Sensing Magazine, 2021, 9 (1): 232-
257.

[9] PNEl, MFE =, RE4 S, 5. 36T Mo OG0 B AL IE B0 1 K
a0, T EBEOE, 2021, 48(1): 0104001.

Sun Y, Lin X Y, Xiong J X, et al. Separation of single wood
branches and leaves based on corrected TLS intensity data[]].
Chinese Journal of Lasers, 2021, 48(1): 0104001.

[10] JinS C, Su Y J, Gao S, et al. Separating the structural
components of maize for field phenotyping using terrestrial
LiDAR data and deep convolutional neural networks[]J]. IEEE
Transactions on Geoscience and Remote Sensing, 2020, 58(4):
2644-2658.

[11] Paulus S, Dupuis J, Mahlein A K, et al. Surface feature based
classification of plant organs from 3D laserscanned point clouds
for plant phenotyping[J]. BMC Bioinformatics, 2013, 14: 238.

[12] Paulus S, Dupuis J, Riedel S, et al. Automated analysis of

1310001-7



R #4945 £ 13 #H/2022 £ 7 B/ EE

barley organs using 3D laser scanning: an approach for high [19] #Eil, ok, AR, REORTE KDL N8 =k mER
throughput phenotyping [J]. Sensors, 2014, 14 (7): 12670- R[], TR, 2018, 47(6): 0612003.
12686. Yang W S, Cai L L, Gu S D. Extraction city road boundary

[13] JinSC, SuYJ, WuFF, et al. Stem-leaf segmentation and method based on point cloud normal vector clustering[J]. Acta
phenotypic trait extraction of individual maize using terrestrial Photonica Sinica, 2018, 47(6): 0612003.

LiDAR data[J]. IEEE Transactions on Geoscience and Remote [20] Tan K, Zhang W G, Dong Z, et al. Leaf and wood separation
Sensing, 2019, 57(3): 1336-1346. for individual trees using the intensity and density data of

[14] Tshapa L, Naidoo K, Naidoo G. Morphological and terrestrial laser scanners[]J]. IEEE Transactions on Geoscience
physiological responses of Arundo donax and Phragmites and Remote Sensing, 2021, 59(8): 7038-7050.
australis to waterlogging stress[J]. Flora, 2021, 279: 151816. [21] AWK, 40, TP, 5. S0 R e B & 35 4 KL A

[15] Tang P B, Akinci B, Huber D. Quantification of edge loss of Wy Ayl KSR E T Ay ()] KT R S R
laser scanned data at spatial discontinuities[J]. Automation in 2010, 19(4): 383-388.

Construction, 2009, 18(8): 1070-1083. Shi B, Ma J Y, Wang K Y, et al. Effects of atmospheric

[16] Tan K, Chen J, Qian W W, et al. Intensity data correction for elevated temperature on the growth, reproduction and biomass
long-range terrestrial laser scanners: a case study of target allocation of reclamation phragmites australis in east beach of
differentiation in an intertidal zone[]]. Remote Sensing, 2019, Chongming Island [J]. Resources and Environment in the
11¢3): 331. Yangtze Basin, 2010, 19(4): 383-388.

[17] MacQueen J. Some methods for classification and analysis of [22] TEHHIN, B2, BEFE. BETIBEI 525 ME N /ME
multivariate observations [EB/OL7J. [2021-05-04]. http: / ABEOCF I M =X ] PEWEOG, 2021, 48(16):
mlsp. cs. cmu. edu/courses/fall2010/class14/macqueen. pdf. 1610001.

[18] Engloner A 1, Podani J. A new approach in evaluating the Lei X D, Wang H T, Zhao Z Z. Small-sample airborne LiDAR
efficiency of  macromorphological  description of reed point cloud classification based on transfer learning and fully
(Phragmites australis (Cav.) Trin. ex Steudel) stands[]]. convolutional network[J]. Chinese Journal of Lasers, 2021, 48
Flora, 2001, 196(5): 381-389. (16): 1610001.

Stalk and Leaf Separation for Poaceae in Mudflats and Wetlands Using
TLS Data

Yang Jianru, Tan Kai , Zhang Weiguo, Liu Shuai

State Key Laboratory of Estuarine and Coastal Research, East China Normal University, Shanghai 200241, China

Abstract

Objective Characterized by high phenotypic plasticity, salinity tolerance, and metal tolerance, Poaceae in mudflats and
wetlands are considered to have great potentials for ecological restoration, coastal risk response, and climate change
indication. Accordingly, in the context of severer climate change and fast-risen global mean sea level, there is a strong
and urgent requirement of phenotypic traits extraction and growth monitoring for these plants. Terrestrial laser scanner
(TLS) is a novel but effective way for retrieving phenotypic, biochemical, and physical parameters of Poaceae plants in
intertidal wetlands. Before retrieving these various parameters, intelligent identification and precise separation for stalks
and leaves are required. However, Poaceae plants in mudflats and wetlands are densely growing with tangled and complex
leaves, making it more challenging to automatically separate the stalks and leaves. With the challenge above, we propose
a new separation algorithm for stalks and leaves of individual Poaceae plants in intertidal wetlands using TLS three-
dimensional point cloud data.

Methods In the present algorithm, reflectance information (intensity data) and several spatial geometric characteristics
(i.e., density, normal vectors, and spatial connectivity) are employed. Typically, there is an edge loss or edge effect in
the laser scanning data of Poaceae in mudflats and wetlands. This results in low intensity for edge parts of stalk and leaves
and intensity data errors on these parts. Additionally, differences in geometry and sizes of stalks and leaves can lead to
discrepancies in the number of neighborhood points within a given search radius (i.e., density). Therefore, corrected
intensity and density data can initially be used to separate stalks and leaves. Further, individual Poaceae plants are divided
into two different types (i.e., upturned leaves and drooping leaves), and separation is continuously conducted from two
different routes based on the geometric differences (i. e., density, normal vectors, and spatial connectivity). The
specific procedures of the two routes are subtly different. The fundamental principles of the two routes are based on
preliminary separation using normal vectors and density data, and stalk, in which leaf points are eventually classified
according to the spatial connectivity logic.

Results and Discussions Riegl VZ-4000, a long range full-waveform TLS, is used to obtain the point cloud data of a
total of 16 Giant Reeds or Reeds from the western of Chongming Island in Shanghai to test and analyze the proposed
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method (Fig. 4). To assess the predictive performance of the proposed algorithm convincingly, we quantitatively assess
all samples’ results using the confusion matrix (Table 1). Hence, the manual separation results are taken as truth
reference data. By inputting a single parameter 7, into the entire algorithm, an averaged overall accuracy of 0.87, and an
averaged Kappa coefficient of 0.68 are achieved (Table 2 and Fig. 5). r, is empirically determined following the common
stalk size of Giant Reed or Reed, is suitable to all samples in this research. However, when given a large number of
samples, it is essential to adjust 7, to achieve more satisfactory separation results. In addition, future studies are
recommended to address the adaptive estimation of 7, to improve the proposed method’ s automatic and unsupervised
performance. Results show that the proposed method has relatively high accuracy and fairly good robustness. However,
because of the complexity of Poaceae morphology, surface heterogeneity in the reflectance (usually caused by withered
stalks and leaves and speckles of diseases), and dearth of data points (especially for plants far from the instrument due to
occlusion effects), the clustering process of intensity can be over-segmented. Therefore, under those circumstances,
spatial connectivity of stalks and leaves may be destroyed, and misclassification will be inevitable. The proposed algorithm
only uses some fundamental information or characteristics. Thus, it is more efficient and does not require time-consuming
work like some existing methods, such as neural network training, regression statistical analysis, or grid construction.
Moreover, the proposed method can be extended to stalk and leaf separation for other Poaceae species (e. g., wheat,
maize, sorghum, and bamboo). More deep investigations should be conducted to separate stalks and leaves for natural
growing Poaceae in mudflats and wetlands. Combining multiplatform and multi-type remote sensing observations may be a
potential solution.

Conclusions In this study, a novel separation algorithm is exploratively proposed for stalk and leaves of Poaceae (Giant
Reed and Reed) in mudflats and wetlands using TLS three-dimensional point cloud data. Accordingly, an overall accuracy
of 0.87 is acquired by setting a single parameter. The proposed method succeeds in providing a technical solution for
retrieving phenotypic, biochemical, and physical parameters of Poaceae plants in mudflats and wetlands. It is worth
mentioning that only very few existing methods can achieve effective stalk and leaf separation of Poaceae in mudflats and
wetlands. The major innovation is that different kinds of spectral and geometric information are fully utilized in the
proposed method, enabling the providing of an effective remote sensing solution for vegetation monitoring or biomass
observation in estuarine and coastal zones.

Key words remote sensing; point cloud classification; stalk and leaf separation; mudflats and wetlands; Poaceae plants;
LiDAR
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