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Abstract: To reduce yield variability and improve nitrogen use efficiency in winter wheat grown on clay loam fluvo-aquic soils in
southeastern Henan—where uneven precipitation and excessive N inputs are common—we conducted a two-year split-plot field
experiment. Main plots included two water regimes: rainfed (W0) and supplemental irrigation at both jointing and anthesis (W2;
75 mm per event). Subplots included five N rates: 0, 180, 240, 300, and 360 kg hm= N (N0-N4). We assessed the combined ef-
fects of water and N on dry matter accumulation, N utilization, and grain yield. W2 significantly increased post-anthesis dry mat-
ter assimilation; compared with W0, dry matter accumulation from anthesis to filling increased by 32.2%, and total dry matter
accumulation increased by 28.1%. In parallel, N uptake efficiency and the partial factor productivity of N increased by 26.7% and
25.5%, respectively. Water—N interactions synergistically regulated pre-anthesis N translocation and post-anthesis assimilate parti-
tioning, thereby improving all three yield components. Under the optimal combination (W2N2), spike number, grains per spike,
and thousand-grain weight reached 615.0 x 10* hm 2, 43.9 grains spike ', and 45.6 g, respectively. Relative to the traditional
high-N practice (W2N4), grains per spike and thousand-grain weight increased by 2.0% and 2.3%, respectively; relative to rainfed
with reduced N (WON2), spike number and grains per spike increased by 11.1% and 34.6%, respectively. These results indicate
that W2 increased yield mainly by increasing spike number and grains per spike, whereas reducing N to N2 optimized grains per
spike while maintaining a relatively high thousand-grain weight on the basis of stable spike number, forming a synergistic yield
strategy characterized by “spike number as the foundation, grains per spike as the driver, and thousand-grain weight stabilization.”
This strategy produced the highest yield (9331.8 kg hm™) and increased the partial factor productivity of N and agronomic N use
efficiency by 61.2% and 67.9%, respectively, compared with 360 kg hm N. Regarding soil environmental effects, supplemental
irrigation altered the vertical distribution of nitrate-N, decreasing residual nitrate by 23.4% in the 0—40 cm layer but increasing it
by 32.2% in the 40—100 cm layer, suggesting that irrigation optimization alone may promote downward N movement. However,
combining W2 with N reduction to N2 reduced cumulative nitrate-N in the 0-100 cm profile by 26.9%, thereby mitigating leach-
ing risk. Overall, applying 75 mm supplemental irrigation at jointing and anthesis together with 240 kg hm™ N provides an effec-
tive water—N management strategy that synchronously improves yield and N use efficiency for winter wheat production in the
clay loam fluvo-aquic soil region of southeastern Henan.

Keywords: winter wheat; water-nitrogen synergy; supplemental irrigation at jointing and anthesis stages; dry matter partitioning;
nitrogen reduction and efficiency enhancement; yield components
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Table 1 Soil physicochemical properties before sowing
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(%) (mgkg) (gke)
mm mm mm
2022- 020 233 37.9 38.8 20.8 280 82 171 1.2 94.4 157.9 6.5
2023 20-40 264 33.1 40.5 22.4 21.1 82 8.0 0.8 74.4 112.9 3.5
2023- 020 236 38.4 38.0 2.8 239 81 178 12 96.5 211.9 6.1
2024 20-40  25.8 33.6 40.6 24.6 23.2 82 85 0.9 77.0 156.7 2.8

SL: soil layers; SPC: soil particle composition; MC: moisture content; SOC: soil organic carbon; TN: total nitrogen; AN: available nitrogen;

AK: available potassium; AP: available phosphorus.
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Fig. 1 Daily mean temperature and precipitation during the winter wheat growing seasons, and monthly precipitation from the

pre-sowing flood season to maturity (2022-2024)
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Fig. 2 Effects of water-nitrogen interaction on dry matter accumulation at different growth stages of winter wheat

WONO, WONI, WON2, WON3, WON4, W2NO, W2N1, W2N2, W2N3 Fl W2N4 {8 KA BAELLH; Wo Al W2 f{3£K 4> 4038, NO .
N1.N2.,N3 I N4 AR Z B AR B A 75 B Bl A -2 0 a3k 5 0] 35 P AR T 46— S S0 AN S -2 43 301 SS-Ws
WS-ES. ES-AS. AS-FS fil FS-MS #/R, [[— KB A /NG F R FR A TR 25 5 1 3 (P < 0.05),

WONO, WON1, WON2, WON3, WON4, W2NO, W2N1, W2N2, W2N3, and W2N4 denote water-N treatment combinations; W0 and W2 are the
main-plot water treatments, and NO-N4 are the subplot N rates. Growth stages are abbreviated as SS—-WS (sowing—wintering), WS—-ES (win-
tering—jointing), ES—-AS (jointing—anthesis), AS-FS (anthesis—filling), and FS-MS (filling—maturity). Within a given stage, different lower-
case letters indicate significant differences among treatments (P < 0.05).
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Table 2 Effects of water-nitrogen interaction on pre- and post-anthesis dry matter translocation in winter wheat

" - T S tmT%F%L$ik;;zkiiﬁA&ET%ﬁﬁkﬁ’kggzgggﬁ
Year Treatment DM}: DMRE DMRCG DMA72 DMACG
(kg him ) %) o (ke hm ) o

2022-2023 WO 3010.3+£87.1 a 31.6+0.2 a 46.3+0.7 a 3707.2497.9 b 53.7£0.7 a
W2 3115.6+148.7 a 27.6x1.7b 41.9432a 4586.1+448.0 a 58.1£3.2 a
NO 1326.2+74.3 d 28.3+0.2 b 52.8¢1.2 a 1204.7+44.6 ¢ 472+1.2 ¢

N1 3244.6+38.6 ¢ 28.3+0.6 b 40.3+1.5 be 4847.1£307.6 ab 59.7+1.5 ab
N2 3386.5+247.2 be 28.5+1.7b 38.843.2 ¢ 5372.1+4424.9 a 61.243.2 a

N3 3664.1+77.2 ab 31.120.9 a 43.842.0b 4736.0+348.4 ab 56.2+2.0 ab
N4 3693.44+215.7 a 31.6£2.3 a 449436 b 4573.54402.5b 55.1£3.6 b
WONO 1122.8484.6 ¢ 29.840.5b 54.94+4.2 a 924.0+86.0 ¢ 45.1+4.2 d

WON1 3176.0£92.5b 30.3+0.6 b 42.1+£1.2 c¢d 4377.3£160.6 b 57.9+1.2 ab
WON2 3319.3+311.3 b 30.1£2.1 b 40.3£3.2d 4914.9+199.2 a 59.743.2 a

WON3 3683.5+170.8 a 33.3+0.2 a 46.5+0.7 be 4241.0£225.7 b 53.5+0.7 be
WON4 3749.84229.9 a 34.442.5a 48.0+3.9b 4079.0+409.6 b 52.0+£39 ¢
W2NO 1529.6+81.2 b 26.9+0.9 a 50.842.3 a 1485.3£174.6 b 492423 b
W2N1 3313.1+50.3 a 26.4+1.3 a 38.5£2.5b 5316.9+482.1 a 61.542.5a
W2N2 3453.7+479.8 a 26.9+3.8 a 37.4+7.0b 5829.44904.6 a 62.6+£7.0 a
W2N3 3644.84221.4 a 28.8+1.7 a 41.1£3.6 b 5231.0+474.0 a 58.9+3.6 a
W2N4 3637.0+210.4 a 28.842.2 a 41.843.3b 5068.1+395.6 a 58.24+3.3 a
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i s e Fomses e wiramses o) Y e O DRI
Year Treatment DMR 5 DMRE DMRCG DMA ) DMACG
(kg hm™) (%) ©) (kg hm™) ©)
F-value
W 1.6™ 33.1™ 11.27 33.0™ 11.2"
N 111.3™ 4.4’ 13.9™ 95.6™" 13.9™
WxN Lam 0.5™ 0.2™ 0.3™ 0.2™
2023-2024 WO 2762.6+71.9 b 29.8+0.0 a 50.8+1.0 a 2885.9+94.2 b 49.2+1.0 b
w2 3278.7+79.7 a 27.840.9 b 44.8+0.7 b 4545.8+153.4a 55.2+0.7 a
NO 1958.0+124.0 ¢ 323+l.1a 64.7+1.9 a 1062.7+82.0 d 35.3+1.9d
NI 2987.1+114.3 b 26.9+1.2 ¢ 40.6+2.3 d 4490.1+312.0 b 59.4+23 a
N2 3022.9498.5 b 26.240.1 ¢ 38.3+0.3 d 4979.2499.4 a 61.7+0.3 a
N3 3566.1+132.9 a 29.3+0.7 b 46.1+1.7 ¢ 4276.5+117.9 b 53.9+1.7 b
N4 3569.1498.4 a 29.2+0.6 b 49.3+0.9 b 3770.7+150.8 ¢ 50.7+0.9 ¢
WONO 1586.7+98.7 ¢ 31.840.7 a 63.843.2 a 907.5+170.8 d 36.2+3.2 ¢
WON1 2800.8£89.4 b 28.6+1.0 be 443+1.9 ¢ 3518.6+187.3 b 55.7+1.9 a
WON2 2750.5+144.8 b 27.6+1.4 ¢ 41.5+1.9 ¢ 3872.9+126.2 a 58.5+1.9a
WON3 3292.9+179.0 a 30.4+1.2 ab 50.2+2.9 b 3271.5+205.6 b 49.8+2.9 b
WON4 3381.8+198.9 a 30.7+1.1 ab 54.2+13b 2858.7425.4 ¢ 45.8+1.3 b
W2NO 2329.2+187.1 ¢ 32.842.6a 65.6+2.2 a 1217.8+25.0 d 344422 ¢
W2N1 3173.5£146.9 b 25.3%1.5 be 36.842.8 ¢ 5461.5+437.6 b 63.2+2.8 a
W2N2 3295.2+196.6 b 24.8+1.2 ¢ 35.141.7 ¢ 6085.4+225.7 a 64.9+1.7 a
W2N3 3839.3+181.8 a 28.1£0.7 b 42.141.4 b 5281.5+58.3 b 57.9+1.4 b
W2N4 3756.4+160.6 a 27.8+0.8 b 445424 b 4682.6+277.0 ¢ 55.542.4 b
F-value
W 75.6™ 17.8"™ 52.3™ 463.0"" 52.3"
N 98.1"" 19.2™ 127.5" 321.0"" 127.5™
WxN 1.3™ 2.6™ 5.8 19.8™ 5.8

IR 2. [FHVEER S /NG T R8N R AL BRI 22 5 B3 (P < 0.05), ns RARLWEER,; "FRIE0.05 B KT ERBE, ™
FIRTE 0.01 BEFIKF-22 57 3, " FIRAE 0.001 MERAKF 25 BE, W ALK LA PRAON, N FUFIE 2GR AL AL, WXN 1Rk
433 A PR i G Ak 3 T 194 22 LR RO

Treatments are the same as those given in Fig. 2. DMR: dry matter remobilization at pre-anthesis; DMRE: dry matter remobilization at
pre-anthesis; DMRCG: contribution of dry matter remobilization to grain at pre-anthesis; DMA: dry matter accumulation at post-anthesis;
DMACG: contribution of dry matter accumulation to grain at post-anthesis. Different lowercase letters within a column indicate significant
" indicate significance at P < 0.05, P < 0.01, P < 0.001,

respectively. W: main effect of water; N: main effect of N rate; WxN: water-by-N interaction.

differences among treatments (P < 0.05). ns: no significant difference; *, **, and

25 B+ 5T AR R A B B Ay ) OF 24 4 m
35.0%. 31.4%. 21.9%7%1 26.6%, fZ B EEEY

213 BBETHRHER K 5t 1 A
T4 /N FE T AE ) R RS 4% 2% B RO T 40 B R

W S 2, 2 AR 25 R A — (B 3 FIIE] 4) . #EOK
EALBE TYRAR, 5 Wo M, W2 7L
Wint | ZERRR A T4 BRI S48 0 24.1%
27.8%F1 13.6%, SR REEE 24.1%; B

FETF 28.1%. 5 R R, KA B TR O G
YIIE i S B R 0, R IR AR E T AR S R )
FPRLRY R e is . A, MR W P T A A
Ty RE . 5 No M, AL NI~NG)ETF
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Fig.3 [Effects of water-nitrogen interaction on dry matter allocation among organs at anthesis in winter wheat

SRR 20 ARG TR IR [ — 88 5 T B0 BE e 7E A ) b B IW) 22 5 1. 35 (P < 0.05).

Treatments are the same as those given in Fig. 2. For a given organ, different lowercase letters indicate significant differences among treat-
ments (P < 0.05).
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Fig. 4 Effects of water-nitrogen interaction on dry matter allocation among organs at maturity in winter wheat

SEIRRNE 20 ARG FRERIR ] &8 B T 90 B 43 T 1 76 AN 7] b B1LIA) 22 5 1 3 (P < 0.05).

Treatments are the same as those given in Fig. 2. For a given organ, different lowercase letters indicate significant differences among treat-
ments (P < 0.05).
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Fig. S Effects of water-nitrogen interaction on nitrogen accumulation in different organs of winter wheat at anthesis
AR 20 ARG P RER R ] — &5 B R R S B A (7] 40 T R 22 57 03 (P < 0.05)

Treatments are the same as those given in Fig. 2. For a given organ, different lowercase letters indicate significant differences among treat-

ments (P < 0.05).
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Fig. 6 Effects of water-nitrogen interaction on nitrogen accumulation in different organs of winter wheat at maturity
AbBRIANE] 20 ARG SRR IR ] — 2 B AR 23 L TR A (7] 40 2] 22 7 W 35 (P < 0.05)

Treatments are the same as those given in Fig. 2. For a given organ, different lowercase letters indicate significant differences among treat-

ments (P < 0.05).
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Table 3 Effects of water-nitrogen interaction on nitrogen translocation before and after anthesis in winter wheat

i o wisisit wiiarag D E S g RO
Year Treatment NTRQ NTR-E NTR-C NAAJ Post-NCR
(kg hm™) (%) %) (kg hm™®) )
2022-2023 wo 121.7£3.0 b 76.8+0.2 a 74.9+1.0 b 34.840.6 a 25.1+1.0 a
w2 146.8+1.8 a 73.9+0.4 b 79.7+0.7 a 29.4+2.0 b 20.3+0.7 b
NO 23.2+1.7 ¢ 68.6+0.8 ¢ 60.2+0.9 ¢ 15.3+0.8 ¢ 39.8+0.9 a
N1 149.6+3.4 b 76.5£0.2 b 79.5£1.2 b 38.3+2.4 ab 20.5+1.2 b
N2 165.943.9 a 77.7+0.4 a 79.4+2.8 b 42.8+6.6 a 20.6+2.8 b
N3 168.243.4 a 77.8+0.2 a 83.6+0.4 a 32.740.3 b 16.4+0.4 ¢
N4 164.61.7 a 76.120.6 b 83.7+1.7 a 31.4+4.10 16.3+1.7 ¢
WONO 19.5+1.7 ¢ 70.6+1.5 b 60.4+2.6 b 12.8+0.6 ¢ 39.6+2.6 a
WONI 137.4£1.5b 77.7+0.1 a 78.0+1.8 a 38.8+3.9 ab 22.0+1.8 b
WON2 1533443 a 79.24£0.5 a 76.9+2.4 a 46.0+5.2 a 23.1+2.4 b
WON3 153.946.9 a 78.7+0.2 a 81.4+2.0 a 352432 b 18.6+2.0 b
WON4 1445423 b 77.6+0.9 a 77.842.6 a 41.3+6.2 ab 22.242.6b
W2NO 26.8+1.6 ¢ 66.7+0.4 d 60.0+0.8 d 17.9+1.7 ¢ 40.0+0.8 a
W2N1 161.7453 b 75.340.4 be 81.1£0.7 ¢ 37.7+1.3 ab 18.9+0.7 b
W2N2 178.4+4.6 a 76.10.7 ab 81.9+3.5¢ 39.6+8.5 a 18.1+3.5b
W2N3 1825422 a 76.9+0.5 a 85.8+1.2 b 30.3+2.9 b 14.2+1.2 ¢
W2N4 184.6£1.7 a 74.6+0.5 ¢ 89.61.0 a 21.5+2.4 ¢ 10.4+1.0 d
F-value
W 343.5™ 132.9" 40.1™" 12.27 40.1™
N 1709.0"" 188.1""" 1352 359" 1352
WxN 152" 1.9™ 7.0 7.0 7.0
2023-2024 w0 99.6+5.9 b 73.2+12a 78.6£2.2 b 28.8+2.1a 214422 a
w2 149.8+3.7 a 74.4+0.3 a 82.7+0.7 a 27.9+1.0 a 17.3+0. 7b
NO 35.5¢1.7 ¢ 74.7+1.0 a 79.742.3 b 9.6+1.9d 203323 b
NI 126.8+4.8 b 74.140.8 a 74.0+1.4 ¢ 433+1.8a 26.0+1.4 a
N2 153.346.7 a 74.6+0.8 a 80.9+1.1b 343+1.5b 19.1+1.1 b
N3 156.7+5.3 a 73.840.5 a 84.1£1.6 a 28.7£23 ¢ 15.941.6 ¢
N4 151.0£52 2 71.7£13b 84.7+0.8 a 26.0£0.3 ¢ 15.3+0.8 ¢
WONO 32243.1¢ 77.3£0.0 b 84.9+1.8 a 5.7+0.4 ¢ 15.1+1.8 ¢
WONI1 100.745.1 b 72.0+12 a 70.3+2.7 ¢ 42,5433 a 29.742.7 a
WON2 117.845.5a 73.4+1.1a 76.0£0.3 b 37313 a 24.0+0.3 b
WON3 126.0+5.8 a 72.740.7 a 81.4+3.2 a 28.8+4.8 b 18.6+3.2 ¢
WON4 121.4£11.0 a 70.6+3.6 a 80.3+3.6 ab 29.6+4.2 b 19.7+3.6 be
W2NO 38.8+1.1¢ 72.1£1.9b 74455 b 13.5+3.9d 25.6+5.5a
W2NI1 152.944.5b 76.3+0.6 a 77.6+13 b 44.1£3.8 a 224+13a
W2N2 188.9+8.0 a 75.8+0.4 a 85.841.9 a 31.243.5b 142419 b
W2N3 187.545.1 a 74.940.5 a 86.8+1.5a 28.5+3.7 be 13.2£1.5b

W2N4 180.6+3.0 a 72.9+1.1 b 89.0£2.0 a 223443 ¢ 11.0£2.0 b
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o e o . AT R R 18 X HF - o AEE AR FEAX
o s EMARIER  EiEREE T L CATE S ACNA ;ﬁ%ﬁﬁk%
NTR NTR-E - NAA N
Year Treatment 5 NTR-C ) Post-NCR
(kg hm ™) (%) (kg hm ™)
(%) %)
F-value
W 549.9™" 49" 17.0" 0.4 17.0"
N 45927 3.9 14.4™ 722" 14.4™
WxN 27.9™" 9.0 13.7" 4.4 13.77

ACFRRE 2, [FIZERE G /NG Rk 3R R ) g BEE] 22 5 8 35 (P < 0.05), ns F/R LW HEF; "RRHE 0.05 HRKEEFBE, "ER
£ 0.01 HESRK T2 53 B3, 7RIRTE 0.001 HERAKTERBE . WAIREAKS ELAFHN, N ICE A &R B, WxN fRRAK S
Aib ¥ 5 it 2R o R A B =2 ) 14 38 B R AR .

Treatments are the same as those given in Fig. 2. NTR: nitrogen translocation before anthesis; NTR-E: nitrogen transport efficiency before
anthesis; NTR-C: contribution rate of pre-anthesis nitrogen translocation to grain; NAA: nitrogen accumulation after anthesis; Post-NCR:
contribution rate of post-anthesis nitrogen assimilation to grain. Different lowercase letters within a column indicate significant differences

among treatments (P < 0.05). ns: no significant difference; *,

" and ™" indicate significance at P < 0.05, P < 0.01, P < 0.001, respectively. W:

main effect of water; N: main effect of N rate; WxN: water-by-N interaction.
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Fig. 7 Soil nitrate-N accumulation by depth at maturity under different N rates and water regimes
AbFETR] A 2. Treatments are the same as those given in Fig. 2.
x4 KEEMEWNZNEREFABEMFM
Table 4 Effects of water-nitrogen interaction on nitrogen use efficiency in winter wheat
P e AN =7 AR MR RAEF HRCR RNEA 2 30%
NPFP NUPE NUTE NAE
Year Treatment . . . .
(kgkg ) (kgkg ) (kg kg ) (kg kg )
2022-2023 W0 31.1£0.9 b 0.9+0.0 b 34.5+0.2 a 23.0£0.8 a
w2 35.1«14 a 1.0+0.0 a 33.4+£0.6 b 23.2+0.5a
N1 45.0+1.7 a 1.3+0.0 a 34.6+0.5 a 30.9+1.0a
N2 36.5+1.2 b 1.1£40.0 b 34.1£0.6 ab 25.9+0.8 b
N3 28.0+1.1¢ 0.8+0.0 ¢ 33.8+0.8 ab 19.6+0.7 ¢
N4 23.0+0.6 d 0.7+£0.0 d 33.4+0.2b 15.9+0.2 d
WON1 42.0+1.0 a 1.240.0 a 35.0+0.4 a 30.6+1.0 a
WON2 34.3+0.5b 1.0£0.0 b 34.4+0.0 a 25.8+0.5b
WON3 26.4+1.3 ¢ 0.8+0.0 ¢ 34409 a 19.6£1.3 ¢
WON4 21.7+0.6 d 0.6+0.0 d 34.4+03 a 16.1+0.6 d
W2N1 47.9+2.4 a 1.4+0.0 a 34.1+0.6 a 31.2+1.1a
W2N2 38.7+2.0 b 1.1£0.0 b 33.9+1.2a 26.1x1.1 b
W2N3 29.6+1.0 ¢ 0.9+0.0 ¢ 33.2+0.7 ab 19.5£0.3 ¢
W2N4 24.2+0.5d 0.7+0.0 d 32.4£0.0 b 15.8£0.2d
F-value
A 543" 72.2™ 19.8" 0.2™
N 317.7°" 270.9" 4.2" 376.4™
WxN 1.9™ 3.6° 1.6™ 0.3™
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[E£3)
o e RN A7 1 gy & AE R HBCE AR FHR
Year Treatment NPFPI NUPEI NUTEI NAE 1
(kgkg ) (kgkg ) (kg kg ) (kg kg )
2023-2024 W0 25.5+0.5 b 0.8+£0.0 b 32.9+0.1a 15.6£0.6 b
w2 352+1.0a 1.1£0.0 a 33.240.1a 21.240.4 a
N1 41.5+1.4a 1.2£0.0 a 35.0£0.5 a 24.8+0.4 a
N2 33.3£0.8 b 1.0£0.0 b 33.5£0.3 b 20.8+0.1 b
N3 26.1£0.3 ¢ 0.8+0.0 ¢ 32.6£0.2 ¢ 16.1£0.4 ¢
N4 20.4+0.5 d 0.7+0.0 d 31.10.2 d 12.0+£0.1 d
WON1 351409 a 1.0£0.0 a 34.7+0.6 a 21.3£0.9 a
WON2 27.6+£0.5 b 0.8+0.0 b 33.5+0.7 b 17.240.7 b
WON3 21.940.1 ¢ 0.7+0.0 ¢ 32.5£0.2 ¢ 13.6£0.8 ¢
WON4 17.3+0.6 d 0.6+0.0 d 31.0£0.4 d 10.4£0.3 d
W2N1 48.0+1.9 a 1.4£0.0 a 353+0.5a 28.3+1.0a
W2N2 39.1+1.1b 1.2£0.0b 33.5+0.2 b 24.3+0.5 b
W2N3 30.4+0.4 ¢ 0.9+0.0 ¢ 32.7+03 ¢ 18.6+0.2 ¢
W2N4 23.4+0.5d 0.8+0.0 d 31.240.3d 13.6+0.1 d
F-value
w 699.2"" 272.3™ 2.2m 438.0™"
N 618.5™" 170.9"" 85.5™ 434.6™"
WxN 16.9™" 6.9" 0.8™ 12.0™
REERE R 2. [R50 B 09/ A FOR AR FI AL PR E] 22 5 B3 (P < 0.05). ns FR 00225, "EKRTE 0.05 MK P25 B3, TER
£ 0.01 MERAKT-22 5 B3F, "HRRTE 0.001 WERAKT25 BE . WARFK FRIN, N A3t 20 @A BRI, WxN Ko+

Jab P55 it e ) Ak B 2 T 4 A8 ELAE RN

Treatments are the same as those given in Fig. 2. NPFP: nitrogen partial factor productivity; NUPE: nitrogen uptake efficiency; NUTE: ni-

trogen utilization efficiency; NAE: nitrogen agronomic efficiency. Different lowercase letters within a column indicate significant differences

among treatments (P < 0.05). ns: no significant difference; *, *, and

" indicate significance at P < 0.05, P < 0.01, P < 0.001, respectively. W:

main effect of water; N: main effect of N rate; WxN: water-by-N interaction.

T Wo, BARRIL N, 5 Wo MLk, W2 5544 T 450
FALBE(NT, N2, N3)MIXF N4 b H# ) Z AR A =
T BREBIHCE . AR RCR A AN AR 720
SrIEEIREAN 3.6, 0.4, 1.9 Fl 6.2 ANE 435, ik
R AL B WaN2 (9 E AR A= 7= 71 L R R WRCR |
RE R R AN AR 23055 W2N4 43 542
1 63.5%. 53.6%. 6.0%F1 71.9%, LA UL, #EK
A G LS G, e — S A R A HROR,
SEERR B I E ROR T

23 KREEMZMEFTEREMREERD
Ml

TR 7K 5l R S HL A o 4% /N 7 B LR i A
R EAT B 02 AL A R R P RN, FLIK RN 7
N IRIAEAY ] e I — 303 5). 5 WO LbFAH HE, W2 fii
A T BB . AR BOR o S R R 21.9%
13.4%FI1 26.6% X 156 B 7K 53 1 2 f B A 34 3 BE AL
FERE S /INAE K T 00 G, e b 2 =5 223 2o 348 i

B T R ESORI AR 250k 7 o B T B9 2 A
Jit A BHL [T i 5 e 7 i S A LR 2R, JF R
R BEROY . 5 NO ALBEAE L, (N 1~N4)
it A7 T BB RURE KRN 7R A S 4R
75.3%. 59.6%FN 192.4%. KE&E i & &I, SFEhn
PR SRR, DL N2 o N3 abHR A, [HAb
I 2ZE RS, b, N2 R N3 4 N1 SE3™=
4.3%~7.7%; 5 AULTE N4 F 1L, N2 19 TR 78
PEE 4.0%, FEEEXIREN 7.4% X 3 U1 B A nT
(i AR ER . R ESORN TR P R) A R A KT i
il AU RE AR BN B R, AT BOEOR RO KA
W R, RO PEIROC R I . K A EAEXT
i M R R R RN i — 5 R, W0 S&
PR, N2 A P A A TR BB ECEE NOL N1, N3 Fll N4
I 96.1% . 8.5% . —2.4%F1-1.7%, FERLELSr
BB 70.5% . 8.5%. 1.7%F1 2.1%, T-RiHE ) |14
-8.0% . —1.8% . 2.7%FH1 4.2%, 7= &5 B8 &
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AR BRI R XK R AL D[R] 4 i A& /N3 7 i A0 3R TR 1515

233.9%. 6.9%. 2.4%%15.7%, 15 W2 &4 F, N2 4b
P A B A7 T AR NO . N1, N3 T N4 43518
65.9%.5.7%.0.0%F1 1.7%, FLRE> 5138 1 58.9%
8.5% . 2.0%F1 2.2%, T RidE 735l in-6.9% . —1.1%.
1.5%F1 3.7%, 7= ilit e 86.2%. 8.1%. 3.7%F
8.9%. [HIt, 7E M IERE oKt AU R 2= N2 KOF

*5 KEABMEMENEFEREMHAEZRNFE

(W2N2), FI7E RS B e 0 AR 2 4F 7338
615.0x10* hm 2)FIFER £ (2 4R FHik 43.9 ki )
([ s, il TR RS E AR R R KT (2 AR A
45.6 g), AT 3fE G o — 5 it AT BEATT SHe 9 R AR RN 3
Feok ERE . RIERE . YRRk iy FAERE R,
RS IAC /N P R TR AL T B A A R S

Table 5 Effects of water-nitrogen interaction on grain yield and yield components of winter wheat

s i B HRL THE it
Year Treatment Sp:kesiz Grains per spike 1000-grain weight Grain ylild
(x10" hm™) (8 (kg hm™)
2022-2023 wo 449.6+23 b 39.3£0.2 b 458403 a 6717.5445.5 b
w2 523.8+17.2 a 41.540.2 a 45.8+0.0 a 7701.8+114.6 a
NO 316.5+10.1 ¢ 24.9+1.0 ¢ 493+0.4 a 2530.9+113.0 ¢
N1 491.3£19.2 b 43.3+0.3 b 46.1£0.5 b 8091.7+202.1 b
N2 534.4+17.8 a 453+0.8 a 452402 ¢ 8758.7+197.8 a
N3 546.5+7.8 a 44.4+0.7 ab 44.4£0.3 d 8400.1+310.3 b
N4 545.046.3 a 44.2+0.7 ab 44.0+0.1 d 8266.9+35.1 b
WONO 248.8+18.8 ¢ 23.0+1.1¢ 49.1+0.4 a 2046.9+6.3 ¢
WON1 457.5+7.5b 41.8+0.6 b 46.240.5 b 7553.4+182.3 b
WON2 506.3+23.8 a 44703 a 45.4+03 b 8234.2+124.8 a
WON3 513.841.3 a 43.6+1.2a 44.4+0.5 ¢ 7924.4+382.1 ab
WON4 521.7+3.8 a 433+0.2 a 43.9+0.6 ¢ 7828.7+218.3 ab
W2NO 384.2426.7 ¢ 26.8+0.8 b 49.5+0.3 a 3014.94232.2 b
W2N1 525.0+31.2 b 44.940.2 a 45.940.5 b 8630.0+431.8 a
W2N2 562.5+13.0 ab 459+1.2a 45.140.1 ¢ 9283.1+475.6 a
W2N3 579.2+15.1a 45.1+0.2 a 44.4+0.2 d 8875.8+286.1 a
W2N4 568.3+11.8 a 45.0+13 a 44.1£0.3 d 8705.1£185.9 a
F-value
w 128.7" 54.6" 0.0™ 88.0""
N 178.5™ 646.6"" 169.4™" 501.5™
WxN 5.8 2.6™ 0.9™ 0.1
2023-2024 w0 464.2+4.0 b 31.1£0.4 b 45.9+0.1a 5648.4+119.4 b
w2 591.0+5.1 a 37.7+0.7 a 45.9+02a 7824.5+73.6 a
NO 316.5£1.0 d 25.9+0.8 ¢ 49.1+0.3 a 3020.6+200.6 ¢
N1 561.945.3 ¢ 33.7+¢13b 46.3+0.1b 7477242252 b
N2 591.243.8 a 38.0+1.5a 45.840.1b 8002.0+77.6 a
N3 590.5+2.0 a 37.3+03 a 44.8+0.5 ¢ 7842.7+50.6 a
N4 577.9£12.3 b 37.3+0.6 a 43.6+0.3 d 7339.8+29.1 b
WONO 273.1424.4 ¢ 232403 ¢ 49.8+0.2 a 2494.24265.7 ¢
WONI 483.8+10.9 b 31.0+1.1b 46.5£0.2 b 6319.4+164.0 ab
WON2 515.0+6.5 ab 34.1+1.1a 45.740.6 ¢ 6623.4+116.2 a
WON3 532.3+20.2 a 33.7¢1.5a 44.2+0.4 d 6564.5428.9 ab
WON4 517.1427.7 ab 33.8+1.4a 43.5+0.1 ¢ 6240.6+223.2 b
W2NO 360.0422.5 ¢ 28.6+1.3 ¢ 48.4+0.3 a 3547.0£162.8 ¢
W2N1 640.0£5.0 b 36.4+£1.6 b 46.240.1 b 8635.0£333.9 b
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s pham B HRL THE it
Year Treatment Sp:kesiz Grains per spike 1000-grain weight Grain ylild
(x10" hm'*) (® (kg hm'®)
W2N2 667.5£10.0 ab 418422 a 46.0+£0.4 b 9380.6+271.5 a
W2N3 648.8+16.3 ab 40.9+1.5a 45.3+0.7 b 9120.9+130.1 a
W2N4 638.8+11.3 b 40.840.2 a 43.8+0.5 ¢ 8439.0+164.9 b
F-value
w 408.4™" 181.3" 0.0™ 850.7""
N 286.0"" 86.9" 149.17 630.4™"
WxN 4.1 0.9™ 7.6 15.8™

AR B 20 BB G /NG Bk s R R AL BRI 22 57 BB 35 (P < 0.05), ns R/R C B 225, "RIRTE 0.05 XK 2R BE, "ER
FE 0.01 KT 25 B E, R 0.001 HEFAKF 257 B8, WARKRAK S EAEBAUN, N AR i U EIAE B8O, WXN 1Rk 43
Aib ¥ 5 it 2R o R A B =2 ) 114 38 B R AL .

Treatments are the same as those given in Fig. 2. Different lowercase letters within a column indicate significant differences among treat-
ments (P < 0.05). ns: no significant difference; , and """ indicate significance at P < 0.05, P < 0.01, P < 0.001, respectively. W: main effect
of water; N: main effect of N rate; WxN: water-by-N interaction.
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Fig. 8 Relationships among grain yield, nitrogen accumulation, and N application rate under different water regimes
AbFRIF] & 2. Treatments are the same as those given in Fig. 2.
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TR 2 60% LA I, T TAPRI R AP0, A
WF 58 BB T 380 b X P+ IR AR A AN E 75
mm+E A 2 240 kg hm? N, HAES
#520(360 kg hm > N) T & 33.3%, FHH4 7= 8.9%;
7R T KR PR (B RGN, (it 8 240 kg hm > N4
I A 250), Sk DX SRS o e IE B A3t T RS Ak, A
WA RS, NEYRBRITE R4 T8 X
B, ARG R A /N e R A PR R A T — b
AHES B K AP R E A AR, SR, AHIFoY
T2 A, R KA SRS O, X T fE
X R A B 7K 43 38 T A 118 LA IR 300 R R JE 3 i B
i, FEAE 8 7 AF bR sh A T By AR I KN g
E o AR & L1 1) - I W 45 e R
AU AR, DUSORS o 2 b 3K oIk, IR +
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4 iR

AW FE 45 A B, RN+ A6 R i 2 A ek &
A FHRASE TR 37 ARG G5 v R B S0 BLAT B K A
) O AU o 415+ A A AN 3o 3 s A Je e B
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P4 FE i 0 TR B, RUIE R A 7 1 N RUIE AR 24 540 %
LS A B (360 kg hm™> N)A AR E T 61.2%FH
67.9% /KA H A LRI AE T E T2 88 5 R R S is fl
185 AL By ) ke 40 B, e 2 A 13 ) 486 o B3z i AR
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