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Abstract: [Objective] Soil salinization seriously restricts the sustainable development of agriculture, and the
accurate monitoring of soil salinity is crucial for agricultural management and ecological protection. This study
combined unmanned aerial vehicle (UAV) imaging spectroscopy with machine learning algorithms to explore the
inversion and spatial mapping of soil salt content (SSC) in coastal areas. [ Method] Feature bands were selected
using the Competitive Adaptive Reweighted Sampling (CARS) algorithm, and spectral indices were calculated.
Spectral indices were selected using the Recursive Feature Elimination (RFE) method. Utilizing PLSR, SVR, and
RFR, this study developed prediction models for all spectral bands based on six different spectral transformations,
and spectral index prediction models were built using SVR, RFR, XGBoost, and BPNN. The best model was
chosen for SSC spatial mapping through accuracy evaluation. [Result] The results showed that the measured soil
salt content (SSC) in the study area ranged from 1.23 to 8.96 g kg™ %, with a mean of 3.12 g kg™ 1. Among the full-
spectrum models, the random forest regression (RFR) model based on raw spectra processed with Savitzky-Golay
(SG) smoothing demonstrated the highest accuracy. For the spectral index models, the extreme gradient boosting
(XGBoost) model with feature selection performed the best. The inversion results revealed that low-to-moderate
soil salinity was widely distributed across the study area, with high salinity values scattered sporadically. While
XGBoost was well-suited for predicting the overall spatial distribution of soil salinity, the RFR model based on
SG-smoothed raw spectra was more effective for mapping areas with low salinity. [ Conclusion] This study
innovatively combined full-spectrum optimized spectral indices with traditional ones to build a SSC prediction
model, offering a new technical path for rapid SSC monitoring in coastal regions using UAV imaging spectroscopy.
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Fig.1 Spatial distribution of sampling sites and experimental procedures in the study area (a) sampling location
map; (b) marker placement; (c) soil sampling; (d) Cuber S185 imaging spectrometer; (e) sample grinding and
sieving
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Table 1 Equation for spectral index calculation

DU R AR SR
Spectral index Formula Reference
S1(F 7 15%) Blue/Red [27]
S2(Eh 436 %0) (Blue-Red)/(Red+Blug) [27]
S3(Fh A 1EE) (GreenxRed)/Blue [27]
SA(Eh 44580 (BluexRed)"® (271
S5(E - FR%D) (BluexRed)/Green E27}
S6(Eh 7 1a%0) (RedxNIR)/Green [27]
SI(E: 4550 (Blue+Red)®® [28]
SIL(Eh 1550 (GreenxRed)*® [29]
SI2(Fh5r45%) (Green?+Red?+NIR?)%* [30]
SI3(Eh /15 %0) (Green*+Red?)** [30]
SI5(#h 715 4%) (NIR-Red)/(Green-Red) [30]

Slireg(¥h7r4E%%) (GreenxRedEdge)®® [31]
SI3reg(Eh /T HE%0) (Green*+RedEdge?)"® [28]
NDSI(H—1#h 7 H5 %0 (Red-NIR)/(Red+NIR) [32]
NDSlIreg(if 79—k % 52557 18%)  (RedEdge-NIR)/(RedEdge+NIR) [31]
S1*S2(4H A 1850 Bluex(Blue-Red)/Redx(Blue+Red)
SI-T(#h 5 1640 (Blue/NIR)x100 [32]
INTL(h 545 %0) (Green+Red)/2 [33]
NIGRIEPREE R Bandy/Band, [34]
DI[CERIRIEEE) Band;-Band; [34]
NDI(H—4 )6 145 50) (Band;-Band;/(Band;+Band;) [34]

1.5 H|E I FHEEEITM
1.5.1 ML# 2 =) J7 i ()RFR  BEHMLARAK 519 (Random Forest Regression) 7% /& i
Breiman'™F 2001 4FH2 H HL A ST 500, FOE AT DA AR, oo AR B M 2
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£ FH BRI B P SR 5 R 100 AN SRk AT T o

(2)SVR e [ (Support Vector Regression) %3 CortesPT- 1995 4F42 HifH
el Y B0 o o i R B e A e A ) e B — A s 0 A [ VH BR R R . AR SO
TEL R AR A rbf”, SR R4 2812 (Grid search)#E 1T 24

(3)BPNN [ [rj{& 4% £ /%% (Back Propagation Neural Network) [{i#%.0 AR IEL £
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2.1 HIRBEDGEITHHE
T 72 X () -8 3 43 & B ME AR OB 43 4 1.23 g-kg™ F1 8.96 g-kg™, IS 3.12
g-kg™t, FFAFRERRBHFRHED; R RKON 051, RUMFEAMGAAERKZER (£ 2 .
e AL, U R B2 43 0 A 4.43 F101.91, i B ECHE S I HH s (B A DS 20 AT ARRAE
R2 BT REGIT I
Table 2 Statistics and analysis of soil salt content (SSC)

FEASL B /ME B KAH FIE FrifEE BRERH 354 B
Observations  Minimum/  Maximum/ Mean/ SD CcVv Kurtosis Skewness
(g-kg™) (g-kg™) (g-kg™)
40 1.23 8.96 3.12 1.61 0.51 4.43 1.91

2.2 SSC 5X1EHIEZ BRIHE XM

2.2.1 SSC M4yl B e B R 2 I ik B 2 J@on 7 3tk Al 35 24 & B 2 TRl i A ¢
A, K RIS GIE S SG AN EE, HAth Gk M T SG TN IS B R GA i
BT, AR, RIS Log(U/R) &, HHAIEARSAHLL, 5 IEE A
95 (K& 2a, & 2e) ; HELZ T, SNV. MSC. FDR 1 FDR(Log(1/R))Zs#: 5 kit 5 SSC
AR REUA FTHEm:s SNV 5 MSC A8 5 16t 5 SSC IS KM G R85 IS %] 0.42
A1 04 (B 2b, KB 2c) . FDR 5 FDR(Log(1/R))Z: ¥t 5 i1 5 SSC I KA I R ¥k 5
0544 (K 2d, BW2f . [ Log(1/R). FDRZ8#e 4, HABASHAE KL 670~800 nm )i
KGN (EIZCRilla) Mo R 5 Lk sh BT ass, I8 %30 Bl A i & KA Bk
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Fig.2 Correlation trend between soil spectra and soil salt content (SSC)

2.2.2 SSC FGHEARE C [AIMAHOGHE  FEARITLH, ST 2P BURA b IR 4G B ) RFR 5
RIRBEAR, KA CARS 5iEx4 SG T AL B JF 4 Y6 i I AR (R) BEATRRAE I K i ik o
B4 CARS BESATIREIG N, BRANAER 40 UCRFEHRERAD> (B 3, RUAFIEH
(A BB . HIBATIRECH 54 I, RMSECV kB /M, 2Bkt 5 115
B EELRNE B FHERKIRE LR 3,

R 3. B 2 M AN S185 W JuF, Awstiks: 0.49. 0.57. 0.67. 0.702. 0.93
um TEAEE . 96, 40t AUMasbsB. FIF RIBESH Cor ECT SSC AL S il
BHOIATAHRME T, 25 SRR BE G Fe S A A e R s (B 4a) o Rk, FERE
TR OB, TS R BRI AL G i fa g 2 EILLR . fhER 4 A%, Sl At
B G E AR RS b, B iEEcE LR M O R B A X IE R
0.21, FHHFHRMERARM AN S3+ S4. S5 % 8 M FREL.

4b. K 4c. B 4d JEOR T A BRAOGIESR R RO (ERED . Bl
P 125 MEBAEATHE, TRk A S R BRI BUBR B & . S5 RERH, RI (LUEE
HERED B BURE B SN 690 726 nm, K RECH 0.55; DI (ZEEGIEFRRED Mk
BURIR AN 606, 602 nm, #HXRECHN 0.5; NDI (H—ALGiESEH0 i iUk B A
44690, 726 nm, FHKZREH 0.54,
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Fig.3 Results of the original spectral by CARS downscaling
% 3 CARS $HER FR ik 4s R
Table 3 CARS characteristic wavelength selection outcome
Bzt BT IREL RHIEWE B RRIER B
Indicator Optimal number of runs ~ Number of feature bands Featured band/nm
SSC-SG-R 54 14 478, 490. 510. 530.
570. 646. 658. 670.
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MK REr
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Fig.4 Correlation heatmap of traditional spectral indices and full-band optimized spectral indices with soil salt

content
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Table 4 Correlation coefficient of soil salt content and traditional spectral indices

=St A r Epve st AR r el A r
Index type Variable Index type  Variable Index type Variable
N FER S1 0.12 ey S2 0.13 ey S3 -0.26
Salinity Salinity Salinity
index index index
S4 -0.27 S5 -0.28 S6 -0.22
Sl -0.25 Si1 -0.26 SI2 -0.24
SI3 -0.26 SI5 0.25 Sllreg -0.23
Sl3reg -0.22 NDSI -0.21 NDSlreg 0.04
S1xS2 0.11 SI-T -0.09 INT1 -0.26
2.3 SSC i#1%

231 AT APE SSC @M AHFFTA A ASFOGIE 8 PLSR. SVR #l RFR
BiRY, Z5WR 5. fE PLSR @B R, R GHE () E et R tE, HAE @ AT
11 R¥43 514 0.28 F1 0.39. Hrh, H:T FDR 28461 1) PLSR Eiist BT AT A
7F SVR @4t Bk, JEF FDR. Log(1/R)A1 FDR(Log(1/R))ZE# )i () SVR # A4 BAL T
HAih=Fh, MELZ T, 3T SNV Fl MSC ZHl il ()@t Bt i, AEEH. 76
RFR @igh i, JRABGilk ) mil g R amedd, HZHET SNV, FDR 1 Log(L/R)ZH#e ik .
SRS T FDR(Log(L/R))&HHER) RFR B RS E, TR 2. Z6KE, 1
K= 7, RFR AR (R4S € 1t A i B 2 SR W S 0 T FeAd i A 7 v, Ferb e s Y
NETRIEERE ) RFR B,

=5 EFEMEERER
Table 5 Results of the full-spectrum modeling
S i A RS RMSE, Ry’ RMSE,
Spectrum Model
R PLSR 0.28 1.30 0.39 1.34
SVR 0.34 1.41 0.46 0.89
RFR 0.73 0.82 0.81 0.71
SNV PLSR 0.13 1.41 0.37 1.38
SVR 0.61 0.89 0.25 1.64
RFR 0.61 0.92 0.76 0.86
MSC PLSR 0.12 1.67 0.27 0.84
SVR 0.58 1.01 0.23 1.47
RFR 0.55 1.01 0.65 1.04
FDR PLSR 0.41 1.35 0.15 1.03
SVR 0.48 1.31 0.35 0.68
RFR 0.62 0.94 0.76 0.84
Log(1/R) PLSR 0.13 1.34 0.27 1.63
SVR 0.51 1.28 0.69 0.42
RFR 0.62 0.93 0.73 0.92
FDR(Log(1/R)) PLSR 0.33 1.44 0.19 0.87
SVR 0.51 1.27 0.45 0.59
RFR 0.78 0.65 0.30 1.35

2.3.2 FETOUIEARHUN SSC @A ARTIEHR UG IR, AT NEE G SRR AR
e Hop, FRAEIEFERABITRHENERR (RFE) J7ik, B & &AL ISR
o R AR 0 S Bk R N B BRI . EARTR O, B A E B, DA
SERFIE I R, ELRE RIS E (R L SR s A AR R RE KT AHE TEHT 4661
REOHT 214, 2 RFE RPLig#)a, mA&DRE 10 DoRBeiliadl, Rrbigdeai Rk 5
fizs, Hrf RIL S3. SIS SFEEVEGTRRE . 1R 6 AIA, S TR R AL R T,
XGBoost BAITEYILRAERMIRAEN R® HRTET 0.8, BRI IR, T HAb =H
A HIZER .
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Table 6 Accuracy of different models based on feature selection

7 Model R RMSE, Ry’ RMSE,
SVR 0.89 0.51 0.75 0.76
RFR 0.90 0.49 0.73 0.80

XGBoost 0.96 0.28 0.85 0.60
BPNN 0.87 0.53 0.71 0.79

2.4 BT HMERH SSC KkIE
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BEGHRER 7 X I AT RSP E RS FE AL, JE T IR RIS 1) RFR AT AR %A gkAk, IDW
Al Kriging fE 2 AR T, AR 4R 2PN S EERE (B 7D, Xaffes
RFE L E AR () B A . BRI S, IDW AT Kriging A3 {E 45 K DU E A
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Table 7 Statistical features of soil salt content based on different methods
kA w/ME =N} FEIME PRz
Method category Minimum/ Maximum/ Mean/ SD
(9-kg™) (9-kg™) (@-kg™
RFR 1.54 4.55 3.13 0.91
XGBoost 1.38 7.62 411 0.89
IDW 1.59 5.46 3.08 0.93
Kriging 0.79 8.68 3.04 1.04
S Measured 1.23 8.96 3.12 1.61
value
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