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A study on the pedo-transfer functions and influencing factors for prediction of soil bulk
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Abstract: Background, aim, and scope Soil bulk density (BD) is an important physical property of soils and is a

basic parameter in many soil mass-volume conversion models. The conventional soil BD determination method is
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a time-consuming, labor-intensive, expensive and tedious, so most soil databases in our country are lack of soil BD
data. The lack of bulk density data has seriously affected the estimation of soil carbon storage in the karst area of
south China. It is urgent to construct the bulk density pedo-transfer function models (PTFs) using the available data.
Materials and methods Based on the data of limestone soil in the south karst distribution province, this paper mainly
covers 15 soil properties except for the bulk density of four limestone sub-classes. Firstly, the applicability test of
published soil bulk density transfer function was carried out. The function model with relatively higher prediction
ability was optimized by 1stOpt software to improve its accuracy. In order to further improve the accuracy of the
prediction results of bulk density of karst limestone soil, soil types were classified by limestone soil sub-class, and
the regression analysis was carried out by SPSS software to establish a new function model. Results The results show
that: (1) The published PTFs at home and abroad have poor applicability to non-zonal limestone soil in karst area of
south China, and need to be optimized or rebuilt to predict the new bulk density function. (2) The prediction accuracy
of the optimized models Shiri et al (2017)", Han et al (2016) -a~ and Han et al (2016) -c" has been significantly
improved. However, compared with the newly established PTFs that based on limestone soil sub-class, the precision
is not as good as the latter. Therefore, PTFs based on limestone soil subclasses are more suitable for predicting soil
bulk density of limestone in this study area. (3) There are differences in the factors affecting the prediction of bulk
density of different limestone soil subclasses. Soil organic matter content is the key factor for predicting limestone
bulk density, which is highly correlated with BD in all sub-classes of limestone soils. Discussion The application
of soil bulk density pedotransfer function has not only the limitation of geographical area but also the limitation of
soil type, and the finer soil type classification, the higher prediction accuracy of bulk density pedo-transfer function.
Correlation analysis and bulk density prediction model proved that soil organic matter content (OM) has an important
influence on the bulk density prediction of limestone soil sub-class. Due to the difference of soil-forming conditions
and soil-forming process between different types of limestone soil, there are great differences in soil properties,
resulting in different correlations between soil bulk density and other soil properties. Therefore, it is necessary to
classify different soil subtypes when predicting limestone soil bulk density to improve the prediction accuracy of
the models. Conclusions This paper discusses the prediction model of karst limestone soil bulk density and its
influencing factors. Established bulk density pedotransfer function models applicable to different limestone soil sub-
classes in the karst area of the south China, and provides convenience for later soil-related work. Recommendations
and perspectives We suggest that in the future, the study of soil bulk density forecasting models in karst area should
take full account of the regional differences and soil type factors. Meanwhile, due to the limitation of the data, the
spatial distribution of soil bulk density is not taken into account. This is one of the factors to be considered in the
future to further accurately establish soil bulk density prediction models.
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TP SERRE (5K R ANXE {9k, 1994; XI5 %,
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1.1

SCE T B R A E R R R G R s
G - LR E R T L (http:/soil.geodata.
cn) 7L (BN EFEE) o (R D) Bl
oy A A R R R A TR, A2 BORHISCAE XE
5 BEFNE e A B e B VR SR R R e, AL LA 5N |
PO EEER . WRE . VLPY A K e B TR ) A
B AT, BT v TR A K 2R A T
W ASE Y R 52 ) PR 2R 0 A SO R 5 1R A A K
+ . AR, WA KA A A K L P
WRAK M I6F EHEREME (K1) o Hrp,
R ) 5355 SR AR 1 B i) 4 3 5T b 3 S A
WE: WPRL (sand ) 2—0.02 mm, Fki (silt) 0.02—
0.002 mm. Ziki (clay) <0.002 mm, 4~3CH )5
AT, B R 2SR (land use ) 14 B85
A (soil texture ) 43 HIHEL T 1 87 S AL 46
AbFE (Wang et al, 2014; Zp/NEaE, 2017) .

1.2
1.2.1 A5 i pR BSOS A3 F M S0k 2

BT ) e IR TG 1 AR HE R 257 ( Moreels
etal, 2003) , Py ik A PFA 1 5 T — AL AR L 1Y
IFEfSHR (Hanetal, 2012) . SZH AR LLK,

AR SCHEI S UEFR PR 5 - R 2% (MPE ) |
T 5% 25 09 A5 I 22 (SDPE) | 3 5 AR i 22
(RMSPE) . LA TLEE R 25 (RY) DUZHE 4R
(Hanetal, 2012; Nankoetal, 2014) .
122 LIS ALE R B R A O Ak A At

Xif B & 2 R OB 9 P AL T2 AR SR 1stOpt $X
fF CEPHeERA e & TR ) #6517,
HJy gk R+ [ A4 /L5 75 1 (Universal
Global Optimization-UGO ) H #hiEf7i 08, 4%
WAL . B BRI B B 7 A SPSS 22 #44:,
FERNH T RILERIE, B 2ok ERIA
ZItARLNE B S 7
2
2.1

XA K REAR B AT ST BT, SRR
(£ 1) : AKEEIARE LR R R
Bbk, Hdr, BHUE SR, LERE. 2R,
SR MR LA SRR O S R T
60%, ZFEE ., WhkL. RyRL. BhRL, SRR 4ERK
KR DA AR YR 0 S PR ) 15%,  pH (B 55
PEAR N 6% 3K — G150 B W 345 b Xy K 1)
- 88 JE M Bt A A e L B s e
- 358 A e B S Rt UE T EE T DA K
A T3 R BRI T A A B

kA K LA ERGHE R TR AL, Hi
] 075 g-em ™, fKME N 1.76 g-em™, B RFR
Bk 0.13, fAEPERESR . K-SKKRgitaEh
0.082 ( P=0.083>0.05 ) , HI& R E 434 A 0.312
F1-0.342, Z5RFHIREA BD BRAEEUE A EAF
GIER A, HIEERE (K1) o EREEH
T, A R 2R e B R e
HHXERIFAPE (RP=024, K2), Hik, A&
WFFE A DEREE I FE R 43, O 38 27 7114
XA R A 4 B pR BRI TR
2.2

Sk [ N A 2 R R PTFs & ik FH T+
R W TR A K - A O, AR ST
20 20 60 AR 2 4 A [l N AP R R TR o A
# PTFs, A KRR A 5 R R A
WA L B B uEFE bR e A TS E (K 2) , PTFs Xf
BD LR R 0—38.9%. LB &KT6hE ,
H 45 Shiri et al (2017) . &yEH4E (2016) -a fl
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® 1 AKEREEAEEGTHRE

Tab.1

Statistical characteristics of soil properties of limestone soil

i 45F  Statistics character

o CZ= SN YNTR ¥R T bERE  BREM
N Minimum Maximum Mean SD CV
75# BD/(g-cm”) 104 0.75 1.76 1.28 0.17 0.13
AHLE OM/% 104 0.20 52.37 10.30 2.07 0.73
TR Depth/cm 104 6.00 110.00 45.17 30.63 0.68
fibki  Sand/% 100 9.00 64.70 31.46 11.98 0.38
¥kr o Silt/% 100 13.99 67.20 34.71 9.94 0.29
Fiki  Clay/% 100 9.00 67.20 33.83 11.79 0.35
2% TN/% 104 0.03 0.67 0.17 0.12 0.71
4B TP/ % 104 0.02 0.17 0.06 0.04 0.67
B0 TK/% 93 0.42 3.24 1.71 0.73 0.43
AT pH 104 6.00 8.40 7.38 0.46 0.06
MR Height/m 104 120.00 3450.00 1086.62 823.21 0.76
ﬂ% ! J( 102 620.06 1609.00 1124.71 236.53 0.21
Precipitation/ mm
AEFIR Temperature/ °C 102 9.00 19.00 14.91 237 0.16
T Soil texture 104 = = = = =
+#FH  Land use 102 - - - - -
23 SH=R
e it 46 0.12 15.59 2.97 3.25 1.09

CaCO; content/%
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Tab.2 Pedo-transfer function for estimating soil bulk density published at home and abroad applicability of

data in this study

PREICT R

PTFs . .
Functional equation

WIFEIX

Research areas

B o]
Soil type

MPE SDPE RMSPE R’

Curtis and Post log(BDx100)=2.09963 —

(1964) 0.0006410g0OM —0.22302(logOM)’
Jeffrey (1970) BD=100/[OM/0.144+(100—OM)/1.928]
Alexander 05
BD=1.66—0.308(0C)"~
(1980)
BD=Exp[—2.31-1.079In(OM/100)—
Federer (1983)

0.1131n(OM/100)’]

Manrique and
Jones BD=1.66—0.318(0C)"’
(1991)-a
Manrique and
Jones BD=1.51-0.1130C

(1991)-b

Federer et al

BD=100/[OM/0.111+(100—OM)/1.45]
(1993)

Tomasella and .
BD=1.578—-0.0540C —0.006silt—0.004clay

Hodnett (1998)
Leonaviciute BD=1.70398—-0.00313silt+0.00261clay —
(2000)-a 0.112450C
. BD=0.99915-0.00592Insilt+
Leonaviciute
0.07712Inclay+0.09371Insand —
(2000)-b
0.08415InOC
Kaur et al BD=Exp(0.313—0.1910C+0.02102clay —
(2002) 0.000476(clay)’—0.00432silt
Prévost BD=Exp{—1.81-0.892In(OM/100)—
(2004)-a 0.092In(OM/100)]*}

Benites et al

(2007) BD=1.5688-0.0005clay —0.0090C
-a

Benites et al
BD=1.5224-0.0005clay

(2007)-b
Perie and BD=-1.977+4.105(0M/100)—
Ouimet (2008)  1.229In(OM/100)—0.103[In(OM/100)]*
Hanetal — BD=Exp(0.4345—0.03560M"*~0.00070M—
(2012)-a 0.0215TN+0.0001clay)
Han et al
BD=100/[OM/0.167+(100—OM)/1.526]
(2012)-b
Han et al -
BD=Exp(0.5379—0.06530M"")
(2012)-c

K, EHAEM

Vermont, America

BRFNE. 55
Australia, United Kingdom

mER, K

Canada, America

EH, FFEAfR M
New Hampshire, America
K, B WA
Hawaii Island, Puerto Rico,
America

Hawaii Island, Puerto Rico,

America

Ak K

New England, America

(iAif)
Brazil
37 F%E
Lithuania

A LT
Lithuania

WA

Australia

xR, s
Quebec, Canada

e

Brazil

i)

Brazil

gk, ey
Quebec, Canada

i
China

G|
China

o
China

Y3 N Y/

Podzol, brown podzolic h

EZiES
Polytype

L L3
Alpine soil

WL

Sandy loam

EZUES
Polytype

EZUIES
Polytype

gt

Sandy loam

EZUES
Polytype

EZLES
Polytype

EZUIES
Polytype

EZUES
Polytype

EZLIES
Polytype

ZFh
Polytype

EZiES
Polytype

et AL

Loam, sandy loam

EZUIES
Polytype

EZUES
Polytype

ZRhk
Polytype

155 0.174

0.179 0.211

—0.002 0.171

—0.086 0.192

—0.014 0.172

0.036 0.177

—0.178 0.181

—0.148 0.190

0.205 0.187

0.246 0.176

—-0.316 0.238

—0.049 0.180
0.244 0.187
0.213 0.191
—0.019 0.212
0.163 0.176

—0.029 0.174

0.054

0.077

0.029

0.044

0.029

0.033

0.065

0.058

0.077

0.092

0.024

0.035

0.095

0.082

0.045

0.058

0.031

0.194

0.227

0.219

0.219

0.219

0.192

0.226

0.045

0.181

0.141

0.104

0.216

0.117

0.038

0.230

0.230

0.221

0.256 0.169 0.094 0.221

(158

To be continued )
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PRECT WX e

PTFs , , , MPE SDPE RMSPE R’
Functional equation Research areas Soil type
Brahim et al BD=1.65-0.1170C—0.0042clay - 52 %
rafum eta s RS EHik 0.137 0.180 0.051 0.197
(2012)-a 0.0036sand +0.031pH Tunisia Polytype
EZUES
Brahimetal ~BD=0.9—0.080C+0.007sand+0.007silt-+ Bk % 0—40
ram eta s o R (a2 M) 0306 0.196 0.132 0,059
(2012)-b 0.05pH Tunisia Polytype
(Soil depth 0—40 cm)
ZFpk
Brahim et al BD=1.9-0.080C+0.003 1 clay— 52 % >40
rafum eta S RS (HR>40em) ) o1 0125 0287 0283
(2012)-c 0.0023CaCO; Tunisia Polytype
(Soil depth >40 cm)
H t al 5 D LU‘ B
ong eta BD=1.02-0.156logOM il Kilige ~0.324 0.172 0.135 0213
(2013)-a Korea Andosls
H t al +
ONECLE BD=1.017+0.0032sand +0.054log depth e YR ~0.092 0.194 0.046  0.000
(2013)-b Korea Mineral soil
Al-Qinna and %A "
Qinna an BD=1.654—0.16310g0C g FH 0346 0.171 0.149 0213
Jaber (2013)-a Jordan Polytype
Al-Qinna and ZyH, )
Qinna an BD=1.397+0.553Exp(~0.740C) g FFIR 0319 0.167 0.129 0.226
Jaber (2013)-b Jordan Polytype
Al-Qinna and ZyH, )
Qimnaand - 086/[1+ Exp(3.809 +0.1280C)] A EHIX ~0.092 0.181 0.041 0213
Jaber (2013)-c Jordan Polytype
Al-Qi d LA EN B
Qinna an BD=1.398—0.1380C+0.008sand g e 0.129 0216 0.063 0.092
Jaber (2013)-d Jordan Polytype
Al-Qinna and e
Qinna an BD=1.228—0.15510g0C +0.008sand g FHX 0.169 0214 0.074 0.000
Jaber (2013)-¢ Jordan Polytype
Al-Qinnaand BD=1.724+0.175[0.027sand—0.016clay — e, *
Qinna an 5[0.027san - g s 0.136 0215 0.065 0.095
Jaber (2013)-f 0.02silt—0.7870C] Jordan Polytype
Nanko et al H 4 4
anko cta BD=1/(0.882+0.1330C) * KRR ~0.364 0.167 0.161 0.222
(2014)-a Japan Andosls
Nanko et al H KT+
Ao A BD=100/[0OM/0.140+ (100~ OM)/1.152] * KR ~0.320 0.167 0.130 0.220
(2014)-b Japan Andosls
Abdelbaki
ehad BD=1.449¢ ¢ R FHX 0.091 0.173  0.038 0.198
(2016) America Polytype
BD=-0.2470Ctan '[clay/(CaCO,+ FA .
Shiri et al an’ [elay/(CaCO, PR GBS, BB, ms
7.02216)]+OCtan”'pH/(CaCO+ Skeletol soils, ~ —0.148 0.191 0.058 0.389
(2017) Southwestern of Iran . .
10.505)+1.53433 inceptisol, solonchak
N 4/ )
BB BD— 0.341-0.0540M'+0.0006depth e s 0.156 0.166 0.052 0.310
(2016)-a China Isohumosols
L. BD=0.197%1.506/ i
R . . iz o ~0.010 0.182 0.033 0.172
(2016)-b [1.5060M'+0.197(1-OM")] China Luvisols
Serp BD=0.156%1.538/ 7
S i L 0.032 0.146 0.022 0.323
(2016)-c [1.5380M™+0.156(1—OM")] China Cambisols

T BD: A (grem™); OM: FHHUR A (OM": gg's HARMAIN %) ; OC: AHLBKEHE (%) ; sand: BRI (%) 5 silt: B0KE (%) ;
clay: Zk (%) ; TN: 2% &E (%) ; depth: HIERE (em) ; pH: HIEMME; CaCO;: HHERRFRESSH (%) o

Note: BD: bulk density (g°cm™); OM: organic matter content (OM: g-g'; units in others are %); OC: organic carbon content (%); sand: sand (%);
silt: silt (%); clay: clay (%); TN: total nitrogen content (%); depth: soil depth (cm); pH: soil pH; CaCOs;: soil calcium carbonate content (%).
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2% Pearson AHOCAHT Al A1 (R 3) , FFAERTA
TIERMHE S A EZ N AA RS, BA
IR A28 R AN R0 2 1 25 15 45 T8 P 722 o ) ) A O
PEAEAE2ZE R, BETHC TS I, e A K+

K3 AKERHAWSE BD SHE

W2 e HE AL 1 R KL (PTFs ) BERUES, HkI
HRAOK T HEE (BD) BEMKHEMEEN
g AR EAT [ 3 B R G, R O 1 ) T
R e Ho A A8 Eﬁﬁmﬁm&ﬂ,u%%ﬁ
TR S I

TR AR R L

Tab.3 Correlation coefficients between BD and other attrlbute Varlables of limestone soil and its subgroups

AR T4 W2 H BD of lime soil and each sub-category

i, I ]
Prop%rtr}%varlables . Akt . éaj‘f(i . ﬁéﬁ}f(i . Yeil:)%fnjlfstione élé’ Rt .
Limestone soil Black limestone soil Brown limestone soil soil Red limestone soil
oM —0.442" -0.650" -0.396" —0.555" —0.634"
Depth 0.414™ 0.561" 0.453" 0.507" 0.529"
Sand -0.237" —0.549" —0.535" -0.079 -0.250
Silt 0.051 0.225 0.545" -0.035 0.137
Clay 0.196" 0.380 0.306 0.122 0.006
TN -0.388" -0.631" —0.440" -0.518" -0.473"
TP -0.303" -0.213 —-0.414 -0.253 -0.330
TK 0.128 -0.014 -0.332 0.498" 0.186
pH -0.070 0.051 —0.340 0.194 0.130
Height —0.172 0.323 -0.167 -0.168 0.056
P -0.015 -0.305 0.030 -0.266 0.093
L —0.084 -0.358 0.076 —0.141 —0.106"
T 0.217 -0.360 0.224 0.405" —0.048
CaCo, 0.183 0.780° —0.234 —0.244 0.240
ZD -0.017 0.054 0.054 -0.017 0.127

Fe T RORHERE 0.01 KPR E (SRR ) 5

"o ARDGHETE 0.05 KF L BE (XURKE) ;5

OM: TBEAHUTFiE; Depth: TIEIRE;

Sand: #7; Silt: #pki; Clay: Zifi; TN: &% E; TP &S TK. &MSE; pH: MRE; Height: WHEEE; P: 4K,

L. LHAFIZEAEL T AEER; CaCO,: BRERFS S &E; ZD: HERt.

Note: "": The correlation was significant at 0.01 level (two-tailed test);

" the correlation was significant at 0.05 level (two-tailed test); OM: soil

organic matter content; Depth: soil depth; Sand: sand; Silt: silt; Clay: clay; TN: total nitrogen content; TP: total phosphorus content; TK: total

potassium content; pH: pH; Height: altitude; P: average annual rainfall; L: land use type; T: average annual temperature; CaCO;: calcium carbonate

content; ZD: soil texture.

s A (2004) Ak, ALRNRAE TR BD £
&iﬁﬁ\ﬁiﬁﬁ\%F A VE R BB S

s N HA S AR S te4h, Calhoun et al
(mm)ﬁ%%ﬁ - AT ML) B R A T
X} BD ABAL AR B — AT 50% ., A 5T 45
W, 75 BD BEMKNEMRE T, HHEL
JE A AR EE X BD (UfRRE R, A K Har5]
FIk 44.2% 1 41.4%, A KW 2451155
65% F1 56.1%, tFtE A K L 7 5ilik 5] 39.6%
1 45.3%, B A K42 43 5] 35 5] 55.5% F
50.7%, 2L €0 A7 JK 4 2 4y i ik F) 63.4% A

52.9%. A3 AT 23 0 A B A% LB AN A I
KE A, X BD = A2 ( F 45 5%,
2005) o HHERBEHOM, LHEAMLE G RSB
F% ik (Jobbagy and Jackson, 2000; Hobley et al,
2013 ) LA Rz A AT 07 i 1 7 AR AT B e B 5
( Tranter et al, 2007 ) , J&i& ik BD Bl I HEVR i
PN NGO S

2.4
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Tab.4 Optimized soil bulk density pedo-transfer function models

itk PTFs PREOTTR

Optimized PTFs Functional equation

MPE SDPE RMSPE R’

BD=-0.0610Ctan""[(clay/(CaCO,+4.4308)] +

Shiri et al (2017) OCtan'pH/(CaCOL+ 154,66 +1.4822 0.000  0.099 0.009 0.427
#E4E (2016) -a° InBD=0.2996—2.4680M'+0.00146depth
. : : ] 934
Han et al (2016)-a (B K+ Black limestone soil ) LB Gk 020
b4 (2016) -¢° BD=1.421x1.543/[1.5430M"+1.421(1-OM")]
Han et al (2016)-c’ (# A )K+  Yellow limestone soil ) 0.000 0.128 0016 0414

TE: #EHAE (2016) -a FIREEHAE (2016) -¢ PIAMSEAIFE IR VR SO 4352 3498 L AR L I 25 TEAS 28 BB, G 4331 % 1ot
ARBFGE X B A K LRI Kt HARTERERIER 2,

Note: Han et al (2016)-a and Han et al (2016)-c two models in the original author’s article are the pedo-transfer function models of soil bulk density
of isohumosols and cambosols respectively. After improvement, they correspond to the black limestone soil and the yellow limestone soil in this

study area respectively. The rest of the comments are the same as in Tab.2.

2.0 T T T 2.0 T T 2.0 T T T
2 AeAL i Shird et al (2017) AT DG 45 (2016) -a PRAG TG 145 (2016) -¢
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Fig.3 Comparison of measured value and predicted value of soil bulk density before and after optimization
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Tab.5 Limestone soil bulk density pedo-transfer function models suitable for South Karst region

B . ., HRURE B AT S5
i JifE PR
Sub-category of . Model accuracy verification index
. . Models Equations
limestone soils MPE SDPE RMSPE R
e AR 4 Black L-a InBD=0.791508(1/0OM)+0.022483 0.000 0.069 0.005 0.925
Black limestone soil ~ Black L-b InBD=0.3951-0.032830M 0.000 0.100 0.010 0.938
(TP ay Brown L-a InBD=-0.01077-0.00328sand +0.01837silt—1.65809TN 0.000 0.098  0.009  0.938
Brown limestone soil  Brown L-b InBD=-0.15259+0.020988silt — 1.95159TN 0.000 0.104 0.011 0.937
VY Yellow L-a BD=1.467034+0.001305depth — 0.181590M"” 0.000 0.143 0.021 0.361
Yellow limestone soil Yellow L-b BD=1.383977-0.185250M"°+0.86638 TK 0.000 0.122  0.015 0.464
ARy Red L-a InBD=0.474332-0.115980M** 0.000 0.069 0.005 0.853
Red limestone soil Red L-b InBD=-0.07315-0.561020M"°—0.09365depth 0.000 0.067 0.004 0.848

F: BD: &H (grem ) ; OM: AHUE S (%) ; sand: WPRIAE (%) silt: BPREARE (% )5 TN: SR G (%) TK: 2% (%)
depth: LB (em) o

Note: BD: bulk density (g'cm); OM: organic matter content (%); sand: sand content (%); silt: silt content (%); TN: total nitrogen content (%); TK:
total potassium content (%); depth: soil depth (cm).
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Fig.4 Comparison of measured value and predicted value of limestone soil bulk density in South Karst region
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