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Water and nitrogen reduction scheme optimization based on yield and nitrogen
utilization of summer maize
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Abstract: The objective of this study is to solve the problems of excessive water and nitrogen input in current summer maize
cropping system and lacking comprehensive evaluation approach and evaluate the current water and nitrogen management scheme
for yield, nitrogen utilization of summer maize and soil nitrate nitrogen content. AHP, entropy method, and game theory were
combined to determine index weight, TOPSIS was used to evaluate water and nitrogen reduction scheme, thus the results can
provide a theoretical basis for water-saving, nitrogen-reducing and high efficient cultivation scheme of summer maize in Guan-
zhong plain. The two-factor split-plot field experiment during 2018-2020 was conducted in Yangling, Shaanxi province, where
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three irrigation levels were traditional 800 m® hm™ (W2) as the control, reduced to 400 m* hm™ (W1), and no irrigation (WO0).
Each water treatment was the five N rate treatments [300 kg hm™ (N300) as the control, reduced 25% (225 kg hm’z), reduced
50% (150 kg hm™), reduced 75% (75 kg hm™2), and no N fertilizer (0)]. Maize yield, nitrogen use efficiency, and soil nitrate ni-
trogen content under different water and nitrogen reduction treatments were analyzed and to choose optimal scheme with model-
ing by TOPSIS. Compared with W2N300 (CK), WIN225 had best effect on yield, and increased significantly by 5.4%. Mean-
while, W2N225, W2N150, and WIN150 had significantly effect on yield, and increased significantly by 2.4%, 0.7%, and 0.3%,
respectively. WIN225 and W1IN150 enhanced the N-use efficiency, agronomic efficiency, and partial factor productivity, and in-
creased significantly by 29.7%, 16.2%, 24.5%; 36.5%, 25.4%, 28.8%; 53.4%, 36.7%, 32.8%; 46.5%, 35.2%, 47.4%; 43.6%,
37.3%, 48.0%; and 66.9%, 43.1%, 54.5% than CK in 2018, 2019, 2020, respectively. WIN225, WIN150 reduced soil nitrate ni-
trogen leaching, and decreased by 28.6% and 53.8% than CK, respectively. Using TOPSIS for comprehensive evaluation, it was
found that the evaluation value of each index was the highest when nitrogen fertilizer was reduced by 25%—-50% (with nitrogen
application rate of 150-225 kg hm™?) and irrigation water was reduced by 50% (irrigated 400 m® hm™? in jointing stage). Water and
nitrogen reduction (medium fertilizer in middle water) were better than high water and high fertilizer, high water and high
fertilizer were better than low water and low fertilizer, and high water and low fertilizer were better than low water and high
fertilizer. Through TOPSIS optimization, the comprehensive evaluation value was the best when the irrigation amount was W1
(irrigated 400 m® hm at jointing stage) and the nitrogen application amount was 200 kg hm 2. Therefore, reduced irrigation (irri-
gated 400 m® hm ? in jointing stage) and reduced 33.3% nitrogen (with nitrogen application rate of 200 kg hm2) mode can be used
to realize the water-saving and nitrogen reduction production of summer maize in Guanzhong Plain.

Keywords: summer maize; irrigation and nitrogen fertilizer reduction; nitrogen use efficiency; yield; technique for order prefer-
ence by similarity to an ideal solution
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Table 1 Basic physicochemical properties of the experiment soil (0—60 cm)
Depth SOM Total N Nitrate N Total P Available P Total K Available K Soil bulk density
(cm) (gkgh) (gkg) (mg kg ") (gkg) (mg kg ") (gkg) (mgkg') (gem™
0-20 19.06 1.24 12.46 0.99 27.59 10.85 243.87 1.20
20-40 15.03 1.00 14.53 0.86 15.06 10.59 222.31 1.38
40-60 10.95 0.79 23.08 0.62 3.54 9.90 193.96 1.49
200k 12018 o
12019 o 1.3.2 MM ,
12020 .
~ 3, 105°C
g 150 -
§ ] 30 min, 85C ,
’§ 100} | H,S04-H,0, , 271
£ 1.3.3 H3EAER 2018 2019
= sof , 0~200 cm 2020 0~300 cm
, 20 cm 2
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B1 EEKEKTFAKRME ; 1 h ;
Fig. 1 Monthly rainfall during the growth period of summer (AA3 )
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Table 2 Maize yield under different water and nitrogen reduction treatments

Yield (kg hm™)

Treatment 2018 2019 2020 Mean Increase rate (%)
W2N300 9802.0 b 99259 b 9435.7 ¢ 97224 ¢ —
W2N225 10,016.0 a 9982.2 b 9867.4 b 9955.2b 24b
W2N150 9707.4 b 9664.0 ¢ 10,014.0 b 9795.2 be 0.7¢
W2N75 8612.3d 9259.0d 8955.8 ¢ 8942.4d -8.0e
W2NO 7322.7 £ 6891.2 1 7823.2h 73455 ¢g —24.4i
WIN300 9619.5 b 10,508.0 a 10,347.7 a 10,158.4 a 45a
WIN225 9729.4 b 10,451.2 a 10,543.9 a 10,244.8 a 54a
WINI150 9358.6 ¢ 9556.1 ¢ 10,377.4 a 9753.0 ¢ 03d
WIN75 8652.3d 8705.2 ¢ 9254.1d 8870.5d -8.8f
WINO 7065.4 g 6865.3 1 7927.0 h 72859 ¢ -25.1j
WON300 8257.1¢ 84443 g 8761.1 f 8487.5¢ -12.7¢g
WON225 81073 ¢ 8675.6 ef 8966.3 ¢ 8583.4 ¢ -11.7¢g
WON150 8045.1¢ 8481.5 fg 9112.5 de 8546.4 ¢ -12.1g
WON75 74223 f 7871.1 h 8148.7 g 7814.0 £ -19.6 h
WONO 6160.6 h 52519 6932.6 1 6114.7 h -37.1k
ANOVA

W ko ko *% ok ok
N ko * ok ok ok
WXN sk NS * sk sk

N300: 300 kg hm™%; N225: 225 kg hm; N150: 150 kg hm™; N75: 75 kg hm™2; NO:

0 kg hm™2; W2: 800 m® hm?; W1: 400 m* hm™>; WO: ;- ; W ; N:

; WxN: x (P<0.05) NS ¥ 0.05
| R* 0.01 , K 0.001

N300: nitrogen application rate was 300 kg hm™; N225: nitrogen application rate was 225 kg hm2; N150: nitrogen application rate was 150 kg
hm; N75: nitrogen application rate was 75 kg hm2; NO: no nitrogen application; W2: irrigated 800 m® hm™ in jointing and tasseling stage; W1:
irrigated 400 m® hm™ in jointing stage; WO: no irrigation; —: yield reduction. W: irrigation amount; N: nitrogen application; WxN: irrigation x
nitrogen. Values followed by different lowercase letters within a column indicate significant difference among treatments in the same year at P <

0.05. NS: not significant. *, **, and *** indicate significant difference at the 0.05, 0.01, and 0.001 probability levels, respectively.
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Table 3 Aboveground nitrogen uptake and nitrogen use efficiency of summer maize under different water and nitrogen reduction

treatments
2018 2019 2020
Treatment N uptake  NAE NRE NPFP Nuptake NAE NRE NPFP Nuptake NAE NRE NPFP
(kghm?) (kgkg') (%) (kgkg) (kghm?) (kgkg™) (%) (kgkg") (kghm?®) (kgkg) (%) (kgkg")

W2N300 2275a 83e 30.6 f 327¢g 213.7a 10.1f 249 f 33.1h 191.6a 54f 248 f 31.5hi
W2N225 221.8a 12.0d 382de 445e 213.0a 13.7de 329e 44.4 193.0a 9.1d 33.7¢ 439¢
W2N150 201.9b 159b 44.0c 64.7 ¢ 2132a 185bc 495D 64.4d 1722b 14.6Db 36.7de  66.8d
W2N75 1693e 172b 44.6 ¢ 1148a 168.7e¢ 182bc 450c 123.5a 1552c¢ 15.1b 509b 119.4 b
W2NO 135.81 — — — 139.0 1 — — — 117.0 f — — —
WIN300 2029b 85e 28.6 32.1¢g 190.6 b 12.1ef 243f 35.0h 191.6a 8.1de 263 f 345h
WIN225 199.3b 11.8d 36.5¢ 433 ¢ 192.7b  159cd 334e 46.5f 196.6a 11.6¢ 39.2d 469 f
WINI150 188.1¢c 155bc 472c 62.2¢ 177.2¢  179bc  39.7d 63.7d 1739b 163 ab 43.6¢ 69.2d
WINT75 183.8d 21.2a 88.8 a 1154a 1544h 245a 49.0b 116.1b  1504cd 17.7a 56.0 a 1234 a
WINO 117.2] — — — 1177 — — — 1084 fg — — —
WON300 1588g 7.0e 19.0¢g 27.5h 177.1¢ 9.6 f 242 f 2821 143.7d 6.1ef 138 ¢ 29.2i
WON225 182.6d 8.7e 359e 36.0 f 172.5d 139de 302e 386 ¢ 1549¢ 9.0d 233 f 399¢
WON150 162.0f 12.6cd 40.1d 53.6d 1645f 19.5b 40.0d 56.5¢ 141.5d 1450b 26.1 60.8 ¢
WON75 150.6h 16.8b 65.0b 99.0b 1603g 229a 744 a 105.0c 129.7e¢ 16.2ab 36.4de 108.6c¢c
WONO 101.8 k — — — 104.5k — — — 1024 ¢ — — —
W sk sk sk sk sk * - sk sk s sk -

N kocksk kosksk kosksk kokok skskosk sk skskosk kocksk kookok kockok skskosk kokok
N300: 300 kg hm™; N225: 225 kg hm™?; N150: 150 kg hm™?; N75: 75 kg hm?; NO: 0 kg
hm?2; W2: 800 m® hm™2; W1: 400 m* hm%; WO: s W 3 N: 5 WxN: X

; N uptake: ; NAE: ; NRE: ; NPFP:
(P<0.05) NS L * 0.05 o 0.01 o
0.001

N300: nitrogen application rate was 300 kg hm™; N225: nitrogen application rate was 225 kg hm™; N150: nitrogen application rate was 150

kg hm™; N75: nitrogen application rate was 75 kg hm%; 0: no nitrogen application; W2: irrigated 800 m® hm™ at jointing and tasseling stages; W1:

irrigated 400 m® hm™ at jointing stage; WO: no irrigation; W: irrigation amount; N: nitrogen application; WxN: irrigation X nitrogen, N uptake:

aboveground nitrogen uptake of summer maize; NAE: nitrogen agronomic efficiency; NRE: nitrogen recovery efficiency; NFPF:

N partial factor productivity. Values followed by different lowercase letters within a column indicate significant difference among treatments in the

same year at P < 0.05. NS: not significant. *, ** and *** indicate significant difference at the 0.05, 0.01, and 0.001 probability levels, respectively.

NPFP

2019 2020 Wi

2018 2020 NRE

2019

2018 2019 2020 NPFP
WO

, W2N225 W2NI50 WIN225 WINI150

NAE NRE NPFP

E)

26.3% 24.3% 25.5%,40.7% 26.4% 28.2%, 40.8%

30.5% 49.5%; 2019

63.0% 32.4% 52.8%,29.7% 16.2% 24.5%,36.5%
, NAE NRE 25.4% 28.8%, 2020 53.4% 36.7% 32.8%,
,NAE 46.5% 35.2% 47.4%, 43.6% 37.3% 48.0% 66.9%
w2 , 2018 43.1% 54.5%
6.3% 14.1% 17.7% 2.3
2 , ,
Wl W2 , , 0~200 cm  0~300 cm
. W2N300 , N300 ,N75 NO
2018 , N300
30.8% 19.9% 26.5%, 50.2 mg kg'! , W2 Wi
, WO
45.4% 49.7% 48.6%,  2018—2019  0~60 cm wo
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Fig.2 Soil nitrate nitrogen content in 0—200 cm and 0-300 cm profile after maize harvest in 2018-2020
N300: 300 kg hm?; N225: 225 kg hm?; N150: 150 kg hm%; N75: 75 kg hm?%; NO: 0 kg
hm™?; W2: 800 m’ hm™; W1: 400 m* hm™; WO0: ,* 0.05 , **
0.01 wk* 0.001

5

N300: nitrogen application rate was 300 kg hm%; N225: nitrogen application rate was 225 kg hm?; N150: nitrogen application rate was 150
kg hm%; N75: nitrogen application rate was 75 kg hm™; 0: no nitrogen application; W2: irrigated 800 m® hm™ in jointing and tasseling stage;
W1: irrigated 400 m®> hm™? at jointing stage; WO: no irrigation. *, ** and *** indicate significant difference at the 0.05, 0.01, and 0.001
probability levels, respectively.

Wi W2, 2020 0~100 cm 60~80 cm ;2020 W2
WO WI W2,60cm 100 cm w2 0~100 cm 200~300 cm , WI WO
W1l W0 2018 W2 W1 WO 200~220 cm 80~100 cm ,
120~160 cm  80~120 cm  40~60 cm; 2019 , ,
W2 s 200 cm s )
W1 N300 80 180cm , N225 ,N300 N225
N150 120~140 cm , WO N150 N75 NO, ,
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Fig. 3 Residual nitrogen in 0-200 cm under different water and nitrogen reduction treatments
150 kg hm™?; N75:
400 m® hm™*; W0:

N300:
kg hm™2; W2:

300 kg hm2; N225:

800 m® hm?; W1:

225 kg hm™?; N150:

75 kg hm™%; NO:

(P<0.05)
N300: nitrogen application rate was 300 kg hm2; N225: nitrogen application rate was 225 kg hm; N150: nitrogen application rate was 150
kg hm%; N75: nitrogen application rate was 75 kg hm%; 0: no nitrogen application; W2: irrigated 800 m® hm? at jointing and tasseling stages;
W1: irrigated 400 m® hm™ at jointing stage; WO: no irrigation. Values followed by different lowercase letters within a column indicate sig-
nificant difference among treatments in the same year at P < 0.05.
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Fig. 4 Residual nitrogen in 0-300 cm under different water and nitrogen reduction treatments
N300: 300 kg hm™; N225: 225 kg hm™?; N150: 150 kg hm™?; N75:
0 kg hm?; W2: 800 m® hm™>; W1: 400 m* hm%; WO0:

75 kg hm™; NO:

(P<0.05)
N300: nitrogen application rate was 300 kg hm2; N225: nitrogen application rate was 225 kg hm%; N150: nitrogen application rate was 150
kg hm™?; N75: nitrogen application rate was 75 kg hm; 0: no nitrogen application; W2: irrigated 800 m®> hm™? at jointing and tasseling stages;
W1: irrigated 400 m®* hm™ at jointing stage; WO: no irrigation. Values followed by different lowercase letters within a column indicate sig-
nificant difference among treatments in the same year at P < 0.05.
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, 2018—2020 2.5

0~100 cm WO>WI1>W2, 2018— 251 MEHE )
2019 100~200 cm W2>W1>W0, 2020 NAE NRE NPFP

100~200 cm WO>WI1>W2, 200~300 cm 0.619 0.026 0.031 0.045 0.054 0.226,
W2>W1>WO0,

, R , 3
W2N300 , ,
15.6%~91.9% NAE NRE NPFP ,
2.4 , SPSSPRO
:2018 NAE NRE NPFP
3 ( 4 , 0.108 0.114 0.198 0.213 0.247
(P<0.001), 0.121; 2019 0.457 0.064 0.109 0.117
0.144 0.108; 2020 0.094 0.139 0.186

(P<0.01),

0.184 0.225 0.173

x4 EEKRTE. GERAFEM0~200cm tEHSAZBESHASMNEIASEER

Table 4 Regression analysis model between summer maize yield, nitrogen use efficiency, residual nitrate in 0-200 cm soil layer and

nitrogen application rate

Irrigation Item Regression equation Coefficient of determination
W2 Y y =7351.3+21.5x—0.045x 0.928"
NR y =97.5+1.7x+0.0039x 0.874™
NAE y =21.0-0.042x 0.736™"
NRE y=155.2-0.092x 0.790™"
NPFP y=135.7-0.38x 0.880™"
Wi Y y =17579.7+24.1x—0.055x 0.823"
NR y = 135.5+1.5x+0.0036x* 0.887""
NAE y=24.6-0.051x 0.800™"
NRE y=73.2-0.16x 0.638™
NPFP y=133.9-0.36x 0.871"
wo Y ¥ =6194.0+23.7x—0.054x 0.783"™
NR y =70.6+1.5x+0.0038x 0.989"
NAE y=22.6-0.051x 0.709™"
NRE y=66.8-0.17x 0.617"
NPFP y=118.5-0.33x 0.873™
W2: 800 m® hm?2; W1: 400 m® hm™>; WO: ,Y: ; NR: ; NAE: ;
NRE: ; NPFP: ’ 0.05 7 0.01 , 0.001

W2: irrigated 800 m®> hm™? at jointing and tasseling stages; W1: irrigated 400 m®> hm? at jointing stage; WO: no irrigation; Y: yield; NR:

residual nitrate; NAE: nitrogen agronomic efficiency; NRE: nitrogen recovery efficiency; NFPF: N partial factor productivity. ", ™", and ™

indicate significant difference at the 0.05, 0.01, and 0.001 probability levels, respectively.

,2018 NAE NRE NPFP
0.337 0.120 0.108 0.122 0.144
0.168; 2019 0.568 0.047 0.057 0.065

0.074 0.188; 2020 0.336  0.088 0.107

0.125 0.147 0.197

2.5.2 AREKRE LA %AW 7 x-TOPSIS *

5 D' Bu By
B22 B23
(P<0.001), D' Bos
(P<0.01),
TOPSIS
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14.4%, , w2 R ~0.40
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W2N300 W2N150 WIN225 WINIS0 WON300

B 5 MEESTREEREEXRESR

Fig. 5 Correlation analysis between the degree of fit and dif-

WONO , , fe}'ent indexes
D" ; Bu: ; Bai: ; Boa: ; Bos:
( ) ; Bau: Bay: * 0.05
, , s k% 001 s k%
0.001
D' the degree of fit; Bj;: maize; By;: aboveground nitrogen uptake
( 6), of summer maize; B,,: nitrogen agronomic efficiency; B,;: nitrogen
recovery efficiency; B,4: N partial factor productivity; Bs;: residual
’ nitrogen. *, ** and *** indicates significant difference at the 0.05,
s 0.01, and 0.001 probability levels, respectively.
*5 ET TOPSIS ZFMHEMAEKELEMIEEMESHF
Table 5 Degree of fit and ranking under different water and nitrogen treatments determined by TOPSIS method
2018 2019 2020
Treatment D* D D! D* D D! " D D
Rank Rank Rank
W2N300 0.217 0.348 0.616 d 7 0.213 0.509 0.705 e 7 0.252 0.259  0.507f 10
W2N225 0.164 0.374 0.695 be 4 0.193 0.516 0.728 de 6 0.207 0.308  0.598d 7
W2N150 0.132 0.343 0.722 b 2 0.125 0.498 0.800 ab 2 0.173 0.374  0.683 ¢ 5
W2N75 0.153 0.317 0.674 ¢ 5 0.143 0.471 0.767 ¢ 4 0.155 0.334  0.683¢ 4
W2NO 0.333 0.185 0.357 g 13 0.408 0.252 0.381 i 14 0.344 0.214  0.384h 12
WIN300 0.228 0.326  0.5884d 8 0.186 0.571 0.754 cd 5 0.135 0.347  0.720b 3
WIN225 0.111 0.369 0.769 a 1 0.133 0.570 0.811 a 1 0.129 0.346  0.728 b 2
WINI150 0.132 0.335 0.718 b 3 0.138 0.484 0.778 be 3 0.102 0.387 0.792a
WIN75 0.167 0.345 0.673 ¢ 6 0.202 0.414 0.672 f 8 0.223 0.340  0.604d 6
WINO 0.354 0.176 0332 ¢g 14 0.412 0.254 0.382 i 13 0.339 0.203  0.374h 13
WON300 0.253 0.212 0.456 f 12 0.293 0.349 0.544 h 11 0.309 0.184  0.374h 14
WON225 0.235 0.221 0.485ef 11 0.247 0.379 0.605 g 9 0.265 0.216 0.449¢ 11
WON150 0.223 0.231 0.508 e 9 0.243 0.370 0.604 g 10 0.215 0.253 0.541e 8
WON75 0.247 0.244  0.497e¢ 10 0.292 0.331 0.531h 12 0.242 0.259 0517 ef 9
WONO 0.419 0.168 0.286 h 15 0.581 0.188 0.245 15 0.411 0.191 03171 15
TOPSIS: ; N300: 300 kg hm?; N225: 225 kg hm%; N150: 150 kg hm%; N75:
75 kg hm™%; NO: 0 kg hm™2; W2: 800 m* hm™>; W1: 400 m* hm™%; WO0: ;D™
;D ; DU (P <0.05)

TOPSIS: technique for order preference by similarity to an ideal solution; N300: nitrogen application rate was 300 kg hm2; N225: nitrogen
application rate was 225 kg hm>; N150: nitrogen application rate was 150 kg hm™; N75: nitrogen application rate was 75 kg hm; 0: no
nitrogen application; W2: irrigated 800 m® hm™ at jointing and tasseling stages; W1: irrigated 400 m> hm? at jointing stage; WO0: no irrigation;

D": the distance between the ideal solution and the treatment; D

: the distance between the inverse ideal solution and the treatment; D': the

degree of fit. Values followed by different lowercase letters within a column indicate significant difference among treatments in the same year

at P <0.05.
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Fig. 6 Relationships between the degree of fit and nitrogen application rate under different irrigation conditions

W2: 800 m® hm%; W1:

400 m* hm™2; WO:

W2: irrigated 800 m® hm™ at jointing and tasseling stages; W1: irrigated 400 m®> hm™ at jointing stage; WO: no irrigation.
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3.3 TOPSIS
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