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Abstract

Aims Under global climate change, precipitation patterns were predicted to change with larger seasonal and
annual variations and more extreme events in the semiarid regions of northern China. Water availability is one of
the key limited factors in semiarid grasslands. Changes in precipitation patterns will inevitably affect ecosystem
structure and function through soil water condition. Our objective was to investigate the response of soil water
content to changes of precipitation pattern, especially its pulse response to precipitation events.

Methods Two semiarid steppe sites (Duolun and Xilinhot) in Nei Mongol were chosen and meteorological sta-
tions were installed to monitor precipitation and soil volumetric water content (VWC) at five soil depths (0-10 cm,
10 cm, 20 cm, 30 cm, 50 cm) from 2006 to 2013. The pulse response of VWC at 0—10 cm to an individual precipi-
tation event was simulated by an exponential equation.

Important findings Significant seasonal and inter-annual variations of VWC were observed at the Duolun and
Xilinhot sites. VWC at 50 cm soil layer in Xilinhot showed an obvious increase during the early spring due to the
influences of snow melting. Mean surface (0—10 cm soil layer) VWC was significantly correlated with annual pre-
cipitation across eight years, but VWC in the deeper soil layers (10-50 cm) were not impacted by precipitation. We
also found that the precipitation event larger than 2 mm could induce a significant increase in surface (0-10 cm
soil layer) VWC, and could be regarded as an effective precipitation in this region. The maximum increment of
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surface VWC after the events and lasting time (Tjasiing) Were determined by the event size, while showed negatively
linear correlations with the initial soil water content before the events. Vegetation development (leaf area index)
did not show significant impacts on the responses of surface soil moisture to precipitation pulses. The infiltration
depth of rain water was also determined by rain size and pre-event soil moisture. In average, soil water can infil-
trate 1.06 cm and 0.79 cm deeper in Duolun and Xilinhot with 1 mm more precipitation, respectively. Therefore,
our results suggest that the event size and pre-event soil moisture were the most important factors affecting re-
sponse patterns of soil moisture to rain events in semiarid ecosystems.
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TN # % (Groisman et al., 1999; Easterling et al.,
2000; Westra et al., 2014). 7Kk R AR 24 23 52
Wi A= 25 R 48 45 F AT BE (Knapp et al., 2002; Yahdjian
& Sala, 2006).
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vii)& .

BIRIE AR T 4 52 1 e T Y T R
X, #EZAEE L6240 kmAib. S5 R TR Kk

doi: 10.17521/cjpe.2015.0155

©U0 00000 Chinese Journal of Plant Ecology



660 HEWA: 25243 Chinese Journal of Plant Ecology 2016, 40 (7): 658-668

PR RAE, T R EUNTEE 1 BRI
R X B R 7 . i SR K E
332 mm (1982-2013%), HAEKZF(-9H)MEK b
SRR EN83%, FEEAEHTE6-8H . PSR
0.82 'C, AKFEKLI50K . AW FEFERIFEHAL T
H R B P 52 oy R B AU S R b, A
Hh T~ 20054 [ 3 HAE R A8 H A AT 5L, M
KA A FR, LAY E A RS (Stipa
grandis)F1=F % (Leymus chinensis)&% . FEH:EARA(E B
Z WKL,

2 MRA&E

MRKILN RS

EWAN L %23 T —BHNARNE RER,
A4 KA B AR R FE R 2k (HMP45C,  Campbell
Scientific, Logan, USA)I&E KRR, HIEEE
#3k(107, Campbell Scientific, Logan, USA)llE A~
[EVARIE(S cm, 10 cm, 20 cm)i 38R, 35K 5
W52 #13k(CS616, Campbell Scientific, Logan, USA)
M5ERFE0-10 em - IEFIKE, K3k (EasyAG
50, Campbell Scientific, Logan, USA)ll5E /2 (10
cm, 20 cm, 30 cm, 50 cm)- IS KE, DL RS
(TE525MM, Campbell Scientific, Logan, USA)il| &

R K &, 5B S0 & 48 (CNR-1, Kipp & Zonen,
Delft, Netherlands) il £ 2% 2 Gt N 5 A1 I S5 48 4
IS SRS 5 NI R S I PO A TR R S R R

TS G b C 2% BUE A7 %% (CR23X, Campbell Scien-
tific, Logan, USA), & WM E4A10 sHUFE—IK, fifi
AFFE4 30 minfFIIE. T2 W R EAERT
TMEFR S, TR AT &, AR &2
HE ’“’“‘EC’)H)E’JIWFP%I?E?EQ% km#h i) 246 2

2.1

R ZACRGMIER P IE REFEAE R

Table 1 General information of Duolun and Xilinhot sites
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LI-COR, Lincoln, USA)FH#I & H A, FEBR LA
FEJT AR5 HLAL (Burba & Verma, 2005).

23 BEKEHRESESHEME
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FJZ0-10 cmt3EE 7K E (VWCo10) AL IS 72
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y = Yo+ ate™ (1)
Horr, yFRIRBE AR AR G AN A 8] 55 I VWC oo, Yo i
B IK AT — RIIVWCo_10 (VWChye), tHBEKKEJGH
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15 B 1) 5 KAB (VWChiax), 355 3K H B 7K JGVWCo_10

b LI R PR TR R Bk aE W EAEE RAEY) R R
Site Longitude and  Altitude Mean annual Mean annual  Soil type Plant Aboveground Dominant species Land use type
latitude (m) precipitation temperature community biomass (g-m™)
(mm) ('C) height (cm)

EZ 1 42.05° N, 1350 380 22 ES IR 42 174 B 20014 Fil 3t
Duolun 116.28° E Chestnut Artemisia frigida  Fenced from

soils TIRE S 2001

Stipa krylovii

RIS 43.55° N, 1250 332 0.84 ES R 48 185 EN 20054 4} If
Xilinhot 116,67 E Chestnut Leymus chinensis 4T &%

soils KEFSF Fenced and
Stipa grandis clipped from
2005
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Fig. 1 Conceptual model of the pulse response of surface soil
water content (VWCy_y, y) to precipitation events (refer to Liu
et al., 2002). a and b, parameters of the equation; PPT, precipi-
tation event, the arrow indicates the time when PPT occurred;
Thasting: the lasting time of pulse response (the periods of
VWCqy_ ;o above VWCp,, after the PPT); AVWC,y_ 15, maximum
increment of VWCy_4, after the PPT;, VWCpa Mmaximum
VWCq_yg after the PPT; VWChpy. (Yo), VWCq_yo Of the day before
the PPT.
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Fig. 2 Monthly means of environmental and vegetation fac-
tors across eight years (2006-2013) at Duolun (DL) and Xilin-
hot (XL) sites (mean + SE, n = 8). A, Seasonal variations of
mean monthly precipitation (bar) and air temperature (line) of
Duolun. B, Seasonal variations of mean monthly precipitation
(bar) and air temperature (line) of Xilinhot. C, Seasonal varia-
tions of mean monthly leaf area index (LAI) at Duolun (DL)
and Xilinhot (XL).
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Fig. 3 Inter-annual variations of precipitation (bar) and soil
water content (VWC) during the growing season at different soil
depths (scatters and lines) at the two sites (A, Duolun; B, Xi-
linhot) from 2006 to 2013.
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2 PRKER )R 2 & K B ORI B (AVWCo_10) FTRFSEIT 8] (Tiasting) ) 22 TCIE A2 [R1IF 73 Hr 45 21
Table 2 Results of the multiple stepwise regressions on increment of surface soil water content (4VWCy_10) and lasting time (Tiasting) after the precipitation

event at the two sites

IR & il A WNER BT E S kT RR? HRIR? p
Variable Site Entered variable Removed variable Parameter estimate Partial R? Model R?
AVWCo 10 EZ i JiFEAEE Intercept 2.32
Duolun PPT 0.38 0.73 0.73 <0.001
VWChpre -0.19 0.06 0.79 <0.001
STere -0.08 0.00 0.79 0.282
LAl 1.30 0.00 0.79 0.340
LS JFEREEE Intercept 0.92
Xilinhot PPT 0.35 0.52 0.85 <0.001
VWCere -0.08 0.08 0.01 0.084
STere 0.01 0.00 0.86 0.820
LAI 0.58 0.00 0.86 0.356
Tiasting EZ(5 JiFEEE Intercept 11.63
Duolun PPT 0.33 0.33 0.33 <0.001
VWChpre -0.42 0.22 0.55 <0.001
SThre -0.17 0.05 0.60 0.011
LAl 0.74 0.00 0.60 0.680
BRI JFEREEE Intercept 6.53
Xilinhot PPT 0.31 0.52 0.52 <0.001
VWCere -0.27 0.08 0.60 0.003
STere -0.00 0.00 0.60 0.997
LAI 0.95 0.00 0.60 0.502

AR AR R K AR /INPPT) . 7K AT 3% & 7K B (VW Chre) . BEZK T 12335 emAb i B2 (S Tore) FH - I AR B B (LAY
The independent variables included the event size (PPT), soil water content before the event (VWCe), soil temperature at 5 cm depth (STp) before the event,

and leaf area index (LAI).

18 -
A
16 -
y=0.013x+9.02
R2=0.64*
14 - ° GO °
12reo0 »=0.013x+8.62

&
< R2=0.65*
2 10r e O
:
8 1 1 1
18 -
fﬂ B $=0.019x+0.18
ﬁ_ﬁ 16 | R?=0.54* -
K
Wo14r »=0.02x+7.50

R?=0.68*

8 1 1 L 1 1 I}
150 200 250 300 350 400 450
%7K & Precipitation (mm)
® LK FERKE GSP O FMKE AP

El4  ZAG(A) BRI (B) PNl s K B 5 AR KT
RKZETHEE KE(VWC )1k R, GSP, EKZFEKE; AP,
tEREKE. * p<0.05,

Fig. 4 Relationships between surface soil water content
(VWCy_10) and precipitation during the growing season at the
two sites (A, Duolun; B, Xilinhot). GSP, the growing season
precipitation; AP, annual precipitation. *, p < 0.05.
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Fig. 5 Seasonal dynamics of mean daily mean soil water con-
tent (VWC) at different soil depths and albedo at the two sites
(A, Duolun; B, Xilinhot) from 2006 to 2013.
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Fig. 6 Relationships of the maximum increment of surface 0-10 cm soil water content (AVWCy_;o) and lasting time (T asting) in the
pulse response process to precipitation with precipitation event size (PPT) and soil moisture content before precipitation events
(VWCsy) at the two sites (DL, Duolun; XL, Xilinhot). A, Relationship between AVWC,_;, and PPT. B, Relationship between Tiagting
and PPT. C, Relationship between 4VWCy ;o and VWCp.. D, Relationship between Tisging and VWCer. E, Relationship between the
maximum increment of AVWC,_;o induced by 1 mm precipitation and VWCp. ***, p < 0.001; *, p < 0.050; #, p < 0.100.
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Fig. 7 Relationships between infiltration depth (Depth) with precipitation event size (PPT) and soil water content before the events
(VWChp,e) at the two sites (DL, Duolun; XL, Xilinhot). A, Relationship between Depth and PPT. B, Relationship between infiltration
depth of 1 mm precipitation (Depth/PPT) and VWCpe. ***, p < 0.001; **, p < 0.010.
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Table 3 Results of linear regression (including equation, R* and p value) between precipitation event size (x, mm) and the increment of soil water content

(y, %) at different soil depth

+Jz %t Duolun BhpkiE Xilinhot

Soil layer (cm) i FEAR R? p Tk FEAR R? P
Equation No. of samples Equation No. of samples

10 y=0.31x-0.37 40 0.54 <0.000 1 y=0.39x-0.91 40 0.72  <0.000 1

20 y=0.20x + 0.44 14 0.34 0.029 8 y =0.34x - 3.45 17 0.67  <0.0001

30 y =0.38x - 7.56 7 0.77 0.009 4 y=0.27x-4.12 5 0.77 0.0513

FEK R T 2% (Depth/PPT)il K (p < 0.01) (BI7B).
SHT RN EZARFIBGMRIE RS, PPT4 il R iRt -
HE10 cmiR Ak F K EHE = 1154% (p < 0.001)F172% (p
< 0.001); f#RE20 ecmiAb I E/K EHE E1I34% (p
< 0.05)F167% (p < 0.001); P/ i 15,30 cmiRAb 13358
TKEM BB PPTHRET7% (p = 0.0094, p =
0.051 3) (23). HHTfig Ti& 450 cmib [ Bk FHAFAE
PN RED (N < 3), WM ARAEM ST RAETE
ANTR]Z IR PPT R 458 15 7K B 1 8 1) b FEE A P A
MA T 2R, AFFR KIS A EJZ IR 5
K G BT PPT R M 3 5% 58 A7 7 2 2 22 70l (R 3) o
4 g
41 PFEKEFHMEREUNTIRSKENFIN
AT, AR IAEBEE PR & 1A A A bR
AR, %)= TS K E W R B AN, H
EERRMRERZE LIRS KERFKEZIH EE
PIAHR R R o XA RN R TSk & Bk E T
Rk &, (LRI 25 32 3 B K% R AR AL I 52 m . LA
AEIRE TS R IAEAS O BRI S OL T, Bk TE]
B FA) S W] DL 2 T s T R X R S K &

35 /K& (Knapp et al., 2002; Heisler-White et al.,
2009). [ABf A K2 IS K ER 252 B R K R
THIFEM, (HXAFEWE 20wl fOFA U, MAE
PR R A, PR B A K I RIS K E
BT (68%) i % o T A K=K &(54%) . X2 T
ARG R R E SR TE PR, St
3B KR AR R AR RE R T 248 TR
FEX R, RO S RAUR R, BIAZFRET 04
KK ARG I AT LLIREBA S () R
42 FEKEHXTIESKENF

IR T3 AR NS B K A F e B — AN E R R
TSR, BONZE RO SZ K A RN ) 3

(Heisler-White et al., 2008), 452 FI| B4 7K 55 5 (Yaseef
et al., 2010). FFHAHT . A A A AN T35 5T Hb
(Miller et al., 1983)%% {150 o

— RN RS, TR 2 A B A
P& 52, B KR /b R g 3Rl B4,
2 R FE7KA R i jet 2 AR P A0 o0f L SR 1 A
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[E ST H I, TR N AR T AR A 2% KR
5E X 5K/, Coupland (1950)il %t T F R F5
HX, KT-8-10 mmipE/KFHAEA B BEAE A &K,
(A — Lt FL R/ NE K FAE T RS R G
%K H %(Sala & Lauenroth, 1982; Loik et al., 2004;
Ryel et al., 2004). /N /K G4 ] DUIE I 6 v 398 56
THT S 39 0RO FE SR G2 AR ) ) T S0 aa, 390
ETREIE IR L2, JEAE R B K SR i
ol L B A B S I A2 1 (Huxman et al., 2004).
FEARBFFCIXC IR, = T (2006) FH i1 ¥ £ (2008) 73 71
BT BN AR 2S R G i 5 M 268 IR 52 i DA 7
5 2 R R K3 mm ) B A R

AW A RIN2.3 mmAILS mmf B K BE 5 e
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Heisler-White%%(2008) It 7145 2R — . (HAE A
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A& 2T PR AR R AR AT 72 1 B N 25 2 — (Kinapp et
al., 2008). /)RR /DA S ELFE K R R LEm, T
3R E TR KA AL T FAR G, TR
B K S (0 38 D 2 (R 3 T 2 K 43 B 2R JE L a5
(Huxman et al., 2004, Thomey et al., 2011), XFhF
JERR 2 3K o AR AR W] e ot — 2 S8R
B RAG AT REN LA (Huxman et al., 2004). 1
J62E — AN 1 ey BB iR b AR R I K B K [
B 51 2 0 R B 7K S A (R 38 IR 3 T W i () 22 A4,
T B R IR A R E I N (Knapp et al., 2002).
AWK MET BT R, b/ NERFE
IR 7K At o 2 3 1 338 /K o e R A, 3
Tk A& RS R4 71 (Schwinning & Sala, 2004;
Heisler-White et al.,, 2009; Thomey et al., 2011;
Wilcox et al., 2015), 7& ¥ X MAH 5 (Knapp et
al., 2002; Heisler-White et al., 2009). AS[E #4245 £
G 0] B AR JR A2 A el I 1) 22 S SRR A IR 3 9 AT A
Ko ETRAERRGHEYR R BRI, MR
R RGR R AT K (Schenk & Jackson, 2005),
TRAR 22 G068 J2 7K 43 (R A8 A i B30, T VAR A A
K 52 RRET R0

A FER A FJZ IR IS KE IG5 %K
g R EAHSG, T R At o 5o 58 oK
B0 PR AR N, T 5 AR R LA FRK AT
B EIKEM R, AR IS K AT LS K 2
IS, 3385 7B T A 7 A Py o 2 g R (B R 1)
AVWCo 1o/PPT). FE/KHT & /KEME, FKEREL
BEAK A S0 B SIS, K T IB B R RN R B
WA, Ak, —/NHLIX B SR AR K A B
Sy O 2 RH I AR rh oy i A A, Tt a5
mi 31 + 38 /K 4> 30 & (Ryel et al., 2004; Oki &
Kanae, 2006) . {H & 7 % Jei& A5 A1 U 43 41 Hh I A R B
T ot D AR 8 00T 38 K 43 1 ik AR ) B 3 R
Wi o A 55 A I 22 A A A AR R 337K 40 X B K A
PRI AL AT 22 5 (AW C o0 Thasting), Ji BRI PT BEAE T
PN b 77 R SR R TR A AL A A 2R A HL
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Fig. 8 \Vertical distributions of soil bulk density (0-100 cm) at
the two sites (DL, Duolun; XL, Xilinhot). * indicates signifi-
cant difference between the two sites at p < 0.050 (n = 5).
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