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Fig.1 Study areaand sampling points distribution

BonFei, A& A KK CRFERRZ) 15d), Bl
Ja 4 d; BEASKEEMENE, BARCREER R 2508 2016 4 8

3 K E R VA E (FE 105 °C R HET- 24 h).
KAERS ] N 2016 4F 8 H R A2 9 H iRy, 1ZE B BE N



%19 1

FRIRSREE 2R A6 SR 1 DR AR & A P35I 33K 70 2 18] S B 1k % A2 R A 125

H15H. 8 H28 H. 9 H 12 H, XFEHTBF&R A5 WL
Kl 2, KFEERFE 60 cm, 4 3 JZKFE, 4058 0~20. 20~
40, 40~60cm. X TR SRR ERMILE S 3 KHUE
KOPIIVE %R HiZ 2 IS KR, AN, AR
R SRR 8] 25 2 T3 A KR8, Z P ERR
GRE S SRR, AR (D HERE. B0 RN
WORAEE ., Wk W, AL, BRI HRRISE R,
o, G2 BRI = AR5 X GPS (Garmin GPS60)
M, YWEERPRME, RS HEAGEILE 1

1 NN

Mi:Nt'NI DMk (D

j=1k=1
A i NERFEELS: o NLES: K AREERES: NN
RIERLSIKE, ATt 3 N LZEEE, Ayt
N 35 MOAERFE S | IS KR,

25r1

[T & Precipitation/mm
s & 8

w
T

0
08-01 08-06 08-11 08-16 08-21 08-26 08-31 09-05 09-10 09-15
H3% (H-H) Date (Month-Day)

B2 HFR R RARE B
Fig.2 Precipitation distribution in study area during sampling periods
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Tablel Basicinformation of sampling points

RFESL gy

. A0
sampling 2

HiFF Slope 11 Slope A
Elevation/m gradient/(°) aspect  Slopeposition Land usetype

points

Ln 328 1 B 3 T A Hh
L12 323 1 BH3 bk AR
L13 314 2 BH 3 P IR i
L14 303 2 BH 3 W IR i
L15 284 2 PR3 B fetth
L21 333 3 PR3 T A it
L22 317 3 PR3 ek A
L23 308 2 BH3 P i
L24 301 2 BH 3 W Mt
L25 290 2 BH 3 W IR i
L31 344 0 PR3 T At
L32 331 1 PR3 ek A
L33 322 2 PR35 e Mt
L34 310 3 BH3 W i
L35 297 1 BH 3 W Mt
L41 349 1 BH 3 TR il
L42 339 3 PR35 Wk P
L43 328 4 PR3 e At
L44 314 3 PR3 WF it
L45 302 3 BH3 e e

1.3 HIFENIBRAHHEE

Mg RSP EERE ST (R MEHET
RE S IS 4 7 PR B R - 5000 92 A% B 2 (] R D0 RS2
SR, R R B TR (RDA, 21k
R BTEXS R HT (CCA, BAUERIR) Fld:iash iy
RS HT (DCCA, HLUERERL) &5, 7828 MR R g A5
UM R 5 b, 2004 %o o A% B i 2% A B 4 A
(DCA) ", HHIFHPIMEKEN & MEDNT 3, EHF
MR, KT 4, PR, BUEENE 2, N
2 ks R By ET 2 A YR gt P g B TU AT o W R SR g
KRR R, BN DCA 441 e HE R a6
KEW R NMENT 3. 3T CANOCO4.5, ik
HIIAEE R T B RE i 4 m FE  3BE S AT bR FH 2R 4
Ao AN, FIH SPSS19.0 B HEAT 4 M i it 22 bt

2 HRE57H

2.1 HIEESIKEGIHHE

WHIE X LI E KRG EE 3R 2 P 7ERFEIA,
Wit 3 KA T 5.77%~45.57%, A 135 & 7K R
BIEAF 20.13%~22.07%, MHh I EKEFEN T
13.69~15.96%; [FA—FtHHFIH T, it A ik
SEARHL, YA b BE S R R 3G A K R ) 2 R
PIAEZE (P>0.05); MM k& /K3 2% T hkih
FIKE (P<0.05), MAGRZIIZEEEH T 62 T 280k
TIEEKR BRI EEE R, NERRE (CV) KE,
A IX LA KRR RE NP EE R (10%
CV=<100%). #i L% 2 M2 R R (35.9%~
39.6%) TR AT R AL (30.0%~36.5%), A
WERIX 78 5 2% (0~20. 20~40. 40~60 cm) & T
AL PRl A L — R P SRR (R — IR AR S R AL
XU IR AR ARIR R R, R I 280 () 22 AL 1 03
KGR S5 1 B B S (R 2R

FT2 TIEEKERGITFIFE
Table2 Satistical characteristics of soil moisture content

WRNER LERE RAME RKE CPIE bR AR RN
Research Soil Minimum Maximum Mean Standard év;"/
object depth/cm  value/%  value/% value/% deviation °

0~20 8.87 44.67 2207 874 39.6

it 20~40 7.01 45,57 2097 822 39.2
Cropland
40~60 5.77 39.86 2013 722 35.9
0~20 852 30.79 1596  5.82 36.5
Py
Forestland 20~40 9.67 22.78 1410 3.78 26.8
40~60 7.87 23.11 1369 411 30.0
0~20 852 44.67 19.63 822 41.9
BATFX
Whole 20~40 7.01 4557 1822 756 415
f charea 40~60 5.77 39.86 1756 6.9 39.3

2.2 AELMFBEHLRK S =B S

WIS X 3BT A ] 3 R FH 2 T 33835 /K R AL
SN 3 fs. (ERME— LR LM (LD T, &
s 3 B K FFE VAR BN, 227 RECN 14.82%,
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R - - PR bR M-t MR S5 (L2) R, &
KT U B A A AR St de K, AR R RECH 62.70%,

BAAR S K & R T AL (P<0.05); £
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Note: The same letter represents no significant difference, significance level is 0.05, and the error line represents standard deviation.
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Fig.3 Changes of soil moisture content along hillslope under different land use structures in black soil area
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Note: Hollow arrows represent soil layers, solid arrows represent influencing
factors, hollow circles represent sampling points, 1-20 represent 20 sampling
points; SP represents slope position, SG represents slope gradient, LU represents
land use types, EL represents elevation.

B4 F A+ X3 HERAH R RDA # 7 E
Fig.4 Redundancy analysis (RDA) ordination of sampling points
on hillslope of black soil area

xR 3 IMERFER&SHHFRIRHAAE X
Table3 Correlation between environmental
factors and first two Redundancy analysis (RDA) axes

Wi Wr

e cotan Sovaon S S Ul
s—fepay MR 0233 0191 -0.182 0.500°

Axis1 P{H 0323 0419 0.443 0.024

sy MXAYr -0153 05847 0.233 -0.116

Axis2 P{H 0519  0.007 0.323 0.626

H: TRELEMAKT R 005, TAREEENKT N 0.0L.
Note: " represents significant level at 0.05, " represents significant level at 0.01.
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B AEXHEE, $Em Ky AR, A 2 1k
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(LA RBIFI LA Ei . Pk, 4 JE R X
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BRI 2R . AT U B 2 I 2 B e ] 1 1%
R, R Ak 288, ORI 2R AT LA R E
THIK Iy, WO T UMER . R, RS AT IS
SR AR A I T DA R R R TR S5 R BT RE
R E K O FE MR AIGE 2 AT R
T, S BRI RN fES g b, RS
BT 40%LA A Rz bl L3R . A
D D7 A A AT DAY K iR R A L 3 - e LR AR
NN RN AT s IR A, B, AR
AN o S SRt AT 4 9 T = ) P 8 A T 5 AN T
VA TR 0 25 5 DB 3 T K b 3 2% 2 DR 3
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4 2 i
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22.07%, PRt 385 /KZEFHE N T 13.69~15.96%, K
B KREEm TS KRS, B RS E AR
i 74 (35.9%~39.6%) 35 = T Al 148 S 54 (30.0%~
36.5%), BT IX LA E KR AR S R T A
MRHL S — LR R 2R R A IR FE AR S R 2, R A
RAFIHRIN T L3R M2 AR R R .

2) LRI REIR, B bR R 5
EEXHmEEK s RREENERERE (HXRE
r=0.500, P<0.05), 3 & Ik 2 (FH % %%k r=0.584, P<0.01),
ST R B e PR S 33 T K o S R Mt A R

3) NS R, Bk gk, pomid
R 2820 1) A R G B AR A B T R 450, IRSE S
AR AO R SRR A SR A M R . 3R KN
BEEJTS WD BRI, DA X AR B e 4
PRSI ELS

(& £ X #l

[1] Albertson J D, Montaldo N. Temporal dynamics of soil
moisture variability: 1.theoretical basis[J]. Water Resources
Research, 2003, 39(10): 197—204.

[2] PanF, Peters-Lidard C D, Sale M J. An analytical method for
predicting surface soil moisture from rainfall observations]J].
Water Resources Research, 2003, 39(11): 2077—2088.

[3] LegatesD R, Mahmood R, LeviaD F, et a. Soil moisture: A
central and unifying theme in physical geography[J].
Progressin Physical Geography, 2011, 35 (1): 65—86 .

[4] Han E, Merwade V, Heathman G C. Implementation of
surface soil moisture data assimilation with watershed scale
distributed hydrological model[J]. Journal of Hydrology,
2012, 416(2): 98—117.

[5] Western A W, Bloschl G. On the spatial scaling of soil
moisture(J]. Journa of Hydrology, 1999, 217(3/4): 203—224.

[6] Brocca L, Tullo T, Melone F, et a. Catchment scale soil
moisture spatial-temporal variability[J]. Journal of Hydrology,
2012, 422: 63—75.

[7] Li Haidong, Shen Weishou, Zou Changxin, et al.
Spatio-temporal variability of soil moisture and its effect on
vegetation in a desertified aeolian riparian ecotone on the
Tibetan Plateau, China[J]. Journa of Hydrology, 2013, 479:
215—225.

[8] Salvucci G D. Limiting relations between soil moisture and
soil texture with implications for measured, modeled and
remotely sensed estimates[J]. Geophysical Research Letters,
1998, 25(10): 1757—1760.

[9] Entin J K, Robock A, Vinnikov K Y, et al. Tempora and
spatial scales of observed soil moisture variations in the
extratropicg[J]. Journal of Geophysica Research, 2000,
105(D9): 11865—11877.

[10] Ferreira J N, Bustamante M, GarciaaMontiel D C, et al.
Spatial variation in vegetation structure coupled to plant
available water determined by two-dimensiona soil
resistivity profiling in a Brazilian savanna[J]. Oecologia,
2007, 153(2): 417—430.



%19 1

TR R -

IR AL R A AR B A P T 398 7 20 2 ) St o A 2 A% IR 3R

129

(11]

(12]

(13]

[14]

(19]

(16]

[17]

(18]

(19]

(20]

[21]

[22]

(23]

Pan Yanxia, Wang Xiaoping, Jia Rongliang, et a. Spatia
variability of surface soil moisture content in a re-vegetated
desert area in Shapotou, Northern China[J]. Journal of Arid
Environments, 2008, 72(9): 1675— 1683.

Penna D, Borga M, Norbiato D, et a. Hillslope scale soil
moisture variability in a steep apine terrain[J]. Journa of
Hydrology, 2009, 364(3/4): 311—327.

Cho E, Choi M. Regiona scale spatio-temporal variability of
soil moisture and its relationship with meteorological factors
over the Korean peninsula[J]. Journal of Hydrology, 2014,
516: 317—329.

Ivanov V Y, Fatichi S, Jenerete G D, et a. Hysteresis of soail
moisture spatial heterogeneity and the "homogenizing" effect
of vegetation[J]. Water Resources Research, 2010, 46,
W09521, doi:10.1029/2009WR008611.

ZE/NE. KOS T A LB 5 PR []. HERE) At
f&, 2012, 27(5): 557—562.

Li Xiaoyan. Opportunity and Challenges for Hydropedology[J)]-
Advances in Earth Science, 2012, 27(5): 557 —562. (in
Chinese with English abstract)

Famiglietti J S, Rudnicki J W, Rodell M. Variability in
surface soil moisture content along a hillslope transect:
Rattlesnake Hill, TexadJ]. Journa of Hydrology, 1998,
210(1/4): 259—281.

B84z, WAz, %, & R ANRE KN A
o EUEC R IHE T[], A&, 2000, 20(5):
741—747.

Qiu Yang, Fu Bojie, Wang Jun, et a. Quantitative analysis of
relationships between spatial and tempora variation of soil
moisture content and environmental factors at a gully
catchment of the Loess Plateau[J]. Acta Ecologica Sinica,
2000, 20(5): 741—747. (in Chinese with English abstract)
sk, BRER, JRDASR, SE. WRITRR L X K gy
AR SR AE S 3L 5 IR TR Ok R[] ARk TR AR
2010, 26(9): 87—93.

Zhang Jiguang, Chen Hongsong, Su Yirong, et a. Variability
of soil moisture and its relationship with environmental
factors on Karst hillslope[J]. Transactions of the Chinese
Society of Agricultural Engineering (Transactions of the
CSAE), 2010, 26(9): 87—93. (in Chinese with English abstract)
Yang Lei, Chen Liding, Wei Wei. Effects of vegetation
restoration on the spatial distribution of soil moisture at the
hillslope scale in semi-arid regiong[J]. Catena, 2015, 124:
138—146.

Gwak Y, Kim S. Factors affecting soil moisture spatial
variability for a humid forest hilldope[J]. Hydrological
Processes, 2017, 31(2): 431—445.

EZE, AR, 3 NI A S5 A0 3Ky
W AR ). HhEE %4k, 2000, 55(1): 84—9L.
Wang Jun, Fu Bojie. The impact of land use on spatial and
temporal distribution of soil moisture on the Loess Plateau[J].
Acta Geographica Sinca, 2000, 55(1): 84—91. (in Chinese
with English abstract)

RASL, MR, AR T A DRI A R S g
K2 A L. ARHL 3, 2010, 41(7): 57—63.
She Dongli, Shao Ming'an, Y u Shuang’en. Spatial variability
of soil water content on a cropland-grassland mixed slope
land in the Loess Plateau, ChinaJ]. Transactions of the
Chinese Society for Agricultural Machinery, 2010, 41(7):
57—63. (in Chinese with English abstract)

W, BREKH, WEZE, 5. 5T R ARG R AL
BT b X ORI I S AR R[] RAL TRk, 2009,
25(2): 36—41.

Luo Yong, Chen Jiazhou, Lin Lirong, et a. Spatial and
temporal variability of soil moisture in hilly red soil region

[24]
(29]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(39]

(36]

(37]

based on land use and microtopography[J]. Transactions of
the Chinese Society of Agricultural Engineering (Transactions of
the CSAE), 2009, 25(2): 36—441. (in Chinese with English abstract)
K&, HEADFIM]. dbnt: B, 2004
Leps J, Smilauer P. Multivariate analysis of ecological data
using CANOCO[M]. Cambridge: Cambridge University
Press, 2003.

Fu Bojie, Wang Jun, Chen Liding, et al. The effects of land
use on soil moisture variation in the Danangou catchment of
the Loess Plateau, Ching[J]. Catena, 2003, 54(1/2): 197—213.
TRT s TRIGHE, THE. SRR A DRV NN R
A (9 IR ARAFIEL). VR EAREFREE, 2013,
11(6): 39—44.

Su Zilong, Zhang Guanghui, Yu Yan. Variation of soil
moisture with dope aspect and position in a small agricultura
watershed in the typical black soil region[J]. Science of Soil
and Water Conservation, 2013, 11(6): 39—44. (in Chinese
with English abstract)

Hawley M E, Jackson T J, McCuen R H. Surface soil
moisture variation on small agricultural watersheds[J].
Journal of Hydrology, 1983, 62(1/4): 179—200.

EARNE, BE, THE, FORIGE XY R T
xR FIZE E R[], K AR FRE R, 2008, 28(6):
16—109.

Ge Cuiping, Zhao Jun, Wang Xiufeng, et a. Influence of
topographic factors on soil water and bulk density in atypical
slope land in the Black Soil Area of Northeast ChinalJ].
Bulletin of Soil and Water Conversation, 2008, 28(6): 16—
19. (in Chinese with English abstract)

Zhu Yuanjun, Shao Ming'an. Variability and pattern of
surface moisture on a small-scale hillslope in Liudaogou
catchment on the northern Loess Plateau of Ching[J]. Geoderma,
2008, 147(3/4): 185—191.

Crave A, Gascuel-Odoux C. The influence of topography on
the time and space distribution of soil surface water
content[J]. Hydrological Processes, 1997, 11(2): 203—210.
Grayson R B, Western A W, Chiew F H S, et a. Preferred
states in spatial soil moisture patterns: Local and nonlocal
controls[J]. Water Resources Research, 1997, 33(12): 2897—
2908.

W, BRI, A, & s RN AL
MR xof A 3K 3 I g R S R[], SR DY BE O
2003, 23(3): 334—341.

Huang Yilong, Chen Liding, Fu Bojie, et a. The influence of
topography land use on soil moisture spatial-temporal pattern
in the hilly area of Loess Plateau[J]. Quaternary sciences,
2003, 23(3): 334—341. (in Chinese with English abstract)
Qiu Yang, Fu Bojie, Wang Jun, et a. Soil moisture variation
in relation to topography and land use in a hilldope catchment of
the Loess Plateau, Ching[J). Journa of Hydrology, 2001,
240(3/4): 243—263.

RS, EEEE. BT R R K 5 a3 (A
BR[Ok TFE2%H, 2003, 19(6): 5—9.

Pan Chengzhong, Shangguan Zhouping. Spatial variability of
soil moisture on steep slopeland in loess hill region[J].
Transactions of the Chinese Society of Agricultural Engineering
(Transactions of the CSAE), 2003, 19(6): 5—9. (in Chinese
with English abstract)

Fitziohnn C, Ternan J L, Williams A G. Soil moisture
variability in a semi-arid gully catchment: implications for
runoff and erosion control[J]. Catena, 1998, 32 (1): 55—70.
Western A W, Bléschl G, Grayson R B. Geostatistical
characterisation of soil moisture patterns in the Tarrawarra
catchment[J]. Journal of Hydrology, 1998, 205(1/2): 20— 37.



130 Flk TR AR Chttp://www.tcsae.org) 2018 4F

[38] kAR, KM wBELe, A5 SRR R FBHE LS PR T TR (D). AL HUR 4R, 2016, 47(6):
K LR FE DR FE[]. K L PRFE2E4R, 2009, 23(3): 67—82.

11—15. Wang Quanjiu, Yang Ting, Liu Yanli, et a. Review of soil
Zhang Shaoliang, Zhang Xingyi, Liu Xiaobing, et al. nutrient transport in runoff and its controlling measureqJ].
Research of soil and water conservation function of typical Transaction of the Chinese Society for Agricultura Machinery,
black soil erosion area of different tillage measured[J]. 2016, 47(6): 67—82. (in Chinese with English abstract)
Journal of Soil and Water Conservation, 2009, 23(3): 11—15. [42] H=A-F, WER. KR REE A K s 3as 7).
(in Chinese with English abstract) gl TREZA), 2004, 20(2): 296—300.

[39] Stein O R, Neibling W H, Logan T J, et a. Runoff and sail Yuan Xiping, Lei Tingwu. Soil and water conservation
loss as influenced by tillage and residue cover[J]. Soil measures and their benefits in runoff and sediment
Science of American Journal, 1986, 50(6): 1527 — 1531. reductions[J]. Transactions of the Chinese Society of

[40] JE¥, MR, FRRER. N LR & T REFHE SRk Agricultural Engineering (Transactions of the CSAE), 2004,
LRRMBS T, K REE ST, 2008, 15(1): 9— 20(2): 296—300. (in Chinese with English abstract)

11, 40. [43] MR, ZtE. ARORERILIGEE LA Tt ).

Tang Tao, Hao Mingde, Shan Fengxia. Effects of straw T35, 2002, 11(2): 183—188.

mulch application on water loss and soil erosion under Wang Daohan, Liang Chenghua. Research progress on ways

smulated rainfall[J]. Research of Soil and Water Conservation, and control method of agricultural phosphorus[J]. Soil and

2008, 15(1): 9—11, 40. (in Chinese with English abstract) Environmental Sciences, 2002, 11(2): 183—188. (in Chinese
[41] E4Ju, BfF, XAHEW, 55 BIEEFR BRI AL with English abstract)

Spatial variability and its controlling factors of soil moisture on
cropland-forestland mixed hillsopein black soil area of Northeast China

Guo Xinxin®, Fu Qiang®*, Lu He', Gao Fengjie!, Hang Yanhong®
(1. College of Resources and Environment, Northeast Agricultural University, Harbin 150030, Ching;
2. College of Water Conservancy and Architecture, Northeast Agricultural University, Harbin 150030, China)

Abstract: Black soil area in Heilongjiang plays an indispensable role in safeguarding national food security as an important
commodity grain base. Serious soil erosion and environment degradation restrict the sustainable development of local society
and economy. Soil moisture is one of the key factors which control vegetation growth, soil erosion, hydrological and ecological
processes at the hillslope, and it also exhibits a great degree of spatial variability. Understanding the spatia variability of soil
moisture and its influence mechanism at the slope scale is essential for controlling soil erosion, increasing food production, and
improving ecological environment. In this study, spatia variability of soil moisture under the effect of land use and
topographic variables was investigated on a cropland-forestland mixed hillslope. The research area was characterized by 4
different land use structures (from top slope to toe slope): cropland-cropland-cropland-cropland-cropland (L1), cropland-
cropland-forestland-forestland-cropland (L2), cropland-cropland-forestland-forestland-forestland (L3), forestland-forestland-
cropland-forestland-cropland (L4). Soil moisture was collected biweekly during mid-August to mid-September (2016) at 20
sites located in Keshan County of Heilongjiang Province, China. Soil moisture was measured by oven drying method at the
depth of 0-20, 20-40, 40-60 cm. The relationship between environmental factors and soil moisture variability was conducted
by redundancy analysis method (RDA). The results showed that: 1) Soil moisture content varied from 5.77% to 45.57%; and
the soil moisture content of cropland was found markedly higher than that of forestland (P<0.05), with the mean soil moisture
content ranging from 20.13% to 22.07% in cropland, and from 13.69% to 15.96% in forestland; the differences of soil moisture
content at different soil depths were not significant(P>0.05). 2) Soil moisture content showed a moderate variability in the
study area, coefficient of variation (CV) in cropland (35.9%-39.6%) was higher than that in forestland (30.0%-36.5%). 3) Soil
moisture variations along hillslope under the impact of 4 land use structures differed from each other. The differences of soil
moisture content at middle slope and toe slope in L1 were significant (P<0.05). 4) The spatial variation of soil moisture in the
single land use structure (L1, CV was 14.82%) was lower than that in other cropland-forestland mixed land use structures (CV
of L2, L3 and L4 was 62.70%, 38.25% and 25.70%, respectively), which indicated that land use mosaic patterns increased the
variations of soil moisture. 5) RDA ordination showed that spatial variability of soil moisture was strongly influenced by land
use types, and it was also affected by slope gradient, slope position and elevation. In addition, different factors control soil
moisture distribution at different soil depths. This study presents that it is necessary to optimize the planting structure and take
other proper methods aiming at preventing water loss and soil erosion, in order to improve soil fertility and promote the
sustainable devel opment.

Keywords. soils; moisture; land use; spatial variability; cropland-forestland mixed structure; hillslope; black soil area



