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Aboveground Biomass Estimation in Shrub-Encroached Grasslands by Using
Multi-Source UAV Remote Sensing

MA Lei-chao'*, WANG Xing', YANG Xiu-chun', YANG Dong', WANG Zi-chao', XING Xiao-yu'
(1. School of Grassland Science, Beijing Forestry University, Beijing 100083, China; 2. Command Center for Natural Resources

Comprehensive Survey, China Geological Survey, Beijing 100055, China)

Abstract: Shrub encroachment in grasslands, intensified by climate change and anthropogenic activities, repre-
sents a substantial threat to the health of grassland ecosystems. This underscores the pressing need for effective
and precise biomass monitoring methodologies. The present study was carried out in the shrub-encroached
grasslands of the Xilingol League, to investigate optimal above ground biomass (AGB) estimation model by uti-
lizing unmanned aerial vehicle-based LiDAR and hyperspectral data validated against field measurements. Step-
wise multiple linear regression, support vector machine, and random forest algorithms were employed for analy-
sis. The results demonstrated a robust correlation between AGB and both LiDAR-derived mean canopy height
and hyperspectral reflectance within the red-edge spectral region. Hyperspectral data demonstrated superior
accuracy to LIDAR for herbaceous AGB inversion (R*=0.87 vs. 0.24), whereas LiDAR performed better
than hyperspectral data for shrub AGB inversion (R*=0. 58 vs. 0.47). Data fusion significantly improved the
model performance, with the random forest model integrating features from both LiDAR and hyperspectral data
achieving R? values of 0. 88 and 0. 64 for herbaceous and shrub AGB, respectively. The related findings offer
critical scientific support for the sustainable utilization and precise management of shrub-encroached grasslands.
Key words: Grassland above-ground biomass; LiIDAR; Hyperspectral; Machine learning; Shrub-encroached
grassland
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Fig.1 Elevation distribution of the study area and locations of sampling areas
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Note: (a) Elevation map and plot distribution; (b) unmanned aerial vehicle images acquired for each plot
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PGAL AT Bt 2R B L D635 4 FE 4 4 nm, FE R L
1506 1% il 18 , 25 (8] 43 HE A 15 emo oAb, i £
AR R, A AT AR B E K TE & KRRk
PER T 120 2247 04T o BRRCRAT T, A0 %
U TR b, 25 FEHL R AR B I3 1.

1.2.3 RAMKIERAE  BOLTHE IR S =50
4k P, 32 ] LIDARS360 Fl 5 2= 8 r k.
P, A I R — DU XY SR A Bl T T sh B
FEE T 5001 B BEAE 10 7 76 S bR 7 L S8 050 4R
Jai o R FH R E = A g B (PTE) 83k %) 5 = b 47 4
J5, $ U VT AORUR A A, A3 O A B v R AR A

(DEM) FECT 3% 1 B8 (DSMD |, 3 1 1 5545 21 5
JZ e BERL R (CHMD ol 2o fE Ak I A% /N R BE B8 2
B, Fe 23145 0. 25 m 4r BER A CHM

6 B i ENVT 5. 3 80k ik 47 R 6 1 4K
g 04 S A A G AR LA RS IE R A (B 5E 2D
. SRJG K Savitzky-Golay ¥ I 3 % 6% &
PP AT J M b B 25 5 b 1T R A AR AR IS A
Ty L8 B GTEAE B o A 0 I AG O 1 AT — B
3 RGBSR AR e, A5 20 AH I 9 IR 4R S 3% (Original
spectrum, OR) | — B § 73 S #f % (First derivative
spectrum, FD) 1 % %4 i 48] £ (Logarithmic inverse
spectrum, 1/LOG) B 55 %, oy Jim S 455 700 by 2 4 fit
A .

R © AT W BFFE, AT 50 K 42 O R AE 73 o =
FK 2D, — 2 IR T P B M 2 0 78 4 4k 3R Y
BB AS B s TR A T O U B I BT S A # 10
T A7 B K T LS 8 (Spectral parameters of spectral
position and area, PA) ; = J& 51 # AGB % UJ#H 3¢
1) ¥ 4% 18 % (Vegetation indices, VI) .



562 A U A it

o534 5

®1 REBHEEMIH

Table 1 Sampling date and location of sampling site

S Plot 1D {37 # Location

“&AT H ] Flight dateC H/H)

SKAE H ] Field work dateC H / H ) #F H 1 X Plot area/km?

1 112.632872°E, 30/07
44.081218°N

2 113.321425°E, 28/07
43.937808°N

3 112.650383°E, 29/07
43.727274°N

4 115.734182°E, 27/07
44.746387°N

5 116.140681°E, 26/07
44.398232°N

6 115.614990°E, 24/07
44.093861°N

7 115.742532°E, 22/07
43.826813 N

31/07 0.34
29/07 0.25
30/07 0.41
28/07 0.20
27/07 0.25
25/07 0.23
23/07 0.28

R2 BRENBEBRRREENX

Table 2 The names and definitions of the indicators in hyperspectral analysis

FEAE2E ] Feature type # % Name 78 X a5 3 Definition or formula
JR R Y63E Original spectrum OR TR I B S S R
— B4 61 First-order differential spectroscopy FD — B RO T Y B S g %
X H i 5142 The reciprocal of a logarithm 1/LOG X} B 1 e BE R S R 48 %
S K I L2 4 Spectral position and area parameters(PA) Db 430~470 nm i 1 N — B il o b Y fe K (B
Dr 620~760 nm ZL31 P — B 53 65 o 1 de i
H LRI S TR
1—{[R500+6/17 X (R670—R500)]/R560}
D CLARWOBORBE TR A N
1—{R670/[R560+11/20 X (R760—R560) ]}
SDb 430~470 nm # 1  K A P
— i Ao Dk B R S AL A
SDr 620~760 nm £L71 3 4 30 P
— B 18003 B S S AR B R
VIl D/H
VI2 (D—H)/(D+H)
VI3 SDr/SDb
V4 (SDr—SDb)/(SDr+SDb)
FEBEAE %L Vegetation index(VID) NDVI (Ri—Rp/(Ri+R)
RVI Ri/Rj
EVI2 [2.5X (Ri—RPJ/(Ri+2.4Rj+1)

A 5E T G T 0 — R A B 15 B (NDVD | H
(L B 48 B0 (R VD T3 58 70 A8 % 48 B (EVI2) = Fh
MR B, th T AT @ L s s A 150 4~ B
Tl A 45 0T TR B 22 350 Rh U BR 4l A . W AR
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Hb T ST AGB (4 56 850, 4R I 6 RURE S 1 i 3 11
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1.3 xRFZE
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BHRNBETCAAR B o Lasso Wi i L1 1E Wk 45 R
B, UL R A iy 238 R B 2R R AR R BOA
ZZ, T BEATHRRAE O 38 o ASBIE 58 R F SPA X iR
DG Ko — B 043 45 78 e U5 1 06 1% A R AT AR AR
BB , o I 2 AR A OC B RRAE 5 SR ] Lasso Jr ik
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Fig. 2 The extraction results of LIDAR herbaceous plot (a) and shrub plot (b) and the correlation results with AGB
1 x, P<<0. 05; %%, P<<0.01
Note:*,P<<0.05;**,P<0. 01
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Table 3 The screening results of hyperspectral characteristic bands

Vs % B 15 e 7 B B . -
it e S T e kB i
Original number Number of .
Spectral type Sample type Band RMSE/
of frequency bands selected bands s
(g'm %)
U U B 7K Herbaceous 146 7 992,678,974,926,532,957,401 19.53
Original band(OR) #E A Shrub 7 983,988,491,961,397,939,678  118.74
X B A 480 %% B Herbaceous 146 5 678,921,997,519,943 18.41
The reciprocal of a logarithm (1/LOG) ## A Shrub 7 988,983,961,491,939,759,397  123.85
— B iy #i K Herbaceous 146 6 700,528,397,988,811,974 18.36
First-order differential (FD) K Shrub 7 957,895,816,401,917,873,751  123.57

MAEBAR RO AR (R D Ik il B R g AR R A G S Al 2 i 28 )OIX I X — 4%
5 B0 24 b 7 BSO~B100 i Beiiw [l (710~812 SRR, 0 2 Hh 9 A8 Bl $5 B0 RE 0% Sz e A 95 4 A= )
nm) , X LG RT L0AM e i 5 A Xl Rl o K
R4 BRIEEHREBHEER

Table 4 The screening results of hyperspectral vegetation indices

LWl 45 5 R HETR R FriEfL ) B RMSE/
Vegetation index Sample type Combination method Standardized RMSE
RVI FR Herbaceous Bg,Bgs» BooBsr, BosBso s Bi1sBso» B12aBgp s B12yBog 0.83 0.40
# A Shrub By B3, BesBy 0.68 0.55
EVI A Herbaceous BBys, BssBss, BsuBss, BssBag . BgiBeo BooBas, BiyBag 0.83 0.41
# K Shrub B,By;, BggBgs 0.63 0.59
NDVI HiZR Herbaceous By:Bg7, BosBgrs Bi11Bsg» B117Bso s B12uBgs 0.83 0.41
A Shrub B76Bgs» BsiBus, BggBas» BgsBsy s BosBag 0.80 0.44
2.2 AGBERERSHEETMN B, 9 20 16 )5 1 SMR USVR FIl RF = Bl A5 8 11

2.2.1 A TFHAEPAL VISR HE L LN OIS Y = o SR o T L | D = o
JEARA A T FH R4 i B R L ] B AR e B IR R AR R .
A, AR WG UE— 5 D BB 4 A o £ R b B A TR @R g B (R 5), VIR BT
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PA, VI SVR Fl RF £ 5 R*$4 5 0. 84, 1 PA 1) fix
FE AR SVR B9 R* M 0.82, ik T VIAL % 0. 02, H
RMSE M MAE W & . ¥ VIS PA 4G )5 AR A
OO R R A A A RS R O RFL R
0.87,% VI RF #£7& 1 0. 03, RMSE #1 MAE 73 %
B T 2.03 g-m *F1 1.44 g-m 2, M EEHE )5 0k
B IR R LR 2% ), b VIAL VI PA 1
HALE A RE,PA BB SVR, R4 VIAI
VI+PA M i RF,{H SVR B 2 B WA 2R
BELESRK . B, E VIHPA 4 4RI SVR
I R*HM 0. 86, 1% b RF £ 0. 01, H. RMSE #l MAE i
AHZEAR K, 4395 0. 57 g=m *f10. 26 g*m %,
MR E IS PA S VIFRE /9 @45 F v (5F

5), VI+PA 41 & FRAF By A5 28U 3 3L O T 5 4 fiff 1]
VIEK PA,{H SMR #580 BR B G (i i e ikl . 3
F VI FI PA B RF 858 3% 30 5 8, L R4 00
0.35~0.40 F1 0. 23~0. 43, FH Fb H At 15 50K A 2
FIRTE . RN AR AE A AR R RF 55 R R i
U, VI R* 2 0. 40, RMSE #il MAE 43 % & 154. 76
g-m °H1118.03 g-m *; PA ) RF B 5 R4 0. 43,
RMSEFMMAEZ3%14149. 38 g\m *1119. 22 g'm %
VI+PA 44 FRAFE 9 RE £ 5] R*2 0. 44, RMSE #il
MAE %3 %] 4 147. 50 g+m *#1114. 98 g-m ?, SVR
PR 7E 45 FRAE T R BRY L , R2% 30 (X T RF,{H 5 RF
ZEPE AN K . SMR B BIRS B4 25 480 2 7E PA R,
R 0. 23, RMSE #l MAE 45 X} i K .

K5 ETAEHBRBENZLSESTEAUEOASN[EIRELER

Table 5 The results of stepwise multiple linear regression and machine learning models based on spectral sensitive indicators

e FEAE BTk $ESE R Wi 2ZE RMSE/ PN 322 MAE/
Type Feature Modeling method Validation set R? (gem %) (gem %)
A Herbaceous VI SMR 0.79 23.82 18.92
SVR 0.84 22.00 15.70
RF 0.84 21.55 16.00
PA SMR 0.74 26.81 20.26
SVR 0.82 22.90 16.99
RF 0.80 24.16 17.43
VI+PA SMR 0.76 26.70 20.51
SVR 0.86 20.09 14.82
RF 0.87 19.52 14.56
HEA Shrub VI SMR 0.35 160.53 108.60
SVR 0.35 161.42 121.60
RF 0.40 154.76 118.03
PA SMR 0.23 202.98 157.49
SVR 0.40 154.39 118.16
RF 0.43 149.38 119.22
VI+PA SVR 0.38 157.60 116.16
RF 0.44 147.50 114.98

T VI PA AR B AR BOR AR S5 45 0638 7 B K 1l R 2 BRI

Note: VI4PA denotes the feature set combining vegetation index characteristics with spectral position and area parameters
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AGB T - X5 {5 558 52 D00 gk v, (L 390 000 O 2
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DL A SMR \SVR Fll RF 5 5

A AR LS B (R 6) , R FRAE 41 A R Bl AR
BORFAE + 63 A7 B S I AR S BRI + R R O T R
fECVI+PA+OR) " LA B 2 SVR,R* 4 0. 85,
RMSE f1MAE 4%k 21.06 g*m *#115.55 g-m 2,
RF 5 RS B R 3th , R R 0. 845 41 A “ M % 48 B0 4%
fiE 46 1% A7 B K T AR 2 BORRE A+ 5L IR DG 3 18] B0
P FRAE (VIHPA+1/LOG) " By Fe i B/l RF, R?
4 0.86, RMSE #l MAE 43 %l & 20.30 g-m * #
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Fig. 3 Scatter plots and violin plots based on the RF model of VI+PA indicators for herbaceous plants and shrub plants
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Note: (a) and (c) are the scatter plots showing the model fits for herbaceous plants and shrubs, respectively; (b) and (d) are the violin plots illus-

trating the sample distributions
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Table 6 Modeling results based on feature bands and sensitivity spectral indicators

b=y} HFAE B WIE4 R? ¥HARIRE SEHET IR
Type Feature Modeling method Validation set R? RMSE/(g-m %) MAE/(g-m %)
VI+PA+OR SMR 0.72 29.37 23.36
SVR 0.85 21.06 15.55
RF 0.84 21.67 15.44
. VI+PA+1/LOG SMR 0.73 28.77 22.66
B Herbaceous
SVR 0.85 20.67 15.28
RF 0.86 20.30 15.01
VI+PA+FD SMR 0.70 30.67 24.13
SVR 0.81 23.54 18.12
RF 0.87 19.05 14.40
VI+PA+OR SVR 0.37 159.28 125.11
RF 0.39 155.03 121.36
HEA Shrub VI+PA+1/LOG SVR 0.34 162.38 128.53
RF 0.39 155.11 120.29
VI+PA+FD SVR 0.47 153.43 114.81
RF 0.47 143.67 109.92
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Fig.4 Scatter plots and violin plots of RF models based on herbaceous and shrubby VI+PA+FD combinations
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Note: (a) and (c¢) are the scatter plots showing the model fits for herbaceous plants and shrubs, respectively. (b) and (d) are the violin plots illus-

trating the sample distributions
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Table 7 Modeling results of AGB based on LiDAR

FHAIE AT 1 b4 R? ¥or iR 2 - 4y s %o 1 2%

Feature Modeling method Validation set R* RMSE/(g-m™?) MAE/(g-m™?)
HARLIDAR/ SMR 0.21 47.86 42.11
Herbaceous LIDAR SVR 0.24 47 .65 39.32
RF 0.21 47.94 39.48
WA LIDAR/ SMR 0.46 157.65 119.29
Shrub LIDAR SVR 0.43 150.20 122.02
RF 0.58 129.64 106.30
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Fig.5 Scatter plots and violin plots of SVR and RF models based on LiDAR indicators of herbaceous plants and shrub plants
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Note: (a) and (c) are the scatter plots showing the model fits for herbaceous plants and shrubs, respectively. (b) and (d) are the violin plots illus-

trating the sample distributions
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Table 8 Results of machine learning models based on LiDAR and hyperspectral indicators

ey FHIE ARk RS R B Jr iR 2 T H4y ot X iR 2

Type Feature Modeling method Validation set R* RMSE/(g-m %) MAE/(g-m %)
FAR VI+PA+OR+LIDAR SVR 0.79 25.25 18.18
Herbaceous RF 0.87 19.39 14.71
VI+PA+1/LOG+LIDAR SVR 0.80 24.66 17.84
RF 0.87 19.43 14.75
VI+PA+FD+LIDAR SVR 0.75 27.86 20.63
RF 0.88 18.47 14.22
AR VI+PA+OR+LIDAR SVR 0.29 168.76 135.10
Shrub RF 0.60 123.89 101.46
VI+PA+1/LOG+LIDAR SVR 0.26 172.37 138.75
RF 0.59 124.93 101.86
VI+PA-+FD-+LIDAR SVR 0.31 169.05 129.38
RF 0.64 117.79 94.09

VI PA+OR+LIDAR R R B8 B0+ 6% 07 B K m BB 80+ G 61 + LIDAR SR E 4L & 5 VIHPA+1/LOG+LIDAR 18 2 #i b
FEECA OIS B K AR B A R A OGBS e+ LIDAR SR E 2404 s VI PA+FD+ LIDAR 0 2 0 9 45 5+ 6% 07 & M i AR S50+ R 166

T — B o A8 e+ LIDAR BRAE 4 4

Note: VI+PA-+OR+LIDAR stands for the combination of VI, PA, OR and LiDAR features; VI-+PA-+1/LOG-+LIDAR stands for the
combination of VI, PA, 1/LOG and LiDAR features; and VI+PA+FD+LiDAR stands for the combination of VI, PA, FD and LiDAR fea-

tures
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Fig. 6 Scatter plots and violin plots of the RF model based on the combination of herbaceous plants and shrubs VI4+PA-+FD+
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Note: (a) and (c) are the scatter plots showing the model fits for herbaceous plants and shrubs, respectively. (b) and (d) are the violin plots illus-

trating the sample distributions
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