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Prediction of Soil Thickness in Hilly and Mountainous Regions Based on the Integration
of Machine Learning and Geostatistics

WANG Bin, ZHANG Tian, RAO Luman, Cl En'
(College of Resource and Environment, Southwest University, Chongging 400715, China)

Abstract: [ Objective] The hilly region of western Chongging is a transitional zone characterized by fragmented terrain and
substantial elevation gradients, where soil thickness exhibits pronounced spatial variability driven by complex geomorphic
processes. Soil thickness is a key indicator of soil resource status and plays a critical role in hydrological processes, ecosystem
productivity, and geological hazard assessment. Traditional models used for soil thickness prediction often lack generalizability
in hilly regions due to pronounced spatial heterogeneity, while pure machine learning approaches tend to overlook inherent
spatial autocorrelation, potentially introducing local prediction biases. Therefore, accurate spatial prediction is essential for

understanding soil resource distribution and supporting sustainable land management. [ Method] Based on 117 soil profiles
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(2020-2025) and 38 environmental covariates spanning topography, climate, remote sensing, parent material, and human
activities, three benchmark models were compared: multiple linear regression (MLR), random forest (RF), and extreme
gradient boosting (XGBoost) against a hybrid model, random forest residual Kriging (RFRK). A multi-stage variable selection
procedure incorporating variance inflation factor, boruta algorithm, and recursive feature elimination addressed
multicollinearity and overfitting. Climate variables (1 km) were resampled to 12.5 m via bilinear interpolation. After excluding
five outliers (306/50 criteria), 112 valid samples were partitioned into training (80%) and validation (20%) sets. Model
performance was assessed using mean absolute error (MAE), root mean square error (RMSE), coefficient of determination
(R?), and Lin’s concordance correlation coefficient (LCCC). For RFRK, variogram analysis characterized residual spatial
structure, with model hyperparameters optimized through grid search. [Result] (1) The screening strategy reduced 38
covariates to seven core variables, ranked by importance: total catchment area (TCA) > channel network baseline (CNBL) >
soil enhancement index 2 (SER2) > channel network distance (CND) > soil enhancement index 1 (SER1) > aspect (ASP) >
slope (SLP). This subset (five topographic, two remote sensing) underscores terrain-driven material redistribution as the
primary control on soil thickness. (2) RFRK achieved the highest accuracy (R2=0.68, LCCC =0.79, MAE = 14.59 cm, RMSE
=19.86 cm), significantly outperforming all benchmarks. Relative to the best benchmark (RF), RFRK improved R2 by 9.7%,
reduced MAE by 12.3%, and reduced RMSE by 6.2%. MLR performed the poorest (R?2 = 0.37), whereas XGBoost was
intermediate (R2 = 0.56). (3) Variogram analysis revealed strong residual spatial autocorrelation (nugget/sill = 0.0017; range =
179.08 m), justifying kriging for local bias correction. The predicted map showed “thick northeast/southwest, thin central,”
with thick layers (>80 cm) in valleys and gentle slopes, and thin layers (0—40 cm) on steep ridges and areas with intense
anthropogenic disturbance. [ Conclusion] The RFRK hybrid model, integrating machine learning for nonlinear responses
with geostatistical modeling of residual autocorrelation, characterizes soil thickness patterns in complex terrains more
accurately than pure machine learning or linear models. This study validates the VIF-Boruta-RFE screening strategy and
confirms RFRK’s superiority in capturing both deterministic environmental controls and stochastic spatial structures. The
findings provide robust technical support for soil resource assessment and management and offer a generalizable
methodological reference for digital soil mapping in comparable hilly and mountainous landscapes worldwide.

Key words: Soil thickness; Digital soil mapping; Random forest residual Kriging; Feature selection; Spatial prediction
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This map is based on the standard map with the review number GS (2024) 0650, downloaded from the Standard Map Service website of the Ministry
of Natural Resources of the People's Republic of China, with no modifications to the base map. The same below.
K1 AT XA . BB, b, R AL oo BRI AISRRE, d. R A ED
Fig. 1 Overview of the study area (a. geographical location map, b. elevation and sampling point distribution map, c. land use type map, d.
stratum distribution map)
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Table 1 Selection of environmental covariates in the study area

FF B 45 WAL B AR 5 ) 43 3
No. Category Abbreviation Covariate name Spatial resolution

1 H17E Topography HB 14K Elevation 125m

2 HiJE Topography AH LA B % Mountain shadow 125m

3 H1 7 Topography ASP I 1) Aspect 125m

4 H ¥ Topography Cl Sk d %k Convergence index 125m

5 HhJ¥ Topography CNBL A W FE#E Channel network baseline 125m

6 HhJ¥ Topography CND A W #E 25 Channel network distance 125m
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5 el 95 bl Ag e 44 R {1123
No. Category Abbreviation Covariate name Spatial resolution
7 ¥ Topography LSF K [KF Length slope factor 125m
8 17 Topography PLC “FTH #h 2 Plan curvature 125m
9 ¥ Topography PRC T #13R Profile curvature 125m
10 HhJ¥ Topography PW ¥ Position on slope 125m
11 HJ¥ Topography RPI ANV B F5 % Relative position index 125m
12 Hi 7 Topography SLP 3 ¥ Slope 125m
13 HJ¥ Topography SPI 7K #1460 Stream power index 125m
14 M Topography TCA HEIK X A THIF Total catchment area 125m
15 HhJ¥ Topography TPI A B $5 %L Topographic position index 125m
16 17 Topography TRI R TR % Terrain ruggedness index 125m
17 ¥ Topography TWI ¥ F6 51 Topographic wetness index 125m
18 ¥ Topography VD IR Valley depth 125m
19 S fi Climate ATD iR 2 Annual temperature difference 1km
20 S Climate EVP 7% % B Annual evaporation 1 km
21 S Climate PRE 4F [% /K B Annual precipitation 1 km
22 S Climate PRS FEF#45 . Annual average air pressure 1 km
23 {5 Climate RAD SERKPH S EST Annual total solar radiation 1km
24 S Climate TEM FEFH5 3R Annual average temperature 1 km
25 S Climate WIN FEF 14X Annual average wind speed 1 km
26 it /& Remote sensing EVI 19 AE 4 %L Enhanced vegetation index 125m
27 1 Remote sensing LAIgy TH-TH R FE %L 1Leaf area index 1 125m
28 1% &% Remote sensing LAllc AR 4844 2Leaf area index 2 125m
29 1% /&% Remote sensing NDVI VA — AR B E Normalized difference vegetation index 125m
30 1% /&% Remote sensing SAVI A3 Soil-adjusted vegetation index 125m
31 % & Remote sensing SER1 + R R ¥ 1S0il enhancement index 1 125m
32 % &% Remote sensing SER2 + R R ¥ 2Soil enhancement index 2 125m
33 % &% Remote sensing SER3 R R ¥ 3Soil enhancement index 3 125m
34 1% &% Remote sensing LSWI MR /K43 $8%4 Land surface water index 125m
35 1% /&% Remote sensing MNDWI EIE R —10 22 57 /K452 Modified ND water index 125m
36 BEJFRFE Parent material properties DC HbJZ Stratigraphic layer 125m
37 B} 551 Parent material properties YX 1 Lithology 125m
38 AZiE5) Human activities TDLY +HFIA Land use 12.5m
R2ERTEUEAR
Table 2 Calculation formulas of remote sensing variables
45 HHEAK FH R ] ] AR VPSS
Abbreviation Calculation formula Relevant description | Abbreviation  Calculation formula Relevant
description

NDVI NIR — Red RAEFER R T SER1 Red X RIR

NIR + Red LE Green KRS LB U

EVI NIR — Red B RO I SER2 Red X HIR R RIS

NIR +6xRed —-7.5xBlue+1 A SWIR2 JE PR X 4Rk
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LAIgy LAl =0.57xexp(2.33x NDVI) & #kdh. Bjhfn SER3 SWIR1— Green XA R
HEA SWIR1+Green XA UK
LAllc LAl =3.618x NDVI-0.118 G i Lswi NIR —SWIR1 X A
#n NIR +SWIR1 FroR o BUs
Hit
SAVI NIR - Red REA R Rk MNDWI Green — SWIRL IsEIT ORI
NIR +Red +0.5 I R Green +SWIR1 HE,
T EHMIH
L3

7E: NIR ML B Red NGB Green NELIEEL: Blue NGB SWIR ML AN B: SWIRL ME— sk L0 shik
Blo BB OI K S W Sentinel-2 TR I LR AN AR SR . Note: NIR, near-infrared band; Red, red band; Green, green band; Blue, blue
band; SWIR, short-wave infrared band; SWIR1, the first short-wave infrared band. For specific band center wavelengths, refer to the technical
documentation of Sentinel-2 satellite remote sensing imagery.
1.3 MtRFE

AHFFCGEEL T VUM AT R b TR T 2B 1) 2 e 4 itk R, FRAE AL 5 S Bk
IEEX T 28 S BEATLAR ARAT B AN B AR AR OC 2R 0 I B2 A A PRUB FE SR SR, DA KGR HIL A 2% 2 i th
Gt AR BE AR AR 22 vr B ASE AL . Horpr, i = ROy B, BEHLAR AR TR 22 vr AR TR A AR,
FA 58 LU VU oA 28 By e b 38 J5L R 2 [ ot o (s P 5055
131 HAE  ZocERIE (Multiple linear regression, MLR) J&—Ft Bfkgii ek, BEim ki
HEZAHLERIMAAL R, SR ER RS AR AR R R, HHRZEM . MLR £
RIS REMER, RERS B SINE PR BT BAREEIIAPRT . A TR scikit-leamn FEHIZ ]
J (Linear regression) S22 eI ARHBRANERASE S MR, e B b A e,
BRI 0. AREEZEN 1 (500, AN e b T8t

BEALARAR (RF) 22— Fh I T~ VR SRS 1 B2 B L 8 2% 20 B8 o A SRV J8 o )t 22 AR SRR S A T ]
JEiET B BRFEE (Bootstrap) ABE AL Bk AR A RS, 78 Ab B i 4 E s i 22 30 £
TEARWFFE A, K scikit-learn [ H FIREHLAR K [EI VS 2% (Random forest regressor) SEIBENLARAR[E] 15 .
AP PR IR (nestimators) #4100, /-5 SFEAZL (min samples leaf) %4 1.

WEBR B FEH2T) (eXtreme Gradient Boosting, XGBoost) J& — 4k (s BE 4R 1 g s 53 %
BEEE R — RSN, Hr, GRREO TR ERT— 8Tl f 5% 2, A — 58K
B RS AL . XGBoost 75 H bR sk 51 N 7 IEMML I LA HI A S 0 B2, AR b G, FECH
FATAOHE, BANE T E R T TS BE . A 7K XGBoost FE S =1 Ftil, £ A
% (nestimators) 450, %%>]#% (learning rate) }y 0.05, & KIAE (maxdepth) A3, H
FreR %L (objective) 15K reg:  squarederror, FEAfFHAZFBAT FHZEFE (njobs=-1) HHATHATIIH, LI
AR &

BEAL AR KSR 22 77 B A% (Random forest with residual Kriging, RFRK) & —FfigE & HEHLARA (RF)

Lg% (OK) B AR -E 2 AT 77509, %5 ER A RF 4 H b AL 5 2 IR R &2 (A
PIAEZRMEIR R, X RFE BTN G% 227847 OK 4difE, DAEALILASMIE MM, F50 R w2 1&
1E. AHF5ERH PyKrige it ff) Regression Kriging 23l RFRK, Sk 8 300, e KHHEE N
10, s/ RFEAREON 2, 1R R EEIRHMES (max features) i auto. T BG4Ik
BRORAR S s B AL (spherical), 4K A%CH 30.
132 IR S SRR TEMER IR RO, 1 2 HAPAE S LA P A R AMY 253
DRISIREE, B 5 FEOI G S TIINERE FI%. RSN SRRt @ S iR, AR
T EZN B IR I R SEERELCRNS, BT AR S R B A A R A A ) 4y
Wiy 125 m.
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(1) IRFEARSEAE RN S0P . i DR A (0 o &, 0 398 )2 B2 SCIME EAT T A 1) 57
WAETFE . 43 AR P IME A5 EFRiE 2 5 P33 bR 22 A BME ST AT S . G, F
H 5 fibrAE 2 AR AR A 5T Bt e A8 BJS, PRI 3 fidnE 22 AR AT IR0k, DA
BRIGLE SRR o MR AR S — 2R CRMIERED 58 KR GERRWED ZMHE
T BT, ARG RN A

(2) ZEILLM kS ZKE Tk (Variance inflation factor, VIF). NEALIKE A E
) 2 AL, THE T T AR R BT Z KR T . VIF 240 7 — AR S A AL 2k
PEARREDIREEE, 8% DL VIF>10 /E RA7E(E™ B 2 EL M AE, BP0 515 VIF ks i,
HER KB EN VIF Bk 2 ZR

(3) 3T Boruta HiEREHE EEM TS (Boruta). fEERL B MY 5, KA TR
PRI Boruta BENT P A @ VIF A 56 1 P48 & AT B 221440 58 « Boruta S8 O R AE IR B 52 )
A, FFHEFIERAE S I RIE M B EMEAR 7, BT S RS, N AT Re AR i 2020,

(4) FETHAFHEHE R RASA (RFE). Nt — PR A R RE, R T8
VARSAETE BRI . RFE JE L VI HOA AR CASHIE 7 CARE HLARAR [B1 - A B AR ) I 50 B AN EE )
RRAE, S AR 22 X0 (AR TRRE 8 i 2 S AU IE AR Y. D IR B 7E DU /b 16 A8 i 20 S Bl i
Mo T e 0 B PRGBSk Rl 1 P 5 PR e OR B 1~ 44
1.3.3 WGV AVPREYCE TS R A [l oA P (R e, AR URTE R S abe: 1
WiraxtiRz (Meanabsolute error, MAE) « 2JJ7Hi%% (Root meansquareerror, RMSE) e 234 (Coefficient
of determination, R2) , DASAKIG &tk &% (Lin's concordance correlation coefficient, LCCC) . MAE Al
RMSE  MANFIff P M S (I e, BRI, AR A A iy R{EER
GBRHET 1), REBASS R LSRRG, TS SEhRE A E5E; LCCC NIZR A fiul
ESSEBMAR— S, [RIN MR SHE3EE, BUAREER 1, AR —F S 11 BRI 2RI Ak,
FERLTINES R A SEM R, 5 MAE. RMSE (8IS, H R2, LCCC {HEG=IN, BAMERENEEIL. SHabrit
HANXHENSHR[22].

2 45 R

21 BREE RS

LG BRI ATRRAE, X 107 AR )R R EIA R S AT R AT S BRI S fE AR
AN 3 AR R EZ IR R, A KBRS M AREREAR, RE 112 MERE R, 1% 8: 2 LU &)
NSRRI ] T 824ttt i BIRERERGRPESE T 0 8 R TE LR 3. IR FER i ik
5 AF 13.00~133.00 cm, P 1H 87.46 cm, HA7 % 103.00 cm, bk % 38.11 cm, A5 R4 43.57%,
T R H0N-0.44, BARERBA AT (ZEEEALTERE XD, JoRE W W SFEE, Uit
FOX IR B, Bl A ke e TR, REDV IR SRR AR i 4R it m] SE SR

* 3 MRERERTIREE#R 5T
Table 3 Descriptive statistics of soil thickness at the sampling sites in the study area
FEA R R R/ME RAE M itz A5 2B T2

Sample se Sample N Minimum/ ¢ Maximum/ ¢ Mean/ ¢ Standard deviation/ ¢ Coefficient of variation/ Skewnes

t 0. m m m m % S
BREAY 112 13.00 133.00 87.46 38.11 4357 -0.44
I 89 13.00 133.00 87.55 38.30 43.75 -0.44
IiFE” 23 21.00 125.00 85.04 38.36 45.10 -0.02

(DTotal sample, (2)Training set, (3)Validation set.
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22 MEWTEMESFHEEEM

I Z Y BOHIE SN, M 38 MIA A BT HIE T 7 ML OB RS HEE (B 2), #IF5
ARG S0 M SRR ILR 1. VIF 285 1R, SidiZP Rk ERIRZ R VIF /0
T 10, ASRAIALEAE S E L BN (& 2a). Boruta Bk EEIEIEAG M 26 A VIF Fiik 5 1 Hh A8
s YU 20 AN EERE (REMEEE TR TR, Hf, B4R (CNBL. TCA), EEE
& (SER2) MIHBEMAGMIERIS (& 2b). RFE &2 XIGIELE R, Y{RE 7 MR, #A
PERE AL P58 XIGHIF R2=0.33), k4RI A 2> S BUS AL S 4 FE b FHfifs B 3R T+ AN B (& 20

BEHER T ML OIS 8 & B ZYEHE T 4 : TCA>CNBL>SER2>CND>SER1>ASP>SLP

(B 2d). iZHGMWE THIEAZE (5 FIERERE (24, XRIFARTFFTX 585 5 1) 23 [ 55 57

FEZ P T £ SR FGT R FE A R 5 4 v e 1) H3E R B 3Rl (1 3D,

b)

S

a)

°
S

Ji % WK T Variance inflation factor
24t #4E Variable importance

g 4 it Environmental covariate

203 CNBL
H
H
]
T
Zo2
-
Y
=
;0]
SER2
o0 | e e,
_______ T E TR
2 = z E g > 8 =]
A B Lg2E2EFE<gazz gz a3E
8F g3 g 2

A rﬁz HtEnvironmental covariate
K2 AR AT EEN (a0 FZEBKKEF (VIF), b.Boruta Hi%, c. BIFFHMEME (RFE), d. &t
HED
Fig. 2 Environmental covariate screening and feature importance (a. Variance inflation factor (VIF), b. Boruta algorithm, c. Recursive

feature elimination (RFE), d. Optimal combination)
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Fig. 3 Spatial distribution of the 7 environmental covariates within the study area
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Table 4 Characteristics and statistical metrics of prediction accuracy for different models

. Model MAE RMSE R? Lcce
MLR 21.85 26.31 0.37 0.48
RF 16.64 21.17 0.62 0.78
XGBoost 19.62 25.09 0.56 0.69
RFRK 14.59 19.86 0.68 0.79

H: MAE N PI4antiR % ; RMSE ¥ iARIR % RENRE R LCCC MM —EEM X R, MLR: ZJeZktERIH; RF: AL
FRM; XGBoost: HFRFEIEF; RFRK: BENLARMIEZ LA . TFIE. Note: MAE, mean absolute error; RMSE, root mean square error; R?,
coefficient of determination; LCCC, Lin's concordance correlation coefficient. MLR, multiple linear regression; RF, random forest; XGBoost,

extreme gradient boosting; RFRK, random forest residual kriging. The same below.
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Fig. 4 Scatter plots of predicted vs. measured values for different models (the dashed line represents the 1:1 ideal line, and the solid line
represents the actual fitted line)
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Fig. 5 Spatial distribution of soil thickness predicted by MLR (a), RF (b), XGBoost (c), and RFRK (d)
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Table 5 Statistical results of soil thickness predictions by different prediction models

it RAME i RKE BfE bRtz
Model Minimum/ cm Median/ cm Maximum/ cm Mean/ cm Standard deviation/ cm
MLR 0.00 72.27 125.00 75.04 15.96
RF 24.96 77.35 127.81 76.29 21.07
XGBoost 14.12 70.46 114.28 70.67 21.40
RFRK 25.12 79.64 132.48 79.00 19.54
% 6 RFRK HIREE S RGITEER
Table 6 Statistical results of soil thickness classification by the RFRK model
IR i ] Boos BITRA THAR dike
Classification Range/ cm Pixel count Pixel size/ m Area/ km? Proportion/ %
#JZ Thin layer 0-40 211573 12.5%X12.5 39.87 0.79
1)z Medium layer 40-80 16 782 223 12.5X12.5 2655.80 52.65
J&JZ Thick layer >80 15287 317 125%X125 2348.20 46.56
3 i
R JennyPH LRI Z TR, 454& McBratney 551 i€ ff) SCORPAN HEZE, W FTikEL

Wit A Y. BERARRE R A SSE S IR AR . S EAIME AR & A BT IR
FIREE, SRTh IR LS B AR RE S AR 1L ?&H;’EZI?[ZE’]EEJLHﬁ?%% 23 AR i
R B 1 A A BT DDA B A A B S (P RE . 38 Id“VIF-Boruta-RFE” 2 B B 146 50
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