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Abstract: [Objective] High-altitude forest monitoring faces multiple constraints, including cloud

interference, limited training samples, and high spectral similarity among tree species. These factors severely
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restrict accurate mapping of dominant species distributions. This study, focusing on typical pure forests in
Shangri-La, aimed to enhance species identification accuracy and model generalization through multi-source
data and multi-strategy feature optimization. [Method] Sentinel-2 optical time-series, Sentinel-1 radar, and
SRTM topographic data were retrieved via Google Earth Engine (GEE). We extracted spectral, texture,
vegetation index, radar polarization, topographic, and temporal features to construct a baseline feature set. A
Random Forest (RF) model first established a pre-selection benchmark. J-M distance, ReliefF, and RFE
algorithms were then executed in parallel to generate three individual feature subsets. These subsets were
merged via union fusion to create a parallel hybrid feature set. Both individual and hybrid feature sets were
input into RF models for classification. The optimal scheme was identified by comparing results across all
feature sets. Accuracy was evaluated using Producer’s Accuracy (PA), User’s Accuracy (UA), Fi-score,
Overall Accuracy (OA), and Kappa coefficient. [Result] (1) Scheme 9, based on the parallel hybrid of J-M
distance, ReliefF, and RFE, achieved the highest accuracy (OA = 94.82%, Kappa = 0.94), surpassing the pre-
selection baseline (Scheme 5). (2) Multi-source data integration outperformed single-source data. Using
Sentinel-2 data alone yielded an OA of 83.35% (Kappa coefficient of 0.79). After adding Sentinel-1 radar
features, Sentinel-1 texture features, topographic features, and Sentinel-2 temporal features in turn, OA
increased by 0.87, 6.28, 8.08, and 10.18 percentage points, respectively (Kappa coefficient of 0.81, 0.86,
0.90, 0.92, respectively). Notably, Sentinel-2 temporal features alone contributed a 2.10 percentage point
improvement. (3) Temporal vegetation index curves revealed significant inter-species differences and strong
separability during autumn and winter. [Conclusion] The parallel hybrid feature selection approach,
integrating multi-source GEE data, effectively improves identification accuracy of dominant forest species in
Shangri-La. It systematically reveals their spatial distribution patterns and provides robust technical support
for precision monitoring of forest resources in high-altitude regions.

Key words: tree species classification; multi-source remote sensing data; parallel hybrid feature selection;
Sentinel-2 time series; Google Earth Engine (GEE); Random Forest (RF); Recursive Feature Elimination
(RFE); Jeffries-Matusita distance; Shangri-La
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Tab. 1 Classification system and sample size
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Tab. 3 Classification schemes before feature optimization
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(1) —FhFE47: BN IKHE 25 (Bhattacharyya distance);
ei~ e RINFEANT NRFIEAS B I IIME: 670 o RN FEA
Xof NARFAE AR B AR A 2 o
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Tab. 4 Classification schemes after feature optimization

PRITR FRAEARE TV AN
6 J-M 15
7 ReliefF 15
8 RFE 15
9 J-M + ReliefF + RFE 36

W T IRk JT5:0-M + ReliefF + RFENI-M. ReliefF ARFEIX 374
REAEAI I 7595 53 B TR R 1S MREAEZEL A5 o
2.2.2 ReliefF F ik

ReliefF Hy2: 30 F LI IUFE A, LR H 5 [R]
/5 B A R IE 22 57 B A SRR o« A5 HEARFAE
TE X 53 S FAE A IS 22 e J 38 U G I A L, [ 2 B
%, & 2 AR B A e s i B 2, iEH
T2 50K FLA MR S . LTS

1 1
W(Ai) = WA=~ > Ri=hil+— > [Ri=mi (6)
heH meM

et W (A) AEFERURLAE, R BN FEAS,
DR~ hil Ay kA B AR RE A 5 R A RYERSAE |

heH
ROBEESZ L, > IRy —mil AR AR A
BEA RTEHHAE T 005585 2 A0, n S REA S8, B M
55N 5 B AR AR [R] S ANAS [R] SR AR 1) 5 A0 A A
B8 hi mi 5 BN R AR AR AR h 5 AN R 2R A0 I
AR mAE S iANRHE L AE
223 RFE # i

RFE S35 1 A 1| A 72 531 e AN B 2 )
fiE, W T RN RFAE R R EE A R AE 1) = 2, I H b
FEAETH L T2 1R 2RI, SR1G I AR E T4, 327
BERURS 5 DL P 0 53 2 5 507 (b g
224 J-M3PE % . ReliefF #= RFE & #) 5t &£ 45 42
ik

I F R 3D KL, J7 % 6 ~ 8 IFFE
WA, 3 FP 7 RILERAEA 1A, P P AH 2 RRAE
7 AN, BUSTRFAE 28 /N, REIAFLE 7715 -M B R
ReliefF Al RFE B BA B E LAECOURE <
5%), ¥4 3 ML TERHIE AR, TERT % 9. AWt
FUEE T RHE L T S AR E R A A, JEdah 9
G377 SEVTA F A A BB TR AR R R S s
23 NEFERBETEN

RF #5574 38 35 [t AL e A58 AR 4 A1 3 438 o g s 4>
LSRR, T B o 002 UK, $2THZ At e,
MASHE 723 F GEE “F & %t RF 40 245 A0 354718
AR S HIR D, e SR A RN AR R R R L
ZEIHISH. I RF 43 286080 o 3 2 3 B ok 56

J-M
Relief F
RFE

B3 TR AL 77 V2 7 0k R R AR 6 R ]
Fig.3 Feature Venn diagram selected based on different

feature optimization methods

R EE 359 100, BEALA T4 0, HoAth 255038 J9 BN
(bagFraction = 0.5, minLeafPopulation = 1), £/
grd R, N T Bk E, RA k3738 XER kR
(k= VAR A2 A 1 RE -

N T TE T HERA VAN AN [F] 7 G0 5 b A 2 1Y
WURRE B 52, 78 GEE R F 560 uE 2540 150 F VR Ve
J % (confusion matrix) AT 7> 2K FE VAT, PEAN
i b B0 4 < 2B 72 K B (producer’s accuracy, PA)D.
FH RS B Cuser’s accuracy, UA)D. B KK & Coverall
accuracy, OA) I Kappa 2%, (H1ELFR5rIE 4, PA
AN UA AHE 117, W 280055 A HERf, 51\ PA AN
UA B A28 (F D g B2 S5 R 70 R UK

PaUa
Pa+Ua M
b Py AT EREE, Uy WH PR EE, Fy BIEUE
JEFEN [0, 176

3 HERE M

3.0 RESEFARMNSERE

LRI T & SR 5 IR O1FE 3 MNZER LS
FNG B B — EARMAERA OA 2 98.92%,
Kappa 2 %08 0.95; 55 — )2 4F 4k /5 4K OA N
95.50%, Kappa 09 0.91; 25 = 4L %W Fl 4 2%
OA N 93.53%, Kappa ZHN 0.92. FHAEMRIEHT IR
AP RIE M TR 1~ TRSWHE
1~4 1) OA 7353 T 10.18. 9.31. 3.90 F1 2.10 4
B . 5XFIA S2(Sentinel-2 Y6 1% . A5 4% A0 40 #E
FEAEDAH L, AR UM N oAt 43 R FFAE(S2 + S1. S2 +
SI+WI.S2+S1+WI1+D.S2+Sl+Wl+D+T),
S RN E R ASE T TR 5(S2+S1+WI1+D+
T4 K J-M FE B | ReliefF A1 RFE 9% 3 F 7

Fi=2x%
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Tab. 5 Initial classification accuracy evaluation

AR BT I A I R
NAAK /%  KappaZ$ — BAKEE/%  KappaZR3
1 95.25 0.90 91.81 0.84
2 97.46 0.92 92.26 0.84
3 98.66 0.93 93.86 0.88
4 98.08 0.91 94.42 0.89
5 98.92 0.95 95.50 091

VRIEAT R, 70 ) 08 %% T3 9 R HEAA AT 15 A2
FRAEAZ &, T MR 2. 2T RAE Lk 5 0 %
W SAE BEVE G5 R (T % 6 ~ D, J7 % 9 Bk

1, OA &ik 94.82%, Kappa 2504 0.94, H EL A
HEATRRIELIE I T R 5, OA 5 T 1.29 N E 4 1,
FAECAASE FH — AR AE LA 7 V2 7 &R 6 ~ 8, OA K
RARETE 6.105 2.56 F1 2.40 > 77 14, Kappa & £ #2
7+ 0.08. 0.04 F1 0.02, A JyuEFHER B I FidiAT 2
RRAEAR 326 Fil B & — & =k BE 1A 0712

M2 A BERE FEFR bR 70 AT 2 RS T (1) 73 S L,
ZRMAKE A HAETT R 4 FJTE 5 % PA &
s VLA ARRRAE TR 4 1 UA ek T
P Fy TR 9 PIEEIRAL . LE B TR,
T7 % 9O RFAEA I8 20 A ) 7E AL 354 o 1 1) v 0 B 0
fit, H OA 1 Kappa R B Nk .

N T 3k D IR R AR 2 %o TR R B Tl 114 R

Fo6 MBWMOEBEITN

Tab. 6 Evaluation of classification accuracy of dominant tree species

KL /%
HE RS o — N ey N RAEKERE % K ¥
R Zt: WLEE k@S W STOET KemAk
Pinus densata  Pinus yunnanensis  Picea likiangensis — Abies georgei  Quercus spp.

PA 72.49 86.28 80.77 93.03 82.18 68.84

1 UA 79.07 76.66 80.77 90.04 86.64 77.86 83.35 0.79
F 75.63 81.19 80.77 91.51 84.35 73.07
PA 79.82 90.06 80.41 93.82 80.18 65.93

2 UA 79.19 76.72 83.37 91.93 89.12 81.64 84.22 0.81
F 79.50 82.86 81.86 92.87 84.41 72.95
PA 86.59 90.71 88.51 93.97 85.38 75.92

3 UA 84.26 84.33 87.74 93.75 91.83 85.84 89.63 0.86
F 85.73 87.50 88.40 93.71 88.29 81.22
PA 92.82 96.27 90.60 95.85 91.66 82.32

4 UA 89.94 92.61 90.63 93.00 96.11 94.53 91.43 0.90
F 91.83 94.40 90.80 94.33 93.44 87.89
PA 93.85 95.97 91.97 95.93 91.31 82.36

5 UA 91.53 91.69 89.45 94.48 97.01 91.79 93.53 0.92
F 92.18 93.79 90.34 95.10 93.89 86.06
PA 90.22 85.43 84.73 91.69 94.27 73.03

6 UA 88.17 87.55 89.57 91.87 88.44 85.47 88.72 0.86
F 89.18 86.47 87.08 91.78 91.26 78.74
PA 94.44 93.16 90.89 95.58 89.91 79.11

7 UA 89.85 89.26 88.99 94.87 97.11 87.41 92.26 0.90
F 92.09 91.17 89.93 95.23 93.38 83.06
PA 92.32 94.30 91.71 96.46 89.47 82.64

8 UA 89.09 91.88 89.30 93.52 93.52 91.68 92.42 0.92
F 90.67 93.07 90.49 94.97 93.00 86.93
PA 95.54 94.82 94.84 95.41 96.75 86.55

9 UA 94.31 93.89 91.60 95.31 96.95 93.98 94.82 0.94
F 94.92 94.34 93.18 95.36 96.85 90.11
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FNAR BB B, 2 2 AR RO 25 A BT
(McNemar #5653, S50k 7FrR: TR 9 5H
— Rk BRI ST R > 3.841, X ULHITE 95%
1B (ZKF 7% 9(J-M + ReliefF + RFE) 5 4
MEMRIE T R (T E 6 ~ 8 HI R4 B2 IFAE LR
EESR
32 AESEARNDEERE

K RFERIE AT S5 9 Fh4r 2807 RIE I RF LA X
Wt 5 DX A0 B4 o 23 2 ) B, o0 2R SR 4 BT .
Hop, K da ~ e NARG T RRER 1 0 2K 45 R,
Kl da ~ ¢ 7 2Ras B 22, RBAMFh 2 1085 5 2 &, A
R AR L7 Hh SR ) L i L P . = R A A A A2 3 R
W b 2 Af TG s 1] 4d BB B AR R I A AN,
BRZE AN 1L b A 2 B 5 s SCR SR N ] des
I B R AL AR B8 /D, & s Ry e, o
ZEIRAARR > 2K 0 L i B 2 o R AR AR S

R AEFERES LT RERNEFREN
Tab. 7 Difference significance in the results of varied
feature optimization classification schemes

WES 77 %6(J-MD J7 Z7(ReliefF) 77 %8(RFE)
77 %7 (ReliefF) 32.80%
77 ZZ8(RFE) 39.51% 0.79
J7%9(J-M + ReliefF + RFE)  18.34* 9.14* 20.17*

WA RIRTEISHEGK T T EREE (P = 3.841D),

hii%s W

PR R B 4f ~ 1 Fron. Hodr, B 4f BoREET J-
M P B LG R (1) 73 288 225 SR PR B AR A R B 9 ™
H, AR ia . mmia RS E B2 5y, B REL”
MG B 4g. h BEAR SR F, ABAT BN T
Z 5 KEER I, K AEBULE R AR
B 4 3 gl AR, LR 2 8] X 43 FE B 2, 1R
Sl K FEE dz vy, 55 0 DX AR PR B IR 2 R A O R
b Ani Ol de i

T SRR R B RO L 5. & Si
5 R GRS A A R R o A (B 5 Bedil,
IE AR Tl 4 AT A7 0 A — B, 4 AT KU A AR 1 P A
VN RIS KBRS TITL B2, mlifs.

5T GEE 1HH & J7 A0 Fh 2 18] £ 73 I 5
MITRIE H B (B 6) SR 2r 7 SAE 45 R, o
R BRI B3 2K R ISR . R 94
FROEDL i J5 e B th e A 7 2R PR RE, L OA & Bl i
K, HLBEAR T RS (8] (VR R R 22« RRAEIR I
BT 1 ~5, BEMABIRESS 2, B 5 D508 8
Wb, H OA 2 ETH#a%A . K55 & R E Fn i 7
FHERIGIN, BE R TR IR .
33 HITEEEH

KT REERR, TR 9 RBREm AL X
Z7 AR 36 ANMFREAR AT HEMAHT o
BT (% &) .7 : ML HFAE (Slope. Aspect Al Elevation)
HHEAT 10 AR 3 AN B, BB E 12.26%:;
Sentinel-2 B JF 454 (H 22 AN [ H & ik 61.11%,

) - [iipaway A
Picea likiangensis
>
Pinus yunnanensis

2
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[
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0510 20 30 40
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Fig. 4 Classification results of dominant tree species by varied schemes
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Fig. 5 Comparison of regional classification results
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Fig. 6 Confusion matrix of nine schemes
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Tab. 8 Feature importance ranking for scheme 9

FHIE /% RHE /%
Elevation 5.56 EVI phase fall 2.63
VV_savg 3.69 NDVI phase fall 2.63
Aspect 3.64 DVI_amplitude_spring 2.61
VH_savg 3.38 RVI amplitude winter 2.56
pcl_savg 3.14 GNDVI_amplitude_spring 2.56
VH_diss 3.13 MSAVI_phase summer 2.56
pcl_diss 3.09 NDVI_phase_summer 2.55
Slope 3.06 NDVI_amplitude_fall 2.51
pcl_contrast 3.06 MSAVI_phase winter 247
RVI_phase_spring 2.94 GNDVI_phase winter 2.47
EVI_amplitude_fall 2.86 RVI_amplitude_fall 2.44
EVI_amplitude_summer 2.78 MSAVI_amplitude_fall 2.40
EVI_amplitude_spring 2.78 NDVI_phase_winter 2.39
VH 2.73 RVI phase_winter 2.33
VV_corr 2.72 DVI_phase_winter 2.29
GNDVI_amplitude_summer 2.71 pcl_idm 2.29
GNDVI _phase summer 2.65 pcl_asm 1.96
MSAVI phase fall 2.64 pcl_ent 1.81

34 HEFIIERHSERHNEEHE

AW TSI T WL =A% kA MR35 Kaw
A2 0 vy LR ) A 45 T 50 TR 4 i 26 B (L R, 4y
AT AN TRV 3840 ot 7 16 7 R4 1 () 0T 43 85 4 . NDVIL
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£ 2 A A1 6 H, EVI B [a] 7 51| ith £ F Wi = A2 R 3
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X 73 7 s LR T AL SR M R R AR, RO &
Z, Ht— DA BH 22 B A B3 REAE LR AR Fh R ) A %
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4 i
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NI 8] PP BAE B T3 A 73 2 46 SUERf FE A 3
ELH, F BRI R R F A0 Fh R % B 22 7 2%
i T AR UL 51 2 P 2R TR VR e Xt A
BB IT 5 R0 — 3 (RS2 A AR s AR R
S, AT T R FH B[] 208 P A1 V20 AN [R) 44 AR I
H AT A A &, 53800 T 2= B3R U 7 4y
TERHE, (RS R —EMRZE. G n %
JE FH 56 A FE I 1) e 51 50080, R ) el B 5 4 (1) I
JEHREAE, 3E— D3R TR R RS B S A R
4.2 J-M FEE-ReliefF-RFE TR A 45 E 1% R BE
RFE—&EMRE

ff F J-M 5 25 Relief A1 RFE 5% 75 Il i 12 e
PAFAE T8 5 5 N\ RE SRS EAT BRI o % Bk
B J-M BE BN IE & 2 0 FlE, 2 5 28U O
TURIEOL, HHRP R =i milfa, =42, WAZ 48
J& T BT AR, P R AE S ) 2 A IX 4y FE AN B R T
ReliefF F RFE HyE5H 838 s TR0k B2, P4
I OA 435N 92.26% 1 92.42%, Kappa F %17 5
40.90 F10.92. 1£ 3 AMRIE T R Al kAT ISR
HEDLE, 75 % 9(J-M + ReliefF + RFE)7) 2545 B et
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pel diss

pcl_contrast

RVI phase winter
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W 1T = A2 Picea likiangensis
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Fig. 7 Top 20 features ranked by mean SHAP value in scheme 9
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Fig. 8 Time-series curves of vegetation indices
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