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1.1 RIEXEE5R

56 XA b A YT T TR R H 1 K VT R 2 R 56
(30°21'N, 112°09'E) , iZIEHbJE 7= 32 KA ML S A% KX
B0 2 1 A 53 AN < A B 0 7 G (7 R 31
FASRERWE 1 fin. REAEME RN 4 m?
Qmx2m) « ¥ 1 m FGTH AT WU T 5 A6 15
HAE 25 cm. K 1.0 m HEKE, HKEEREKRS,
ARG SIHT L, REAKES K CAmE ) 8 S 2 e p . DU
U HAGT B B4R 25 em. K 1.0 m BIHEKE, KEBIEIET
FL, HOKEINE EBIRIES, AKEOE ST %
B4 AN KIE, 20 HIATHE 100, 804 50 AT 30 ecm VR T K.
MY EEEE N 100 cm, H3ENFIE, BE SR, f2%
TIEE Ty EBEE, 0~30cm #HELIEpHEN 7.6, L
M A S EN 894 mekg, LIEENBSEN
28.7 mg/kg, ISR S RN 118.7 mg/kg.

40 % [ i Precipitation 300
—a— ¥ il Mean air temperature % B
E30 g
= 20 g &
I8 S rea
=520 15T E
YR =Ho
=5 10 Br.5
210 &
£ 5 8
Q
0 , o 0o | P T R N 0 >

04-10 04-12 04-14 O4-16 04-18 0420 0422 0424 04-26 04-28 04-30

H #Date

B 1 R SR AR AR B R
Fig.1 Daily variation of precipitation and mean air temperature
during the experiment

1.2 R

EPAEVLDOF R 2 8RB5 1 2 AN/ SRR 32 9023
(MR A3 20 CRURAD VR NHAA R, 3Rl
BT &8 NI P,0s i K0 9 18:8: 15 HIE A
750 kg/hm?, i fEJEIRA] 20 cm %2 38, IR UG R
% 125 kg/hm?. 2017 4 11 H 6 H#EM, FrERN
135 kg/hm®, RAZAEITR, 1THE R 25 cm, &ML 9 1T,

W5y 9 13 A1 17d 3% 4 NESFITKAEER . 2018 4 4
H 10 HIFGEBUK, BN HIEEELA K, Bt
B /KR ARRRAE H M FEKE 90% LA b, 38 B e 7
A5 3 d Kt R K AZBE S 70 em BLR o LT A 33K
I3 AR AE F A] 3K R 1) 70%~80% (BT K FH IE 3 7K 70 5 7
TR 3K o) NI (CKO » AET5TE5 I 34 80 cm
AbKIRFTFE, SR KES HR K MZK IR HEH,  4EFFE
B AT HE R K R A 80 cm, 5K M R /K HLRFEA
—3, HABEFECHEH . FF0 R R
HE 6k GAMMBUHTERE, 3 MIGTH %) , X
FABEHLIX AR50 B it
1.3 R¥EFFE

T AN G, BRI THOE T H AR E
AR /N AR —B01) 200 HAFEEERRFRIC, ARic g
FTECE I HREE AR, JE)S S d FRREUEE, DURRE S d B

FE1 R, BEUGE, BRENSTRCHREE 10 4, F
TRIBCKRL, egiitFrbiki g, H¥FF R E T
105 'CAT 30 min, 80 CHTRIEF &, MEIIET
T &

EANY 35'% V=R 1R vl A AL =Y 7 NS
HUREHUEIAE KA — SRR 20 #k, 32857055 50l
K. TROFRE. A8 SyTasior, W
FJE RREUT R, VBN BRI A& /N AR S bR e &
1.4 HEAE

SRR RAREEP )73 ] Richards 7 R & /N2 FRE
WS HEFEHEAT A . Richards 7FEA

w=4/(1+Be )" (0

Ao ¢ AFFAESEREL ds WO ¢ X R FFFRL TR R & g;
A NEEFFRIRE, g5 B WVIRSE: K NEKERS
s N RIIRSHE, REK PR IR BITE, 2 0<N<I,
Tt WAV 3R 52 AR SR e R, BV S 00 I SRR A 5 78 49
N>, UEHIER 2 RS BRI N, RIS K IR AR
=, 2 N=1 I 4 Logistic /72,

X Richards TFE—Fr=kF, SAFRLEERBZETTIE.
TE R R HE SR R T RS LR R RO R R E S 8L
TEERHES AR B (LB 4 1 5%3) 95% HIE SR KA,
D, & \ FREKEEREFBINE] (T 4+ FHL
B RERHEF (Ve mg/d) FHRPPEIFERER (Ve
mg/d) , HitEAXS 50N

D=2(N+2)/K (2)
Tww=In(B/N)/K (3)
V s =AK (14 N) 4)
Vae= AK/2(N +2) (5

FRLESOE R TTRERA 2 M, RIS ¢ I =B 2
¥, JEAHA0, W12 AN AL ¢ bR ERIME £/ GAE
A R 5% ER IR F 1, GEF] A Fi&E 95%HT [
FutinD , HitHEAXRSBERITED ik, 255 4
JREE 99%IN FHESKIN 18] 45, #KHE Richards 7 FE R 45 5.
WRAE TR AP 7T, B ESR A TN T o I B
FERLRERAG I, HAFEEREON T (D 0~ T BA
MRLESRIG I, HAFEEREON T (D : o~ BTEA
FROESR I, HAFBRE T, (D 5 SHr Bk
PIESE R RN Vs Vas Vs (mg/d)

THRANZ %, AR

VB F= (R 7 A 3 ) P 8 x 100%  (6)

i Microsoft Excel 2016 #4755 2. 1R, fi
H1 DPS 18.10 B AFREATT5 270+ [BIIH 53 H Al Richards
TG, 2 E B TR /N B3 E 0L (Least
Significant Difference, LSD) -

2 HBRESH

2.1 BINEFERMBREZES
16 S5 17K X A& /N F 7= 1 R e B A ol IR 3R 1 5 T 4l
% 1. WERUKELNEREZFR” (P<0.01) , )51
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K 5.9 13F17d, Z/NFEAEE 9023 (HifHidd) 7l
77 10.84%- 19.51%. 25.93%F1 36.52%, &/NFE#HFE 20
CEBURTY) 73 A" 14.25% 25.84% 37.26%K11 47.84%.
KN RFRLRT R GG BUK KRB R A 2a, W=
HWETOUK R EW R E — i — R EXR (P<0.0D) ,

B AR BUK & /N RAT RO RO R R K 2
PESER (R 1), MK 5 d PIR AR/ TR 1 R
FHFFIK (P<0.05) , RHIE)E BUK PN 1 E 2
JE A2 TR R B AR . &/ NIRRT & 5 e 5 UK
RERFA A 2b, KN 2 TR 516 R BUK KRB R

FMETRR (P<0.01) , TE/aBUKREERm 1 4, &
B 20 CRUBAY) ™= 20 138 0 2.10% 40 2.69%, 1t B INFEHRFE 9023 (MMET) Az 20 (BUEAD TRim &
T8 S5 WK BUR R /N2 SR s B R R il FRMK 0.961 #10.996 g.

®1 ERFKNENEFERHABREZRNFMN
Table 1 Effects of waterlogging after anthesis on yield and its components of winter wheat
TG BIRREL R R BERERHL TR &

EIE KRB N 1 d, 2&/NEHZE 9023 (i) Al

S . IR : S B W7
Variety Waterloggmg. days Effective panicle Kernel nu.mber per  Thousand-grain mass Actual yield/(kg-hm?)  Yield reduction rate/%
after anthesis/d per plant panicle /g
CK 3.88+1.25a 44.75+3.77a 40.53+0.45a 4307+170a -
fﬁf;g? 5 3.50+0.93a 43.831.81a 38.57+1.26b 3 840+104b 10.84
(mﬁmft) 9 3.25+1.04a 42.42+1.46a 34.60+0.67c 3467+104c 19.51
Zhengmai 9023
(tolerant genotype) 13 3.50+1.41a 41.50+5.89a 28.83+0.35d 3 190+129¢ 25.93
17 3.63+1.06a 41.00+3.44a 25.03+0.28¢ 2 734+61c 36.52
CK 4.75+1.28a 41.25+£2.25a 39.10+0.80a 5 689+146a -
%i 2? 5 4.38+2.00a 40.50+3.31a 35.63+0.85b 4 645+189Db 18.35
-
<@Luj.:) 9 4.38+1.06a 40.00+3.93a 32.08+0.29¢ 4 219+54c¢ 25.84
Yangmai 20
(sensitive genotype) 13 4.25+0.89a 39.1745.54a 28.75+0.22d 3 569+118d 37.26
17 4.50+2.51a 37.75+3.93a 21.50+0.39%¢ 3 034+168e 46.67
V 3k £ ek ek
w ns ns *k oK
VXW ns ns ok o

Ee FAVEAEFA R 7 B R R — AR R AL B 7E P<0.05 KV EZER R, *: P<0.05; **: P<0.01; ns: AR, FR. V: @fh W: FEREBUKREG
Note: Different letters following the values within the same columns indicate significant differences among the different treatments for a variety at P<0.05 level;
*: P<0.05; **: P<0.01; ns: not significant, the same as below. V: variety; W: waterlogging days after anthesis.

60 rm 379023 (i3 24) Zhengmai 9023 (tolerant genotype)
A #7220 (BUKAY) Yangmai 20 (sensitive genotype)

(%3
=1

y=2.69x+1.95
R*=0.990
P<0.01

I
=)

IR F Yield reduction rate%

30t
]
20f
$=2.10x+0.09
ol R=0.996
P<0.01

2 4 6 8 10 12 14 16 18
16 J5 BiK K K Waterlogging days after anthesis/d
a. FFRIEG™ 3 578 R BUK KRB R
a. Relationships between grain yield reduction rate and waterlogging days after anthesis
45

N
[=}

»

>

em y=-0.961x+41.97
R=0.962
P<0.01

)
[y
T

)
f=J
T

3=-0.996x+40.18
R=0.959
P<0.01

()
(o3
T

TR JftHit Thousand-grain mass/g

5 4 6 s 10 12 14 16 I8
16 J5 K K B Waterlogging days after anthesis/d
b, FFRL TR 5 TR BUK RO &
b. Relationships between thousand-grain mass and waterlogging days after anthesis
B2 s RS AR A
Fig.2 Relationships between yield reduction rate, thousand-grain
mass, and waterlogging days after anthesis
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2.2 Richards tREISH S

FIF Richards BG4 /N FFRLBE SR FE AT IO
WETIESHL R E BB (R W3 2 Fios. H3E 2 w40,
BAA TR R KT 0.99, ik FH 35 /K F (P<0.01),
KW Richards 77 FEBLIAE J5 15K & /N2 FF R E 2R I 72
RAIEN .. REKRTRE (4, g) BEEEBUK B
IR R RS (P<0.05) , 592l T-RR &2k
A3, H5900 TR &M ZEEAE 0.14~2.80 g Z [,
F WA Richards BRHLE 1L 5 15K & /N2 FFRL TR0
AT RER AT JEFUKAEEE N> 1 3 9023 fHiK
5d RSN, UL EBUK &N TR R R
PR BRMIE N, RIERYFCRIEANEZ, HEUKR
B, HERDTRIEHREL =
2.3 ZINEERFUESESW

MRS 2 H Richards BT /N RERRHIE S,
FERINFE 3 . XA 9023 (i) , M“iEEHK
KF| 9 d MHEKEERW (D, d) SE4HE (P<0.05) , #
KEERTEZR I (T & REFF, H D G5 T
5.008 d, Thno 3EHT T 0.771 d5 TE/GTHUK 5 d JaSobiE R
WIHE (Vpar mg/d) TFFK, (HEEETKREZEK,
Vi To B 5 FERHEH, TEJGTUK 13 d i Bk P e
(Vwer mg/d) A BEFE. ik, HEFUKSEmFRA
INFZ A BRI R AR VR R HE S A R, KR
IR AT . X TAEE 20 (BUERAYD , TEETUK S d H
Vave BLIEZE FFE (P<0.05) , EIE/EHUK 9 d B Vi TR
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RIS A8 A BUK A IR 5T

BN FERTRLRE SRRV (K5 77

F g, TAERBUK Dy Toa JEIERVERRML, RWITEISTT
®2 HEFUKAIET RN RFFADERIAFZER Richards IREURHILER

Table 2 Richards models simulation results for grain filling process of winter wheat under waterlogging after anthesis treatments

IR LB G BUBUBRAL A/ NS R AR, & T B A PR

o TRBUKRE  RAKHRE  WRSH EKERSH BRSH e Yt R E
Variety Waterloggmg_ days Final grain mass Primary Growth-rate Shape Fitting equation Determ_lnatlogl
after anthesis/d Alg parameter B parameter K parameter N coefficient R
0 9023 CK 43.334a 6.894d 0.149¢ 0.648¢ W=43.334/[(1+6.894exp(-0.1497)) /64| 0.998"
) 41.093b 10.646d 0.161d 0.812d W=41.093/[(1+10.646exp(-0.1617))"*51?] 0.998"
Zhengmai 9023 9 35.926¢ 25.868¢ 0.207¢ 1.149¢ W=35.926/[(1+25.868exp(-0.2077)"1*] 0.995"
(tolerant 13 29.741d 102.988b 0.288b 1.749b W=29.741/[(1+102.988exp(-0.2881) "] 0.998"
genotype) 17 25.175¢ 488.363a 0.399a 2.460a W=25.175/[(1+488.363exp(-0.3997)) 46| 0.999"
5 20 CK 40.826a 177.343d 0.256d 1.745d W=40.826/[(1+177.343exp(-0.256£)) ] 0.998"
OB 5 36.900b 783.111¢ 0.306b 2.330¢ W=36.899/[(1+783.111exp(-0.306£))"**"] 0.998"
Yangmai 20 9 33.251¢ 713.961c¢ 0.298b 2.408b W=33.251/[(1+713.961exp(-0.2987)) 4% 0.996"
(Sefr’lf(l)stiﬁve 13 29.337d 1391.698b 0.286¢ 2.298¢ W=29.337/[(1+1 391.698exp(-0.2861))"**%] 0.998"
genotype) 17 22.289% 24 760.029a 0.514a 4.545a W=22.289/[(1+24 760.029exp(-0.514£))""*3*) 0.996"

e o FFACTERE, di W ¢ SRR R R, g.

Note: #: waterlogging days after anthesis, d; /7: the thousand-grain mass corresponding to 7, g.

R3 TEFKLE TS NEIFRERIHESH
Table 3  Grain filling characteristic parameters of winter wheat
under different waterlogging treatments

TR o e ey R
B - i
L3710 SO TS T B & 5 M
o KA . Occurrence  Maximum ean
A . Grain . . . grain-filling
Vari Waterlogging . time of the  grain filling
ariety filling . rate per
days after . maximum rate per anicle
anthesis/d ac:llyvse grain-filling panicle P v
.-l ave
Did rate Tma/d  Vinax/(mg-d™) /mg: d'l)
FBFE 9023 CK 35.477a  15.837a 1.816a 1.222a
(i 532D 5 34.977a  16.003a 1.754b 1.175a
Zh;gg‘;‘al 9 304695  15.066b 1.776b 1.179ab
(tolerant 13 26.056c  14.161c 1.746b 1.142b
genotype) 17 22.370d  13.267d 1.752b 1.148b
K 29.2 18. 2.1 1.
%% 20 C 9.255a 8.053b 35a 396a
G50 28.263a  18.986a 2.026a 1.306b
Yangmai 20 9 29.589a  19.108a 1.747b 1.124c¢
(sensitive 13 30.002a  17.935b 1.516¢ 0.978d
genotype)
17 25.458b  16.731c 1.418d 0.876e

XA AN [F R B 2N 7 T RE SRR IE S 305 BOK R B
HEAT 8T, 5N 4 Fios. HHER 4 v, A 9023 (i
B ERFHESHT D 5HEHUKRE (x, & B
BEEMLR (P<0.01) 5 Thaxs Vae GIEJETUKREE
WELMEIRR (P<0.05) 5 1 Vi SIEEBUKRECL R
BRMKR; 973 20 (BUBRRD FERFIESEFH Vi
Vave SAETE KRB R F L% 5E F (P<0.01) , T D
Toax SAEJEBUKRECTE B E LR R A R A
e EERK RN 1 d, BEHE 9023 (EAD
FEHLFEM Richards BRI D 4% 0.827 Ay Tonax $EHT
0.163 d\ Vi FEAIK 0.004 mg/d; &7 20 (BURAYD) HE
IR Richards FERIHF] Ve BRI 0.046 mg/ds Ve
R4 0.032 mg/d.

2.4 ZBINEZERMESH

HRHE R 2 o Richards £ 28 71 54 /N32 3 By BOFF RLE
HERF BRI [ AN BRI E R R A, AR WK 5 Fs. K
THUKIRE 5 1 i b A8 /N 32 FRRF R JBE 252 7 388 L R it O D 22
W RESR R A E R, A 9023 (AL Fihi

VES T IR B2 R A () BUE, PRIEHIRR SR A (1)
AN INFF B2 RAL (T3) B, T T 70572 Ty 92,09+
293 fif: M4HZE 20 CBURAY) &I WIHF 2L R B A
HMIFE, N 12d Zd. HERBUKXTBZE 9023 (iR
T~ T« ,EHERW, FEFEFUKSdEBE 9023 (if
B T RELEK 0421 d (P<0.05) , T, M Ty BEY
51 0.510 d fl 1.952d, ToFl T34k Rz FEd 17 1)
KRR, D %k BEEE R BUKREBEFEEHE N,
T ARFLEK, T,M T 2B EE. 1655
KA, #7220 (BURAD T\ Th. T, EHEM
TG S R AR R (V) L PRI R P
PR A (V) MBI PR B R R (Vy) B
UK RBOE I 2 582 PGB 3 (P<0.05), T2 9023
(MBI FEBUK SRR T SR B RS CK
FHECRE A TE 72 e, BRIV i B VR 0k 2% 32 5 /K S i AN
%o A TRTA N, TR0k 9 5% AT s )
AN I HIRE SRR 2L R, B A 3 BUGBRME K IR B %
s T RURIL AN, 65 K 35 2 B A
DR SN S 4 R SR A, AT s AN R T )
VEEJH A T PRI
x4 FRDERFESHSHRFVKREEAN
Table 4 Regression analysis between grain filling parameters and
waterlogging days after anthesis

FEROESRRFIESE AR R

1
W.ﬂ] Grain filling Relational R F i
Variety . F value
parameters expression
9023 D y=-0.827x+37.144 0939  46.072"
(58D Tinax 3=-0.163x+16.305  0.886" 23.384"
Zhengmai 9023 Vi 1=-0.003x+1.798  0.599 4.480
(tolerant . .
genotype) Vave »=-0.004x+1.212 0.839 15.618
% 20 D y=-0.137x+29.716  0.248 0.989
(KA Tinax y=-0.083x+18.895  0.332 1.493
Yangmai 20 Vs y=0.046x2.174  0.967"  88.681"
(sensitive o o
genotype) Vave y=-0.032x+1.420  0.982 166.725

ey FPRERFMESEG x: HRBUKRE, FR.
Note: y: grain filling characteristic parameters; x: waterlogging days after
anthesis, the same as below.
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Table 5 Grain filling duration days and rates in different stages of winter wheat under different waterlogging treatments

P RLHE SR 184 141 PR SR R 0 PR R 92 184 14
e JE UK R EL Grain-filling pyramid period Grain-filling fast increase period Grain-filling slowly increase period
'ﬁlﬁ Waterlogging iy Rt RCTIMEREER  MEREORS  RRCTIMEREE RS T IERER
Variety days a_fter Grain-filling ~ Mean grain-filling rate ~ Grain-filling ~ Mean grain-filling rate ~ Grain-filling ~ Mean grain-filling rate
anthesis/d duration days per panicle duration days per panicle duration days per panicle
Ty/d Vi/(mg-d™) To/d Vy/(mg-d™") T3/d Vs/(mg-d™)
CK 7.740a 0.944a 16.193a 1.586a 22.693a 0.437b
A 9023 5 8.161b 0.953a 15.683b 1.535b 20.741b 0.436b
it
(m/m?:) 8.491b 0.964a 13.149¢ 1.559b 15.653¢ 0.440b
Zhengmai 9023
(tolerant genotype) 13 8.913b 0.955a 10.496d 1.540b 10.705d 0.445b
17 9.099b 0.947a 8.335¢ 1.551b 7.336¢e 0.460a
CK 12.157¢ 0.960a 11.791a 1.882a 12.039a 0.544a
W% 20 5 13.646a 0.900b 10.680b 1.792b 9.635¢ 0.530a
(BURAY)
: 9 13.563a 0.830c 11.089b 1.546¢ 9.857¢ 0.458b
Yangmai 20
(sensitive genotype) 13 12.247¢ 0.792d 11.376b 1.341d 10.328b 0.396¢
17 12.835b 0.782¢ 7.790c 1.264e 5.007d 0.400d

XFPIAS il At 2 /N 22 ) & B BORFRLE SR AR AE S 305 1E
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PRI SUIRN Z2 18 ) B R S E 4 3 Sl AR 0.011 0.040 A1
0.010 mg/d.
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Table 6 Regression analysis between grain filling parameters in

different stages of winter wheat and waterlogging
days after anthesis

EI BRI 25
M 1 2
i Grain filling =] Eﬁf: 3 . F i
Variet parameters in Relational R F value
y different stages of expression
winter wheat
s 9023 T »=0.083x+7.753 09917 328.708"
N =(). +0. . .
G 14 ¥=0.000 2x+0.951 0039“ 0 121**
Zhengmai T, y=-0.492x+17.103  0.948 54.880
9023 Vs y=-0.002x+1.569 0.298 1.275
(tolerant T, 1=-0.963x+23.900  0.971  101.016"
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Vs =0.001x+0.432 0.754 9.193
T y=0.003x+12.862 0.001 0.003
7 20 v, y=-0.011x+0.951 0950  56.904"
CHUAD T J=0.172x+12.062 0517 3218
Yangmai 20 _ o .
(sensitive Vs y=-0.040x+1.917  0.963 78.164
genotype) T; y=-0.318x+12.168 0.651 5.601
Vs y=-0.010x+0.554  0.905" 28.600"
3 i
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TAE—EZ 5, 65 BK 35 B3 50 TR 58 4 /N 3237 IR
WHIRE, B NHER S I (A BT RS, 65 Bk R %
RN 1 d, D 455 0.827 dv Tuax 20T 0.163 d; T4 T4
JRIY AN R BRRME R R, T 5 15K R BRI
1d, Vi FEAK 0.046 mg/d. Vi FEAIK 0.032 mg/d (2 4)
Hurae 5 2 MM SR R R A G, AFE 9023 HkR E
IS FFRIRES FR I P IS R B K R
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02 5 R DA KT RL T 2 A 408 ST L R U R 2 448 U 1) B S 5ok
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1d, &/ 9023 (iini ) 722 20 (UL T
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blending ratio and application method of controlled-release
nitrogen fertilizer and common urea on grain-filling

Effects of waterlogging after anthesis on the grain filling characteristics of
winter wheat with different waterlogging tolerances

Wu Qixia'?, Tan Jinghong'?, Zhu Jiangiang?, Wang Wei'?, Han Rui'?, Zou Juan®*
(1. Engineering Research Center of Ecology and Agricultural Use of Wetland, Ministry of Education, Jingzhou 434025, China; 2. College of

Agriculture, Yangtze University, Jingzhou 434025, China; 3. Institute of Food Crops, Hubei Academy of Agricultural Sciences, Wuhan
430064, China)

Abstract: Frequent occurrence of waterlogging has posed a great threat to the production of the crops in the middle and late
stages of winter wheat growth in the Jianghan Plain, even the middle and lower reaches of the Yangtze River in China.
However, the impact of waterlogging on the grain filling process is still unclear during this time. Taking Zhengmai
9023 (tolerant genotype) and Yangmai 20 (sensitive genotype) as research objects, this study aims to explore the effects of
water logging after anthesis on grain filling of winter wheat under different tolerances. A systematic experiment was conducted
under 5, 9, 13, and 17 d of waterlogging duration after anthesis of winter wheat in the test-pit with a controllable irrigation and
drainage system. The soil moisture was kept at 90% field capacity in the waterlogging treatments. Meanwhile, the treatment
with soil moisture at 70%-80% field capacity was used as a control. The grain filling was firstly simulated for two varieties of
wheat under waterlogging environment stress using the Richard model. Subsequently, the yield component parameters were
quantitatively analyzed the dynamic influence on grain filling, further to explore the influence process after anthesis
waterlogging on winter wheat yield. The results showed that the waterlogging for 5, 9, 13, and 17 d after anthesis reduced the
yield of Zhengmai 9023 (tolerant genotype) by 10.84%, 19.51%, 25.93%, 36.52% and Yangmai 20 (sensitive genotype) by
14.25%, 25.84%, 37.26%, 47.84%, respectively. The main reason was attributed to the decrease of thousand-grain mass. When
waterlogging increased by 1 d after anthesis, the thousand-grain mass of Zhengmai 9023 (tolerance genotype) and Yangmai 20
(sensitive genotype) decreased by 0.961 and 0.996 g, respectively. The Richards equation presented better to simulate the grain
filling of waterlogged winter wheat after anthesis. Specifically, the determination coefficients of the fitting equation were all
above 0.99. Furthermore, there was a different influence mechanism of waterlogging after anthesis on the grain filling of wheat
under different waterlogging tolerance. In waterlogging-tolerant wheat, the waterlogging was greatly contributed to shortening
significantly the active days of the grain filling after anthesis, and specially shortened significantly the duration days in
grain-filling fast increase period and grain-filling slowly increase period. In the waterlogging-sensitive wheat, the waterlogging
after anthesis was mainly contributed to significantly reducing the filling rate in three periods of grain filling. Specifically, the
waterlogging increased by 1 d after anthesis, and the grain filling active days of Zhengmai 9023 was shortened by 0.827 d,
among which the duration days in grain-filling fast increase period and grain-filling slowly increase period was shortened by
0.492 and 0.963 d, respectively. Correspondingly, waterlogging increased by 1 d after anthesis, the maximum grain-filling rate
per kernel of Yangmai 20 decreased by 0.046 mg/d, and the mean grain-filling rate per kernel decreased by 0.032 mg/d, the
grain-filling rate per kernel in grain-filling pyramid period, grain-filling fast increase period and grain-filling slowly increase
the period of winter wheat decreased by 0.011, 0.040 and 0.010 mg/d, respectively. The finding can provide strong theoretical
support for the prevention and control of waterlogging disasters in winter wheat.

Keywords: irrigation; yield; waterlogging stress; Richards model; grain-filling characteristic parameters; winter wheat
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