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Soil moisture infiltration characteristics and influencing factors
on typical slopes in rocky mountainous areas of North China
TIAN Shuailin*?, LU Shan'? SANG Yugiang"? ZHANG Jinsong®®, ZHANG Zhihua“?

(1. College of Forestry, Henan Agricultural University, Zhengzhou 450046, China; 2. Henan
Xiaolangdi Forest Ecosystem National Field Scientific Observation and Research Station, Jiyuan
454650, China; 3. Key Laboratory of Forest Cultivation, National Forestry and Grassland
Administration, Research Institute of Forestry Chinese Academy of Forestry, Beijing 100091, China)

Abstract: [Objective] To investigate the soil moisture infiltration characteristics and their main influencing
factors in the rocky mountainous areas of North China, providing a scientific basis for mitigating soil erosion and
improving soil water retention capacity in this region. [Method] This study investigated representative hillslopes
(natural slopes and fish-scale pit slopes) in the rocky mountainous areas of North China. Soil infiltration processes
were measured using a SATURO dual-head infiltrometer, followed by systematic analysis of infiltration
characteristics across different slope aspects and positions. Three infiltration models (Kostiakov, Philip, and
Horton) were employed to evaluate their applicability by fitting the measured infiltration processes. Additionally,
redundancy analysis was conducted to identify the primary driving factors influencing soil infiltration
characteristics. [Result] 1)On natural slopes, both the initial infiltration rate and stable infiltration rate followed
the order: middle slope > lower slope > upper slope, whereas on fish-scale pit slopes, the order was lower slope >
upper slope > middle slope. 2)The initial and stable infiltration rates were generally higher on fish-scale pit slopes
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than on natural slopes for both upper and lower slope positions, except for the middle slope, where natural slopes
exhibited higher infiltration rates. 3)In this study, the Philip model was able to most accurately describe the soil
moisture infiltration process. 4)The main influencing factors for soil moisture infiltration on natural slopes are
gravel mass fraction, silt mass fraction, and soil density; whereas for fish-scale pit slopes, gravel mass fraction and
vegetation coverage become the dominant factors. [ Conclusion] In the rocky mountainous areas of North China,
significant differences in soil infiltration characteristics were observed between natural slopes and fish-scale pit
slopes across various slope positions and aspects. Gravel mass fraction was identified as the dominant factor
controlling soil infiltration processes. The fish-scale pit terracing technique not only effectively mitigated the
influence of silt content and bulk density, but also significantly improved soil moisture infiltration capacity and
enhanced water retention performance.

Keywords: rocky mountainous areas of North China; soil moisture infiltration; fish-scale pit slope; natural slope;
infiltration model
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TR DI ON E, BT B B RE, TSRS A . R B CARIFE  (Robinia
pseudoacacia) - ¥ #k (Quercus variabilis) ZEFFACRMLHF, FEAFRAE (Ziziphus jujuba Mill. var. spinosa
(Bunge) ) . % (Vitex negundo var. heterophylla.) % 4HAF (Grewia biloba) 25 A7,

1.2 R

1.2.1 #pRAAFRAE FETEIMAE, /X 2 AN BA AR CH SR ST
YENTFFN %, —E MBSl FERBIEARR MR 1 R, g 1 (S AN NSRS 1 B SR 1,
WK 80m, Bi30m; L2 (S2) AT, IK 100 m, % 30 m, I S f ST bR TR
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Table 1 Basic overview of sample plots

] Wb TEREem WA BEIC ) AR 5 1% A A
Hillslope Slope position Soil depth Slope length ~ Slopeangle  Vegetation Coverage Vegetation distribution
3 - Upper slope 20 40 18.96 25.77 B AR, R AR W
s1 I Middle slope 35 20 18.95 43.70 A B M. %,
I Lower slope 45 20 20.44 37.69 FaA
3 - Upper slope 20 40 21.31 46.13 B AR, R AR W
S2 I Middle slope 30 30 17.90 63.08 A B M. %,
3R Lower slope 40 30 21.70 24.14 PR SRR k. R

1.2.2 BRSNS E TR NBIEF KA SATURO XUK K& (3£[E METER Group A F])
HATIE . BB TPRKFRB T EERE, PSR4 2 DAFRIME TSk, AR E KRN, it
2 ANSEHEI) T g JE TS PR SRS M D 5 % <920 T 2020 4 10 AN 11 I BHTEFANIE:, WEFE A AR
AU RS AL SR, A I FE PR T B N HIEER T2 5 om IR, BCEBE TR SLEN R |, Jf
HATHRIRE (R2) o AWFFUERHET 3 min FPFYNBFNVIEANBER (initial infiltration rate, 1IR) .
Fasg NiB A E K Sk F4 58 N B3 % (high head stable infiltration rate, IRS-H) FIE /K Sk A4 58 N B EZ (low
head stable infiltration rate, IRS-L) , 43529 2 AN 7KSkHLAT IS H] P4 (132092 e T-ARUE N sl 2 . @il oy
M LK o N ZAE A RIS BB B 224, R TT L4 K 73 NI AR B AR «
2 BUKLSEUSHRNE

Table 2 Parameters and settings of the dualhead infiltrometer

2% EEEmin AkkiEElem mckiEom Hﬁﬁw&’{gg}h FEAER Sisfi limin

Parameters Soaktime Low pressure head  High pressure head Pressure cycles Total run time
pressure head
Ma%
B 15 5 15 35 1 85
Setting
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RSN EAK Sk, A BRI BRI NBAT N . K Origin 2024 B4 458K 73 NS TR 51 [H] (1)
KAME, HSLMBIARNSHETTE, HRRMNSH L IE R R . UL R AEEIRFRITPAL S8 13
BHREPERE FAME, 12 e B0 Hh S A TR AR S Kb AR Sk R
Kostiakov A4 (1) Fiok:
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Philip #844n0 (3) Fis:
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A TN BRSNS, YNBSS ARSH A NFRENBIEEK,
1.2.4 23RN E  EENFESAIEERE (0~20 cm) RETFE, &S 3 NMEERE. M
B I I LA R, % E BRI 2 AZERL (<0.002 mm) < #3ki (0.002~0.02 mm) « Vi (0.02~2 mm) ;

ERJJVEEUER 0 5 B A4 E 3t & X Euro Vector EA3000 (i KA EuroVector A ) MI5E
TR AR. 2RRESEG

WA 5T B 3 BN 5E - 72 S1 AT S2 HYREANRAE i, FIFH/AMRETTAE IR M K42 A 0.3 m. % 0.3 m.
0.1 m YL, FIFHHEDEN SRR, MSTHIZH T A TR AR e AT b, @R, ARk
R SRAFAR L AIBR A 4, HEKEASRIERA AR, 4k8Em NZEE 03 my 3203 my ¥ 0.1 m
+ot, FEREUEEF, BEEREEEENIE.
1.3 ¥R H

HARUL “SPIME ArUEZE” FRon. I Excel 2019 BHATAMHRFIRERE; 32 SPSS 26.0 X H 4k AT o 1 t
g A2 A 73T, p<0.05 FonfEStit S Y B2 B3 fH Origin 2024 JEAT BIRRE I -8RI N
RS s Canoc 5 AT LR T .
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2,11 2EARDP NSRS AT WE 1R, BARBGE (S KGN RN E B E A 2T

eSS EREIAEE, HoA 3 B E Kk AR E NS R (IRS-HD B3 F 225 1910 76.46% . £ fifdid (S2)
MR T >3 b>yerp rkadh, S AR WIS 8R4 I Ee i b B35 3R s 153.30% M1 164.05%
(p<0.05), Ei7K e Fa 58 NI 24 IH2 5 150.23%7F1 173.60%(p<0.05), 3 T KK A2 8 N E K (IRS-L)
EL 3 A 25 184 0 17 200.60% (p<0.05)

(7] — S LA R T e K o NIBFHE W AEAE B 22 5 . B B 53T I LIBYIIE NIl R Fa e NS
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IRTIE NBIE R AT NS R R E & T S2 (p<0.05) .
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Fig.1 Soil moisture infiltration on different hillslopes and slope positions
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RBRSE: BRI BEE G, 13K NIBEEAE 15~18 min FRCSURIBE N, 3 EAISR T 19 min ik 35
ACRAGENE, BPLESS 24 min IBBIRSEIRAS: 1E 50~52 min 1, 3K Ip Nl Z QR T e, 3 b+
KT NBHEARAEY] 62 min IBRIREIRES, B SN IAE 55 min AR @RS . MBI (S2) H3K
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Fig.2 Soil moisture infiltration processes on different hillslopes and slope positions
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Table 3 Fitting results of soil moisture infiltration models for different hillslopes and slope positions

X Kostiakov 77254 Horton 77225 Philip 772 &%k
4] Hiehr _ -
Parameters of Kostiakov Parameters of Horton Parameters of Philip
Hillslope  Slope position
a b R? o f. k R? S A R?
b
2642 0171 0.833 3118 4885 0.069 0.765 6.151 4885 0.924
Upper slope
H RS .
Natural ) 4882 0194 0.779 5.502 9.815 0.076 0.751 13251 9.815 0.824
Middle slope
slope
W
3.355 0152 0.704 3.395 5794  0.086 0.692 6.195 5.794  0.805
Lower slope
L b
REsk s g 5515 0.162 0.769 5.841 9.859  0.086 0.762 12458 9.859  0.837
) Upper slope
Fish-scale
_ P
pit slope 2178 0.165 0.718 2.306 3.940 0.074 0.685 4.995 3.940 0.851

Middle slope



¥

Lower slope

5509 0.188 0.843 6.089 10.781 0.081  0.805 14120 10.781 0.863

H12 3 AT, 3 FEAYH, Philip BB RPISMER A, R UIZHA Sl S5 B A SR iR g
71, BEMSTERFER AN [R5 T A A 1 13K 0 NiB T2, Kostiakov BAUBHM AR 14, Horton A1 551
ERERKR, A& G H TR X 5K N 2.

1E Philip #884, Z44 S 2 K NBUUSFEE M HE B8 bR. TR 3 A1, [ SRSHI AN f 3
WX IR S B 7 BIRBUNS RS Y > b W >3 Es>dh s EMFRIMEAT, ARSI ISES 7E3 A
IR BT A AR, AR R DU U < AR, U BA U B e T HEER T 2
TaRsE, fem T HEERIENBEE S, XS5 RSCRIA N LK NIBRHEARF, #E—2BAESE T Philip B
FEAWFFLIX 1) R Ui Ak
2.2 fedb A X SR T A IR 1 BREFE S 4

W 4 Fis, fEEARYH (S, W EEIB R, HESKE. EmMmesmeEsozdits, 2,
PR B B3R T 37.34%. 159.53%11 84.34% (p<0.05) . [AIF, A5t 20 BB A 78 o o A
PR RS R (S2) , LIEE/KE. Al BUR 2 8RS AL S s, AR,
AR 2 M AR B2 E K 5 S AL, S2 3 MBRA R & 70 BRI R A 78 26t R AT T B

AN [F) S S A R A R B, AR b, S2 BIHE SR EL S1 B 189% (p<0.05) , FHJ S2
TP R AR . TSR, VORISR BT SR RN S2 B AT S1, iR s 3.67%
F156.91%; S1 4BiAl4RUm &0 B S2 43 BN 147%1 168% (p<0.05) . 7EH T, TIES/KE. Fiki
JREAE AR AR RS HORI Y S1 BE ST S2, 1 FHRKIM N S2>S1 (p<0.05) . LEEKE,
SR3OS 30 I . () 2 [ 20 SR, T AR Sl S R T AR e R 25 B A A A3
i) 2 S TP 4% .

% 4 FEMRE R B R G

Table 4 Statistical results of soil physicochemical properties across different hillslopes and slope positions

i oL >2
Upper slope Middle slope Lower slope Upper slope Middle slope Lower slope
WA 5 i 4% 20.03+9.70 23.06+9.74 17.29+4.27 32.05+21.68 12.73+6.95 19.30+10.73
Gravel mass fraction ab ab ab a b ab
WA 74 55 1% 12.44+452 6.681+5.45 1.67£0.50 13.45+2.16 5.431+2.09 2.594+1.95
Gravel coverage a b d a bc cd
A IKEY 13.94+2.15 14.43+2.06 19.09+3.60 14.63+1.38 15.154+1.00 15.39+1.29
Soil water content b b a b b b
LB/ (g emF 1.574+0.08 1.50£0.10 1.40£0.13 1.48+0.10 1.49+0.11 1.49£0.17
Bulk density a ab b ab ab ab
YORLTT &S H% 91.17+£2.05  86.88+3.19  88.68+1.11 90.65+1.32 90.07+0.96 89.61+1.17
Sand mass fraction a c bc ab ab ab
FORLT & 2% 2.914+0.90 4154202 4.68+1.16 3.03+0.77 2.96+0.46 2.71+£0.67
Clay mass fraction bc ab a bc bc c
FRL T &4 £50/% 5.93+2.25 7.57+1.09 6.641+1.09 6.33+1.03 6.97+1.29 7.68+1.35
Powder mass fraction a a a a a a
H 52 /(S em™) 47.14+9.04 4533+12.90 68.58+24.26 89.05+21.86 71.13+20.85 95.38+12.72
Electric conductivity c c b ab b a
SRR BU(g kg™ 14.01£5.02 24.52+7.28 36.36+5.67 15.314+3.08 16.69+6.03 19.59+7.09
Total carbon mass fraction c b a c c bc
SRR % (g kg™ 1.66+0.53 2.641+0.74 3.064+0.52 1.4040.27 1.5740.22 1.7740.55
Total nitrogen mass fraction b a a b b b

i FATARNSFREFRRER IR RS T AR EEREZE (p<0.05) .
Note: Different lowercase letters within the same row indicate statistically significant differences among the measured

parameters(p<0.05).



2.3 e+ AL X AERIEE T RK S NEFHEME R S

RDA HEFF B AT DL BV S e R [J] (R 7 5N ISR R 9% 2 o MR DR 7 O 30 Sk I B2 B 1 L6 N 95 A M
B, PN IS AR M IR 1 5 N IBHRIE IR 7 2 IR AR e, ARG REE R & T4
SZAE. E SRR f T B — AR A R SRR R P B IS A5 IR p (HI5/N T 0.05, REFTUR T
CIEEE

W 3 FR, ARYH (SD) WIHAENBEEK IR EESHRAENE MrhREa%. ks
A SREEMIKR, 5HEEE, HESKE, MEERE. IMAERE. WIRNRE S BUER 25
FHRIE R IRS-H M IRS-L S5ERAFES S MR E 4. FRiES 8. TEEERIEAER, 5
THOKS . MWESE. BRAERE . WERNRES SO E AR R, A (S2) WIEABHE%
AFENBEFSIRAR RS WABERE. B5R, WhHRRESH. HREERIEMHKR, St
JRENE. FEWTE 5 R R 3K ARG R A R0 338K o NVBRFAE (1 DT R AT Bk
(X 5), GREIR, BIRSHLE R0 K DTIR B CO IR A T &40 3 (48.2%) >H ki)t & 73 4 (17.8%) >
LHEERE (12.1%) >EIESKE (7.8%) SiEHE (41%) >HISE (3.4%) >HBETE (3.1%) >IPKIR
B (2.4%) SFRR RS E (0.6%) >ERAEGEE (0.5%) , SEFEEAN 87.5%. HIRIHL 5K A
BRHEFREZBERA R 250 (p<0.05) « MR 4L (p<0.05) FI-HIEEE (p<0.05) [HI5m, BRAH
HOBSMRLTRE S HOEE, IR, IRS-H A1 IRS-L K ; 3% kS, IR B, IRS-H A1 IRS-L Bk
1 AT B B D)1 R DR A YR R A o B0 B (40.6% ) SHNE TS 75 15 (19.3% ) >V B 73 % (8.3%) >
B3R (7.8%) >ifFk (6.8%) >TIEEE (6.4%) >HRiFiESE (5.5%) >TIEE/KE (3.6%) >HhAE
mAE (1.6%) , SRR 67.7%. MEETIH Ky NS 22 20 A 5020 (p<0.05) FIfE
BHIE (p<0.05) (IEEI, BRAFEDEGME, IR, IRS-H AT IRS-L kA, MiRWE s m, NS
B2 B#%. B_ERTED, EARBEHLIG 3K 0 NS R B2 A T 0 KR BORN 35 (1) R
PRI IRV ER IR R K BIE 1) SR - ST T35 K 7 NS WIFERR A T 7 SR N, FEAE
MR TIHTER, SENBER RN NEER.
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GMF: Gravel mass fraction; PMF: Powder mass fraction; SMF: Sand mass fraction; CMF: Clay mass fraction; BD: Bulk
density; SWC: Soil water content; EC: Electric conductivity; VC: Vegetation coverage; GC: Gravel coverage; EL: Elevation;
IIR: Initial infiltration rate; IRS-H: High head stable infiltration rate; IRS-L: Low head stable infiltration rate.

3 NEMEFMEFSIRK I NESFHEL RO
Fig.3 Redundancy analysis results of influencing factors and soil moisture infiltration characteristics across different hillslopes
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Table 5 Positive selection results of influencing factors across different hillslopes

EES30 T
A Natural slope Fish-scale pit slope
Influencing factors DURRFE/% p1E TR % p &
Contribution p value Contribution p value
eV iy
B R 2 482 0.006 406 0.006
Gravel mass fraction
NAAN ﬁE/\”
ORI 5 17.8 0.026 55 0.222
Powder mass fraction
TR
Bulk density 12.1 0.034 6.4 0.218
iﬁa/_'\\ =N
R 7.8 0.062 36 0.376
Soil water content
/ﬁ}ﬁ 4.1 0.526 6.8 0.174
Elevation
B %
wEE 3.4 0.208 78 0.148
Electric conductivity
W 7E 2 BE
TE%)}_Z?EEBZ 3.1 0.572 19.3 0.046
Vegetation coverage
T BN K
DRLR D5 24 0.322 8.3 0.294
Sand mass fraction
o 1
WHLF R 0.6 0.698 0.1 0.754
Clay mass fraction
TE e
AT 05 0.792 1.6 0.568
Gravel coverage
~ A} ~
3G 5L

WHFCREA, MBI NS HE R LA NSRS B & T AR, JUHRIE b E, Mk
W K kRS NS LE F ARy 101.82%, (/KR AS E NS F 5 78.76%. X —45 SR Al fE 5 fh i
GUCRF IR R B 1 i 3 DI 0%, BT B F TR 1 S0 T i A P 8 S A, T AN [RIR EEATEAR A 334,
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