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Spatiotemporal Variation Characteristics of Soil Water Storage and Their
Influencing Factors on a Larch Plantation Hillslope in Liupan Mountains
LIU Shan', L.IU Zebin**, WANG Mengfei*', WANG Yanhui**, XU Lihong*?®, L.IU Xiaofen', YU Pengtao™’

(1.School of Landscape and Ecological Engineering, Hebei University of Engineering, Handan, Hebei 056038, China;
2.Key Laboratory of Forestry Ecology and Environment of National Forestry and Grassland Administration ,Ecology
and Nature Conservation Institute, Chinese Academy of Forestry, Beijing 100091, China;3.Forest Ecosystem
Positioning Observation and Research Station of Liupan Mountains, Guyuan, Ningxia 756400, China;
4.School ofSoil and Water Conservation, Beijing Forestry University, Beijing 100083, China)
Abstract: [ Objective] Variations in meteorological conditions, vegetation characteristics, soil properties, and
topographic features lead to differences in soil moisture distribution along hillslopes, which in turn cause significant
spatial variability in soil water storage (SWS). However, the current understanding of soil moisture dynamics and
their influencing factors at different slope positions on forested hillslopes remains insufficiently systematic.
[Methods] A study was conducted on a typical larch forest hillslope in the semi-humid Liupan Mountains. From

May to October 2023, the spatiotemporal variations in soil volumetric water content were monitored at three slope
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positions (upper, middle, and lower) within the 0—80 c¢m soil layer. During the same period, meteorological
conditions, vegetation structure, and soil physical properties were observed simultaneously. [ Results] 1) Soil
water storage (SWS) varied significantly across different slope positions, with the average values following the
order: middle slope>lower slope>upper slope. However, the greatest fluctuations in SWS were recorded on the
middle slope. 2) Temporally, the incremental changes in SWS within the 0—80 cm soil layer exhibited strong
variability across all three slope positions during a single rainfall event. Among different layers, the SWS in the 0—
10 and 10—20 cm soil layers demonstrated relatively lower variability. The primary factors influencing the
temporal variation of SWS increments were rainfall amount and duration. The variation in SWS reduction in the
0—380 cm soil layer was also highly variable at all three slope positions during a single rain-free period, with the
least variability observed in the 10—20 cm soil layers. The main factors affecting the temporal variation of SWS
reduction were potential evapotranspiration and the duration of rain-free periods. 3) Spatially, SWS increment
magnitude followed the order of middle slope>>lower slope=>upper slope, mainly related to soil bulk density and
saturated hydraulic conductivity. The magnitude of SWS reduction followed the order of middle slope>>upper
slope>>lower slope, mainly related to stand evapotranspiration, gravel volumetric content, and total porosity.
[ Conclusion]| These findings provide valuable insights into the mechanisms of soil water redistribution on forested
hillslopes and offer scientific guidance for sustainable forest-water management in semi-humid mountainous regions.

Keywords: North China larch plantation hillslope; soil water storage increment; soil water storage reduction;

spatiotemporal variations; controlling factors
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Table 1 Stand information of sample plots at each slope position

W fi g4 /m WE/C) MO/ Gk -hm D BATE PSS /m PR /em b EA R/ Gohm )
¥k 2471 26.3 942 0.73 19.43 21.83 98.67
Y 2 386 26.8 933 0.79 20.05 22.30 127.51
¥ 2276 34.9 907 0.72 19.49 21.40 110.59
TE A (A8 TR A R A RN 7 1 A ) S 2020 4 A B
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Table 2 Soil physical properties of sample plots at each slope position
. N , LR IK R/
Yoty HEWE/em ABURE/(grem™)  HE KR/ (g kg ABRMBIE/ % SALBEE/ % Cmmemin)
0~10 0.7940.05 342.48411.32 4.75+1.62 65.00+3.61 0.48+0.03
10~20 0.78+£0.07 328.094+11.06 3.50+1.52 56.95+2.72 0.51+0.18
e b 20~40 1.384+0.15 312.024+7.81 27.00+0.87 48.804+2.99 0.23+0.90
40~60 1.584+0.25 208.8649.98 22.00+£1.52 44.9543.46 0.33+£0.12
60~80 1.414+0.14 163.17+11.90 39.00+0.86 46.304+3.52 0.32+0.23
0~10 0.97+0.07 405.634+15.5 4.25+1.01 67.70+2.81 0.67+0.13
10~20 1.06+0.11 352.22414.22 13.00£0.86 65.45+1.49 0.45+0.07
Yerp 20~40 1.074+0.22 231.8448.62 27.00+£2.18 60.80+2.46 0.70£0.61
40~60 1.274+0.21 186.81+3.80 61.00+2.08 49.504+1.63 1.774+0.86
60~80 1.34+0.08 159.70+4.19 59.50+3.61 39.05+2.68 2.0440.55
0~10 0.92+0.04 399.31+12.08 3.25+0.87 59.38+1.04 0.17£0.14
10~20 1.014+0.09 350.87+13.39 1.504+0.28 56.05+1.85 0.51+0.15
YR 20~40 1.02+0.19 357.92+7.40 2.004+1.04 54.25+0.90 1.77+0.10
40~60 1.264+0.13 170.69+£10.85 18.50+£0.57 37.55+2.98 0.31£0.52
60~80 1.634+0.18 149.25+4.29 21.00+0.76 42.304+0.63 0.53+0.27

T - R B P S (B e 2

http. // stbexb.alljournal.com.cn



4 K A ARFF AR

%039 %

1.3 HRF*
1.3.1 sk@mBedm-zaym e 25 3| N A o
AT 53 A1 B AR — B0, ZEBE A28 5 18T 29 100 m 9 25 1 A it 1
16 A" 40k (WeatherHawk?232, USA) ] T+l 1 #F
SEI A1 A (Y B R 4k, 2 B% 10 min i 5% LIRS
1.3.2 @A f&uun ZIREMERE, L
FAFAEA ) P A7 7E 25 5 WIOFE 45 B 67 B b 1) b 43
b5 ATMOS41 25 4% (Meter, USA) ,
FE 2SR CC) 238 M I BE (Y6 K FH 5 55 i B
(w/m*) KGE (m/s) 55, 7% BAT I AR b 1T 29 22 m,
FIH CR1000X %% 4 K 4E 4% (Campbell, USA) % I
10 min id 5 1 W & 4% . Al A 2 2 24 XM
EToCalculator 84, & F WM 49 25 SR a5 S AH X
TR K B 2 S i R XU B A R
1.3.3 M@ Ak R AL FE 45 IR P e AR
7] g A% R /INRE R 6 A5, 76 g BR AR AR 1 i v o 2
SF-L #8345 41 (Ecomatik, GER) I % B 1 &
T R R A CR1000X #5048 R 46 2% A B 10 min i 5§
1R EHE . T Granier J5 #2'9'Fl Baseline 3.0 #4446
N 11 VL 25 0 B A0 T RO TR L MR HZE T
Conm) 38 3 900 2 5 AR S 347 V8 U 380 38 R b L 520 A D
AT RO L9

BEF 45 B FE M AR AR RO 34 A
10 20 em [ /N R 95 T A ART 2R (R
KMV W) 75 KRB ZE M Z A, B R A% 18:00 /2
AHATFRE . AT HZE U (mm) N4BIL 2d 2
ZEBR A AR . A W RA B K AR H 28 i A
LRI 2 d HH i 2 22980 2518 I K B A S R DA AR E R

JC W BB B MR M B2 B Cmm) M AR B K s S
MF H 78 Z A
1.3.4 X3 u il e 202346 H 76 31U
FEHL A b o BB A 2 LA AR R R
100 em® (9 ¥ J1 4% 0~10,10~20,20~40 ,40~60 .60~
80 cm - ZHUFCAR LA 47 [0 S 50 5, 4% B R K 12 1
IR G - B SO G 00 ) S W DR K R B R
R K i RAL R A5 AR SR FHOBLER DA TR B
S T EARRT T K 3 BT 0 e AR T A, B e
HEZK 00 5 A R AR B A B
1.3.5 ¥ @ 23K KRR H A LM 7E AP RE
b 11 o S e B 30T A b BACSEE 5 4 R i T RS AR R
FIE D S 359 7K P (1 S0 00 55 W I = 4 K o A R A B
W5 B IZ B ST X T AR L TR A AR R
FETPAE 0~80 em 2 WA T b B 1A A A
I3 4% 0~10,10~20 ., 20~40,40~60,60~80 cm +
2 A B K 4 R E AL B #R (ML3, Delta-T, UKD

eI A B AR o AR R 43 B0, A CR1000X £l ok 4 2
AEBE 10 minid % 1 0B
14 HELXESSH
Z MO A WS K B RN 1] B8 =6 h (1 2 Yk B 7 il
53R 2 M ST BT B =<2 mm 1Y [ R R 43 TE
141 E2EAMEKZE HIEMOKEREARRSET -
b g A7 K B R i 2 R B RN A K A ik
GEAT QDT B R/ WS R
W:%O X h X 10 (1)
X Wl 3R K &, mm; 0 1 3 R R K
&, % h R EEHE  em,
1.4.2 X3EAMEKZH WS WG LA K BN
2 i BT N - K A A 2 0 I B AR L T
A
AW=W ,.— W, (2)
KA AW KRG A KRR IS, mm; W, . AT
Jo LA K BEEAR , mm s W, ET R IEAE K B, mm.,
1.4.3 RBEEBRBRYEF  TCWE B SEK R 5
S HOK AUk 2/ D I EEAR bR TR AU
AWiee = W — Wi (3)
K AW K D, mm; W, AR
T AR B (R, mm; W, SR — BT SR T 1
/K, mm.
144 ZF & HESRHECVIERR LERMK
S R B P SRR B R A R

cv="2%100% (4)
a

Ko HPREZ ;o P, 2 CV<T10% B, 55
AR5 M 10%<<CV<<100% I, AR 72 CV >
100%% B, Ry 5 28 5 o
1.45 %t o4 RH SPSS 22.0 Al Origin 2022 4k
47 B Pearson AH 56 43 #71 FTAH S& 3 E, 2 M1 22
Pl a7 A HE AE K R B kD D 5 R TR O A 2R
O (BT CTE D B R AT CRY JA D 3 i K B o6
% 3 FIHH Origin 2022 4 rp (9 e Pk 819, B 28 52w -
S K R D A 2 R E R E
2 HRESH
21 HEEGH HRMEBHMLEEKSTL

WF5T WAl (2023 4E 5 7 16 H & 10 A 31 HO 4t
W3] 31 37 W W A4, 5037 B W 3 10 B T i o 3.0~
114.0 mm, EFFER R M 435.0 mm,  JEH B, R [H)
I 57 T TE ZE LR B B - (426.6 mm) >3 H1(393.4
mm) >3~ (372.2 mm) . MRHLZEEH T2 4 M

http. // stbexb.alljournal.com.cn



5 3]

SV A5 < 7S 28 LA 8 I AR bR 3 T 398 £t A R 2 AR AR REAE B HG s e TR 3R 5

BTN 37 b PR 555 55 22 DR 3R R R, LB A% R A AR
HICA T AR, 2R B 3 =3 1 >3 h (& 2) ¢

A CE-H-FD
2023-05-16 2023-06-16 2023-07-16 2023-08-16 2023-09-16 2023-10-16
0 Ly LA Bl B LA bl L T
0F @

1““-:- L

D B
S o

[N it/mm
S

100
120 =

C— P Wws wvo
TEEZE UMM

-~

FEHb A HU/mm
o - v oW

[ - )
o © © & oS
T T T —

N B ®
S S o
T T T

g
£
L)
%
pocs
=
.H
£
L)
%
pocs
=
.H

—00:10 cmi&- -lfg}é(g‘?& .- -2?£$é%-~-40~60 %1:1 ."%62‘;80 om RN R
— R — ZREL — W IR e
T RR TRERARR = TRERR

2 AEEASKEG HEHEE L EEKET T
Fig. 2 Variation characteristics of meteorological conditions,
stand evapotranspiration, and soil water storage in

each soil layer at different slope positions

H P 2 F T, R[] b 4 )2 TR RE S K R
TE 337 357 B S e 2l - Ak K A AR S R R

MR RPN AE 0~10,60~80 em + J2 ok, 20~
60 cm t )25 /N, FEZS AN (W) b, 52 A [ 3 437+ 3
KAy #b 78 55 T FE 2 5 05, - A K AEAE B

5o REE K 12 G K B KN 3 HE P A —
o, H MK E,0~80 em + 2 4 HEfK K B BN B

S A
22 BEEWEGTLIEMKEEEIERNTE
AR AE

[&] 3 Ay i 750 [ TG = 18 (16 mm) + 4% K B 0 1
AR R . B 1 hJE, A K B RG E  Hhak
60 cm, 763 T A3 AL 40 emo 4 3 6% /K 46 AE
BN BE A JZ R I FEAR  E 3 20~40 em
JZ KT 10~20 em 4 2, F WA W] A9 4 5 i
W, B AR SE(3.5.8 h), & 7 0~10 cm +
fith /K 3G BB R, R R | 10~20 em Bk H 40~
60 cm LA B4, ME— IS P L e EE R F
iR

SN I O = s VN I 1 S 770 R
H1,0~80 cm + 2 + HEff K it 3 = ¥ o AR 7
e b Merho R bR M AR R R B0 ol 226.5% .
211.2% M 225.1%; A A + 2 |, 0~10, 10~
20 cm + 2 R EEMOK RIS RN E RN AR
B AL IAL, A HE A K O B A A 25 e L BB SR
PR B P (345.4 mm) >3 R (285.5 mm) > |
(243.6 mm),fH 20 cm KA F £ 2 + 3 6% K & 1 &
A HE R 2 2%, AT A 5 Bk b RN IE b Y R S O GE
K.

ST [ Y 3 4(2023-08-11 7:50-13:40 16 mm)
(®)3h (©)5.8h
Prh Wi I

(@1h

Wr Y Wk WF
0 0
10 10
g 20 20
)
=
40 40
4
_H
60 60 |
80 80

T Wi It

0
10

20

40

60

80

R TN
Afphbgm D I ——

0 0.02 0.04 0.10

0.30 0.50 4.00 5.00 11.00 14.00

B3 ARKERNEHFTARLIELE@EKENTLITE
Fig.3 Changes in soil water storage in different soil layers during a typical rainfall event
23 EWHBRTLEMKERVELSERMETEN.  0~10.40~80 cm £ 2 W, 10~20,20~40 cm + JZ
FFE 805 £ B P 0~10,20~80 em + 2 B &, 1YL
Pl 5 Sk B TE RN B B (7 RO H K B i AE 10~20 em R JEHE N, BRI 4 d 5 L B 10~20 em + 2
ik #e . JOW 2d ), REAEOK B AR BRI R A, oAl £ R B AR K R . JEW 7 d e BRI

http. // stbexb.alljournal.com.cn



6 K A ARFF AR

39 %

F110~20 ecm + 2 4b, Hoftb + )2 1 3 6 K & 2>
o MKW S, LM KEAE0~10.20cm LI N L2
W 7E 10~20 em + 20 28

- 40

2T e R Ik A 435
Elo‘ : {30 E
I 8 , 25 U
= s =
o | ; 20 O
% e =
s, | 15§
Mt e Lol

. T .

0~10 10~20 20~40 40~60 60~80 0~80
+ B /em
B4 BFEWEGTLEEKSEENSITHHE

Fig. 4 Statistical characteristics of soil water storage increment

during a single rainfall event
B 25 L AN G RN B BE R, 0~80 em 4 2
K B R AR AR B BRI R
A5 R B A R 115.6% . 113.3% F11108.1% 5 A [

+ 2 E,10~20 em + 248 T /N CE 6) . FEA A
B AL A M A K S 0D i A A 22 S, L BB D
BRI A (2821 mm) >H | (258.4 mm) > B
T (238.8 mm) , {H 40~60,60~80 cm + 2, ¥ I
- HE A K D T R R (BT 6D

24 TEEKEHEMBEVENTELHHMESR
FAOG 3 Bt I 7O R B, b S At /K k1 o 1 I 1] A2

S A7 [T RN B K S ), 5 R AT 4 8 A% K T
O, L [k Wk RTT EsFR n TA B 5  HEA K R
Ui /D e A BT AR S S B A VR E 2R IR TG N B K R
Wi, 5 W 5 - i /K B TE 06, HL I W 7 2% HIORN TG W I
R 18 fin ot B R L 2R TS b R I, - A% K
TR P AR S A | b R R R R
TR S K R 5L I S AR OC &R, L b AR RRUB = R
WA G K RIS £ G (E 8 kb 28 1, B L
A B8R AR R 3 B0 52 i) A 498 £ /K it Ul 2D o A AR S
ESNE, N5 KRR /DR R R EREE
ZE 9.

WA TE R B (20234E8 H11H13:50% 8 H18H13:50 7 d)

(a) W/EH2d

Wi Br

BF

Wk

+JE R /em
S

80

IR E
Ak B /mm
-16 -14 -12 -10 -8 -6

(b) WG4 d

() NfEEE7d

Wi Ik Wi Ik

Br

-4 =2 -1 0 2 4 5

5 BATHEHETARFEMNELELEMEKETHITE

Fig. 5 Changes in soil water storage in different soil layers at different slope positions during a typical dry period
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