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low plains of Hebei Province
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Abstract In order to promote the process of "grain to feed" and develop water-saving agriculture, a water-
appropriate planting system should be constructed. This study focused on forage crops and food crops in

Cangzhou, Hebei Province, where water is scarce. This study employed the SIMETAW model to quantify
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the water requirements (ET,) and irrigation demands (ET,,) of main forage crops (forage oats, silage
maize, millet and summer sorghum) and staple grain crops (winter wheat and summer maize) from 1961 to
2020, analyzed the interannual variation trend of ET, of different tested crops and revealed the effect of
meteorological factors on crop ET.during the past 60 years. The ROTAT model was further used to design
five newly diversified forage-based crop rotations and assessed the comprehensive benefit index (CBD
based on Entropy-TOPSIS when considering equivalent yield, biomass, economic benefit, protein yield,
water requirements and precipitation coupling degree of different crop rotations. The results showed that:
1) The annual average ET, of six crops sorted from high to low is winter wheat (463.5 mm)>summer maize
(366.2 mm)>summer sorghum (354.6 mm)>forage oats (351. 7 mm) >>silage maize (341.8 mm) >millet
(322.4 mm). 2) Winter wheat had the highest annual average ET,,, followed by forage oats, millet,
summer maize, summer sorghum while silage maize had the lowest ET,,. 3) The annual ET, of six crops
showed the decline trend from 1960 to 2020. The correlation analysis showed that solar radiation, sunshine
and weed speed had the significant positive effect on ET,. 4) Compared to the conventional wheat-maize
rotation, the forage oats-based rotations decreased ET, during the growth season by 14.9% t018. 8% and
lowered the ET,, by 15.1% t019.2%. 5) The CBI of forage oats-based rotations (0.54 to 0.73) were
obviously higher than winter wheat-based rotations (0. 32 to 0. 37) based on Entropy-TOPSIS. Therefore, it

is important to develop the forage crop-based rotations while considering food production for the

2024 4F 55 29 %

sustainable water resources management and capacity in Cangzhou area.

Keywords

planting structure

At X T A A B g s b XK R R e B BAR bR
fIRFE K A B A % J 3 K ol A ) 3 8 28 ik 2% s X
VRS SEW-3 3 ISE ZFN A E S iR ES S N
A W IR A LA BT b 4 T KR SR B8 HL ks
Jiti, #) e 3 7K - A ) - ke R R R 1 b
DX ol AT 25 g 8 A E B AL R B R Al FH K AL
R H T KR SR 9 B

FRT, AR X EEREEYENE '
FEREVEY T K R AR FE i 207 H % X A 5
FAEY T K AR R . B X B AR
T K I 1Y B9 HRAS — o 1 R, EL[R] R VR ) 76 AN [R] b
DA ] B ) 14 75 K B AF R R 22 0 il
h SR F VR W) 5 K R AT T 1960—2014 4F
A A6 AR b Ml X R4 6 27 (4—7 HO R Ak e %2 (5—
8 HO A & W /K & 43 il i 305. 1~362.9 mm,
279.6~348. 9 mm; FhiE A 38 T [ e A T oK A
o Rl b 280~570 mm, % /K W {8 Bl A 3.0~
4.8 mm/d. FEAE SN 3 T Penman-Monteith 2 3
WIE T # LR R AR A T RO EY T K&
WA 527. 51 368. 1 mm, 1fif H. FZEAE P 6—8 H ,
9 H Oy Ve 75 K 2 SURIIR D 5 i B I T R R
H 3B T B AR YR DX G e S AR A () it UK O R FEK
Itk 483. 4~505. 8 mm; i i 4 EHREE T LA

forage crop; water requirement; irrigation demand; forage-based rotations; water-saving

[F] it B b7 R K FE K 1 24 2 337, 3~381. 9 mm,
FE 3T 5 A0 T 5 X, X P AR G I M X 7R I R
KA ST E I B KT K & F ik 593 mm.

35 7K o L A 1 R S R DX A 2 A R R Y
HEEM, CAMRZH S EEREEDMAT
VW) A7 35 7K FhOAE ) BE 9 A B S RV B
- A e Bk 55 AR T IR 5 56 T 10 Fh 2 E R 4 4E
P T 1L RFE M FEEX SR EST -8
B F —AF AR Y A X A B A K = R
Peng %578 1] g 7 B 3% T 8 Bl 32 BE ML 4/ #
T 14 B —4E G B 5 AE = G O ) B R AL, 5
) 22 FE Ak R 28 58 1E B 5 H A% Gt 22 A X8 4R 1 K
9% ~21% , H“ & /W& - KRG - LM EEE
AHEEMAT R MEA B AN CE KT
T A A7 K T S B H DSR2 B T 7 RO - 2 A
PR AL e A, B SRR R R A R L
58 EOREEM — 48 AR B (R 0 52 9 oK
XoF A AR AR 3 0 7K 43 R R AT BRI o BRI X b
T KRR SR DX 7 M Ml DX, 5 A R e ] SR W HEAT 6
BRAT KWW IR AR A KR - ) Tk ] - A el AR

A 5T FUA LA K 5% U R 1) 30T b v N R F 5 X
Z R FAEY AR AR, R HIE Y /5 K 58



57

e IR A « A AR P SO AR R A 5 H s B 2325 AR AT

—
[0}
w

(SIMETAW £ #1) & 48 5t fk 1961—2020 4F ¥ M &
L] TR Wy R AR TR K R K &L R &2
ML VR W 75 K S B R] A b A M 3 AR A
3P 3 ROTAT (VR W) 6 VAR 2 g A5 ) 4 4
iR I CRTE 8= WD 5 W RSV N e = B 5 S BN
AT Ry X BRC, 2R 48 DYl T 8RR ] R R ) R Y FE KRR
TE S 2 G0 A 77 T, DA Sk i i XA 8 ) 5 /KRR
o) e i ) AR R R 2R AR

1 HR5HE

1.1 MRREEHR

AT H LA b $ 7 b R OK U SF XU N R ) v
T FIT 64 R (37°29~38°57" N, 11542
~117°50" ). iZHh X & Tl 7 KRl P e, ia 2= 4y
WY W AR R OR AR R 22 R B K R RN T
1961—2020 4F A SF¥IfEK 5 A ¥R EFWLE 1. 7]
H1: 1960—2020 4 i Hb X AFE ¥R 7K Ry 573. 9 mm, 4F
B[] B 7K 25 5 K, AR K Bt e 2 Al 35 1 161, 1 mm,
AR 192. 8 mm; 4E K B3 A AN 35,7 H P8
W W HE, B B oM 189.6 mm, 1 H 4y P ¥y [ R i
K ALK 2.9 mm, &K E Y 78. 6% % 7F 6—
97 7% HE M- Ao MM, Z UG5 241
S R O 854. 7 MI/m? LR E s ZET Y
KA 13.29C, mm HFHRERAAETAH
(2744 °CH , MM A FH W E B HLELH
(—3.26°Ch. iz X H Al 32 2R A AR X2 4/
F-H B KR AEPIAG B 2019 4 v I 7R T
SR P HEAT L 2 M DX 2 ) R AR W ) oA T AR T 46
BT A 2,

—_ —_ [*) [\
(=3 W (=) W
(=} (=} (=] (=}
T T T 1
(%)
(=]

w
(=]
T

HFEIRK i /mm
Monthly average precipitation
Monthly average temperature

(=]

1 2 3 4 5 6 7 8 9 10 11 12
H 1 Month

o A ER K 4 Monthly average precipitation
—e— HF¥)5 Monthly average temperature

E1 eNi1961—2020 F A EHEAEAHEBEE
Fig. 1 Average monthly precipitation and temperature in
Cangzhou from 1961 to 2020

540

.\\
W
—_
f=)

N
[y}
f=]
AN FLFOKFIAEIRIR/10° hm?
Panting area of winer wheat and summer maize

—_—
SO —= N WA UANOO—NDW

/
|

w2
(=]

S~ B
[V -
S O

W
o
(=]

Panting area of forage crops

TS R T R/10° hm?

: - 3
18 2019 2020 2021
AE{7y Year

]
S

—e— K T K Summer maize
HAE RS Summer sorghum

—a— %/\A Winter wheat
TP Tk Silage maize
4F Millet

2 BT 2018—2021 R EEY R/ ZFAKMEER
Fig. 2 Forage crops, wheat and maize planting area in

Cangzhou from 2018 to 2021

1.2 #H#ERIE
1.2.1 AZHBHEREDFE

ABIFFE Ve B M A4 3 5 60 4F (1961—2020 4F)
2 H A8 45 s <R B IR PR
Tk T X AR -S4 XU B BRI 24 h Bt
W 7K B DA K ufy o 1 by B R AOE B0 (28 26 B RN I 4K =
JI 4D CBUE R B v B AR 8 S == D) ka5
75 5] 60 4 N2 H fi KA K IR B/ AT KR
JE P OKR LSS BR K VR R | BRI B R K BA
LR

YEW) 7= 5t N A ) 08 >R T 2018—2020 4F , H
rhEdE IV OROR B IE A B AR L ol F R A
F B ANH A A G T8 s & N CH K AT
B3 R B R ok A (N T GO AR % (2018—
2021))1%,
1.2.2 #HAEHKXEHiLR

AW 5 16 B A 9 A0 45 VAT A6 48 R ) R
NIRRT R R AR 32 B AR Y F R K A e
ZUMBASTHEREFEREEDENE HE
Ko BAEWRIREF WK HIHB S 8005R 1.
1.3 EYEBEHFKEEBRFTKE . EHEKE

MItE7HE

AW 5T % H T Penman-Monteith 24 2T & 1
SIMETAW #5553 X686 4 1 A B0 4 4y ) M 22
W EK BT HFESRU L NE EEKRNET
W AKEET. A KEEMEMT KEET,, %
AT R GBI R fL . Penman-Monteith 28 2 417 F



184 0 LN ES I Y NS S 4

2024 4F 55 29 %

F1 HEEYHBETIKRBH

Table 1 Sowing date and harvest date of tested crops

=z
Crop

W H 4 T Forage millet

f FH #e 2 ") Forage oats

B %% % Summer sorghum

PP E K Silage maize
£ /N# Winter wheat

H E K Summer maize

FEAEW Mgk H
Sowing date Harvest date
07-04 10-21
03-10 06-16
06-18 09-30
06-17 09-25
10-11 WAF 06-10
06-12 10-04

900
T+ 273"
k4 y (14 0.34u,)

0.408A(R,— G )+ (e, —e,)

ET,=

(1)
K ET NS HAEYZEG0E, mm; 2 i FK K
HIREXR R ML n B R H,KPa/'C; R, MAEY) K1
AR T i, M/ m® sy IR TR AL, KPa/'C3 TR
HEEA0,Ciu i 2 m i Ab X , m/s; G Ry + 1
PG, MI/m*d; e %S MK KR, KPase, hy
SEBRK IR, KPa/‘C o AR 4l 55 B 1 10 X6 X AR FH
BRI R E R OK IR AT
ET.=K.XET, (2)
KA :ET HEYAE N KE, mm; ET, S H4E
Y K&, mm; K AAEY) R B A FAEYTEA R &
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RN E Y FAO-56 HEFEMAEY 250 . 1EWET B
MM KA
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®2 BN 1961—2020 £ &k FEEIK 5
Table 2 Classification of precipitation types in Cangzhou from 1961 to 2020
FEIKAFE Wet year 7K 4F Normal year Hh KA Dry year
Sy BEAKGE/mm | 4Ry FEKEE/mm ARy BEOKED/mm | E0r BoKiE/mm G BEKE/mm | £y FEKEE/mm
Year Precipitation | Year Precipitation Year Precipitation | Year Precipitation Year Precipitation | Year Precipitation
1961 672.0 1990 690.8 1962 563.2 1998 551.8 1965 322.3 1997 346.5
1964 1161.1 1994 680.9 1963 530.6 2004 537.1 1968 246.5 1999 192.8
1966 673.6 1995 852.4 1967 621.3 2007 553.6 1975 398.1 2000 503.3
1969 837.2 2003 681.0 1970 626.4 2008 627.0 1979 485.0 2001 392.7
1971 807.2 2009 747.8 1972 618.1 2010 611.2 1983 357.3 2002 407.8
1973 682.8 2012 740.1 1974 542.2 2011 533.2 1986 362.1 2005 515.1
1977 1065.6 2018 639.3 1976 571.2 2013 579.1 1989 382.5 2006 460. 6
1978 691.8 1981 542.0 2015 608.8 1991 501.8 2014 340.0
1980 641.3 1982 565.6 2017 523.0 1992 408. 6 2016 458.2
1985 662.8 1984 615.2 2020 566. 1 1993 492.8 2019 454.0
1987 912.0 1988 598.8 1996 471.3
MR B R g™ A BN S i, SUZRB IR .

W AR 25 1 AS:N .
GEEY/R WS oy € i A & D P /AN W1 ) EEENE

Price,

EY,= Yield, X ——— 9)
wheat price

EB,= Yield, X Price, — Cost, (10)

PC,= Yield, X g, (11)

KA EY, R i AEWAEY S5 M0 7 & kg/hm?, DL& /)
Z M k% wheat price A FEMEST T ; Yield, i fEY) 7= & ,
kg/hm?: Price, & i fE¥I i 4% , Yuan/kg; EB, 2 i fE ¥ 1%
V5, 6/hm?: Cost, R i VEPI I A2 7= B AR, I8 /hm?,
G ARNE EWE S SR PR A AR A
W PC A MEME A= & kg/hm?, DIEEYEA
TR LTI . HAEY T S A ok B (b E R
7 A A A A )
1.6 BESWHZE

H Excel 2018 .SPSS 21. 0. Origin2019 &5 4k 1
PEAT B R B AR L. SR ANOVA 230 B 1
B [F) A W) 5UAS [ 58 AR A5 =X 28 7 300 7K 0
K R R R B O R B S AEH KSR
SINTHRF . R Entropy-TOPSIS 7] 27 4
FIEK AR EM T Y P E
F = AR RS K S R KR A BE AT AN [R] e A

2.1 19612020 F B8 MTEEREEVETHRT

KE BHEKE EREKELE
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Fig. 3 Water requirement during growing season (a) , effective precipitation during growing season (b) and irrigation demand

during growing season (c) of seven tested crops in Cangzhou during the period from 1961 to 2020
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Fig. 4 Yearly variation of ET of six tested crops in
Cangzhou from 1961 to 2020
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Fig. 6 Correlation between crop water requirement during

the growth period and meteorological factors

i) ) 3 22 -1 A 1 (O-MD (& /INFE - B4 i B (W -
SO LA L X B AR A /N A - R (W-MD—AE T #4
AW FEBE— 2L By LB T 570 2 R AL M A AR X
9 A 7 300 KR AR T D R K A AR K
s ARIE 7, mE TR R g A R T
K B oA 829. 3 mm, HIWR N A/ F - ik
(817. 7 mm) ; ] 1T 6 A K& ) — 4F W AL UM LE A% 42

A B, A E W W K BEREAR 14.9%0~18.8% ,
rh iR 7 - R TR B/ 6730 mm. H
Bl 7o) W] 1 AR 2 2 R A B I I 7 K o
471.3 mm, iR N 4 /N2 - 3% = 3 (465. 1 mm)
o) FH e 2 1) — 47 ) AR e R e &2 E AL, R
BT K R FEAR 15.1%~19. 2%, Hh AR
M - EORBE A A& WM T K& /b,
381.0 mm. & 7Ce)n] L, A& /N 37 Jk— AP =X 1 4
Y47 JE] AR 55 7K i e ) FH A 22 s 1 ] - A =X L %
A BRI 40 ~T %,

e 30 AN [ o 7K A1 A8 AS [i) R A 52X 1 A K R
R AU AN AR e VR AR R R [l R 7K AR B R 1
RETK AR A BEAN ], 22 B K AE > K AR > AR AR . 78
FAKAE, B BE KRR A B H230E 0. 9 b ) ] e
& - A A F KR KA B im0, 94,
TE VK AR £ 5 AR C 0 B KB & FE A T 0. 67~
0. 77, il e 2 -l A T 7 K AF I R KRR & BE AR
SRI O 0. 77, LRI A I e 22 -5 0 oK i e
- AR (0. 73~0. 74) & /N SRR
B IAR 0. 67~0. 68), TEARKAR , K FAVERLK 1 FE
KA A B i B A, AR 0. 47~0. 54, 5] I 7 22 -]
FH A F 76 Al 7K A (1) [ K R A B A 4% e = (B
0.54, LR KFE , U FIMEA S 32 0 — 45 P A FE VR AR
A CERERR -F R A O B K AR
W TIOR3 BT A v, LA im) P e 22 -l P A4S T e



188 IS [ N SR S 2024 4F 55 29 %

=}
=}
£ 1000 - g 750 - 2 -
qu (a) a a E s (b) " = élOOO (c) a a
E S 900, 2w olb| b HoOES2 b be
=, 8 be c = i b = & 900 ¢
5 o 800f W g = =
1 E ¥ 450 B %
% B 700 = £ % £ 800
= M3 B 3
= £ 600 B g 300r & 5
fz 2 i = g T
:H: g- 500 1 1 1 1 J H ~%D 150 1 1 1 1 J é 1 1 1 1 J
(0]
B & & o”\ & q@\ = & & & @\ o & S\
g % % Rt F X X S &
% % y 2 N s 3& *
= @;@ «® @ & @/fy & Q\ny G Xﬁg’@ A & Qf? @g\ 4
i P P & Gy
Sl %ﬁ_x o> ¢ F FF @?§%§& s
@ @ @ @ @ QD L @ @ D T
G AERIX Crop rotation mode AAERIX Crop rotation mode feERIX Crop rotation mode

B7 ARARERXHNETHTKE(a) ERFKE(D)SAEFTKE(c)
Fig. 7 Water requirement during growing season(a), irrigation demand during growing season(b)and annual average water

demand(c¢) of five different crop rotation modes

£3 TEBKERTARRARKNEXBEE

Table 3 Rainfall coupling of different crop rotation modes in different rainfall years

BAERE [ K # A E Rainfall coupling
Crop rotation mode FIKHE Wet year F-IK4FE Normal year Hfi /K4 Dry year
T e 22 - A #E = 5 O-S 0.92 0.73 0.52
T JHMEAE - K O-C 0.92 0.74 0.52
TR M - R HA T O-M 0.94 0.77 0.54
KN - W-S 0.87 0.68 0.47
ZNFE-HEKR W-M 0.90 0.67 0.47

2.4 E T Entropy-TOPSIS HY# BUIR A MAERNK R4 LK), AT LG4 R 1 g -
SZEEM T F R A W 4 34 00 ] F e -3 A
— L RGEME TARREFEXM RGN A BTG 16 00, 1 I -5 0K i gt -

FTEAED) S i AW 2GR B AR RS A R 1 i B e 1210077

x4 TEREAEXPRESH

Table 4 System output of different crop rotation modes

e SR Cg/hm B/ (kg/hm) GG/ CE/hmt R R
Crop rotation mode Equivalent yield Biomass Economic benefit (kg/h‘m )
Feed protein output

T FH 22 - A% S B O-S 12 041+1 598 34 9564 270 21 95144 922 37554476
T e - Rk O-C 13 831+2 637 47 01748 370 25 95847 541 4 6934866
I e A H 4 F O-M 15 85143 259 21 79245 267 32 835410 562 18144383
KNKE-H R W-S 14 0544510 44 124+1 732 25 58441 619 3796469
ZNE-H ERK W-M 15 6214554 35 026+1 126 28 25341 982 2 120+85

R FH R TN R AR A AR B KRR S B, R ] Entropy-TOPSIS #H5 TA&
AU R EET I AT AR AEREK RRERN LR G VRO 58 B, 2R LK 8 (b) o T
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