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I FE R B, AH [R] 0 S5 R 2 70 A () 38 X 3aloxsf 7N 22
Fi R R & B AR R — 30, B H R NIE, AARER
A HR KT N 22 R RLEE B TS S R AT NS R . DN,
AW FERIF Meta 34T, B ALLE o R 42 #1308 Xt 520
FPRLER AR & RO SRR T GRE. CO, IREERIBE KO
FISEIR . IR 2010—2018 4FE 275 5 B A /N 22k R
EARSEHIE, B4k 2010—2018 4 [ /N Fhig
i3 X3/ 22 KR E BT B N R AR RE M N . DS
AEAR KT /N R B L s e SR R AR A
ezl XS e 5, 1) A 0 2 SR AT B AR, (i
[ ] g AR 97 2 4

1 MR5RE

1.1 HIBEMMLE

A3 AT HR ] 32 N 2 P S X SN FE AR R A
N P P AU I T VAR A€ TR S R AN o S A g = i
T EHE AR T o E LV AR AT (www.moa.gov.cn/)
RATH (P ENEZRER Y, HPEMELIRE ZEN
PR G EIRLL 5.7 MR —E Q%R (NBSC (H
B R ArAEJR)D) 1982 4F) SRl & /N ¥ ki H & &
SHFH T 2010—2018 A= E 12 ANEE/NZFEX ) 2 807
F/NFEFPRLE AR & EId S, 2010—2018 450 4L
PRI T 1 KGR A 3 IR 251 & - o ] o A
FORFEEEARESE (V3.0), JaffiH IDW % (inverse distance
weighted) Jfi{H Bekg R, 78 55 1 E ) 500%500 45,

FEAS RS (KN 0.123°%0.099°, 43 IX 381 211 5445
) 2010—2018 & FL X d8k /N 22 26 5 17 2 iR A
B EL /N R RL AR 1 BB A48 O EAT BB, AR AN [
By NSRS WI0E LSRRI K /NS R R A
I, HHR S NEMEX IR (R D RIENEEKE
BRHE, AFMREFREKNER (BF—hE) F45H
KB GlifE—m AT RISy, Tk S N
T DX 3 TR A KB BOF AR T AR K B 38 il . /N2
I R RL B F 525 R 7 A A K B B I A% 4R 3
ITERMRG A S, 78T 2010—2018 4F %51 2 [X dA
FLER 10 B o /NS o AR KB B AR 1~ 3 U

Meta 73 M EEEEI0 IS 2085 5 Web of Science (http://
apps.webofknowledge.com/) FlH [E AR ELAM Bt Chttp:/
www.cnki.net/) X} 2022 5 6 H TR CHIT TR . 45
HHARMRRE: ERAEER (EAR. 2. R
TEBRALRA (A fFRfL . EERATIE . W LA BFW
B EALBRIREE) FNERR (/. &N
N o FEH AN T ST A DT bR

1) B FEA LA AE v [ AT A 70 I 2

) NEREQGTER 2P RSN NE
i R BERMHE.

3) LEHEPARE D AN UREHALRN W, €
i AR . R EBUE KA

4) AT R AR SRR A T E R FE e A
BRI BEARAY,, H HAERS 7 2 e i HERRAE 4b
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Table 1 Basic information of geographical regions of main wheat-growing provinces in China

X Tl X 454 FFh ) iy R
Area Planting area Sowing Heading Maturity
Tk Hebei JEHB SR SR A & 2 X 10 A WS H WEG6H
[ Henan JEMBF ISR . h A EX 10 A A5 H WA 6 H
LI % Shandong JEHBF BSR A . A& X 10 H WAES5 H RAE 6 H
1L 75 Shanxi JEHF RO A FEX 10 A WAE5 H W6 H
Bk7E Shaanxi JEHBF BB . A EX 10 A WAES H W6 H
{75 Jiangsu BT R S A FEX 104 WEE4 H WA 6 H
it Hubei KITRI R S & X 10 A W4 H WS H
Z Anhui KITHIR A . $9H 4 &£ IX 10 H W4 A WS A
PU)1| Sichuan VUl 59 A X 11 A wAE3 H WS H
P 5 Tnner Mongolia JbEp B EX 4 H 6 H 7H
Hl Gansu PdbaRs . PR EX 3A 6 H 7H
Bl Xinjiang PEILBR . T E X 3H 6 H 7 H

e RPN K BT CPE/NZ RS BURSTHR [1].

Note: The information of wheat planting area in the table comes from China Wheat Quality Report and reference [1].

i FRbRiE, AW 27 F S, HAp R
FI| 294 2B & A AT Meta 04T, % 2 5 T Meta 2
M BT BuE 51 F SCiik. 2 3 51l H T Meta 2 #1345
i 32 1) A% 5 ) AT P AOEE R, B0 I R I S E AR
F T — B A — R EL PN S R B R
PAR LR S A 15 5, FF B A0 T SR s AR &
NEE R ERRSCES, XWX BT Y
BT ASAR S6AF, ARBF AR AN “REEE R . Rk
T FR T AR RIS S AR IR EVE 215 B0 5
NF IPCC & X 5. “FRIE AR & B E o

A4k (relative percentage change in average protein content,

A~ EL
[==EN)

RCP) #if CRFKFEIE AR &R E A RS
) /MR A S Ex100% K5 . Hrh, “%
HEFEIE ARG E” M R TPHEARESRE” N
TREAERUR R AN S 2T ME, PR R
W5 R HEAH B E T 2 IR AR . 5 R L 4R T
PR R B LA KR CO, IR . EVFZHEULT
SRR T ZIRERNR . CO, REEFIEM &, AWFA
A [ W EZ 042 1) 2% A1 T O B B4 2% HE AT 20 e
I HOK 2 s DR s sl A B 240 — A okk.
i AR R F 55 T 58I RCP fe/MEL L e KAE A3
H (&3,
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2 TREFEERHESTHIEIEERIMTIR 1.2 HthiEE
Table 2 List of papers and species used for the data analysis of 1.2.1 BB Mo
a— each environmental factor FIF Origin %f 2010—2018 Y NCIE S Sh Y e
22 i) A B
FR I AT N TR 7% EARAS IR . @t
Control ) 4 n 1T, RSN EME X SRR G . i 2
iables Year Experimental site Wheat varieties ek Tl . " ) N R o
PR 2 A5, ] s 5 U 0 S LB 22 50 %l
2007—2009  32°02'N, 118°52' E W 11 509 . SN J 5 TN 2 2
2006—2009 32002'N, 118°52' E }%f 11 %[271 .%\Z’ IZLEE I lz j’fﬁﬁﬁ [=] IIL*J_L&EE*D}%‘I'$E/‘J%]~
2011-2012  29.64°N, 91.22°F % 6509 TR A B AR v SRR R R S AN R B R 1T A
2017—2019 °50" o34’ Hraz 22 5 , . - N
N o, EPERBOKHORLRE b R R G A M X R
g SIRUNRORE G sie, g™ R EAIG RIS . SR A R PR AT R R 5
" 20122017 36.38°N, 106.58° E FER 8 5B g _— RS N
WA 5010-2017  30°08' N, 115°40° E H5% 08 1% ?L@\#\R (}1 Core T cam 2019) Eﬁ 1mei‘ e XT/J‘%EE
2018—2019  36°50'N, 116°34' E Fesk 22 B0 A KRR A B A A DB AR KB B I M i
— 0741 037 < [\ Sk [34 N N e N
2011—2012  35°35'N, 104°37'E /) i[n]m AT LR VR SRS, ST 2010—2018 4F 5% Hb 78 [X 35,
2013—2015  31°30'N, 120°33'E WEZ 145 e s PN e o . l
2013—2015  36.38° N, 106.58° E KN KFRE R I & 0 OB AR B AR B S s . B
2003—2004  39.96°N, 116.33° E ILHE 10 S0 F— R R F
Fk fi% 9 &
20172018 31°30°N, 120°33' E jﬁjﬁﬁ%ﬁzlffs %};;91;;’] Pij=Bo+v0)+ Br+71,)C1ij (D
2010—2017  39°08'N, 115°40' E iz 98 S o _ N
2013—2015  31°30'N, 120°33' E Pk 14 50 Pij = Bot 7o)+ Bo+71))Ca (2)
.. 2003—2004 39.96°N, 116.33°E 410 509 P = (Bo+70,) + (Bs +71,)Csi; (3)
Eli?;i& 2008—2009  40°10'N, 116°14'E iz 175 507 . . ! 0 ‘OJ 3/\; 3" . .
22010—2012  40°10'N, 116°14' E CA049308) Hor P, i j AR EAR S EE (%), C, Ni#
02004 I6UN, I00BTE 8130 J TN BT R (C), oy 8 TR/
2007—2008 32°35'N, 119°42'E % 14 510 . . e e M
2003—2004 31°86'N, 117°25'E fe e 33 2 H FEFERKWPPYRE (C), Cy N i j i /NEAH
2001—2002  39.96° N, 116.33° E EP;;S %\;t;‘woﬁ;” ARSI (C), BRI 8BS R EL yy ATy, 23090
1999—2000 36°16'N, 117°15'E  %Fi 17, 4321 5 S . g " e
1999—2001 36°16'N, 117°15'E  ¥fF§ 17. &% 21 5 I HIBELBEE AR AR B fon S P HIAC
Bk, TS o w10 #* 20102018 F/ N2 AT BN PR NEEFRE
2005—2006 {i%ii ;é{;gég %20, ek 38, B253.  KHPPEIIERE . N AT A KT 2 AR R R 5
il s 11 ’ e A1 [45] - .
WA Wit ;‘; o RIS TR CImeTes” BHHAL
Rk 8901-11, 4% 34, J ATIA NN
Precipitation 2005—2006  38°2'N, 116°12E A& 19, 5% 20, b e Biv Bon By OB
38, Bk 253, IfifE 14509 1.2.2 Meta 947
2011—2012 35°35'N, 104°37'E ST | T S AN S TR B M 4 T
2004—2005 36°16'N, 117°15'E %% 20, Z&1l 2397 A Orlglr{ XTTEé{”Z“‘ﬂ,ﬁ#r‘él‘ﬁﬁﬂﬁ%@ﬁ"
2006—2007 36°16'N, 117°15'E B4l 8901, P 2019 A A AN S e 42 1 A B o] R HE o 2 )1 2
— Q' 05Q’ = 49 =} 5 Nl ran [= I
2009720123509, 10SIE i 20 4108 AL TR CO, WK I SHFRLER (1 A
2004—2006 36°32'N, 120°39'E BrE 200

#F3 AREEHTEFHEARSEMNHENTE LT RCP &
K Meta 8IS

Table 3 RCP (relative percentage change in average protein

content) values of different variables and the number of data for

Meta-analysis

Pl A X3 RME BME EKE Kol 4
Control variables ~ Region =~ Min/% Mean/% Max/% Number of data
ILHME —11.54 -829  —6.17 12
TLHHEH -8.82 8.56  18.75 22
K3 ?Eﬁ 1276 1298  13.19 6
Warming L ZR A 238 12.16  18.18 33
Hr 22 6.50  13.18  19.59 9
Jext -0.21 1.04 291 9
i EoA 8.88 8.89 8.89 3
Jext -588  —2.03 4.64 22
Co, Jies LHHEH 2217 -1182  —6.00 22
2 152 a2
Elevated CO, ﬁ@:ﬂl 1531 -1527 -1523 6
VLI 873 —622  —3.70 6
ZRAEM  -405 270 -1.35 30
IR ZREZ  -15.11 1.34 13.59 90
SN Hif2EM -1.03 0.41 1.83 3
Precipitation  IIPERF  -12.23 —1221 -12.19 3
INARHS -1073 -5.65 —1.84 18

K, KH Origin ¥ ME, SR EARSES
3RS B A H R R . Meta 77 1K H Review
Manager 5.4 (Revman 5.4) M58 . HTFREAR
FENSE T ER SIS, 75 ik Continuous K
B GEH TESAAZ TR, AR 552
N L) K 2 SR A8 b5 3 B SR E 22D BT Giit 4 it
BOEBAGIX N 95%, Giit 7k atndEg sz, o
RS A

2 RS0

2.1 2010-2018 FHEZEHMNEEFTHNSER LI
BRNEFFHEERESEN SRR
2.1.1 FEEZAHDELEFHAREAY
2010—2018 EH [E/NE FEMHEX K E I/ NEER
WA AW 1 R, 4582 EKH, 2010—
2018 FE R E /N EA BN FRIBET miEH . B
FHENHAXA, NEAEFTWTFHWEEA AT
1.27 'Co AFE/NEFIEX N A E H1F 35 SR AR 3517
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FEZERE, (ERRPG. WL, RO, A F N

L P X S IR AR AR TG R 1.17~1.42 °C; ek,
RAE R X N B A B AR ATER N 1.56~2.16 C.,

910 13 12 09
£ £, ERY Es
g o 8 B N E »
5 E o 51| S e 527 :
"5 7 73 25 T35 6|
B o v ; B B o o
A P<0.05 §010 P<0.05 23 P<0.05 2s P<0.05
5 =0.72 8 =079 5 =079 5 =0.89
s zZ 09 o E T U Zale
2010 2012 2014 2016 2018 2010 2012 2014 2016 2018 2010 2012 2014 2016 2018 2010 2012 2014 2016 2018
4 Year 4 Year 4 Year 4} Year
a. ik b. ViR c. WA d.
a. Hebei b. Henan c. Shandong d. Shanxi
O 11 O 14 O 14 013
B B B B
2 E 2 E
w210 AL - Rt 212
EL _— =2, =2, ? =2
R 5 2§ R 5 R 5
LR B o B o B o
2 P<0.05 ERE P<0.05 L P<0.05 210 P<0.05
5 r=0.84 5 =0.86 5 =0.82 5 =083
z 7. : Z10 Z 10 Z 9
2010 2012 2014 2016 2018 2010 2012 2014 2016 2018 2010 2012 2014 2016 2018 2010 2012 2014 2016 2018
A Year A7) Year A} Year A7) Year
e. Bt f. {95 g Wik h. &4
e. Shaanxi f. Jiangsu g. Hubei h. Anhui
13 019 O 16 019
° k) ° °
212 218 g1s g18
W E o 8 w8 N E
E2, , 2L, = F R - : EEU
2§ 73 [E3f e [ 516 .
B o B o B o B o g
210 P<0.05 216 P<0.05 212 P<0.05 215 P<0.05
o 0. 76 [ =0.75 o =0.72 o =0.75
z - Z15 S z1 = Z 14 =
2010 2012 2014 2016 2018 2010 2012 2014 2016 2018 2010 2012 2014 2016 2018 2010 2012 2014 2016 2018
4 Year 4 Year A7) Year A7 Year
i Pl INCE & k. Hf 1. o8k
i. Sichuan j- Inner Mongolia k. Gansu 1. Xinjiang
B 1 2010 -2018 XA FHA F EAHR &4 AR Z/AY
Fig.1 Variation trend of temperature in wheat growing areas in provinces of China during growth period from 2010 to 2018
NN =N =0 2 === L/ [/ — 24N =<3
2.1.2 PEDEFKEG A AR AR F (P<0.05); X FEFREKMEINE, BRIUIIFIRS S,

2010—2018 4F 1 [ /N 22 A br 2 1 T 2 Jxf /N 32 e AR
B, SRR B R AT A K BT R R T 2
UMLK 2. EREW, MFaEEHmE, R
RIS A, FRE /N R KL R & s S A E W
PR RO IEUEE (B 2a) I H/ANEAFRLE A R
BN AR E WHER P I BURPETE LR TR s

HAB ORI IEFUEME (E2b), FHALR. 2y
JNHEE (P<0.05); XFAERAKMMNE, BRIUJIAH
AL, HRA BRI IERUSRYE (B 2¢), FFHETER
Jbs RS AR TIOR. . ASEHAEEE R (P<
0.05) . fHAERMIZ, FE/NEFRLE ARS8 E
B A A B B 1~ S U B3 = T R AR K B

1.2 127 127 *
o o o
& 08 e 08} e 08F .
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B 04 JR BE 04r . g2 04l = *
22 | 232 53
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a. A ) b, BRI B c. A KB B

a. Total growth period

VE: *RIR P<0.05,
Note: * indicates P < 0.05.

b. Veletative growth period

B2 $ENEFEEORESEARGHENS

Fig.2

c. Reproductive growth period

Sensitivity of wheat grain protein content to temperature in China
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2.2 PEZREHASEEUT NEIFRNERRSESN

2.2.1  EARMESHT

{27 R SCHER R e B H R AR, B AT P AN R e
ARSI = NN E AR &GN, A FE
SN /NERFRLE A RS B NAE A 3. gRE
B, HEACEL. R4+CO, AbEE. BAE IR K AL EE Y B
a7 ERREARSE (P<0.05) . Hd, HEL
PAHEL TR B, /NFERFRLER B S =N 6.93%,
HEACO, M FEA R T IR A HEHE TN 2.65%, HE il +F% K
AL BEAREL T AR BE AL BRI T 4.26%. FAARIE N CO, WK E B
FEREIK T MERREARSE (-7.61%), FEHRERN
WO TNERRE AR SR, HARE (P>0.05).

B i P=0.001

Warming L (1=94)

H%COZ P=0.001
Elevated CO, [ " (,=36)

Wk P=0.74!
o r —Or
Precipitation (n=132)!
Wi+ T18CO, } P-o003
Warming+elevated CO, | | (n=48)
R | | =001
‘Warming+precipitation ) : (n=9) ) X
-2 -1 0 1 2 3
SNAE

Total effect value

A3 FEAE DTN EERA
Fig.3 Total effect of environmental factors on wheat grain protein
content

2.2.2 AT

AR B E A 4R, AR XA AN [F) 374331 T Meta
IYHT, BEIR/INZERFRL AR A R R ) AN AE L 4.
SRR, FEHW M. TEEE. LREMN TR
PRI T, WEEEWMN T A NEFRNEARSE
(P<<0.05), 4rAEBtia AESRE) N7 13.18%-
12.98%- 12.16%- 8.56%; FEVPGRF7IE . A6 i1t a8 o5,
R NN E AR EW AN, Hd, ek
I uk IR AR (P>0.05). HAEZENE, EILHF
M, R TN/INEFREARSERE TE (P<0.05),
TSR TP T 8.29%.

22 L \ P<0.05
Lanzhou '; (n=9)
R | ! =303
Guyuit‘l ! (n=6)
) s it/;"l L 1P=0.67
EHE Beijing 1(1=9)
XS ] : P<0.05
RS Dezhou | (n=33)
Eg oAl P P00s
& Changshu 1 (n=22)
el P<0.05
Nanjing (n=12) ! P<0.05
HipE | ! .
Lasa L | 4=3) s .
-2 -1 0 1 2 3
SN

Total effect value

B4 iR AR KR ZATHE AR E S
Fig.4 Total effect of warming on wheat grain protein content in
different regions

AR A [FIBIFF X 300 S8 0 CO, W B X AL 2 F
i B RN W 5, BN CO, WK 25 R AR 1 /N2 Ff
KR E SR, i, HRZM T ERONUR, MRT

RES A B RPE 15.27% (P<0.05); AR4EAS A 8 55 [X I3
o B AN e /KO R R B 5 R AN LK 6, BEUK
XN AR S BB A, HAR B N
FFRL AL 0 52 B L v OR R AN, H R R E .
(P>0.05)

ITHR | P=0.03
Jiangdu (n=6)
220 PT&OI
= g Lanzhou (n=6)
]ﬁ]ﬁ B P<0.01
R § Changshu n=22)
B ( ,
A 3 o
Beijing (=22)!
i P<0.01 !
Hefei [ , L 050! ,
-3 -2 -1 0 1
SN AR

Total effect value

B 5 CO, & AR R ZA ¥R a8 &
Fig.5 Total effect of elevated CO, on wheat grain protein content
in different regions

= P=0.60
|
Qingdao 7:01?
s KJE P<0.01
§§ Taiyuan (n=3)
o
£3 2 1P=0.84
= L —5—
& Lanzhou 1(n=3)
Fea P=032
Tai'an [ *:8,190)
-3 -2 -1 0 1 2
SRONAE

Total effect value

B 6 MK RE R ZFETOREEER
Fig.6 Total effect of precipitation on wheat grain protein content
in different regions

KO B
3.1 HEZFREMASETU NI FRNERREERN
BTANBE AR, FREER RN 22 R A 0 2 &= 1
SO KT R RIS, 3 HFE KRR T e 22 9N 4 %ot
KN E AR SRR EWE T o R R, B
I CREEPOR S ks s & Dl =i} AL S R0 (e P N
P SCoREHE, MHEERER (COyn WE. K m
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Effects of climate change on the protein content of wheat grains
in China using Meta-analysis

KONG Xiangfei'?, LI Chao?, YANG Guang®, HOU Guanqun’*, LIU Wei'"*, XU Xingang?®,
OUYANG Zhu'*, HOU Ruixing"**

(1. Key Laboratory of Ecosystem Network Observation and Modeling, Institute of Geographic Sciences and Natural Resources Research,
Chinese Academy of Sciences, Beijing 100101, China; 2. Public Meteorological Service Centre of China Meteorological Administration,
Beijing 100081, China; 3. College of Water Conservancy & Architectural Engineering, Shihezi University, Shihezi 832000, China;
4. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Nutritional quality of cereals can depend mainly on the environmental factors subjected to climate warming in
recent years. It is still lacking on the effects of the increase of CO, concentration, temperature, and precipitation caused by
climate change on the nutritional quality of crops. In this study, a meta-analysis was performed on the existing literature data of
various experimental sites. The protein content of wheat grains was combined with the meteorological parameters using a
mixed linear model, fixed regression, and random residual analysis. A systematic evaluation was then made on the influence of
key growth temperature on the protein content of wheat grains in the main wheat growing areas in China. A linear mixed model
was used with the random intercept and slope in each region. The average sensitivity of grain protein content was calculated at
the different stages of temperature (wheat total growth period temperature, vegetative growth period mean temperature and
reproductive growth period mean temperature). The meta-analysis showed that the protein content in the wheat grain was
significantly enhanced by warming (P<0.05), whereas, there was a significant decrease with the increasing CO, concentration.
A complex variation was found in the precipitation of the protein content in the wheat grain. The increase in temperature
partially offset the negative effects of CO, increase and precipitation on the wheat grain protein. Meanwhile, an upward trend
was found in the average temperature in all provinces during the growth period of wheat from 2010 to 2018. Specifically, the
average temperature increased by about 1.27 “C in the total growth period of wheat, indicating the different change trend of the
average temperature in different wheat growing areas. The grain protein content in the different wheat-producing areas also
responded positively to the average temperature in the growth period. The average temperature in the reproductive growth stage
also dominated the variation in the protein content in the wheat grains. Some suggestions were proposed to fully meet the
climate change in the different regions. The protein content of grains was significantly positively sensitive to the temperature (P<
0.05) in Shandong, Jiangsu, and Anhui Provinces. A wheat-producing area can be expected to develop with a high protein
content in grains under climate change. The climate shared a positively sensitive effect on the protein content of crops in Hebei,
Henan, Shanxi, Shaanxi, Hubei, and Xinjiang, but there was no significant (P>0.05). The appropriate strategies of crop
management were also formulated, according to the local conditions under environmental warming. The low protein content
failed to plant the strong gluten wheat varieties in the middle and lower reaches of the Yangtze River, due to the low
temperature and less sunshine during wheat filling. But the weak gluten varieties were planted with low protein content. The
wheat with the low protein content was planted in Sichuan Basin for a long time, because of the low explanation of climate
factors by grain protein content. The findings can provide the scientific basis for the influence of climate change on the protein
content in wheat grains. A great contribution was also made to the regional decision-making and adaptation strategies for
climate warming, in order to promote sustainable agriculture and nutritional security in China.

Keywords: climate change; nutritional quality; protein content; Meta analysis; wheat
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