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Effects of soil water storage efficiency on winter wheat water use efficiency in
different precipitation areas during the fallow period in the Loess Plateau,

western China
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Abstract: Soil water storage is the primary factor affecting crop productivity in the Loess Plateau in western China. It is
important to, analyze soil water storage efficiency in the fallow period for utilizing water resources efficiently. In the present
study, we collected data on soil water content and winter wheat production over multiple years from four agronomic
observatory stations located in semi-arid and semi-humid areas. We also analyzed the effects of soil water storage and
consumption in the fallow period on winter wheat water use efficiency and yield in different precipitation areas of the Loess

Plateau. The results showed that: (1) in semi-humid and semi-arid areas, the average soil water storage and efficiency in
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the fallow period were 91 mm (30.7% ) and 32 mm (16.5%) in 1 m depth, respectively, which were very different in
different rainfall years. (2) The soil water storage in 1 m depth was trough type distribution from the soil thawed to frozen.
The storage was mainly consumed in the fallow period and from standing to flowering in semi-humid areas and from over
wintering to jointing in semi-arid areas. (3) Soil water storage in the fallow period of the Loess Plateau was consumed in
0—40 cm depth during the seeding period and was consumed in 1 m depth from over wintering to standing. In semi-humid
areas, the storage was mainly consumed in 0—40 c¢m depth from standing to flowering and below 40 cm depth from flowering
to maturity. In semi-arid areas, the storage was mainly consumed in 0—60 cm depth from standing to flowering and-below
60 c¢cm depth from flowering to maturity. (4) Soil water storage efficiency in the fallow period was significantly correlated
with yield of winter wheat. In semi-humid areas, water use efficiency of winter wheat was higher than that in semi-arid
areas. The difference of soil water storage in the fallow period in different climate regions of the Loess Plateau was due to
uneven spatial and temporal distribution of precipitation and different soil water storage capacity by adjusting.the modes of
farming, water and fertilizer management, and planting structure to further increase winter wheat yield and water use

efficiency.
Key Words: Loess Plateau; fallow period; soil water storage; winter wheat; water use efficiency

A AL T E AR B H T OSSR B O BT A X R ER G AR, B+
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HEHE A3 Kb 2022200 A i ol 28 AT SR IR A/ INAE I K B P R0, AT TSR, 2RI AR R 2010 4F 4 4F A XL
TGERE Xt B o B 4 e Rk TR X 3K A AR AR AL A H AL RRAE AT THIFSE . XBIRGE S F A B +
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1.1 PR EORTR
R A A 7K T 2 i Ml 3 2 PR B8 ) 3 K o S A DX BB A | A SCas 4 v+ i R SR X T B IX (AR
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LB 1 m A 2520 3K A | BT B8 I3k 28 B (AR G s, AR /K B 409.2 mm) GEYE (TSN
Dty A RR7K & 390.6 mm) 5 Ry T 5K, PH i (ROl G g0 ol | AEFf/K i 527.2 mm) (EZ (R AR
3, AR K 503.3 mm) 5 A 2R X, 4 D03 Y4 F 5 A DR A H R A BRI B P e 22 R
1981—2014 4F | FRE Ry 1982—1997 4 (1997 4FLUS , WL b Bl Fp HABAEY) ) |38 TE A 1984 1985 1990 1991
1993—1996 1998 2004 ,2010—2012 4F ( 2 [ 2 XL Hib B 7E FHLAh AR A el R FHLAAED ) |

4 M543 K BB RORIE T 4 DAL ARG (W) 5 1981—2014 454 /N7 & 3 L 9%
Bh, T 5 KON H AR, ¥9HE 8 A ACHUE(R 1), PR TRBRIE T H A R ST 4,

R1 ANHZNEFHERH

Table 1  Average developmental stages of winter wheat at 4 observatory stations

pURIbr HEFh LIRS BE Rk AT IHiE A
Observatory station  Sowing Overwinter Reviving Beginning to grow Jointing Flowering Mature
E7\8=% 9H28H 11 H 18 H 3/ 18H 47 8H 428 H 5J1 28 H 6 H28H
SR 9H28H 11 H18H 3H28H 4718 H 5HA8H 6 A8 H 7HI18H
L 918 H 118 A 3/18H 37280 47280 5 .28 67280
%R 10H8H 12H8H 2H18H 3H8H 4 H8°H 5A8H 6 718 H

1.2 EHKME Tk
K MERTBON R 3 A BAJE 11 A LA), A& 8 HIE(8 H 18 H .28 H) , R L&kt fr
T HE A KRR AT T TR E K 100 em, B A BR 10 em BL=WAE 2 4 AT LT 300 5 4 5K

(%),
1.3 Wik
IR W=hxaxbx10/100 (1)
Arf, WK (mm) 5 b O BIEREE (em) so W LI (g/em’) ;b RIS K (%) o
Tk A WSE=D/R,%x100% (2)
K, WSE 5 HIENIKFOR (%) 5D R B — 7 + 2 POk & (mm) s R, R RIBHIFEK i (mm) .
TR AR A WCV=C/T (3)

K, WCV 2 3K 3B (mm/d) |, 2 WEVS>0 B 580K FE , WEV <0 B8 3R KT R € Rt
I — s L2 IR (mm )57 8 R R R & (d) .

KA FIFARERT WUE=Y / ET=Y /(R,+AW) (4)
A, WUE KK FIHZCE (kg hmmm™") ;Y H/NE =& (kg/hm®) s ET AVEY)&4FEFEK T (mm) R, WAEE
IR K i (mm) 5 AW SRS BE N 3K 928K (mm)

WK BEFE T 33 WCP=S/W,x100% (5)

2, WCP g HE BT 2 /N2 X OR PRI 3K St T FE 3% (%) 5.8 e — 2 2 i b i Ie K &
(mm) 5 W, AR K (mm) .

80/ ST iV S A E R WSP=S/ ET,x100% (6)
2, WSP SRy BE R ] A /INAE GO PRI - SR D A it o [ e i 44 /N 22 B K BRI T 4028 (%) 5 ET, A (] H5
ZNEFEIKEE (mm) , T 50(4) P ET AHIE],

2 ERE5S

2.1 URPRRR KON B g DA [ A DX K A 5
211 PRI s IR RE 2 A
M4 DL AR 2 /N AR PR A T 4 7 300 B a2 2 AR B K SRR (181 1), P I i 2 Pl
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IR IARE K 55 4 /N 4 B R K AR 2 | 4390 i A 4E R K Y 49.8% \50.6% 3 22 FR BRH. 2 3 R PR [ 7K 43
AR E LT EF YIREK 128 .60 mm, 4351 i 24EEK B 62.4% 57.0%, FEKIZET R S&/NEERKE
BHFBORILE , S EUR NIRRT 5 4 3 R R E XN P B

350.0
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Fig.1 Average precipitation of winter wheat different stages at 4 observatory stations

2.1.2  AFEIFEARAERHR R Tm 120K 50

PRI 1 m )2 24K IR XA 91 mmg EIKELR A 30.7% ; 1i2E T 52X A 32 mm, 7K &%
H16.5% , ANFSAEIX A [F] R K AR R (B K AR 22 45 FRIK BEST- B 5 3R = 20% , B /K AR /0 45 R K BE 7 5 40 %
< -20% , /K IE R AR F W5 Z 18] PRIA I K FIE KSR 22 51k (% 2)

F2 ARESERAEREKER KRR KR BRI
Table 2 Utilization of rainfall in fallow period under different annual rainfall levels in different climate regions

PR BRI 7K 802/ %

PR PRI A 7K R/ mm PRI 7K B/ mm

S W35k [ e L . . Soil water storage
Climate region Observatory station.  Type of annual rainfall | rcciPitation during - Soil water storage efficiency during
fallow period during fallow period fallow period
2PN X [ R 7K M 224 348.4 124.1 37.3
Sub humid region R K Al 4 185.9 13.7 21.4
Fé K IE 3 4F 265.3 91.4 32.3
R R 7K i 22 4% 473.2 173.7 37.8
F& K Al /4 194.4 43.7 21.0
[ 7K IE 5 4F 311.4 85.6 26.1
PETRK HE Rk A 2 4F: 386.2 110.9 28.4
Sub 'arid. region [ K Al 4F 82.4 -64.0 -71.2
[ K IE AR 219.5 31.8 14.5
BB R 7K i 22 4% 226.7 36.6 16.3
R K A 4 140.8 15.4 10.4
[ 7K IE # 4F 148.4 21.2 14.1

(1) 205308 X, B K 22 AE AR PRIE K 44 0 148.9 mm, /KRR 37.5% 5 KAl /0 A R BRI I /K
1R 28.7 mm, WIKRCR K 21.2% ; B K IEH A4 F 5 Z 0], K& FIE K 8058051 o0 88.5 mm ,29.2%
(2) 2T 5 DX, 2 0 ] AN [i) g 7 AT 780 22 il 35 K, e 7K A 22 41U PR O K o B L R 43514 110.0,36.6
mm , KRG 5 R 28.4% 16.3% 5 B K i /D AR AR PRI /K 582 28 B2 -64.0 mm, BRI B K 5/ T78 %,
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KR A =T1.2% , 3B KB A KRR S>3 M 15.4 mm | 10.4% ; [ 7K IE H 45 2R B IE 7K B A K 80R 43 31
9 31.8 mm 14.5% , 3@ E 7K A KGR 504 21.2 mm  14.1%,

2.2 RN K 52N EFEKIN KL R

221 EEFEEAFRSEX 1 m 22K EBRFIESHT 3000

IR SRR /| PR B2 - /K i S St 8 7k 1200
BT 0.97 mm/d W, HA/NE R K % 100.0
B LRSS B R AT SRR SEA T S A /N2 2223dd 808838 cEEgR8 ddd 2oe-
BRSO SRR A,

MR TREXAATME FIEM AR EEHE 1l m £ B2 4M83ASE— 1A HImtESFTHAE
)% U\l’:7k§ @:‘ ’fJC EHE]%% 5‘5 Z; Eﬁ E E/‘J {I)qz %QLFE éj\%ﬁ , Hfﬁj 1& %%{lﬂlj Fig.2 Average soil water storage in 1m depth from Mar 8 to Nov
S AL AEAT IR A 3 LR 7 4R Pk k) 0, © o obervaromy saffons
mm/d AR /D BT EFFAEILL 0.52 mm/d B R D FFEE SEIIEL 0.15 mm/d A3 R0 R IR Y
1 m 2K R 0.42 mmy/d AR5 SRR 375 76 20 0 A i ek B e S B 9 300 TR 77 20 2 A0 K Bt LA
0.13 mm/d AJECRYE D S 23T HILL 0.60 mm/d ARk 4R T 2 ARG LL 0.10 mm/d Y R 1
AN AR PRI K 3R 0.38 mmy/d, 36l 2 BRAC BT A28 (bt R B

I UL, 3 - 5 EOR PRI L 380K X A /N2 A B I T D, 24 1SR K R R 2 A/ N 2275
AR, E SRR S8 7K AR TR 2 7K A3l SN A R T K 4
222 R 1 m LIRS AR A 7 BN EHE K 1 Tk

AN SRR BE AR K AN R S A /K LR , 3 - 25 JEO PR DR 09 - B K B it e 24 4 /N2 T
TS | R 5 A/ N R 2R BB AR, FR I & & B TR (% 3) .

g
B AN X\ R R 1 m 2 2%
FRICOK A A R (1 2) M NER TR E S 2100
EYPCHT, PO EERL 0.54 mm/d BYHREHA, 0 S 200
N Y b L K& =
STALIBA AN R AIEN, 1 m + BRI, 5 € o
L1 mm/d AN AR RAMIPL 0.27 mm/d - 7 5 10
2 w0

Wi H ] Measuring date

R34 WP RBRRREMEFEKE S ERIE/NER T

Table 3 Effect of soil water consumption percentage on winter-wheat in different developmental stages at 4 observatory stations

, : A e et 1 e
T S A - RS TS -
SAEIX o Sowing- o Beginning to Jointing- Flowering-
- . Observatory . beginning Lo )
Climate region . overwinter grow- jointing flowering mature
station to grow
WCP/% WSP/% WCP/% WSP/% WCP/% WSP/% WCP/% WSP/% WCP/% WSP/%
2RI X Sub-humid region (LIS 0.2 0.2 20.9 29.8 18.3 50.3 41.1 42.4 19.5 17.2
FMR -1.2 -3.7 37.6 61.7 18.6 47.6 32.2 46.4 12.8 12.7
- FERIX Sub-arid region E7 9 14.8 13.6 23.4 23.7 24.4 37.8 25.4 18.1 12.0 6.8
BRI 15.9 11.2 33.3 30.1 68.4 513 -132  -10.2 -4.3 -2.1

WCP: /NAZ X AR PRT L E K A FE T 4355 5 WSP 3 £/ NA2 X DR PRIT L P K I AR A o (7 I 401 46 /N A2 SORE /K A 1T 406

2 DX PR 3K R VK CR R, oK R R AR B BT, LR s B ok i ik
BB BEA /N R B —2 A0 A 3B S HAC T 2 I, AR T AR IR PRI K i, 22 AR 3t 38 1 2 A% 3R 40 B
IKICAEAE s A 250 B 22 Rt P TR K 2D & /N FEZK 3t 61.7 % R 5 TR RAIE 7K, 2L B OR R 4]
7K 37.6% , PH U s THAE IR IR I /K 8 19 20.9% , B BEAC /N FEIK TR 1Y 29.8% 5 il B B9 1T 012 ¥
TR DT B, B KRR, 2 M4 /INE 50% 22 A7 FEARMRH TR R Y] 380K 38777 BB R4 /NE TR
IO 9], S 2 A B AR K S A KRBT B, B 4 o S R i DX Bk i B 2 (EARIH N RE T R 4 /N2
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IK I, 42%—46% 1 7K 3 M TR PR B 7K &, JETEFE R PRI K 5 1Y) 329%—41% ; T AL 2 UM AE IR A
WK 21 12%—20% , 5B B NEFEK B 12%—17%

T 5 AR PR ] I K AR KSR, 32 B T AR A T ) AR R S AT, T AR AR R )
WK 15% i B0 Bl B 3], & /N2 FE K i 23%—30% K U5 T UK R U I K, S 31 48 AR IR 40 I 7K & i)
23%—33% ; B 2= 415 109 308 T 00 35 4% /N FE RE K B 51.3% 5T UK DR DI IEY K R S AR AR TR BT K R Y
68.4% , PR ELIM S TS AE R PRUBIE K 52 1 24.4% , (5 B Be & /NZRBK B 1Y 37.8% 5 4K 15 —FF AL ] T AE— B2
9, B0 B 23 T FE AR IR K B 25.4% 12% , 735 5 % B B4 /N FEIK BERY 18.19% .6.8% , 18 TH Ml ey T+
A= T IO G, T A R AT 22 R BB, HLAS SRR PRIE K B O BE AT ARTR IS, i A& /N2 401 28 L
BT K AR T HARREK
2.2.3 RINBIAT £ 2 3K S 4N ER R A& B BFEK e R

2RI X AN AN R B R R E £ )2 5K 4y 55.0 -

SRS (B 3 4) ARIRHIERILL 0.21 mm/d BRI so0 AN

K ,20—40 em FIRIUKELEE 40 om DUF EIRIOKEE  Easo] r o aisoem ) fNETINAN
VRS P — AT, 0—40 em 2K SM AR 2 2 400 - SO0 X

B2,40 cm WUF 500 000K BB, LB+ 2 NRIE K & 5 350 /
RERMZ  F KR 0.03 mm/ds A 2 300

W14 2 1L 0.03 mm/d BRI FEA IR MIE Akl 250 SR
%—?F%ﬁﬂﬁﬁilﬂ,ﬁﬂ ni7k§ﬂgﬂfg(ﬁﬁlzj/l\g{ y @%—ﬂi & gfggoggggﬁgggggggggggg go_o%oé

W IR L2535 0.32,0.23mm/d AR
THAEI K s FFAE— R 0] F BEHAE 40 mm DL 20T
K SEPTEFEE RN 0.12 mm/d, FEBERFE K SR £ | ok
0—20 em HJZIFIRINIK,20—40 em £ JZEALERFK Iy Fig.3 Average soil water storage in different depths from Mar §
PP to Nov 8 in Sub-humid areas

LT RN K E B AR 2K 224k
FEAEI IR (5,8 6) ARIFELEL 0.08 mm/d #ZI7K ,40—60 cm + 2K AN i 2 #Fh—ifk 4
AT, FEELL 0—40 em HJEFEACH F S ERHAEHE RN 0.06 mm/d ; B4 FWIFEHTHAEE RN 0.01 mm/d, i
S— W FEIEAE 0—60 em RIEN KR P EHFER N 0.14 mm/d, KT —IF AR 1 2P AR R
7 0.07 mm/d; FFAE— A EE T RE R R 0.03 mm/d, FERERE K AL ,0—20 cm L ZFFERITK

Wil 5 # Measuring date

H3 $RER(PEN)3 A8 E—11 ASARALESET

0.30
O 0—20cm [ 20—40cm [ 40—60cm

] 60—80cm M 80—100cm

-0.10

Sk SRR

Soilmoisture change rate/(mm/d)

-0.20

-0.30

-0.40 L ARIEH - HA-RE BT BA-IFE FFAE- 1R
A [EIEFEA Different stages

B4 FEERXGEND) ZNERRRARRLESEFH LTS BHER

Fig.4 Average soil moisture change rate of winter wheat different stages in different depths in Sub-humid areas

http ; //www.ecologica.cn



5710 A E =

2.4 IRINEAIC K 5 AR S XA /N 22 7K 0 R 3R A
FEREOE AR
R TR K 225 22 5 S KA AR [, AN ] A%
X 4/ 4t B K R [R) , PR AU 7K o 4 /N
HREKE T KR HBCEBAR (% 4) RREX
PRIRIAIK 246/ G B ARE K B 1Y) 249%—32% , 7K

TPk E
Soil water storage/mm

s } R R R R
S RIHRCE S 7.16—9.73 kg hm™ mm™" ;2 52 X AK A 2003 ddgnessdsssggssdde
‘ . - )
SR o5 4 /N2 4t B N RE K R 1 13—17% , 7K 43 JRUH B Measuring date

FARCE N 3.37—3.93 kg hm™ mm ™', iR HE XAKINY BS FFREXOMENE)3IASA—11ASBIRLESFF

Pk e 5 A /INEREK 45 KA R i g 1o PR
TR, PRI AR 5 # + 5 AN P AP e
AN | R A /N A P TR 2 45 MR 45 vl 20

to Nov 8 in Sub-arid areas

PR R K 25 S8 X
0.20
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|
o
=3
W
T
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Fig.6 ( Average soil moisture change rate of winter-wheat different stages in different depths in Sub-arid areas

x4 RRABPTKEZNEKSFRMTEHX R

Table 4 Effects of soil water storage in fallow period on winter wheat water use efficiency and yield

Fig.5 Average soil water storage in different depths from Mar 8

UNGEL 8/ QUE- Y N
- N W) &3 &S
e - R A% KA RIFIRCR LARBE 5
eI tibriy . . 7 AR e
- . . Soil water storage in fallow WUE/ ) ;
Climate region Observatory station R . . 5 . Correlation between
period accounting of winter- (kg hm™ mm™") .
. WSE and yield
wheat water consumption/%
A X [ 24.17 9.73 0.451*"
Sub-humid region A 32.28 7.16 0.419*"
TR E7 50 17.09 3.37 0.677"*
Sub-arid region bR 13.15 3.93 0.522**

# xRl 0.01 K RE VR ; WSE, /KR
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3 Fit5itie

(1) I KRR o - S RN A P R RN R, AR s £, 8 SR 1 m + 2 A
KK 2 R B K 43 5018 270—331 mm 1 216—265 mm, fHSZFRIEKE 1 m +)2 K 111—269 mm, %
RS BRI R 70 0T AR AN R AN [ AR A R A /NG (B R R A R R A
BIEAE T AR AR 35 28% 1 23% , 7K 43 F FH AR 43 IR &5 70% F1 75% , AT 5T W, 8+ 5 i 20
KRNI 1 m + 2 ZEF KRB X 91 mm, WIKELHR N 30.7% ;2 T 21X 4 32 mm, IV /KECE N
16.5% , AS[RIREARAFERY AN ) A DR PRUIIE 7R FNE 7K 380K 22 A K, — 0 T R IR IR 300 o 4 R Rk
S A A AN IR DX PG 0 2 BRI K 543 00 272.8 . 318.2 mm, 117 2F 1 R X IAEL SEIE U
225.3,163.8 mm; 5 —J7 2 H T WA A0 X 3K e 0 22 31, 1 XA P AT AL T m R R K
K531 295 328 mm, 2 T 5 X PR BORIGEE 43900 R 271 277 mm; AL, 305 24 g8/ 0 2 K IR A B
FE it S5 AT G, DRI 1 2003 [X 4 /N2 K A3 R AR R e A e T2 T RIX

(2) B ME B Hr B i SRR [ A0 A XK PR 380K ML FRE AR AT | X 5840 R AR IR ek B oA
TR, PR AT I, A R DR AN V) S R P2 K AR AR B B R A 2 N
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