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Abstract; It is of great significance to explore the influences of climate change on crop phenology and

yield of the rotation system of winter wheat and summer maize in the Huang — Huai — Hai Plain, a major
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grain production base in China, for guaranteeing the food security of China. The APSIM — Wheat and
APSIM — Maize models (V 7.6) were calibrated and verified based on experimental data of multiple years
and multiple sites, which were obtained based on literature review. Then, future meteorological data
predicted by ten different global climate models ( GCMs) in the CMIP6 dataset were used to drive the
verified APSIM models to simulate the changes of phenology and yield of winter wheat and summer maize
in the time periods of 2021—2060 (2040s) and 2061—2100 (2080s) under two greenhouse gas
emission scenarios of SSP2 —4.5 and SSP5 —8. 5. Based on the analyses with multiple linear regression
and random forest model, the positive and negative effects of climatic factors and change of crop
reproductive stage on crop yield were analyzed and their importance was clarified. The result showed that
compared with the baseline period (1981—2020), the vegetative stage of winter wheat was shortened,
the reproductive stage was prolonged, and wheat yield was increased. These changes were more obvious
under the SSP5 —8. 5 than that under the SSP1 —2. 6 scenario. The vegetative and reproductive stages of
summer maize were both shortened, and maize yield was increased. However, compared with SSP2 —
4.5, maize yield would be reduced under the SSP5 —8. 5 scenario. Compared with SSP2 —4. 5 the total
growth period of winter wheat — summer maize rotation system was shortened, the annual yield was
increased, and the proportion of winter wheat yield was increased under SSP5 — 8.5 scenario. In the
future, winter wheat yield was mainly positively correlated with solar radiation, daily mean temperature,
and cumulative precipitation during the whole growing season. However, the increase of daily mean
temperature and cumulative precipitation was unfavorable to yield increase in 2080s under the SSP5 —8. 5
scenario. Summer maize experienced the similar changes as winter wheat under future climate change,
but daily mean temperature had a negative effect on maize yield. Based on the random forest model, the
length of winter wheat reproductive stage and accumulated precipitation in the whole growing season had
the greatest impacts on winter wheat yield. At the same time, CO, concentration, daily average
temperature, and accumulated precipitation in the whole growing season had the greatest impacts on
summer maize yield. Future climate change would prolong winter wheat reproductive stage and shorten
summer maize reproductive stage, but increase winter wheat and summer maize yields in the Huang —
Huai — Hai Plain. However, the positive effects of temperature and precipitation on crop yield would
become negative over time, resulting in a reduction of summer maize yield in 2080s under the SSP5 —8. 5
scenario. In general, crop yield mainly would depend on the synergistic effect of climate change and the
change of crop growing stage. The results would provide a scientific base and theoretical guidance for the
management and the adaption to future climate change of the rotation system of winter wheat and summer
maize in the Huang — Huai — Hai Plain of China.

Key words: winter wheat; summer maize; phenology; yield; climate change; Huang — Huai — Hai Plain
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Fig.1 Regionalization of winter wheat — summer maize

rotation system and locations of meteorological stations in
Huang — Huai — Hai Plain
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Tab.1 Information and data sources of representative sites selected in six different zones of Huang — Huai — Hai Plain

) MEE /R e . . -
SrIX AR EZES 1 1E) N 1 HEAE )y B3I 4E 17} Hods ofe U
(kg+hm ") mm
INE 150 150 .
Zone 1 FHLUYL 39.73°N,117.28°E 2010.,2011 2012 2013 [ 57 X3k i o i
ER S 150 75
INFE 270 120 .
Zone 2 T &l 37.07°N,114. 50°E 2008 2009 2011 2012 2013 [ 5 XA 5 b 4R 4
5P N 270 60
) I 320 180
Zone 3 fEM vk 37.32°N,116.57°E 2008 2011 2012 2013 [ 5 DX i o 4 45
55 S 290 90
) INFZ 325 80
Zone 4  FE Uk 36.15°N,117. 06°E 2005 ,2006 2007 2008 SCHk[19]
E S 240 40
I 165 90
Zone 5 #uh 34.28°N,117. 15°E 1993 1994 1996 1997 1998 2000 SCHR[20]
E'S 190 45
) INFZ 270
Zone 6 Ik 32.92°N,117. 40°E % 25 20102011 2012 [ 5 X3 i F 2

1.3 S&R#E
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T APSIM A5 AU rp AR MR BK B 60 35 K B AR 5, B it
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10 AN [A] GCM 5% Y F3500 19 32 DXl R ok <4 B s
(£ 2) ,/EH APSIM H# #F 2021—2060 4F- (2040s)
H12061—2100 4F (2080s ) M 4> A if B #4104 /N 42
ME ERAE RO RIK B, I e AR5 R
BRI o B SR HREE RS B 48 2 (] e RURE
e Ry R G B S 25 IE S R RS
A SRR E b S BRSO BOE A R R R vk
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Tab.2 Ten global climate models (GCMs) used

GCM % %k 5 EP3
ACCESSL. 0 AC1 R H
BBC — CSMI. 1 BC1 i
CanESM5 Canl JE N
CMCC — CM2 — SR5 CMCS A
CNRM - CM6 — 1 CNR2 e eS|
MPI— ESM1 -2 - LR MPI2 1 =]
GFDL - CM4 GFDI1 %
UKESM1 -0 - LL UKES EE|
INM — CM4 -8 INM1 iRy
MIROC — ES2L MIR2 H 7
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4.5 W/m’;SSP5 —8.5 >k RCPS. 5 (T 37, @ T /& S5 4
SSRGS, T 2100 ARGR S IR IE A F] 8.5 W/m®,
SSP2 — 4.5 15t COVEEETTFAE AR N
34.002 - 3. 870 2y
0.244 23 — 1. 154 29" *°!
0.028 057(y —1900)* +0. 000 268 27 (y -1 960)° —
9.2751 x10 " (y -1910)* —2.244 8(y -2 030)

(1)

Yoo, =62. 044 +

Kb Vo —— RGBT CO, e
Horh oy S 2021—2100 48, B y 43 51H 2021, 2022,
-+, 2100,
SSP5 —8.5 3% T CO Mk EIHH AN
84.938 - 1.537y
2.201 1 —3.828 9y **2#
2.4712x10 *(y +15)* +1.9299 x 10 ° x
(y-1937)" +5.1137 x10 " (y -1910)*
1.4 APSIM #25E B #iF M
APSIM 1 ¥y 452 5 S WK ) 0 356 5 B T2 4
( Commonwealth Scientific and Industrial Research
Organisation , CSIRO ) Al E& - 2% B 4l & 7 52 44
(Agriculture Production System Research Unit, APSRU)
SEIIF 0 4l 2B 77 FR GEBTALBERL ™ . APSIM. iy
FHE DGR A AR B | R e MR e 45 TRA
B A 2 B, X SERL A AR TR AR O R K gy
SEFR Iy ATHL K SO B 2 (6] 9 A ) ) B
*3 MRRZFNMNEZE

Yoo, =757.44 +

(2)

A H AR S A S R OR A LA R
B KB R YRR SR R IR BB 8 S )il
SAEYRERKEE N A Ay E EY T E
DL A KA S s A28 4k, APSIM #5 7Y 5@ i
R A X A2 RO [ S S5 A T A R Rl &R 48 A
AR AT T RS HESRE ™ o AT, APSIM LAY A
b ST )z A ) 3 T A R A AR A AR R AR A
Z— , BB BT b A HUUAS [ ol ) B2 R AR AR KR
BRI AR 6 APSIM R 1 3
YA 28 Fe A T A6 HE 7 Wb (http : / www. apsim.
info) & & .

VR AL B SR 3z AH R 38 1 2R KR
S5 Y ey AR T AT T R I, DA DN ABE AR ) 5 4L
P22 T ORVE B R AR HOORG B2 o R MR R AL Y
SR S i A B ) ) PR 2 1 R S i A5 A Y
BEMERE™ . A BE ST i F R AR A e, T
BEA 3 XAR A il 50 1 (8] 32 55 25040 4 ) % 6 A
A3 DX HEAT 2 HORE e RN B B 35 IE . SR TR E R AL
(R*) ¥J5 AR i% 25 (RMSE) 1 2 APSIM #5745 41
PTERE I PPAG HE A5 o Lk HL 6 AR SR Pkl A 3 4E LU
WL B (2R 1) AT 2 AR EHT 3 4R ] 35
A2 T APSIM — Wheat 1 APSIM — Maize £ il %
OB HE T A A B B T ARG, JF R & A
HE B AIE 5 09388 4% P AR 2 80 iz 40 IX AR 3R PR AR
WA SE(E3),
EXFESMBSY

Tab.3 Calibrated genetic parameters of winter wheat and summer maize cultivars used in APSIM model

EY) SRR R IE 2 A
Zone 1 Zone2 Zone3 Zoned4 Zone5 Zone 6
1 46 W FLIEL ( TT_floral _initiation) / (°C - d) 605 608 596 615 672 661
- TT Uk W S B BE B (TT _start_grain_fill) /(°C -d) 606 635 578 685 602 602
T FALSEE(Vern_sens) 2.15 2.70 2.38 3.50 2.40 2.40
KNG 3 JE 1135 %% ( Photop_sens) 1.50  2.85 2.50 3.20  2.40 3.50
TE W 0% 7 % ( Potential _grain_filling_rate )/ (mg-%7 "' -d ') 0.0045 0.0033 0.0035 0.0028 0.0030 0.0045
PSR o 25 FORERLER ( Grains_per_gram_stem) / (Ki-g ') 36 29 25 27 23 34
{5 FOFF AR T 5 ( Max_grain_size) /g 0.042  0.042 0.039 0.030 0.045 0.047
T E R 45 FBUR (TT_emerg_to_endjuv) /(C +d) 110 130 121 185 200 211
P A5 45 H E 45 46 LR (TT _endjuv_to_init) /(°C - d) 118 128 122 38 39 42
YIESE 6 E A AR (TT_flower_to_maturity ) /(°C +d) 690 850 762 744 775 816
HEX SEE I FE 1 (Photoperiod_critl ) /h 14.5 14.5 15.0 12.1 12.3 11.8
¥ J& 31 44 2 ( Photoperiod_slope ) /(°C -h ™) 21.0 21.5 21.5 18.0 15.0 15.0
s 5 53 ) FH 3R (Rue) /(g-MJ ™) 2.45 2.28 2.10 2.05 2.00 2.40
T B R 2 B0 ( GNmaxCoef) 182 175 187 183 148 196

L5 ZNE-EFRBERGRMNZE

AR 9 T 1 B G Bl B M 0 A SR %
W B RE 6 I3 XHY L /NE (TR AR Y fh b AP
KR mh HI (3 4) ,JF LI APSIM A58 70 485 400 i) 1 49 7

PG g 2 /N ORI . TER
K ZAF K APPSR, D RIE AR 9 25 i 5
Y rb i E AR Wy A BT R R R0 4R K R 50% 1Y T
T3 74 S [a] By JbE B 4 9P A 400 0 A5 AR R 1 ok
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PO AL A AR X R AR SR R AT E . W
TA/NEETH R 220 ~250 d, B EXAETFH N
100 ~110 d"" FER /N - ERBERG R, h T
A L2 S R PR ) A2 Ak, A /N 22 B9 WK IR [ T B 5
SRR A6 Bl ik (8] vh 5, P 72 APSIM KR A ol
TRAUE W AR A 7= S LN 3R 75 B2, 4 /N 22 1) i TR
W AR i ] 382 5 7E B E KRR ARG 3 d, A NEER K
oK KL S0 T A, D) i B A /N 2 s T R OER
R SR I BEAC /N A AV T K Y iR 8 B 2 R )
BB G HE , 43 531 K 300 #k/m” Fl 6 Fk/m” ; HE B it
HE KA 235 2 7 U A B S >4 M 22 47 BL BRI AR H R
BT RNEAE K M 2 K, 2 EKE
KR L (ER 1),
x4 BEBFROANASRNENMNE-BEERRNRERSE
T R B R
Tab.4 Representative cultivars for winter wheat and
summer maize and sowing dates in six sub-regions of

Huang — Huai — Hai Plain

K INE EEE
i R ZAET SRR i ol LA R
Zone 1 i3 175 10 H5H B 28 6 H20 H
Zone2 A 4185 10 410H H B 958 6 H10 H
Zone 3 {1 4185 10415 H B HL 958 6 A15H
Zone 4 TFH 22 10 410 H 4¢ K 108 6 420 H
Zone 5 JHZ 18 10 10 H #5958 610 H
Zone 6 JEF 18 10 415 H H B 958 6 H25 H

1.6 RESEZEHBEESHT

DX 3 G A ) S B 0 Ao 00 B ™ IR i i 1Y
HE A B, AU A Al Ao il B A R e K B A G A
FEAMRER NP S ZEMEE R AT iR
N T ARG 5T XD EME TR ET
I U B AR AL, e B e U AT 1) R AR 45 Ak
B B[R] ARG B AN TSR fe /N AR Ik AT A
Th BN AR B S I IR) 1 — T A [ A

x,=at, +b (3)
A w2 AU F AR (R (P BT A O AR
23T FEm )
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Fig.2 Comparisons between observed and simulated flowering and maturity dates and yields of different

winter wheat and summer maize cultivars in processes of calibration and validation of APSIM model
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Fig.3 Trends of climatic variables of solar radiation, accumulative precipitation, daily maximum temperature, and daily
mininum temperature during growing seasons of winter wheat and summer maize in Huang — Huai — Hai Plain from

2021 to 2100 under greenhouse gas emission scenarios of SSP2 —4.5 and SSP5—8.5
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Fig.5 Temporal and spatial changes of vegetative growth period, reproductive growth period, and yields of winter wheat in period of

2021—2100 under two greenhouse gas emission scenarios of SSP2 —4.5 and SSP5—8.5 in contrast to base period (1981—2020)

2 A AN B A AR A RN R AR R B L PRI 45. 4% 1 47.2% |,

i), i & /N FWEE 5k 227.67 d 1 2.4 (EMFESSEEFEEXEMEZEST
221.55 d, 43 51 o5 AR A A m WY 72. 2% F172. 0% WA TEAEY S g E WS A ]
JE AR 7= OF 3 4 ik 16 614,75 kg/hm® Al ML 22 T 2 M ] A B R | RR A8 3R AR A 7 X R
16 902. 92 kg/hm* | H & /N 22 7= 1 5F 39 43 51 Ry KA AR R R OC R, WER AR R AE
7 545. 41 kg/hm*> 1 7 979. 93 kg/hm*, 43 5| |5 J& 4F & SSP2 — 4.5 % 5 T 2040s F1 2080s B Bt , & /N2 7™



%11 3 WY A R XT B 1 /N - SRR R G A 1R 439

EFRARDAE S AT AR AL FeRAR LR
d d kg/hm?
= | ® -18.00~-6.50 = | ® <-9.50 = o <450
are -6.50~-5.00 o & [-® ~9.50~-7.50 & [ ©450~600 i”’
‘ ‘Z%“‘;-gg . * -7.50~650 ¢ ® 600~850
0 -4.00~-3.
0 —3.50-0 0 —-6.50~-5.50 ©850~1100 .
Do O " o [ ] in
_ | e _5.50“,__0? .| ®>1100 <
ef . er ° or ° S
I5s) Il / . A %
@ 2
e 2
Z1 L ZL o
| 1 | 1 | 1 | 1 | 1 | 1
11°F 114°F 17°F, 120°F. 1I°F 114°F. 117°E 120°F HI°E 114°F 17°F, 120°F
d kg/hm? 2
0 —18.00»«—6.505 . <_9d50 4 gt ~ A
Z |® -6.50~-5.00 = : 6 =L ©
2 Stoions Jerer- i B e 5, % bl
o -4.00~-3.50 ° @ o) [o ryiy = i ® o ® o\ oy
0 350-0 /B0 % \,M}\? ©0-6.50~-5.50," ..é © 8501100 o 8 %y 5
- P o |©=5.50~-2.00 o~ | ®>1100 F .." &
=L 5L o S L Y
2 > 2 5 2 Sy e -
[oe)
s e IS
o ° 8
- 8, ’ z c
@ &W @ “ o
e#
| ] IE 1 I 1 | L 1 1 1 |
1I°F, L14°E 17°E 120°E 1I°F, 114°F 17°E 120°E 11°F, 114°F 117°E 120°F,
d kg/hm?
p ~ - d > =% = ~
o ° e - |@<9.50 )’5 \% o || 5450 r§ °o o
5. @ -650~-s. o > [8-9.50~-750 S o S Pty ®
@ | ©-5.00~-4.00 @ “ 1 e 600~850
0-4.00~-3.50 £ o -7.50~-6.50 - o
s 2, % 6,505 50 l_ © 850~110 =
- . |0-5.50~-2.00 _ | ®>1100 o
er er er z
N o on
3
=)
N
z z Z
e [ o F ok
o o on
| I | | I I | I | | 1 |
1I1°E 114°F 17°E 120°F 11°E 114°F 117°E 120°F 11I°E 114°E 117°E 120°E
d kg/hm?
® -18.00~-6.50 oL o5 o~ o <450 o
Z |® ~6.50~-5.00 > 7= (9572 z 0
N ‘ g" & [9-9.50~-7.50 & [ © 450~600
& |0 =5.00~-4.00 o o b o
0 ~4.00~-3.50 g -7.50~-6.50 DCED, .
° 3500 /o A ©-6.50~-5.50, "¢ 830110 2 @
o £ |o-550-200, (RS-0 f i
o L . o = ) - ﬂ-q
3 Jj = ‘ & fj? A
® =]
e o )/". ® .. ® ® S ® d] §
o
: : ERNPLS &
120 @ 12 o (]
£ o /"zﬂj—rg/ﬂ\/ o %AJE//-‘\
| I | 1 I Il 1 | | | 1 |
1I°E 114°F, 17°E 120°F. 1I°E 114°F, 17°F, 120°E, 11I°E 114°F 17°F, 120°F,

B 6 5ELED] (1981—2020 4F) A Lk SSP2 — 4.5 1 SSP5 — 8.5 i 28 S (A HE B = B M IX. 2021—2100 4F
HERE AR EFE AR  R T R S AR
Fig.6 Temporal and spatial changes of vegetative growth period, reproductive growth period, and
yield of summer maize in period of 2021—2100 under two greenhouse gas emission scenarios of

SSP2 — 4.5 and SSP5 —8.5 in contrast to base period (1981—2020)
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all of 69 sites in Huang — Huai — Hai Plain, in contrast to baseline period of 1981—2020
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rotation system in all of 69 sites in Huang — Huai — Hai Plain under different emission scenarios
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Tab.6 Multiple regression analyses of yields of winter wheat — summer maize and climatic factors in Huang — Huai — Hai

Plain in different periods under different greenhouse gas emission scenarios
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