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Abstract. In order to explore the effect of rice water consumption characteristics on WUE in cold black
soil region, the experiment was carried out by lysimeter at the rice irrigation experiment station of
Heilongjiang Province in 2017. The U,(7°) experiment was conducted to analyze the variation regular of
water consumption of rice stage water consumption, during daytime, nighttime and hourly at different
growth stages, the effects of water consumption at different growth stages on WUE and biomass WUE were

clarified. The results showed that water consumption and water consumption percentage were the highest
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at the jointing-booting stage, which were 77.25 mm and 23.09% , respectively. The daytime and
nighttime water consumption of rice showed a trend of “low-high-low” , The daytime and nighttime water
consumption reached the maximum at the heading-flowering stage, which were 6.32 mm/d and 0. 76 mm/d,
respectively. The water consumption characteristics of rice in the daytime showed an inverted “V” curve
at the early and mid-tillering stage, the water consumption peak was at 12;00—13:00. It showed an
“M” curve from the late tillering stage to the milky stage, the water consumption peak was at 11:00—
12.00 and 13:00—14.00, respectively. The time of the maximum water consumption was at 10;00—
11:00 during the milky stage. The direct effect of stage water consumption on WUE and the total
contribution to R* were consistent, and the order from large to small was ET,, ET,, ET,, ET,, ET, and
ET,. The water consumption at the late tillering and milky stage had a direct negative impact on WUE ,
the order of the determinant coefficient of water consumption in each stage on WUE was ET,, ET, x ET,
ET, xET,, ET, and ET,. There were significant positive correlations between SWUE and rice yield and
WUE, the effect order of water consumption on SWUE, from the early tillering to heading-flowering stage
was ET,, ET,, ET,, ET, and ET,. The study would be helpful in understanding water consumption and
water use efficiency of rice and formulating water-saving plan in black soil region.

Key words: rice; cold black soil region; water consumption characteristics; water use efficiency; path
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15.21 g/kg 44 20. 09 g/kg W fi# & 153.98 mg/keg A
RRE 25. 21 mg/ke GERCBEE 157. 19 mg/kg,
1.2 K5t

T AR A W 4 2 B B T A SR K
FEEBRI 6 SEZEAEFHE, L6 MEFB
BORE K KB R R A U, (7°) M5 IR 56 1T,
HEK E R E EE E K, S KRR IR A
BRI E Ay L, RIS K )2 R
ZIEBE 6 AT 7 7K P, % B A B 42 TE H 9 Y 7K
IR AR B, KRS 25 A I B K o3 I R o R 1
Jrn, 7 AR 3 E L 3L 21 B AL R
A1 HSY. XHZ — 1 7 A ghpR AR B AL (7 1.5 m,
FAE 113 m, RIEA L m®) LAY 2 e

Fhp DA 3 5 FE W A0 T R IR B R sk
IR TR RO, T 2017 455 18 HOB K
HA KRG AR EZ B, S 1T BE
22.5 cm, kRlE 12.5 em, 3 4 £ 24 5, B OE 5 R,
IEWC A H 3o B R o 7835 A0 JE F oA [R] — b
FlOK RS AE o 340 L, 2B K 121 d,9 H 20 H g
Ao AKRETE S A 7 By B2 % AR () 1 ) 45 B 7 %
MR . Bk EOSE MR — %%, A 4w M B N
110 kg/hm® , U0 2 BE LA 43 BEAE 2450 A A6 HE
ol h 4. 5:2: 1. 5: 2437 ; it P,0, 45 kg/hmz,fi}’éﬂﬂ
TE BB — YR A 5 7 K, O 80 kg/hm®, 4} Bl 15 J&
JEFIK R 8.5 Ity B 409 ( 4 B 1k 399) 2 YRt A, i
Ja B 11

x1 KEABEBHKDEHIRE

Tab.1 Water control standards at different growth stages of rice
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T1 60% ~100% 70% ~100% 80% ~100% 90% ~100% 0 ~30 mm 20 ~30 mm
T2 70% ~100% 90% ~ 100% 20 ~30 mm 60% ~100% 80% ~100% 0 ~30 mm
T3 80% ~100% 20 ~30 mm 70% ~100% 0 ~30 mm 60% ~100% 90% ~100%
T4 90% ~100% 60% ~100% 0 ~30 mm 70% ~100% 20 ~30 mm 80% ~100%
T5 0 ~30 mm 80% ~100% 60% ~100% 20 ~30 mm 90% ~100% 70% ~100%
T6 20 ~30 mm 0 ~30 mm 90% ~100% 80% ~100% 70% ~100% 60% ~100%
CK 0 ~30 mm 0 ~30 mm 0 ~30 mm 0 ~30 mm 0 ~30 mm 0 ~30 mm
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Fig. 1 Water consumption and water consumption percentage of rice at different stages
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22 AR, T AU B 0] AR 7K B 1 o 4% Ak B
%, XK CK 4 H Y 68.72% .82.76% ; T1 T4 Ak
W FEK 5 CK AL BE 22 5 1 3 (H T il 014
W AR T K B A, 1 T B e I , L A A 3L ] 4 3
TKBEERANE B EFKELZFARE ., 2
SrBEIE M, 25 A PR R) FE K 4 ) & 3. 83 ~
5.24 mm/d 0. 53 ~0. 62 mm/d, CK 4bF 5 ] $& 7K &
3 T H A AR B CK Ab PR [RIFE K AN 5 H 5
T5 b3 25 53k 25K, 3 S oK R AT Y T2 . T4
1 CK 4bFA (R FE /K 2 25 5 AN B B B 5 7K |y T6
Ab A ] FE 7K AL IR T CK AR 3R, /] BE A2 5 2 % K
3R B A KCR R E 4 5 A A A
PR3 5, SR T AR ZR 6 K a3 B WOOR T T R i )
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Tab.2 Daytime and nighttime water consumption of different treatments at different growth stages mm/d

LD JiE: 53 BEHT Sy BE il 358 ] PN RE AR 169 AL

Tl 2.32¢ 3.23' 3.83% 5.32¢ 6.72¢ 4,53

T2 2.53° 4.10¢ 4.77° 4.87¢ 5.47" 4.31¢

T3 2.771 4.39" 4.32° 6.22" 5.08¢ 3.91'

e (] FE 7K T4 3.02° 3.46° 4.61¢ 5. 14" 6.89" 4.69"
T5 3.26" 3.89¢ 3.70¢ 6. 14° 6. 58" 4.10°

T6 3.23" 4.61° 4.96" 5.51¢ 5.71° 3. 64¢

CK 3.39° 4.70° 5.24° 6.55° 7.76" 5.15°

Tl 0.40° 0.48° 0.55" 0. 67" 0.82% 0.57""

iy 0.43% 0.57° 0. 60 0.60" 0. 65 0.55""

T3 0. 45 0.58° 0.58 0.72%" 0. 64° 0. 49

R ] FE KR T4 0. 47" 0. 52" 0. 60 0. 64 0. 85" 0.55""
T5 0.52° 0.55" 0.53" 0.72% 0.76" 0. 52"

T6 0.52° 0.57° 0.61° 0. 68 0. 67 0.45¢

CK 0.53" 0.58" 0. 62" 0.75° 0. 86" 0. 62"

AR R/NE FHFRRE P <0.05 KV T EE, TR,
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Fig.2  Diurnal variation characteristics of hourly water consumption at different growth stage of rice
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TR IR, 2 0. 98 mm/h, A H At b #1455 0. 08 ~
0.25 mm/h, fR B 7K )2 19 T3 Kb 3L K 5 0 1 0% v T
T5 Zb PR, i F 12:00—13:00 H4 B 527 = il A58 56 49
SR R LT BE s AU B 2R I T RE 1
KR AR BT o 3 N K 43T R BB R AL
il KR4S b BERE K B AE 13:00—14:00 A5 i [6]
F&, T2 T4 fh Bl F 52 SRR L 5O 7™ 5, FE /K 2 W (E
i CK A FE 4 B8 /N 25.51% 24.49% . i B FF 7%
] CK kb FEZE I #E K B4 0. 12 ~ 1. 07 mm/h, T3 b
A B BEFE KB YN AR, AT 0.06 ~0.79 mm/h
ZIE) U B FE K 4 7 R OK R FE K A2 AR
H A8 A B 52 Wi A8 K 5 45 AL BLAE 08 :00—11:00 [ 4E
KEFaAE FTF,11:00—12:00 #E /K & 34 0 55k, &8
B 34 5 R 38.09% , CK Ab B FE 7K 04
K, N 1.02mm/h, T3 4bFREAK, > 0. 74 mm/h, T1 .
T2 .T6 4b ¥R AE 55 2 A~ #E /K &t & 0 5 0 3 IR 2
0.34.0.39.0. 44 mm/h, FLEH & A FE 2 D EEK
W 43 51 4 0.52 ~0.70 mm/h 0. 46 ~0. 64 mm/h,
25 Mb FEAE K B AE 14:00 J5 T 4G T B FLAC ) 22 5 %
W9/ o
2.4 JKTEM B FEKAFAERT 2k & B R0
VER K 3 ) 8% 38 2 36 1 1 B AL AR K B BT A= 7

0 AF L o e 2 ik T B A b K 73 A K P 1 B 22
Fobn o AN IR Ab BRI KRR P i AR K ik Bk 4y R
MRCRILA 3. 3k 3 WM, &4 B WUE i R F /)
fRIK N T4 . T6 | T1 ' T5 ,CK.T3 . T2, T4 b3 WUE Ny
1. 931 kg/m3 VI CK b FE3E N 4. 60% , T2 Ab ¥ WUE
J9 1.776 kg/m® 4 CK AL 38 /0 3.79% , 45477 &
SRR RCRER 5 73, T4 AL B WUE B S 3 i
Je i b i SR K B R LR B AR R AR S T
TR E ARG — T T6 b H WUE B i it
PRI 2 AR 7K A R ™ o W DA T 53 |

R3 BREABFESEKEMKSFAYE

Tab.3 Yield, water consumption and water use

efficiency of different treatments of rice

Qb Y/(kg-hm %) ET/mm WUE/ (kg-m )
Tl 5721.27"% 304. 328 1.880

T2 5636.218 319. 15! 1.776"

T3 5825.91¢ 324.56° 1.795%

T4 6694.91° 346.77¢ 1.931°

T5 6 180. 85 328.07¢ 1.874*

T6 6731. 62" 355. 46" 1. 894

CK 7168.57* 388. 43° 1. 846"

HY 7K FE AR ARG 7K 43 BT FE 2 — A i 2 ki
AR WOK FEHE K S AR X WUE [ 5% 0 & — AN 3%
Syt i, BIK RS By BORE K AL X WUE 771 LB
SO I 23 SR S 24 B B R RE K o 2F 1
WUE 7= — & [ B2 52 Wi o R FH 48 20 A7 BH B T 45
AR MR KR WUE M EEER S REEN . %
A5 WUE sz g 3 frs , 2o g2 5 b B
BAE/K & (ET, ~ET,) A5y WUE e JiR25T0,
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Fig.3 Path diagram of water consumption on rice WUE

WK TS B B FE /K i 6 K F WUE 1) H 3 4E F
R EAE R, A Bl R 5 A8 X WUE /) P &
PO S B RS TTIR, 45 R IL K 4.5, AT
BOFE K &%) WUE () B 3AE B KR BVNHEY R ET
ET, ET, [ET, ET, ET, ,f.vf ET, 1 ET, %} WUE )
HAEAE R O th, R WY 43 BE S I L FL A R K X
WUE 1775 H 3% 00000 ; 45 728 B xF WUE 19 R* 53k %
YiohiEE, HHEY 5 BEAERME %, SEFHEK
FEAK X WUE (842 5% Wi 5 Al KB/ MEWR R ET, |
ET, [ET, ET, ET, . ET, x ET, ET, x ET, ET, X
ET 1 ET, x ET, [8] 238 12 R BUR K T R B K
(48 b5 B R E/MK IR Ol ET (ET, x ET, (ET, x ET; .
ET, \ET,, 1% 22T ) € RECH 0.096, Bk kFE,
ET % WUE PR 58 28 80 R Ji o1 ik 2 e A, 328 W il Bl
FEAEWIHRE K = 5 WUE 1) fi B o
2.5 KIEMBERASIENEDEKRIFARED

=AU

W B A ) i K 3 B H 83 (SWUE,) J e 1 5 A
FEK 5 35 B BOAE AR T AR R RE T . B 4 g 5%
ABWKRER SWUE, . HIE 4 5, A EF A
A3 SWUE 35 5 3" fth 2. T5 kb3 SWUE, & 3%
o T H A AL FE, y 0.09 g/mm; T2 T3 T4 Kb 3l ] 2%
SRR E, sy DL T AR SWUE, B &, R
0.25 g/mm,BRTS \T64b B 4h , HoAth 4b FSWUE, ¥ 5

x4 MEBRAEMNKBASMAREHERERMEZER

Tab.4 Direct and indirect effects of stage water consumption on WUE of rice

EfER AN B - — — IEH%{/EH;‘ - — —

Jo¥ill Wi ET, Wit ET, Wil ET, Wi ETs Wit ETg
ET, 0.124 0.427 0.264 -0. 146 0.188 0.102 0.019
ET, 0.504 0.322 ~0.198 0.213 0.265 0. 042
ET, -0.373 0.265 0.081 0. 109 0.075
ET, 0.485 0.413 0.334 0.079
ET, 0.589 -0.045 ~0.045
ET, -0. 168

x5 MEEKEX WUE BREZRHAX R 2w
Tab.5 Coefficient of determination of water consumption

on WUE and total contribution to R’

AR eE R A AR XF R? 5 5 ik
ET; 0.347 ET, 0. 009
ET, x ET, 0. 301 ET, 0.290
ET, x ET; 0.267 ET, 0. 084
ET, 0.254 ET, 0. 175
ET, 0.235 ET; 0. 348
e 0. 096 ET, 0. 035

T CK b . CK 4t S SWUE, Ak T £ AR K -, b
0.10 g/mm 55 T3 . T6 Ab M % 5 A % . 4 %5 K4t

L SWUE, 5 CK 4b ¥ 2% 5 Y3k B K. 45 Ab i
SWUE I % + 38 =5 7K B8 B 1) Jin J) B 4% 22 o {1 34
T2 fb PRI, 4 0. 16 ¢/mm, FL2 & 4L B SWUE,
BT REAR, T4 A 3R 55 K, R 0. 11 g/mm, | 7K
F§ SWUE, 5 77 8 . WUE [/ #H X R 50 (3£ 6) "] 51,
SWUE, SWUE, 5 /K= 2 A& (P >0.05), 5
WUE 2 IEAHSE (P >0.05) . SWUE L5/ &k B &
IEAHSEKAF (P <0.05) , 1 SWUE 5 7= 5 \WUE
EREIEMX (P <0.05), KU & SWUE A F T
SEBLKFE AT IKIG 7 ) RS — o LA AR BE T BE
HT g BE IS BT 2R RN Al R O AR AR K =
(ET, ~ETy) Jy B 28 & BT A6 30 24 9 it K 2 FLH
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2019 4

RR (SWUE ) Sy TR A% s 8 7 7K 43 Wi Jo, 7 L 4%
SWUE, =0.039 -0. 000 3ET, +0.000 2ET, —
0.000 SET, +0.001 3ET, +0. 001 SET,

(R*=0.921;P <0.05) (5)

ZH RS RO BN B, HoE o B R

X (5)h ET, ET, ET, Kl B FERE (P, =

0.105.P, =0. 124 P, =0.089) , 3 W] 4 BE 1 #E /K

Xf SWUE 5% W AN . 3 5 ET, (ET, 58 33 & 3 ki 5

FBONIE (P, =0.036 Py =0.029) , & B $k 15 4
) AR T8 ARG K B X SWUE A7 A 8.5 IE 520 .

03r

=TI

0.2

0.1

WrBrAE P K A R R/ (g mm )

oEE EE BE R B LA

OH P EHT ZERENT OT4EW)
EXElg

P4 AT b BHLK RS B B 2R 9y koK 43 1) 80 36

Fig.4 Biomass water use efficiency of rice for

different treatments at different stages

®6 SWUESF8.WUEMHEXEY
Tab.6 Correlation coefficient of SWUE, with yield and WUE

feti SWUE, SWUE, SWUE, SWUE, SWUE, SWUE,
M 0.310  -0.453 —0.144 0.704* 0.735* =-0.190
WUE  0.245 0.164 0.320 0.081 0.614* -0.201

3 it

VR AR /K S AN AR FH J] K 23 - i 1Y) B 28 2 A
T 73, L o S T R A BE L P A BRI K o it
IR B0 4 RT3, Xk A R K LA B BIF 5 RE 6 1]
KAV B B K o 450 FE BE 7 Bl N T 5 B 85 0 fiE
TS AW R KR A N HORE K B K
BrBOFE KRB R - R AR, X
SRR BRI — B PR SE R,
SrBEMIRE KL RS 2T 44% AT eSS T
Gy BEMIRY BT I e K, b B AROE G W) T R A
%, TG fi 7% ok R T 2. KR FE K i
BRI, Xk FARE K A fE A D00 X 42 g K o3
AP 25 A A K 8 PR A A TE B A R B S At
FUAE AR W 5 K 45 b PR [ FE K 2R
P A2 52 0 A K, 7E 12:00—14:00 F Bl
SRS e i 5 e Ry SR G R K7/ B BUP N i AN

GrAALR IR B B AR RSO R BN
TR ET X R R KRR R B, R B L
PR %o B 7K 5t 19 52 T A T D90 55 o 43 BE S ) & FLA
1 13:00—14:00 FEZK & WE(E AR T 55 1 A FEK &
B, 2 B it R AL 5 B 2 e i R SR R T i
PRSI RAREOCH Y IR AP R G, R <AL
5B AN AR A S K A R IR RS IR AE TE — S B )
WG AR FLIA R K o 0 R I DR A 4R R, AT
AE A2 PRy O B 390 K R A bR AR TS Bl AL S, i R
FL5 BE B 7% s R g A b — i 0 B W R AIG, TE oK
KB R e R, i 2 g 4R T AR RT
IR o X5 XA T BIE S 4 SR A

K G5 R 8803 R e T AR B A K e R B A
2[R 2 PE Y K 2% 1 AR A KOS R
g — N kR L AR BEST A R B R
FITAE W 2 T 2 T2 4k B A CK Ab B O ™
21.38% , 3 8K 4 Bl H 8 R AL T, X T U8 W
AU R BRI AE I — B X R O X
BB BOG A 7 W0 108 BT B K oA o B ok is
RS AR, KA s T 2 LR E SR
Wy J5 [0 FF R ) e A%, AT ™ R 8 . T4 A B AN AR
AT T R W [ IS BT K 4y e sk R .
R, 78 52 B AR 7= v DR A5 8 7 8 &5 K R WUE
(4 #f BE L L AE /K A A A B R R 0 0 AT A 2 K 4y
PEAE AR PR YT 2R A A T R 0 HE AT R o dEOK
A R TSR R 06 G B K RS B A KR
PR RE L R R M WUE, A BFSE R 18 42 4y
BB T By BERE K %) WUE RS20, 118 45 5 %
B, KR8 20 BERT 0T, ET, X WUE 1y a4 5% 0 K T
LR W 5 T AR UERE B0 IR AR K B (4 B
) J5,ET, ~ ET, % WUE ) B4 5% W K T i) #
o & H B BeAE K = XT WUE B B 475 T
Xt R B TR K /N HE P — 2, 2% B 45 By BERE K B
WUE 1) HE R 8 = S REEM . ET, (ET X
WUE 1) B8 AF F o 1, 2 RO 43 BE TS 1058 2K 4
PR LA HE A AL A BE ORIE S I B 3 A T
725 T L A K R AR AR X K 40 SO BRI, I Tk
T 7 5% WA /N O 2 kb RE K R AT
WUE 119427 . k€ RECKRFE ,ET, (ET, x ET
X # v, 2% WY AR T 4 R | B O A )RR K X
WUE [ 5% Wi S5 Ry 58 35, 4R Y0 2 e 300 A ke 4% 0 A= 3
% S W Fih R T 78 30 o A Bl A K SRR Y B
TE 3% W B B DR 5 K 3 78 2, A R T O OK R
J6A AR AR D0, M K M AR O A W 5 AR O 1)
P/ WUE W) )7 1 47, ET, x ET, fl ET, %} WUE
e R b TR K, B ET, x ET i T ET,,
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RS B WM SR K A B R S R R
R B IR EE A, 0 R U B AR O B A R AR IE 4t ok
FE MK TL R LIRS 8 WUE, 545 & E N
FEHRIHT L ET, ET, (ET 3 75 B Xt WUE () 1
I R S BTk R e S R RO s, HL S R 6 Y
() H2 4 1 e v 2 2 B HEAE AT 51, 2 W1 40 B v 40
17 2 B 31 N ik B T A8 39 RE K B XT WUE {775
EN o

Wi B A 4 K 2 ) P k3R 98 b e T AL B
BEFEAK i 5 B BET 9 5% A 77 2 4 06 R, S AT A
W 2R K ELAR R I LR R B B kR R A
I 17K 43 5 B Xk SWUE, 149 5% Wi 3 1ii % 7 45 % WUE
(0T kH A T L AR RS R R, KA
SWUE 43 S 4E 4 BE v 30 R0 b 8 FF 46 190 3 390 725 06, 2%
WA 07 35X W 9 BB F 7K 43 ) R 0 K b G i S0 B
S, 43 BE U 6E K 23 5 A S R K i T A 2R
B R IR b R A R R R R Sk
Wy 5 0 R R R R TRl R T A 0k K R
PR B AR I 6 R Y B R K R I A 1 T R R R AR
B B S0, 2 5 7K 23 B SRR Y B, MM ) 30 75 4
AR R T ARG L8 IR AR K, SRR 16, X T 4 Rk
T AE 39T 490 AR 2 B AR AR 4 T A A A
PEAFHE 5 T W00 0 W A5 i P SR B A . X S
BT 3 4 T 3 R A8 F 2 DA 5L ik R A 9 K 4y
FARCR e i A T 22 5, AT BE R SRR 26 | 14
R K IR R A G, BFIEss il & W, LA
SWUE, 5 /K fei 5= \WUE 5 g % 1E M 56, H SWUE;
X 4 YT 2 R AR T 6 30 A K TE R R 56 R ik
EOKF 3 ph TR 2 0 RE K A1 4 42 i
R ZEROCE T 5 T 1 B R 15, % SWUE 3%
LT A T T L 0 R K R s R T

YRR 2R 4 TR BE R T AR K B AN B 1Y g B ik
ET % SWUE S /) 1E 52 W B oh 2 3%

4 it

(1) FKFE By BeRE /K it 28 3 300 9 K AR 2 30
ETHE FRE A EERA I DL T1 Ab BEFE K B 5 AT,
T3 4b 3 AE 4K 1 2 B K 5 FE K i CK b B
6. 10% ;M BETF 46 ] 45 Ab B FE K 1 39 B E LT CK
Ab P, FLEA To Ab AR K B CK Ak 3 s i Je K,
0 30.37% 4R 1 RE I FE KA R A & K,
23.09% , 3L 2 FE K B R B B, S 16.02%
KFEEFWINE RRFEK &2 BTG TR,
AL B R M FE K i (AR B B K, R 632
0.76 mm/d,

(2) 4T BEFTI] 20 BE v 3] 7K R 32 Bisf RE 7R AIE 52 451
“VIE R KRR K i g 0 B AE 12:00—13:00; 43
BE J5 1 2 2L K RS 8 IR KRR AE 2 2 M7 T il 2
KRR AR K iR W S ) B AE 11 00—12: 00,
13:00—14:00 ; FL 2 1 A FE /K it e {5 AH X 32 57, K
10:00—11:00 ; Jily {2 A 1) 45 Ab $FE 7K L 0 Fe (i
$70.78 ~1.07 mm/h,

(3) BrBFE K WX WUE B H:/E 5% R 253
BRI HE P — 30, R B IMRIR R ETS (ET, (ET, (ET, |
ET, ET,, %} WUE 5 Wi P 7€ 508 R A8 5 AR IR
ET, ET, x ET, ET, x ET, ET, ET,; SWUE. 5 /K %5
Fei WUE 353K 8 35 M K ET, (ET % SWUE ff
TEWF ESEW . 25 140 A, it U078 T8 3t PR+ X i
KB BRI A E T, N ST R AT AR Y
ZP R B TR R K, DA TIE 3R B 7 R Bsf WUE 35 )
e K, HURR PR IR 3 BE o 0 B K A R, XA R K
TR ZEBEA K TR LA B 7 A
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