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Fig. 1 Distributions of saturated soil hydraulic conductivity (K,) and other factors along the transect
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Table 1 Basic statistic information for variables and the correlation with saturated soil hydraulic conductivity
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Table 2 Parameters for each semivariogram model of saturated soil hydraulic

conductivity and cross validation for precision evaluation

B e HEHMH AR i W R EEIRBE alE R R 2 *ﬁ)ﬁ?éﬁﬁr?‘ﬁu o ¥ 1% 2 T B

C, Co+C A/m R? C/(Cy+C) Se r? Sep

ROk AL A 0. 021 0. 043 52 0. 462 0. 501 0. 172 0.223 0. 167

LAERR 0. 038 0. 041 141 0.023 0. 091 0.221 0. 143 0.175

Eig ki 0.014 0.042 42 0.410 0. 670 0. 151 0.263 0. 163

e B S 7R 0.021 0.043 42 0. 448 0.501 0.111 0.278 0.161
TR R LN R, 0 K Heg i ( Co)iﬁ"c/J J90.0 %%%M%ﬁﬂ?%lﬁﬁﬁi% K 23 6] 7% 5
PEEUN, FEBE(C+C)H 0.043, C,/(Co+C) =3l b, fily%j:fi%[{ﬂ/] ETMMﬁ o HIF 2 W,

K 14975 [ S He o 0. 501, AR 4 Cambardella % E’Jiz'JéﬂT/ﬁf}E?FP:% (]R3 1 %ﬁ%#ﬂil:ﬁﬂ‘ﬁ
(PRERIUEE A IZ{E‘M’Fjﬂ%%{EHiﬁ.%T?ﬁ?ﬁ%i*ﬁ?&ﬂ@%&, RN, %”ﬂiﬁ%K?" [ = F9 A
TERBEES @/ ez, ASfe ok, 28 A ILAROB I 22 M BE Bt ok, BRSSP /b R Komy 22 e O
42 m, FUIBEIM K (17 6] 2 LR BT
2.3 THEBMSAXREEMTENEEXMIEEXSHN

TEHEAT IR 23 IR BRI, 5 28 1 i 45 78 i DL B A8 o 22 AN A (] 25 AV BE B B AR OG0 51 ACIRZS 23 18] J7 72
(A i B el B AT A 1) R SC A , [)I 45 72 A ) 0 0 B AT 45 1) S8 HOAHOG R AR o AR TAE G2 1Y Pearson A5G
SrHTIE xE*ﬁaéé:‘*ﬁE’JﬁE%“f?Tu&H%ﬂﬁ/l\ SN AT S T AR R .

B2 AEL 3 2ol R 145280 (Koo By S,0 S\ Cy) B =S ] A AR G G AR J K5 HoAth 722 2 19 52 AR O %
Fo AR HrERED, %”’r"f IEﬂLﬂJ,E:ﬁEPFHJiK?%, KTZ/I\{WFEEF%(EMA*EIEHEE)TEF
BER A AATEM:, By, S, S, F1C 2y HIFE 12, 10, 3 FI 14 A HE 2 F BEoA 23 ) [ A e (1| 2) .
I, Zliﬁﬁnﬂﬁzﬁi%uf;/%u&tﬂﬁEE’J#H?%EE.% A LR 5 K SCH 2% R B R SC St o ARl KSEI’JI
6] 5 AR OC I e B B de /)y, D KRR B Y 25 18] 0 Al B W1 g 28 f a4 (181 1), 5 HHAb 4 MR RARTE, K,
(23 (8] { AR ERIR . SCE AR A 85 R R BT, K5 LL b 4 A B R A A R J5 BE B R B AT A [R] A9 25 1) A 5C
P, HAEARRT5 ) LA HANR KR RN (18 3) o BAAEH IR LR 0 I 5 K AFE R B AR C KR, SCHAMRK
FHON-0. 447, AR HARH 5 PR N AN AFAE S A SE G A, A e R /N T R ph T SR R T R R R
9 EARZIE T R T, S, S C 5 K R TSR IE B 451 3. 2 0 1, S ey 5
KAEMSG, SEIEMTT ) B — PR mE NS K BF AL, CMERTTm E— iR EEZ NS K
BEAMKLESI) .
2.4 FTEBIMSKRHPKET EE

AOFFER IR AE AT B, WAL S, . ByRL S, MIBAL C 1 R DR 25 25 ) A6 8 i 220K A 742 o A 2 8] o7 B
EHAAMRMZLEMNCK R Wi, 4 D RHAFHNZLEG 0505 RS EE R, LU g
OGRS T ] K W BN R AL & o AW T AR 2 W) 7 B i 20 YRR S, HI97E P<0.01 K 1
W, K4 BRTRET R R U R A =R SRS iR LRI SR e 0 R A s T O AR DL R KSR ASE AL
AR AT O 95% EAR X Al i Ag, R K SLE S BIE B S dar, RPRZES = 7 AR @ e h
4 AT LA, BRI B 1 4 RS 25 1) O B8 R RIS F 0.9, HL 95% i1 B A5 X ) e A% o AR IR A5 40



5 6 AT, . B e R IR R A A R 5K R 3 A 5 R 811

Yorak
a
0.8}
W 06 =
0.4 K
z L 1 £
=02 =
0_
1 35 7 9 11131517 19
-02t 02l e,
1 3 5 7 9 1113 1517 19 ity J5 1 S
i I B
1.0r
d)S
0.8-() . .
06 %
K 04 s
E ()2 [ ] 55
ao I
oOH
ol 35 T 9 3T 19 ool 35 7 91 L Ll _0_2_1 35 7 9 111315 17 19
RIS IR IR

TE: MR 95% EAF KT Ml FAH (0. 198) 1 AMMERFE RS 6T L ASRAEMEE, B3 m,
B2 FIEEAMPEKEK) ., FEB,) . DRSS, . BREE(S) MER & E(C) M2 [ J A&
Fig.2 Calculated auto-correlograms for saturated soil hydraulic conductivity (K, ), bulk density (B,),

sand content (S,), slit content (S,) and clay content (C,)

0.6 0.6
(a) B, () S, .
04} 04k o
# » »
% o * s * ﬁ,, . *
L‘)ﬁ L 1 - ; . .I . .I o : 1 1 ' > J ‘::K(' L . 1 1 1 . 1 C , L 1 J
=-10 $°6°4 2 *2 4 6 8 10 Z-® S edesa 2 4 6 8 10
5 e e & o+
e X
-04 f 04 F
—06 L —06L
il Je I il J I
0.6 0.6
(c) S, d ¢,
0.4 F 04 F
: o> o=
% o ® e o © ﬁ/
$ L 1 1 1 . 1 G 1 1 1 1 J $ Y - a ® ; Y r. 1 \f) 1 o r 1 1 ]
=10 -8 -6 -4 -2 %2 6 8 10 m=-10 8 6 -4e2 e 2" 40948 10
E 205 e -E .00 - =
. o U b .
I o i
X 04¢ * a ~04
L ]
[ ]
—06 L 06 L
it il Je I

e LR 5% EAFKF T RIIGFAEL (0. 198) 5 1 DHERIEZSE T | ASREEMEE, B 3m,
B3 RHEASKER(K) SAE(B,) . BRER(S,) . MRL& R (S,) . Bk & e (C)) 1Y% A 32 GAH 5C 18]
Fig. 3 Calculated cross-correlograms between saturated soil hydraulic conductivity (K, ), bulk density (B,),

sand content (S,), slit content (S,) and clay content (C,)



812 kOB ¥ R 25 %

LRI F S R A, AR MI R P i1 Ab A B AR AR B Ab K A AR XS STk /N T K AR S i 5Tk (181 4) .

PP DR RS 2 R B, K BOR B 10k B (4 (a) ), PRERBCR 9 0.940, 7 i—1 4k B XL E i 4k K,
AR TTRk A 29. 1%, KT KA T 5THR (64.9%) o RAE B,5 K A B ARSI H 5 B e /N T Hifth 3 MK,
(R HCAE B DR R A 2 A5 2 rh UL 0OR B e ELBE B M B K 0 A 94. 0% A S (5 B (1B 4 (a) ) o NI, RAE=
T A0 4% SR 1 £ 25 5 7 i 50 B M S O MG B B RN G 36, X S N B g 4 R — 3T

R AR S 25 1) T R AU K G A ORS00 B, +S,, ml DU BERE AT IR A T KR 94. 8% I8 5t o BR T K,
ARE ISR, B AR sTEk e K, O 36.2%, 1 S, HYRIXT STEK N 15. 1%, fE—E R LU B X K 5E
MR BRI R . = BORES A MECR B WAL 58 B +S+S,, JUE RECR™HN 0.964, S A k25 45 ) Oy
R K ACR R N R LG, BEDME S SCE 85 PR 8hr, H 95% B4R X IRAR A 4, BR300 3 41
BAN DS KIS E . fE B, +S,+S, A G H, KALKTIR Y 65.4%, B, HIH XTI 5THk g 26. 0%, i
- UKL 4 A X BT RN, KL FRL A AR X STHRA Ry 7. 5% F1 1. 0% (18 4 () ) o %5 5 F1 - HEWURLE 17 1
SRR AN oK SR AL 5 BRI R, SR AR RN AL B R RO N B W UTIECR, R
LA K T A 25 SR R R FLBRAR B, N TS B M A K SR A A4 T R, A A
- 4 UL B i B I R R SR S E BN E, X5 Hu & R KBS e AR R . BT R
N A S UKL A AR 25 A3 TR EL B AT B B ADUOR AT T ) 4 0 e S 0 AR 5 2K 38 00 A1 R A Y T

20r K =0.649K  +0.291B, +w,
4 R*=0.940
MOLSE EATSE S : o MERUAE
= R . - S
Z 1.0f — 95%EAFX[H]
=
= b
= 05f
=
0 J
20 40 60 80 100
PR S
20¢ 20¢
K =0.766K , +0.362B, ~0.151S,  +u, T K =0654K | +0.260B,  +0.075S,  +0.001S, _ +w
R=0948  ° . R=0964
1.5F . o PEE i 15EF . . PEHE
b XX?‘_: N . c :?
BRER C W “ e

—95% {5 X[

—95% EE X IH]

HEAR AN Tk ety
5

5
HEAL LN Tk %
5

i

7N

7
o
W

}

20 4IO 60 80 l(I)O 20 40 60 80 100
B A PR
4 ORI 0 B 5K % R AR 25 2 I

Fig. 4 Best state-space models for simulating saturated soil hydraulic conductivity with different combinations of variables
. >
3 4 B

(1) $eim RO T S A G ok R BT W) i 25 [ A2 S vk, AR SR o b A8 S o 252 UK I, R AR AN
oK AR e TR R BEAT R A, AR N4 m, HORAT P SRR A AR

(2) BTSN 9 A ATRERZ M A R rp, (AR . R BERL. BB AR KL AR AN [R] i e B
HAT 2z (8] HAHSCEEA, W REER 20000 20 12 14, 3 R0 10 D RAEEE . A S/KRERFAFER TS



%

6 ] BT, A B b SR S T R - AR NS K R A S 813

HHE L WAL REA R E AR KR, SORAARE L IEMIELR,

(3) 7 F IR 2 52 00 35 ThT L2 A0 A1 5 K 3 23 8] A 9 2 2PN 3R, B T 3 TP 8 ORI 9 R 28 5 1) 7

X0 S KRB B, DesE R B RPIIAE 0.9 RLE, Al HIF H 8] 4608 F 4 5840 A S oK 523 A A (1
.

S & k-

[1]

[2]

[3]

[5]

(6]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

FARES A, ALVA A K, NKEDI-KIZZA P, et al. Estimation of soil hydraulic properties of a sandy soil using capacitance probes and
guelph permeameter[ J]. Soil Science, 2000, 165(10) . 768-777.
BUTTLE J M, HOUSE D A. Spatial variability of saturated hydraulic conductivity in shallow macroporous soils in a forested basin
[J]. Journal of Hydrology, 1997, 203(1): 127-142.
g, B, ki, . FREBIKEXN L EEA S KRN [T]. ESHR, 2009, 29(2): 636-642. (LIANG
Xiangfeng, ZHAO Shiwei, ZHANG Yang, et al. Effects of vegetation rehabilitation on soil saturated hydraulic conductivity in Ziwul-
ing Forest Area [ J]. Acta Ecologica Sinica, 2009, 29(2) : 636-642. (in Chinese) )
SANTRA P, CHOPRA U K, CHAKRABORTY D. Spatial variability of soil properties and its application in predicting surface map
of hydraulic parameters in an agricultural farm[ J]. Current Science, 2008, 95(7) : 937-945.
WANG Y Q, SHAO M A, LIU Z P, et al. Regional-scale variation and distribution patterns of soil saturated hydraulic conductivities
in surface and subsurface layers in the loessial soils of China[ J]. Journal of Hydrology, 2013, 487(22) . 13-23.
KEY, LRV, BRI W KK ISR S A [ )] TR XEFESHE, 2001, 15(4) : 68-74. (ZHANG Leim-
ing, SHANGGUAN Zhouping, SHI Juntong. Moisture and Nutrient conditions as well as vegetation construction on slopeland in loess
area [ J]. Journal of Arid Land Resources and Environment, 2001, 15(4) : 68-74. (in Chinese) )
XVER], B, BTRM, S5, B v B K U B A XA R T R Sk R AR ) S B [ T]. AR A AR, 2012, 32(4) .
1211-1219. (LIU Chunli, HU Wei, JIA Hongfu, et al. Spatial heterogeneity of soil saturated hydraulic conductivity on a slope of the
wind-water erosion crisscross region on the Loess Plateau [ J]. Acta Ecologica Sinica, 2012, 32(4) . 1211-1219. (in Chinese) )
MACHIWAL D, JHA M K, MAL B C. Modelling infiltration and quantifying spatial soil variability in a wasteland of kharagpur, In-
dia[ J]. Biosystems Egineering, 2006, 95(4) . 569-582.
HAMLETT J M, HORTON R, CRESSIE N A C. Resistant and exploratory techniques for use in semivariogram nalysis[ J]. Soil Sci-
ence Society of America Journal, 1986, 50(4) . 868-875.
WAL, DERESE. s m SRR S IR, 2003, 12(3) :371-375. (PAN Chengzhong, SHANGGUAN
Zhouping. Review of the research on soil spatial variability [ J]. Ecology and Environment, 2003, 12(3) : 371-375. (in Chinese) )
XIEMS, BRI, Exm. KBRETE &R LM dn s WEBLT]. Rl TR, 2012, 28(22): 132-140.
(LIU Zhipeng, SHAO Mingan, WANG Yungiang. Spatial simulation of soil total potassium in regional scale for Loess Plateau Re-
gion [ J]. Transactions of the Chinese Society of Agricultural Engineering, 2012, 28(22) : 132-140. (in Chinese) )
JIA X X, SHAO M A, WEI X R, et al. Estimating total net primary productivity of managed grasslands by a state-space modeling
approach in a small catchment on the Loess Plateau, Chinal J]. Geoderma, 2011, 160(3/4) . 281-291.
HU W, SHAO M A, WANG Q J, et al. Spatial variability of soil hydraulic properties on a steep slope in the loess Plateau of China
[J]. Scientia Agricola, 2008, 65(3) : 268-276.
FWEAR. LY AR R R BT ZE R [ T]. Al TR2244%, 1998, 23(4) : 42-47. (QIN Yaodong. Semi-variogram prob-
lems in soil spatial variability [ J]. Transactions of the Chinese Society of Agricultural Engineering, 1998, 23(4) ; 42-47. (in Chi-
nese) )
i P, BZREE, SR, 5. RIS R A AR S A KA S IR [T, KR8 R ,2013,24(3) :340-348. (HE Dan,
MA Donghao, ZHANG Xizhou, et al. Regularity of spatial variability of soil infiltration and its variation sources [ J]. Advances in
Water Science, 2013, 24(3) ; 340-348. (in Chinese))
HU W, SHAO M A, WANG Q J, et al. Effects of measurement method, scale, and landscape features on variability of saturated
hydraulic conductivity[ J]. Journal of Hydrologic Engineering,2013, 18(4) ; 378-386.
TUNME, BRI, Bk, AF. W b s AU ST R R R MK RS S AT ] £k TR, 2010, 26(10) ; 38-44.



814

KB B $25 %

[18]

[19]

[20]

[21]

[22]

[24]

[25]

[26]

[27] %

[28]

[29]

[30]

[31]

[32]

[33]

(JIA Xiaoxu, SHAO Mingan, WEI Xiaorong, et al. State-space simulation of soil surface water content in grassland of northern Lo-
ess Plateau [ J]. Transactions of the Chinese Society of Agricultural Engineering, 2010, 26(10) ; 38-44. (in Chinese) )

HAR L HRB2, EAJu. B IO A A bl A K S s ) S i RO RS [T R0l T AR %4416, 2005,21(8) : 11-16. (HU
Wei, SHAO Ming’an, WANG Quanjiu. Scale-dependency of spatial variability of soil moisture on a degraded slope-land on the Lo-
ess Plateau [ J]. Transactions of the Chinese Society of Agricultural Engineering, 2005, 21(8) : 11-16. (in Chinese) )
KANWAR R S, RIZVI H A, AHMED M, et al. Measurement of field-saturated hydraulic conductivity by using Guelph and Veloci-
ty permeameters| J]. Transactions of the American Society of Agricultural and Biological Engineers, 1990, 32(6) . 1885-1890.
CAMBARDELLA C A, MOORMAN T B, NOVAK J M, et al. Field-scale variability of soil properties in central Towa soils[ J]. Soil
Science Society of America Journal, 1994, 58(5). 1501-1511.

LEmi, AL, XM, BT b XU B R K 2 2s W AR S [T ] KRB ERE R, 2012, 23(3) @ 310-316. (WANG Yun-
giang, SHAO Ming’an, LIU Zhipeng. Spatial variability of soil moisture at a regional scale in the Loess Plateau [ J]. Advances in
Water Science, 2012, 23(3): 310-316. (in Chinese) )

ALy, HRUHLE, TR B . 8 b R R R A R R K R AR R RRIE[T]. K IR FE22 4R, 2004, 18(3) : 53-56.
(ZHENG Jiyong, SHAO Ming’an, ZHANG Xingchang. Spatial variation of surface soil’s bulk density and saturated hydraulic con-
ductivity on slope in loess region [ J]. Journal of Soil and Water Conservation, 2004, 18(3) : 53-56. (in Chinese) )

B, BRI, i B 4w RUR AR K o A A AR SRS [T ] KR HERE, 2006, 17(1): 74-81. (HU Wei,
SHAO Ming’an, WANG Quanjiu. Study on spatial variability of soil moisture on the recultivated slope-land on the Loess Plateau
[J]. Advances in Water Science, 2006, 17(1): 74-81. (in Chinese) )

COMEGNA A, COPPOLA A, COMEGNA V, et al. State-space approach to evaluate spatial variability of field measured soil water
status along a line transect in a volcanic-vesuvian soil [ J].Hydrology and Earth System Sciences Discussions, 2010, 7(5):
6553-6579.

JIA X X, SHAO M A, WEI X R. State-space prediction of soil respiration time series in temperate , semi-arid grassland in northern
China[ J]. Soil Research, 2012, 50(4) :293-303.

YANG Y, WENDEOTH O. State-space approach to analyze field-scale bromide leaching[ J]. Geoderma, 2013, 217/218(4) .
161-172.

R, MWL G Kriging 1 09 2 B0 B R S B BOSERL 08 £ U vk LUAR A — A BRSNS R[] s k(5 B R
2, 2007, 9(3): 104-108. (WU Xuewen, YAN Luming. Setting parameters and choosing optimum semivariogram models of ordi-
naty Kriging interpolation: A case study of spatial interpolation to January average temperature of Fujian province [ J]. Geo-Informa-
tion Science, 2007, 9(3) :104-108. (in Chinese) )

XU, 8022, 3 4 KRB B /N RO oK Ar sl s Bk [J]. o oK &R B 4%, 2012, 10(4): 60-65. (LIU
Bingxia, SHAO Ming’an. Soil water content heterogeneity at small-scale on degraded grasslands on Loess Plateau [ J]. Science of
Soil and Water Conservation, 2012, 10(4) : 60-65. (in Chinese) )

CAMBARDELLA C A, MOORMAN T B, NOVAK J M, et al. Field-scale variability of soil properties in central Towa soils[ J]. Soil
Science Society of America Journal, 1994, 58(5). 1501-1511.

WA B g SR/ A R K R S A A oK A I A A S [ DL b AT b R Bt R 2 5 BT IRE 5T BT, 2009. (HU
Wei. Temporal-spatial variability of soil water content and saturated hydraulic conductivity in a small watershed of the Loess Plateau
[ D].Beijing: Institute of Geographic Sciences and Natural Resources Research, CAS, 2009. (in Chinese) )

CHAPUIS R. Predicting the saturated hydraulic conductivity of soils; A review[J]. Bulletin of Engineering Geology & the Environ-
ment, 2012, 71(3) :401-434.

ZHAO P, SHAO M, WANG T. Spatial distributions of soil surface-layer saturated hydraulic conductivity and controlling factors on
dam farmlands[ J]. Water Resources Management, 2010, 24(10) :2247-2266.

HU W, SHAO M A, SI B C. Seasonal changes in surface bulk density and saturated hydraulic conductivity of natural landscapes
[J]. European Journal of Soil Science, 2012, 63(6) :820-830.



5 6 AT, . B e R IR R A A R 5K R 3 A 5 R 815

Distribution and simulation of saturated soil hydraulic
conductivity at a slope of northern Loess Plateau*
ZHAO Chunlei', SHAO Ming’an>?, JIA Xiaoxu®

(1. College of Resources and Environment, Northwest A&F University, Yangling 712100, China;
2. State Key Laboratory of Soil Erosion and Dryland Agriculture on the Loess Plateaw, Yangling 712100, China;
3. Key Laboratory of Ecosystem Network Observation and Modeling , Institute of Geographic Sciences

and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China)

Abstract. To provide a theoretical basis for simulating soil hydraulic processes, classical statistics and geo-statistics
were used to characterize the spatial distribution of saturated soil hydraulic conductivity (K,) at a slope scale in the
northern Loess Plateau. Furthermore, the first order autoregressive state-space model was applied to simulate the dis-
tribution of K. The magnitude of K_ variability was moderate according to the coefficient of variation. The degree of
spatial dependence was moderate with range of 42 m. Bulk density, sand content, silt content, and clay content were
auto-correlated. Cross-correlation existed between K_ and other factors at different lag distance. Bulk density and soil
particles were the key factors to affect the spatial distribution of K_ on the sloping land. A combination of bulk density
and soil particles was the best to explain the spatial variation of K (R*>0.9). The first order autoregressive state-space

model is suitable for simulating the K_ distribution at a slope scale.

Key words: saturated soil hydraulic conductivity; slope scale; heterogeneity; state-space; simulation
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