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Abstract: [ Objective ] This study aimed to construct a high precision prediction method for soil bulk density to accurately
complete the regional soil attribute database. [ Method ] Based on the data of 2883 typical cropland samples in the Sichuan Basin

(including Sichuan Province and Chongqing Municipality) obtained during the second national soil census, this study used
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correlation analysis, variance analysis, and regression analysis to reveal the statistical characteristics and main controlling factors
of the cropland topsoil bulk density in the Sichuan Basin. The traditional pedotransfer functions (PTFs), multiple linear regression
(MLR) models, radial basis function neural network (RBFNN) model, and random forest (RF) models were used to establish a
soil bulk density prediction model through three modeling methods: whole region, by river basin and by soil type, to fill the
missing value of soil bulk density. [ Result ] The results show that the cropland topsoil bulk density in the study area ranged from
0.60 to 1.71 grem™, with a mean value of 1.29 g-em™. Soil organic matter, soil subgroup, and rainfall in summer were the most
important factors influencing bulk density. The RBFNN model constructed by the river basin can better capture the nonlinear
relationship between soil bulk density and the influencing factors and the spatial non-stationarity of this relationship. The
coefficient of determination (R?) and root mean square error (RMSE) of the 432 independent validation samples were 0.519 and
0.095 g-em >, respectively, which were significantly better than those of other methods. [ Conclusion ] Therefore, the RBFNN
prediction model constructed in sub-basin is helpful to improve the imputation accuracy of the missing values of topsoil bulk density
in the Sichuan Basin, and also provides a method reference for the imputation of missing values of soil properties in other regions.

Key words: Soil bulk density; Pedotransfer functions; Sichuan Basin; Multiple linear regression model; Radial basis function

neural network model; Random forest model

VB fli i B RSB R 2R b, A E AL
Al DAL F A AL B R SR AR A B T, T
DL b AT ML 0T A5 8 2R A A i S i = BE A IE
AR it - 9% FOR ISR 5T - EEA b R Y
Hehilh. G RIEAFE N E B IR I, Tk
DRI . MENE R, (BAETEEP AR £ |
SRS AE IR AR R R B R DL RN 1 T AR 1 A
i) 4B BRI R P A 398 R RO A AR
A AT BB R A BT SR 4 1 o 2 4
It i 4 DXl R R A R 4 T AR R AL
iR PSS UEZ IS i AR B U AR SR =
B ST - A E AR SAS EL v ) 0 sk T
TR E R — S A

] P A2 AR i 25 T 5 49 P TR 1 G A A
BUF IR DS R R IO, 2O AR
+ 334433 pR % ( Pedotransfer Functions, PTFs) 7#)
KEZHHH PTFs X - HE78 gk 17 i f s 1
R BRI S T TR S ke S O R g AU )
FeT A E A TR RS A ORI TR
AT R 28 AR 7 0T AR b X A 98 % A% 3 pR B
AU b4 T M T g e P A b R Y 2 A
e AN 2 441 A R HERE LRI 12 415,
VA2 4 3R ) R A MR A ) R AL bR, X
SERFGY R B, PTFs BUORFRIERI IR, (AAFA7ER2E
A X I PR . ORI R R SR K
A RV S R A A, HAEARE X
ol g 7] — X s AN [ 17 [XC ) 52 o 3 A g A ] 316

1717 35 T ] 01 A 78 g e g A 5 0 A A AR
WigR TIEFE S K EWHARANERLR, T
SO A RAY B TOORG B o AN s U B,
B 2R 3K 1 e H 5 45 5 e R R ) A A2 A WA OC &R
T A A3 G R A DXl Y v G R - 2 P A
R A5 A 2R

AR, N T A2 M4 ( Artificial Neural Network ,
ANN ) HEREUHIFENLAR MR ( Random Forest, RF ) #& %
SEPLaR ) Ty AR TR e . 2= 2T e HL
X 2 TEI LM A U AR R R PO A A2 R
TR AGLI T BREOP w4 AE P T Ak
ORI R R BT BP MRZE 4% ) - e 4
BREASEAY I A%CR B AR T 2 oo etk el A
( Multiple Linear Regression, MLR ) B, 47354524
FIF 100 A~ - SFEREA Y 1 1) A 1) S AL 1] U5 -1 48
IR, AR B ey 1 M A TR E
IR, JET 140 A> 3R 2P0 A B Al e 1 2 B
A BEALARAR IO A R S5 SRR, MLAR =~ T
AT DA RO AR R D5 ), (BRI
2% G 8 B /0 4 S BOL RS B AR =
XU RW], I8 FAPLAR 2 2y i g i LA
oA AU AR /N XSS R A T RS BE O T A% S8 Y
PTFs, (HTERKMIBFFEIBE T FHE TG B2 30 A 1 ik
— .

YRR3R DU R btz —, 01| 25 b A b 1 A
W, AR DT AR A, S R A X P
A R RIS A TR, I IXOE 30% 4k 1

http://pedologica.issas.ac.cn



42 +

¥

62 %

SRR EBER B, W2 T X% X - g E A
FRs S A A R R . R, ARBRSE A WA B B
e ] 5 U S A DU 1 2t i R - MR SR Y
el b, sz I 2200 L 1A A R AL AR bR Y
T TR L ORI D R R T (R
B, pH M ML ) SN Z0 HIHEA R R, R
4 i) i BRI S0 225 00 2 A AR A S 32 Xl 2 o T
BER, JF 550 LAl BB, Zon M ] A
FBEALARRAALIEAT XS, DA e A R 98 RS
Bk LA SR AE RTINS, Oy S A b 4
DX 3l - 98 Ja 1 S P PN M A i B b, - 8 O
RMIES %

ARk
1.1 HREXHR

PO Z i (5 Ui A A BT ) (o T [ P
JE Hb( 27°38'—32°54' N, 102°48'—109°16" E, /€] 1a ),

AL 26 J7 km?s A Hb I AL A R ALY
76%% ([ BE 2F B 9 U 26 BT R 2 5 B0 o
( https://www.resdc.cn/ ) 2020 4F v [E -+ Hb F1) FH 12 J&%
Wi gds 4 ), RIRERK A Rl X EEARE
FEIX . Fh MRS OR M FA RAS DU e R R A
K Z AT — 2 Ay IR YT B . YRV . T
Tk . BRI . RIT R L R KIT TR 6
AT (D 1a) P DU 2 s I I 3R 2 XU
S, KRG S BURG T BoR RN 14.9~
18.6°C , 4AEHFE/KE N 700~1 700 mm, 4 H M
o 900~1 300 h, JCFHMIZ N 280~350 d. it
BET FEARY RAESREA . VDEMARME T
41, RIS FE AL b e A KLY
R G A R R T T R 4 S vh AR DL R
AR TIRITRGIE ALY/ B ub = S~V G i o 1 € T iy =
A5 2 15 % M A T FR G 45% 1 31% , FEVR g A Pk
e BE R 2SR R A L K R AE
DL ROKH =28,

I River
S
i Weather station

\Z

"é"ap
507N
%Mﬁ:~

o
b

&

- 1385 5 Modeling points (2 451)
- Y53IE A Validation points (432)
- AEAEH A (1336)

Points with missing bulk density

1

UG A7 R SR R 53 ]

Fig. 1 Distribution of the Sichuan Basin and soil sample sites
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Table 1 Statistical characteristics of cropland topsoil bulk density in the Sichuan Basin

‘ o ¥y BOME ROk

iR FEAREL Standard Coefficient It Ji£ I Jig
Mean/ Min/ Max/
Basin Number deviation/ of variation/ Skewness Kurtosis
(gem™) (gem?®)  (gem™)
(grem™) %

THITHIR 298 1.33£0.01b 1.04 1.68 0.11 8.38 0.31 -0.22
%‘E&E‘?I‘bﬁiﬁ@) 303 1.36+0.01a 0.93 1.71 0.14 10.04 -0.47 0.58
ﬂlE‘?I?utuiﬁ@ 674 1.23+0.01d 0.60 1.58 0.16 13.25 -0.73 0.89
i%‘?l?utuiﬁ@ 440 1.31+0.01b 091 1.64 0.13 10.25 -0.29 0.23
TR HIR® 585 1.29+0.01c 0.78 1.66 0.14 10.98 -0.15 0.07
K?IJI:?;%EIZ® 583 1.27+£0.01¢ 0.78 1.64 0.16 12.98 -0.26 -0.27
wiliFzeiing 2883 1.29+0.00 0.60 1.71 0.15 11.90 ~0.48 0.64

T AF/NG TR R R AR R i 2 0 352 IR I EAFTE 3% 22 5% (P<0.05). Note: Different

lowercase letters indicate

significant differences in the mean bulk density among different basins ( P<0.05 ) . @Fujiang basin, @]Jialingjiang basin, @&Minjiang basin,

@®Qujiang basin, G Tuojiang basin, ©Yangtze River mainstem area, (DSichuan basin

22 TEBEFENEMEER

(P<0.05). A, MBS VRRdL iz T

(1) BikfEa . Tr2emtrai REN (% 2), HF
FEDCA TR L Bl R R L A A 3 2

W IEAE Y E S, HSEEFMERFEAN
TR EZES (P>0.05), ZAGH LR EIHEAL
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Table 2  Statistical characteristics of cropland topsoil bulk density in different soil parent rocks

. brifi 22 R
Bl ) A /M KAl )

FEA KL Standard Coefficient i FE 12353

(fEeidl ) Mean/ Min/ Max/

Number deviation/ of variation/ Skewness Kurtosis
Soil parent rock (gem?) (gem?) (gem™)
(grem™) %

Rt ANTEE A 586 1.31£0.01a 0.75 1.64 0.15 11.22 —0.48 0.65
TR 562 1.3240.01a 0.60 1.68 0.14 10.56 ~0.57 1.93
o [ 359 1.25+0.01bc 0.69 1.71 0.15 11.68 -0.33 0.70
ETEY 284 1.31£0.01a 0.66 1.64 0.16 12.21 -0.63 0.72
50 164 1.2740.01b 0.65 1.57 0.16 12.50 ~0.66 1.13
I A T 137 1.32+0.01a 0.73 1.60 0.14 11.00 -1.00 2.74
EREi R 121 1.28+0.01ab 0.87 1.62 0.15 11.92 -0.02 -0.22
R 926 1.29+0.02ab 0.85 1.60 0.15 11.87 -0.44 -0.04
g 21 © 74 1.22+0.02¢ 0.80 1.54 0.16 13.02 -0.26 —0.11
e St ® 54 1.27+0.02bc 0.72 1.58 0.17 13.31 -0.75 0.95
b npE R 50 1.22+0.02¢ 0.84 1.53 0.15 12.06 -0.32 -0.23
AT 26 1.25+0.02bc 0.93 1.44 0.12 9.86 ~1.00 1.11
HAb® 370 1.24+0.01bc 0.78 1.64 0.16 12.82 -0.32 -0.08

H: DNEERRIRNRF A Z B8R 2 AT IEAAAE B E 2SS (P <0.05). Note: Different lowercase letters indicate

significant differences in the mean bulk density among different soil parent rocks ( P <0.05) . @D Shaximiao group, @Penglaizhen group,

(®Holocene, @Suining group, ®Pleistocene, ®Chengqgiangyan formation, (DZiliujing group, ®Jiading formation, ©@Xujiahe group,

(0Jiaguan group, @Guankou group, @Minshan group, @Others

FroEmMmAmIdl, STFIcdl, Adl. &8
SEMHAMREA , H5IX 6 MR R ATETE B3 2%
5t (P>0.05 ). ZG AL FIHE (141 1) - 4 25 M i
fiX, A 1.22 g-em™, B H A EEAAR 0.02~0.10 gem >
LA IIEFEERFES, BREEN 9.86%;
HAM AW RIEREFE A S, R R
10.56%~13.31%:2 [f] .,

(2) HHEAVRIBE A A, R 250+
BREAEREZES (£ 3, P<0.05). LA
MR, N 134 gem™, HS5KE A K
(FH) LEEFARE (P>0.05), FHENEEE
PR EMAK CF) &, mTPHEL, A5
3N ERERHAEE (P>0.05), KFELAERY
A, WEE 1K 0.08 geem ™, HE5HM L LR
25 (P>0.05), M) ZH K+ B R
BERENERRZENT 7.73%~8.86%2 0], H
BREHBENAS;, MKRBLE., AKX CF) /M
WA HENERRZBAN T 11.36%~13.16%Z [0,

B S5 R

XA LR F, AREEAL . Pk
it Kt Ak CF) EREE KR LA E
PiEfm, MEERKEEESARE (% 3,
P>0.05 ), B KRG Bk - Mg A E Y
RS TEVEKARE £, mihFElt: 0.03~0.05 gem,
H5E KRR LM TR E 2SS (P>0.05),
BEABEIEREZFENRTHHR LA TR EER
(P>0.05), HEHEBE KB LEEEE 014 gem’
(P>0.05), NEREER, Kit. L. AK
HEa LM HEEA LN EELR ZAL T
7.73%~9.46%Z W], A= SMERcss; Hoay RN
REAAPERENESE, WEKBLWERR
B, N 15.67%.

3 PR A RS cp, SR AR I
B, A 132 grem”, UK AR HRIK 435 8
H 0.05 g-em™ 1 0.08 grem 5 7K HH B 375 F A4 (i
X, WEART A 2 MR HIZEAL (3R 4, P<0.05),

http://pedologica.issas.ac.cn



46 + b1 2 e 62 %:

£3 FRLERELIRBIERITHIE

Table 3  Statistical characteristics of cropland topsoil bulk density in different soil groups

iz ERFRE

) i FEAKL ¥ ME EKRE )
+2 W2k Standard  Coefficient s & 12353
Number Mean/ Min/ Max/
Soil group Soil subgroup deviation/ of variation/ Skewness Kurtosis
(1) (gem?) (geem?) (gem?™)
(grem™) %
%1t AR 383 1.35+0.01a 1.12 1.65 0.11 7.98 0.21 -0.71
Purpli-Cambosols ~ H %1 +® 199 1.34£0.01a 1.07 1.63 0.13 9.46 0.13 -0.58
Wk 1@ 121 1.30+0.01b 0.97 1.64 0.13 10.12 —-0.14 -0.50
£&it® 703 1.34+0.00A 0.97 1.65 0.12 8.86 0.04 —0.43
KFE L B KRS L® 104 1.3240.01a 0.96 1.66 0.13 10.02 —-0.21 0.22
Stagnic Anthrosols  IEVE/KFE+© 51 1.32+0.02ab 0.89 1.63 0.15 11.70 -0.41 0.59
WE KL 644 1.30+0.01b 0.80 1.68 0.15 11.64 ~0.34 0.13
BEKRELE 541 1.25+0.01c 0.81 1.60 0.14 11.45 -0.21 -0.02
WEKRELY 253 1.11£0.01d 0.60 1.53 0.17 15.67 -0.30 -0.15
i@ 1593 1.26+0.00C 0.60 1.68 0.17 13.16 —0.44 0.32
g " 340 1.30+0.01Bb 0.81 1.71 0.15 11.36 ~0.20 0.37
BRRL B 102 1.27£0.01BCbc  1.05 1.56 0.10 7.84 0.14 ~0.23
K i 1@ K +® 99 1.33£0.01ABa  1.10 1.61 0.10 7.73 0.50 0.43
Ak (H) % wmeakL® 46 1.33£0.02ABa  0.96 1.58 0.16 11.89 —0.42 ~0.57

e ARKREFRFRRAR 2 B EEAAEREER (P<0.05); AR/NEGFREFRR AR 2 (8] 125 51 B E A P
%225 (P<0.05). Note: Different uppercase letters indicate significant differences in the mean of bulk density among different soil groups
( P<0.05), and different lowercase letters indicate significant differences in the mean of bulk density among different soil subgroups
( P<0.05) . MCalcaric Purpli-Cambosols, @Typic Purpli-Cambosols, @Dystric Purpli-Cambosols, @Total, ®Hapli-Stagnic Anthrosols,
®Albic Fe-accmuli-Stagnic Anthrosols, (DFe-accumuli-Stagnic Anthrosols, @Fe-leachi-Stagnic Anthrosols, ©@Gleyi- Stagnic Anthrosols,
0Ali-Perudic Argosols, @Orthic Primosols, @Ochri-Aquic Cambosols, @Perudic Cambosols, @Carbonati-Perudic Cambosols

x4 TRHHABLENRELIRSERITIFE

Table 4  Statistical characteristics of cropland topsoil bulk density in different cropland use types

) FEAEL ¥E w/ME RKRME e 22 5 R AL )
HEsbF HIZE 2 i £ W iz
Number Mean/ Min/ Max/ Standard Deviation/ Coefficient
Cropland use type Skewness Kurtosis
(1) (grem™)  (grem™) (grem™) (grem™) of variation/%
24 Dryland 1290 1.324+0.00a 0.81 1.71 0.13 9.66 -0.12 0.20
K FE/EM Paddy-dryland
807 1.27+0.01b 0.69 1.68 0.15 11.68 -0.30 0.56
rotation cropland
7K Hl Paddy fields 786 1.244+0.01c 0.6 1.61 0.18 14.46 —0.43 —0.04

e ARR/NG 8RR A R 288 2 8] (1) % )2 £ R mI A7 3% 25 5% (P<0.05). Note: Different lowercase letters

indicate significant differences in the mean bulk density among different cropland use types ( P<0.05) .
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(a) 1.8+ (b)

15k

5 ooa a2 a a a5
212

b o
209 12+
2

Z 06 09}
[

& 03 0.6F

0.0
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o

Q
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09

0.6

1

| |
il Soil texture

30 40 50 60 7.0 80 90 0 15 30 45 60 75

pH AP Soil organic matter/(g'kg ")

I AR/NG FRER RN T 2 [0 1) R 2 LR mE A #2557 (P<0.05), Note: Different lowercase letters indicate
significant differences in the mean bulk density among different soil texture types ( P<0.05) . @Sandy loam, @Light loam, &Clay soil,

®Medium loam, ®Heavy loam, ©Sandy soil

K2 BHRE LA E S Ph . T pH A LB IIASC R

Fig. 2 Relationships between cropland topsoil bulk density and soil texture, soil pH and soil organic matter
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Fig. 3 The relative importance of factors affecting topsoil bulk density in different sub-basins and soil groups
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Fig. 4 The prediction results of topsoil bulk density under different prediction methods
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