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Abstract: To determine the effects of soil moisture dynamics on hydrological and ecological processes in a ridge-furrow
rainwater harvesting system in a semiarid area, a field experiment with a randomized complete block design was conducted
which evaluated the effects of different mulching materials ( common plastic film, biodegradable mulch film and manually
compacted soil) and different ridge-furrow ratios (30:60, 45:60 and 60:60 (cm:cm) ) on soil moisture dynamics in the

root zone of oats through model simulation and using the continuously monitored data of soil moisture during two consecutive
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oats growing years, 2012 and 2013, and daily precipitation from 2000 to 2015 at the Dingxi Arid Meteorology and
Ecological Environment Experimental Station. The simulation was carried out using a stochastic model ( Laio model) for soil
moisture dynamics. The probabilistic density function (PDF) of soil moisture at a point scale was estimated using the Laio
model, and the parameter sensitivity of the model was analyzed in this study. The results indicated that the precipitation
distribution was irregular, and the precipitation events happening between May and October accounted for 66.6% of total
annual precipitation events. Approximately 85.32% of annual rainfall received from rainfall higher than 10 mm. Annual
precipitations had an increase trend in the past 16 years in this region. The threshold rainfall to produce runoff was 1.35,
0.95, and 5.31 mm for BMR (ridges mulched with biodegradable mulch film) , CMR ( ridges mulched with common plastic
film) , and SR (ridges with manually compacted soil ) , respectively, whereas the average runoff efficiency for the same
treatments was 87.892% , 94.203% , and 27.488%. Soil water content for BMR and CMR was significantly higher than that
for SR, which was significantly higher than that for traditional planting without ridges and furrows. The soil water content for
all treatments followed a normal distribution. The curve characteristics ( the curve peak value, position of the peak, 90%
confidence interval) and the digital features (the expectations and variances) of the soil moisture PDF simulated by the
model have a good consistence with observed values, and the consistency measure (CM') was higher than 0.5. The rainwater
coupled with runoff in furrows could be considered a random event. The Laio model could be used for estimating the soil
moisture PDF in ridge-furrow rainwater harvesting systems, and this could provide an insight for soil moisture management

with a high use efficiency in semiarid regions.
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Table 1 Experimental design for oats production in ridge-furrow rainwater harvesting

Ab B B2/ em 21 ALY/ m? TR/ m? AN BY m? 2R
Treatment Furrow ; ridge Ridge area Furrow area Plot area Ridge mulching material
TP - - - 36 -

SR30 60:30 13.5 18 31.5 +-Hegk
SR45 6045 20.25 18 38.25

SR60 6060 27 18 45

BMR30 60:30 13.5 18 31.5 A [ I 2
BMR45 6045 20.25 18 38.25

BMR60 60:60 27 18 45

CMR30 60:30 13.5 18 31.5 W 3 b AR T
CMR45 6045 20.25 18 38.25

CMR60 6060 27 18 45

TP . f£4.¥AE Traditional planting; SR: 1Z% Ridges with manually compacted soil; BMR; A= 4 7] R f# fi 2% Ridges mulched with biodegradable
mulch film; CMR; ¥3# K2 Ridges mulched with common plastic film; TF5 30, 45 il 60 2858
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Fig.1 Schematic diagram for oats production in ridge-furrow rainwater harvesting
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Fig.2 Distribution characteristics of rainfall and its interval in the experimental site

% H Mann-Kendall 3FZ 8066562 X516 X 2000—2015 AR (A ZB=/4E) Bk RS T 08, |
Fe2 0l A0 A RE 12 F9 H 43 5liE i EAR BE 90% M 95% 1 i & A 55, H SE P R 1EAA, ULEHIE 16 a h 2
19 HKESER K, 9 A K 3R K (1.490 mm/a) ; 1 T 6 H MKZ {H423E 90% 194 5E b e i 5
{8, H SE SHIEMH, 8O R 6 H KA RSB 2.6 F19 A4k, HALL A BoK I nslos bk, mak
3 AALFEZENTRE [ & ZFl0d T 90% 1 W A, B SE M IEMA, R 16 a il X A& K ()
BEEKEEF B SERK AR E T B E R, R 16 a X =S Z= 5K TCH s i
TEAERUE b K i A il 1 90% i1 8 & PR S:, B SE R IEAE, BRI 16 a 40 XK i 2218 K
R
2.2 R[RERN AR TARIE AT

H T Laio BRI JE AR FE K SR vl 2, HOCH R AKX H3E7K 43 B Rb 4, BOAS I 5 0 Bk [ K
b i P S TR 2B A A A R LR KK A B AL (A B RIS R 7K B A\ et A a0 WY 2B A% i 55 0] 1 P T
ZH, B3 HEET SCS—CN FAY R RFFE DX GR g A A [R] B W K 45300 A2 R 22 (SR .CMR 1 BMR ) 2 it B 41

http ; //www.ecologica.cn



14 FED P TRXENHEN R G RE LK s 2SR 7

55, M 3 T A5 A BRI AR I i A A 2 (DA B AR DG . BMR MG R AL R® = 0.991, I ™
TREFR N 1.35 mm, SEYIHE KR 87.892% ; CMR AHIE R AL R? =0.997, Il A P= B 28 0.95 mm , S35 4E
IKELH 94.203% ;SR AR R* =0.943, I =i o8 5.31 mm, P44 K AR 27.488% ; 1 T TP A9
S ZE T =, SO R K i A Bk SRR K &, PR, WF9E X AR EE BMR ,CMR (SR AT TP X o A% 764 [ K i A B
124 1.879P-1.189 ,1.942P-0.899 ,1.275P-1.460 il P (i P R iF 5% IX SEPRIE K &, mm) , HIBI R A BEK
AT RE A X AR K K R A K B KR (ILEE 5)

*®2 WxREX B RERKKE Mann-Kendall 138 {&

Table 2 Values of Mann-Kendall test of monthly precipitation in the experimental site

febr 1A 2 A 3A 4 A 54 6H A 8 A 9A 10H 1A 124
Index January  February March April May June July August  September  October ~ November December
MKZ -0.891  1.783**  -0.754 0.617 0.480 1.166 0.069 -0.686 1.303 " -1.029 0.480 0.137
SE -0.196  0.450 -0.490 0.637 0.800 1.396 0.493 -2.146 1.490 -1.158 0.208 0.000

MKZ . Mann-Kendall #55 Z {8 Z value of Mann-Kendall test; SE'; Mann-Kendall it Slope Estimate 8 Slope estimate value of Mann-Kendall test; * s = 43 RFR
MK 85 B {51 90% A 95% 1y i HEAG

X3 MREXEZREMKE Mann-Kendall #38{E

Table 3 Values of Mann-Kendall test of annual and seasonal precipitation in the experimental site

55 Index £z Spring EZ Summer FkZ= Autumn £K.Z Winter 4F Annual
MKZ 0.855 1.126 1.036 1.621" 1.531"
SE 0.967 0.347 0.183 0.358 0.337

H. HEEZN3—5H, EEZh6—8H, kERNo—11 A, &FR12—2 H

2.3 WRZLHKSHE T
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TR 2 S AR P > (Al 25 S i 4—5 e AR AR KA G M R M AT AR (R N A R
R HZRROR AR, AL 3 H I EK AL T2 A B W Rk, 5—6 M Hi G REKIS £ | + 80K 3 IR
— AR KOY b AR R SR AR SE T R ) 75 19 R HE2% e A I B 3G | 4% A B A 3K o 40 2R SR G
WA 5 A JFUR , HHOK T URZET R, 6 H Oy, 4 AbBE 3 5K BAIXHRAR, 7—8 A Mk st A B R,
R TR B /0 AR i FLZE RO i, 45 A B 38 B K A F 2 FIHRARAKOT- . [RIA 1 2013 4350 10 1%
M2 (427.6 mm) KT 2012 47 (380.7 mm) , HA5- AL 4 B /K 2 2013 4R35 F 2012 4R (B 4 A0 h) .
FEIR — S MRET AN R 28 50 0 38 & 7K i HE P K i SR60 ( CMR60/BMR60) > SR45 ( CMR45/BMR45 ) >
SR30( CMR30/CMR30) , % 229 Z [A] 22 5 A 2, [A]IF %of [F]— 2 sz RT3 Fl 28 58 1 1 38 & /K SR S48
M AEARIE AT ,CMR AT BMR /9 3885 7K i I 25 K T SR, SR B RIS /K E B KT TP,

F4 MREARELETIESKE Jarque-Bera 1 {E

Table 4 Values of Jarque-Bera test of soil water content for different treatments in the experimental site

FE45 Index TP SR30 SR45 SR60 CMR30 CMR45 CMR60 BMR30 BMR45 BMR60
H 0 0 0 0 0 0 0 0 0 0
P 0.231 0.204 0.184 0.105 0.178 0.126 0.456 0.500 0.128 0.117
JBSTAT 1.448 1.546 1.630 2.279 1.662 2.022 0.932 0.473 1.995 2.111

H: Jarque-Bera K30 A ZE R, 2 H=0, WUCHFEA X IR IES/ T #5 H=1, WA X AR IEZ 57 The returned value of H=1
indicates that JB test rejects the null hypothesis (the data are normally distributed) at the default 5% significance level, and 0 otherwise; P: %3255 )
HERAE, #F P<0.05, MEFEAJFREE, INAEA X BAEIESSH i 25 P>0.05, WX RBBE, AR X B IEA i The returned P-value less
than 0.05 indicate that JB test rejects the null hypothesis ( the data are normally distributed) , and more than 0.05 otherwise; JBSTAT; X454+ Ao{H

The test statistic of JB test
K H Jarque-Bera £ 5072 W5 X 2012—2013 4FAS [F 40 BE 4 87K 43 A7 IE SRS (R 4) , K 4 7T

http ; //www.ecologica.cn



8 S % 39 &

40
=  BMREZVMEBIE
Atk
30
£
£
= 0=0.87892P - 1.1888
g 20 R%=0.9909 >
~
b
=
& 10
0
0 5 10 15 20 25
40 10
" CMREA{RBIE = SREZWMAERUA
30 gk 8 BLA %
=
£ .
g 0=0.94203P - 0.89882 6 0=0.27488P - 1.46041 -
g 9 R*=0.9974 R?=0.9425
~
i
%:;
N~ 10
0
0 5 10 15 20 25 0 5 10 15 20 25

[ T & Rainfall/mm

B3 MRXARLEZRELNESEREZEXR
Fig.3 The relationship between runoff simulation value and rainfall for different treatments in the experimental site
BMR: WAl B2 Ridges mulched with biodegradable mulch film; CMR; i@ Hb%% Ridges mulched with common plastic film; SR: 1%

Ridges with manually compacted soil

25.0 0

X .

\E 2.5 Rainfall _| 50 é
g —=— TP &
g —e— SR30 3
5 200 — & SR45 100 g
g —b— SR60 i
7 175) —4—BMR30 159 5
8 —a— BMR45 g
o —— BMR60 =
2 1501 —o— CMR30 | 200 it
§ —a— CMR45 g
H 125+ —e— CMR60 4 250 =

10.0 ! ! ! 1 1 ! ! ! ! 1 300
4 5 6 7 8 4 5 6 7 8
A 4% Month

B4 BHRK 2012—2013 FRESE T ESKENEHTE
Fig.4 Dynamics of soil water content for different treatments in the experimental site during 2012 and 2013
TP 548 VA4F Traditional planting; SR; 128 Ridges with manually compacted soil; BMR: £k #) 7] B f# 28 Ridges mulched with biodegradable
mulch film; CMR; ¥l Hi 2% Ridges mulched with common plastic film; F#% 30, 45 F1 60 R 285

IR IX A AL 38 4 48K 3 Jarque-Bera #3019 H (B34 0, H P ¥R T 0.05, 1568 45 b 2 4 87K 43 2 IR A
BRI FFH 2012—2013 4E0F58 IXAS[R) 35 36 A4 R 45 9 28 1) 735 £ 3E 5K & £ B MATLAB R2014a K
AT ARATAS [ Ak 3 - 338K 3 MR 53 A1 B [ SOES LA 2 (B 5) , B Il 5 AT AT, 2% Ak 24 4 337K 43 E R 43 A
HJ7 EI R HUgR SR CMR . BMR il TP X i U {8 53 7 & A= 7E 6= 18.065% 6 = 20.405% .0 = 19.969% Fl 6 =
16.551% 4k , HARAR I 43 A 75 X 8] [ 17.583%, 18.580% ] .[ 19.826% , 20.984% ] [ 19.276% , 20.462% | il

http ; //www.ecologica.cn



14 FED P TRXENHEN R G RE LK s 2SR 9

[ CMR
| — IESAE
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[ SR

| — E&SAGh%
1 = 18.0853% /\
| kR =2.6602%
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| —IEAS L
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[ kR = 3413919
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S~ N W A LN O~ N WA L
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[ FrdE2E =2.9161%
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B 5 BRK 2012—2013 FAEME RS KEHERS BT
Fig.5 Probability distribution characteristics of soil water content for different treatments in the experimental site during 2012 and 2013
SR: 178 Ridges with manually compacted soil; CMR; %8 i/ 22 Ridges mulched with common plastic film; BMR: 4= 4 0] [ 4 151 2% Ridges
mulched with biodegradable mulch film; TP . f£4t V- Traditional planting

[15.999%, 17.102% ], [F)HF 45 4b 38 - 5K 43 1E A8 406 th Ze Xt 1 75 22 43 34 0.708%o0.,0.939%0 ., 0.985%0 Fil
0.408%¢( SR ,CMR .BMR F1 TP) , {5 B 56 X 45 Ab B 4= 87K o3 75 HI AL /- A 46 v
2.4 MRFRZLHOKI LR B R AL

Laio ALY K 145 BRI S5 13 S8k, H ] 28 ) 5 TR 45 A BRI AR 2 B5CHO( B 3 5 s 2
2x BEVRH I SCHRAR I, PEAN AR IS B8 WLAS SCHERES 7 vk 43 ik o ok P ) £ R A AN [R) b BT 882 -394 &R
JZUREE R 0—140 em, BHEFIAETE N 1.38 o/em’, HHFAGEE 2242 0 A 0 SRR B K () BEATL 5 (- A 3, kA
K Z=K AL H (SR ,CMR 1 BMR) -4 [ 7K 2 FF- 349 B /K 451 P 1 50 48 R 28 4% It -5 6 7 A o 22 L ok
15, TP Zb 3 B SRR K S AT . Laio BIRIVS K i) HA 4 SEC LB W3 5 PR,

R5 Laio HESH R EINE

Table 5 Parameters and its values in Laio soil moisture dynamic stochastic model in ridge-furrow rainwater harvesting

i = R HL A TR 285 J=<Riv2 ANFEIAEHEEUE Values of parameters for different treatments
Number Parameters Units SR CMR BMR TP

S1 - BEFLBREE n — 0.58 0.58 0.58 0.58
S2 TIEFLBR RN SHL B — 14.8 14.8 14.8 14.8
S3 TS RIRE Z, cm 140 140 140 140
S4 TR R K K, em/d 19.5 19.5 19.5 19.5
S5 RTES — 0.026 0.026 0.026 0.026
S6 HERE s, — 0.25 0.25 0.25 0.25
S7 KA BB bR A s — 0.30 0.35 0.34 0.29
S8 F 5K 4k s, — 0.72 0.72 0.72 0.72
S9 P2 BB HHEE R E, em/d 0.012 0.012 0.012 0.012
P1 THYIAE B{E A cm 0.128 0.130 0.131 0.125
P2 H i KZERUR K, em/d 0.610 0.570 0.560 0.650
R1 HERFPHREKE o d! 0.5949 0.8166 0.7673 0.4577
R2 HEAC IR A d! 0.33 0.33 0.33 0.33
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SRR 7 BT 2 S IR R R B RS TR R A R S 0% I i B R Rl )R, AR TR ok A ) —
AR ASCLAWFIEIX SR ARBR A B, SR FH Jm s AURR M AT 6 Laio #SRI S B TRUBME 20T (B 6) .
& 6a FIAL, 242 SBUF(EHE N 109% 0, BB a s = XF p(s) WAEA B 20, HE(E A LR K T 60%
HASEOS p(s) WAEH T B, Y45 SEURER D 10%8), 250s, Z, .n E,, A FIE X p(s)VE(EA B
WM, Hod s XN I (EAR IR KT 60%, Z, .n E,, A Fl E, X1 0 (8 A5 AL IR BE /N T 60% , {H HAth 2400t
p(s) AR AN & 6b TN, M4 SEUFE R NSk > 10% 08, B2 80 s, Ml s X BFRAE & p(s) XF
07 I (B e B S 9D O AR B % p () 7 R FE (RS MRS B S, MRAIE Laio A1 2 (1) 13 NS00 p () 16
(EFIRE BE A RS ATA Ay 2 2588 1 N ANBURSEL A4 B s, o, 1 K 50 2 BN BURS B 446 A |
as,s Z.nkE AFME,,

—— il —=— JR{EIE10% —a— JRE10%
X A X ) B A

6 Laio MR SHHRES T
Fig.6 Sensitivity of parameters in Laio soil moisture dynamic stochastic model
S1 2y L HEALBRE s 52y L HEALBRI/INI AT S H S3 L HER SRR S4 LRI KR, S5 N TGR REL; S6 MHEE REL; S7 MK
JIRE T s S8 S MIRIHG K s SO 28 RBO B L HEZE & s P1OMAEYI IR BUME; P2 o B IR CZE R R1 AR KPRk R2 A4
K HREARIR

KIGUE Laio BERIZERTSE XA AT AT, AR 25 b BEASS RIS BUE (3 5) R E Laio H 3K /MR %
PRAL p () B (K (4)) B H ZBIHEMN RE AL FAR RJZ X KR % g (B 7)), E 7 0]
A AL IRAR R )2 (0—140 em) AXF HHEK 53 p () Y2 FUE 2 SR .CMR . BMR 1 TP FUIE{E 53514 6.6638
6.3787 .6.4631 F17.6410, 73 B HIRAE s=0.3131 ,s=0.3636 .5 =0.3435 Fl s=0.2829 AY{7 &, M S K25
HH 0 =18.160% .60 = 21.089% . 0 = 19.923% Kl 6 = 16.408% ; W {E ) 90% F {5 IX 8] 43 5l Fy [ 17.568% ,
18.345%1 .[20.196%, 21.982% ] [ 19.227%, 20.590% ] F1[ 16.002%, 16.814% ] ; J5 2243 5N 0.606%0 .
1.060%o0,1.075%0F1 0.692%0; [F] I EE 22 1 38 5 /K & 35 R T 128 - B0y - 58 Bk i i 3 K TP AR

DL Ay Hr g SR 518 5 S s 2 i) 1F 25 il Ze (i S A A7 1R 90% B A X [R] A 45230, BB AT S e
TR B AR . P IRIE Laio BEAVELHLS ST p () EZLIWI G BE, 20 1) 0 PR 25 B 807 R AIE
(HEE 5 T5 %) F1 CM F8BGHAT /0 Mr b, SSCUE AR EE, & B SR .CMR . BMR 11 TP A9 3 EB AL 152 22 43 30l
0.526% ,0.335% ,0.220% F1 0.864% ; J5 254 1R 2553 710 7.481% .6.203% 4.460% F1 9.773% ; CM $6 553511 h
0.523.,0.824,0.683 F1 0.518; W1 H 577 2 BRI E AAVFIR 25, CM 85 KT 0.5, BEW Laio LAY H]
XPRIFE DX 28 10 TR 2R e e 4 MR 2R )2 - /K o R 28 % B R R A T3 b T

3 e
PP I LA 2 85 5P B3 e T S M DX B KR S , R WA K R A 1K 2 K A
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Fig.7 Probability density function of soil water content for different treatments in the experimental site during 2012 and 2013
SR: 1-Z& Ridges with manually compacted soil; BMR : A= %) ] B f# %2 Ridges mulched with biodegradable mulch film; CMR . i@ Hi7% Ridges
mulched with common plastic film; TP f£4F-/E Traditional planting

— R, AR SRy W2 X S5 - K A3 R B S i K . DNBERR B 40 A1 R &, i X R R S £ 2L 0—5
mm K 3 (A7 R IR B 66.6% ), TEZHUEIE T, 33 Rl /KRS Jay (o 45 W I kDG 2 0l A 0 2 TR, i F
FEIX P T B R A PO R BRI 5, 85.32% FUAE PR R I T > 10 mm HIFERT, H F 84 7E
7—8 AAKZ, IFEN N X AR AT 5 X A W A TR P 2 B0, T 3K, MEW#
PRF AT 16 4F(2000—2015 ) 50 X A /K fk 5 2848 3 K R 4 s B8 1E 06T AR X 54 AR FOK SR &
,2003 47 LLUJE W5 X 5 T B A7 AN S B ka5 X SAR SO R 45 AR 2, TRl MAE KRB R 2 L4
IRy B R K 2T AR A T Bt A K A PN AR BRI A9 AR AL | 28 1 i 45 A B0+ 398 K 38 2 W 2578k (0 £ 08
oKk SRk E R R EM KR, X SE T K sh S X Bk FpFm g 1 AN ER 200 /%0
FEARAN Z B 5 K/INR S 17 L A2 SRR B T 00K S Rl bl S i - 8 i i 2 g 5

2BV TN AR ST I 2B P K B ARG, RRNSH JC R A K T AR 3 B in B R I P, A2 R A K T
BRI TR & s R HOK SIS, W BEAS B = RISV E Y AR Y
PR TR 2R A N R G KRR S KB, 2B N - 2B A AR KRR R 91.19%—94.
3% 24.6%—28.8% , [Al i} + 2848 Yk 7~ A 2 8 v iR BE R T 5 RS, AR A8 Y 40 2 32 8 Pl 3 9 o A v R K TR
BRZE RIS, AT/ BRI, B IR R SRR <5 mm (9 ICELE K 554 A ROK AT+
gerh SPEREKRCRIEEN T 90%, Z5/NHESE 2 BF 5T & B, CMR T SR -S4 42 AR 9N 87% F1 7% , H.
SR 145 A A0 3 Wi ek I R RTSAE I S B ) B T 6, 5 R 258 — 3, AR F 5 K B BMR . CMR 1 SR Il 7t
FER R 535 1.35,0.95 mm A1 5.31 mm, P EE KR S35k 87.892% ,94.203% F1 27.488% , Ui
BMR ,CMR i [ R 0 J5F AR 038 5 T SR, HLAERS B8 oE TR IXEWR R 2 L 50K R B, 352 8
WK o R LR A

FHEIK I ShAS AU (1A% 0 2 = K AR 288 B pRER, J2 DAARER I T8 3338 H K A i sh Sl A, B
Sl UK BAE—AZBEW ZEEUE B IRSE 2 Z M i BEALAS & 8 TR A B LR R
Bl R, 45 6 HHEK VA 57 BRI Y £ 3EK 73 2 A W GE TR S R, SRR B 1 AR A K S0 G
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