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Research on water-nitrogen coupling technology for efficient production

of baby cabbage in Zhangye Oasis

WEI Zhouxiu', WU Dong’, LI Wende', HUA Jun’

(1. Economic Crops Technology Promotion Stations of Zhangye City, Zhangye 734000, Gansu, China, 2. Zhangye Academy of Agricul-
tural Sciences, Zhangye 734000, Gansu, China; 3. Zhangye Agricultural Technology Extension Station, Zhangye 734000, Gansu, China)
Abstract: To address the bottleneck issues in water and nitrogen management for baby cabbage production in the arid
regions of Northwest China, this study explored the water-nitrogen coupling technology suitable for efficient production
of baby cabbage in Zhangye Oasis. A two-factor experiment was conducted with three irrigation amounts (3600, 4050,
4500 m’-hm™) and three nitrogen application rates(375, 412.5, 450 kg-hm™). The agronomic traits, physiological and bio-
chemical indicators, water use efficiency, nitrogen partial factor productivity, as well as soil physicochemical properties
and enzyme activities were measured. The production function and membership function were coupled for comprehensive
evaluation. The results showed that appropriate water-nitrogen coupling synergistically enhanced the photosynthesis and
antioxidant capacity, improved agronomic traits, promoted nutrient accumulation in various organs, and increased the
yield of baby cabbage. Moreover, it also improved soil physicochemical properties and enzyme activities. The combina-
tion of 4050 m’- hm” irrigation and 450 kg - hm™ nitrogen application had a yield of 97 016.70 kg - hm~, a water use effi-
ciency of 234.47 kg-hm™”-mm™, and a photosynthetic rate of 3.89 umol-m™-s", which was significantly better than other
combinations. The established water-nitrogen production function had an R* value of 0.825, and the principal component
score of the 4050 m’ - hm* irrigation and 450 kg - hm™ nitrogen application combination was 0.776, with a membership
function score of 0.612. In conclusion, based on the comprehensive analysis of water-nitrogen coupling effects using the
production function and membership function, the combination of 4050 m’- hm? irrigation and 450 kg - hm™ nitrogen appli-
cation represents the optimal water-nitrogen management model, providing technical parameters for precise water and ni-
trogen regulation in baby cabbage production in the Northwest Oasis.

Key words: Water-nitrogen coupling; Baby cabbage; Water and fertilizer conservation; Cultivation in arid areas; Soil
health
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Table 1 Initial soil fertility

w(&%H) . wCH W wCHHLED - . T IERREGEE ;
. RO s _ i EHGEREE R s
=Y Total nitrogen . . Available Organic matter . ... Soil urease .

pH Available potassium Soil sucrase activity/ .. Soil catalase
Index content/ .~ phosphorus content/ content/ o activity/ L. o
. content/(mg-kg™) B . (mg-g"'-d" | activity/(mg-g'-d™

(g-kg" (mg-kg™ (g-kg" (mg-g'-d"

Hff Value 8.23  0.82 230.13 20.89 11.68 23.11 0.321 2.04

1.2 Rt
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Table 2 Experimental design
eS| ik s
No. Treatment Irrigation Nitrogen application

volume/(m’-hm™) rate/(kg-hm™)
1 WINI1 3600 375.0
2 WIN2 3600 412.5
3 WIN3 3600 450.0
4 W2N1 4050 375.0
5 W2N2 4050 412.5
6 W2N3 4050 450.0
7 W3NI1 4500 375.0
8 W3N2 4500 412.5
9 W3N3 4500 450.0

MLIX ZHHE, R 5% 9 NAbEE, 3 IRE R, 3L 27 AN/
X SANNXEFA 7.0 m* (K 10 mx % 0.7 m), 47
PE 30 cm, BREE 24.5 cm, AN X EHE 82 PR HAR
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Table 3 Irrigation water volume and nitrogen application volume in different periods

#E/K & Trrigation volume/(m®-hm™)

Jiti%{ & Nitrogen application rate/(kg-hm?™)

- KF1 KF2 KF3 KF1 kP2 KF3

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3
FhHE AT (FEAE) Before planting (Base fertilizer) 75.00 82.50 90.00
SEHE Y Transplanting period 1200 1425 1650 30.00 33.00 36.00
HE JE ] Rosette stage 675 750 825 90.00 99.00 108.00
ZEERYI A Early head-forming stage 825 900 975 90.00 99.00 108.00
HER [ K Head expansion stage 900 975 1050 90.00 99.00 108.00
&1t Total 3600 4050 4500 372.00 412.50 450.00
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Table 4 Comparison of growth stages of baby cabbage under different treatments

Ab FE A SE T TR SEERI AL H
Treatment Sowing time Planting date Lotus period Heading stage Maturation stage Growth period/d
1 4H11H 5H12H 5H25H 6H14H 7TH3H 53

April 11th May 12th May 25th June 14th July 3rd
2 4H 11 H 5H12H 5H26H 6 H15H 7THS5H 55

April 11th May 12th May 26th June 15th July Sth
3 4711 H 5H12H 5H26H 6 716 H 7TH4H 54

April 11th May 12th May 26th June 16th July 4th
4 4711 H 5H12H 5H25H 616 H 7H6H 56

April 11th May 12th May 25th June 16th July 6th
5 4711 H 5H12H 5H25H 6 716 H 7H6MH 56

April 11th May 12th May 25th June 16th July 6th
6 4H 11 H 5H12H 5H24H 6 17 H 7TH1H 57

April 11th May 12th May 24th June 17th July 7th
7 4711 H 5H12H 55241 6 H17 H TH6H 56

April 11th May 12th May 24th June 17th July 6th
8 4H 11 H 5H12H 5H25H 6 17 H THTH 57

April 11th May 12th May 25th June 17th July 7th
9 4711 H 5H12H 5H24H 6417 H 7TH8H 58

April 11th May 12th May 24th June 17th July 8th

F=5 TRLEBIEERKZ MR
Table 5 Comparison of agronomic traits of baby cabbage under different treatments

b3 M THRE BRI - BR AT 2SI 2 1R 14 B
Treatment Plant height/cm Spread/cm Bulb vertical diameter/cm  Bulb transverse diameter/cm  Bulb shape index Compactness
1 32.7+1.56 f 47.7+1.88 f 19.3+x1.56 h 14.7+1.03 ¢ 1.51£0.23 f - % Half-tight
2 33.8+1.78 e 47.143.01 g 20.0+2.03 g 14.7+0.88 de 1.50+0.33 g % Tight
3 38.1x1.24 ¢ 48.3+2.07 ¢ 20.4+1.24 f 14.8+1.27 de 1.57+0.41d X Tight
4 40.0+2.66 b 50.5+2.33 b 21.1+1.77d 15.3£0.97 a 1.62+0.19 b & Tight
5 36.8+2.01d 48.7£1.28de  19.4+2.26 h 15.0+1.48 ¢ 1.55+0.25 ¢ & Tight
6 43543.11 a 50.8+2.77 b 22.3+1.12a 15.4+1.56 a 1.65+0.11 b X Tight
7 42.142.55a 51.2+1.89 a 21.942.01b 15.3£1.20 ab 1.66+0.29 a % Tight
8 39.4+1.77 ¢ 49.5+2.54 ¢ 21.6£1.33 ¢ 15.1+1.99 be 1.62+0.38 be & Tight
9 39.3+2.01 b 49.0+1.74d 21.0£1.56 ¢ 14.9+£2.11d 1.60+0.26 ¢ 2 Tight

T RSB IR AN F NS FRERIRAE 0.05 K P EREBE. TIH.

Note: Different lowercase letters in the same column indicate significant difference at 0.05 level. The same below.
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Table 6 Comparison of yield, quality traits and resource utilization efficiency of baby cabbage under different treatments
e FAERTE R frars wOEERD  wEER O U EVES BN
Treatment Individual ball Net vegetable Equivalent Reducing Vitamin C Water use efficiency/ Partial factor productivity
mass/g rate/% output/(kg-hm®) sugar content/% content/(mg-kg") (kg-hm*-mm™) of nitrogen/(kg-kg")
1 456.49 ¢ 51.1 83963.85¢ 3.37+0.11 a 5.19+0.27 ab 216.35d 222.39d
2 438.24 f 49.8 83394.75¢ 3.21+0.09 b 5.26+0.36 ab 217.67d 203.55h
3 482.35d 53.2 90 593.70 b 2.89+0.17 d 5.48+0.19 a 228.61b 201.321i
4 534.87a 56.5 93 131.55 ab 2.51+0.08 g 5.88+0.25 a 221.08 ¢ 248.35b
5 468.90 e 52.1 90 408.90 b 3.09+0.06 ¢ 5.36+0.18 b 213.96 ¢ 219.17 ¢
6 516.84 b 53.1 97 016.70 a 2.32+1.03 i 6.14£0.25 a 23447 a 215.59 f
7 549.07 a 56.8 94 022.10 ab 2.44+1.27 h 6.02+0.18 a 203.24 f 250.73 a
8 523.58b 55.7 92 829.90 b 2.76+0.03 f 6.01+0.25 a 199.16 g 225.04 ¢
9 501.20 ¢ 53.7 92 364.90 b 2.77+0.07 e 5.77+0.12 a 19734 g 205.26 g
R71 TREBIFES AR

Table 7 Comparison of photosynthetic character of baby cabbage under different treatments
e LS e pr 7RI A JaiE] CO, e EE AL
Treatment Net photosynthetic rate/ Transpiratjon rate/ Intercellular CO, concentration/ Stomatal conductivity/

(pumol-m*-s™) (pmol-m*-s™) (pmol - mol™) (mmol -m”-s™)
1 2.62+0.15¢ 1.98+0.12 h 3204+2.5a 126£3.55 1
2 2.74+0.12 ¢ 2.06+0.21¢g 317£3.2 ab 131£2.74 h
3 2.82+0.13 de 2.66£0.13 ¢ 318+2.6 ab 158+2.66 f
4 3.48+0.22 cd 3.01+0.33 ¢ 320+2.1 a 18143.18 ¢
5 2.71+0.14 ¢ 2.57+0.22 f 321+2.0 a 146+1.77 g
6 3.89+0.23 a 3.11+0.22 a 320+1.8 a 19842.13 a
7 3.77+0.12 ab 3.04+0.14 b 319+1.6 a 186+3.14 b
8 3.52+0.34 be 2.9440.11 d 320+1.8 a 177+2.28 d
9 3.40+0.25 ¢ 2.924+0.32d 318+2.2 ab 164+1.77 ¢

R 8 AREIAIBIFIEFEE LIRARELER
Table 8 Comparison of biochemical indicators of baby

cabbage under different treatments
MRl A

. . bR g+
i T D) R

. . Malondialde-  Chlorophyll
Treat- Peroxidase Superoxide

.. . hyde content/  content/
ment  activity/ dismutase Cumol - (me- g™
(U-g' min") activity/(U-g™") H € e

1 21.68+1.12 g 3.02+0.08 d 1.73+0.03a  0.44+0.08 i
2 26.48+0.88 f 3.25+0.11d 1.66+0.07a  0.47+0.03 h
3 31.88+0.38 ¢ 4.14+0.03 ¢ 1.32+0.01 b 0.77+0.04 f
4 33.85+0.77b 5.14+0.14 b 0.35£0.03d  0.96+0.05 ¢
5 30.63+1.24d  4.02+0.13 ¢ 0.7740.08 ¢ 0.58+0.02 g
6 35.1740.94a 5.89+0.10 a 0.20+0.02 e 1.22+0.05 a
7 34.14+0.38 b 5.384+0.08 b 0.25+0.04 ¢ 1.08+0.03 b
8 31.46+1.08 ¢ 5.05+0.04 b 0.38+0.02d  0.90+0.03 d
9 30.26+1.25¢ 4.2840.12 ¢ 0.45+0.03d  0.84+0.02 ¢

4050 m? - hm? . Jifi % &2 450 kg - hm™) ik B IEAE
2.3 KRIEIEREESE T SR ARAI R

HI 2% 9 WA, AN ()R K & 5 it 80 Ak 30T ek
KA AR RSN EAEREE R,
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Table 9 Comparison of nitrogen content in different parts of baby cabbage at different stages
under different treatments (g-kgh
Kb FE 45k Y1 Early stage of ball formation KUY Harvest period
Treatment 2R Head A Outer leaf #i Root 2k Head AR Outer leaf & Root
1 4.83+0.12 g 4.33+0.24 g 4.18+0.20 h 9.2940.13 g 8.1940.22 g 7.96+0.22 g
2 4.98+0.27 h 4.58+0.17 h 4.33+0.13 9.88+0.15 f 8.66+0.13 h 8.14+0.18
3 5.37+0.11 e 5.01+0.08 e 4.78+0.09 f 10.56+0.07 d 9.47+0.10 e 8.88+0.25 d
4 5.69+0.08 ¢ 5.33+0.11b 5.02+0.13 ¢ 11.56+0.06 b 9.63+0.23 ¢ 9.42+0.32 b
5 5.26+0.24 f 4.95+0.13 £ 4.66+£0.05 g 10.32+0.23 e 9.30+0.14 f 8.62+0.24 ¢
6 6.03+0.18 a 5.58+0.15a 5.18+0.15 a 12.11+0.18 a 10.08+0.28 a 9.69+0.17 a
7 5.88+0.14 b 5.424+0.22 b 5.09+0.07 b 12.05+0.20 a 9.88+0.31b 9.55+0.16 b
8 5.53+0.24 d 5.294+0.18 ¢ 4.93+0.09d 11.48+0.17 b 9.61£0.27 cd 9.28+0.22 ¢
9 5.48+0.20 d 5.11+0.17d 4.88+0.14 ¢ 11.28+0.11 ¢ 9.59+0.25d 9.19+0.19 ¢
£ 10 FRAREEFRER R EBHE S RIS
Table 10 Comparison of phosphorus content in different parts of baby cabbage at different stages
under different treatments (g-kg"
Qb ZEERYIH Early stage of ball formation KU Harvest period
Treatment HER Head AR Outer leaf & Root Bk Head AR Outer leaf R Root
1 4.96+0.03 g 4.55+0.11 1 4.2740.11 h 9.88+0.21 i 8.89+0.151 8.20+0.04 i
2 5.03+0.06 g 4.88+0.08 h 4.42+0.08 g 10.08+0.13 h 9.24+0.10 h 8.88+0.08 h
3 5.44+0.04 ¢ 5.21£0.16 f 5.03+0.06 ¢ 10.64+0.10 f 9.88+0.08 f 9.55+0.14 f
4 5.63+0.05 ¢ 5.51+£0.04 a 5.26+0.04 ¢ 11.30+0.08 ¢ 10.41+0.05 ¢ 10.20+0.10 ¢
5 5.25+0.08 f 5.04+0.05 g 4.89+0.08 f 10.23+£0.11 g 9.70+£0.07 g 9.42+0.12 g
6 5.89+0.04 a 5.68+0.08 a 5.55+0.07 a 11.48+0.16 a 10.74+0.06 a 10.55+0.08 a
7 5.77+0.10 b 5.53+0.04 b 5.41+0.05b 11.35+0.09 b 10.56£0.11 b 10.27+0.13 b
8 5.61+0.07 cd 5.44+0.10d 5.19+0.09 d 11.09+0.20 d 10.26+0.06 d 10.15+0.09 d
9 5.58+0.06 d 5.30+0.13 ¢ 5.15+0.03 d 10.77+0.08 ¢ 10.10+£0.12 ¢ 9.76+0.08 e
HE B R SRYZIEE ETHES . EAEKEN T, BN

b4
M2 11 AT ANFEKE SR E AT G MRE TR E I & S AL R S R R KA

G % AL B ER AR R ISR I 5 2 R MR AU AR
LR R o I VR 7K B8, AR ) i UK S Gk
Jet S 25 TR AT 31 5 SR MBS R B L A I AR AR R A R

AR ER S R b AR N S T B R i@
FE T HE /K SR AR T 5 B0 225 B U ol ot 0 2 e
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Table 11 Comparison of potassium content in different parts of baby cabbage at different stages

under different treatments (g-kg"

L3 ZEERWI3H Early stage of ball formation K USCHT Harvest period

Treatment ¥k Head AR Outer leaf i Root Bk Head AhIHF Outer leaf Hi Root

1 9.11£0.22 h 9.02+0.10 i 4.58+0.03 i 4.96+0.03 f 4.77+0.06 ¢ 4.56+0.03 h
2 9.96+0.14 g 9.18+0.08 h 4.71£0.06 h 5.06+0.05 f 4.86+0.04cd 4.78+0.05 g
3 11.01+0.08 ¢ 10.25+0.12 f 5.02+0.05 f 5.46+0.04 d 5.284+0.10 ¢ 5.05+0.08 ¢
4 11.79+0.11 ¢ 11.03£0.11 ¢ 5.66+0.06 ¢ 5.74+0.06 b 5.52+0.05 b 5.42+0.04 b
5 10.58+0.06 10.08+0.07 g 4.88+0.08 g 5.22+0.02 ¢ 5.19+£0.07 b 5.00+0.09 f
6 12.44+0.13 a 11.66+0.10 a 6.01+0.04 a 5.97+0.08 a 5.82+0.08 a 5.58+0.01 a
7 12.26+£0.10 b 11.28+0.08 b 5.78+0.09 b 5.80+0.05 b 5.70+0.12 a 5.46+0.06 b
8 11.62+0.09 ¢ 10.77+£0.17 d 5.42+0.04 d 5.65+0.06 ¢ 5.47+0.09 b 5.36+0.09 ¢
9 11.38+0.14 d 10.38+0.08 ¢ 5.30+0.06 e 5.58+0.03 ¢ 5.36+0.06 ¢ 5.30+0.03 d
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Table 12  Effects of different treatments on the basic physical and chemical properties of soil
e w2 %0 wCE R wCH &) wCEHLED
Treatment H Total nitrogen content/ Available potassium content/ Available phosphorus content/ Organic matter content/
(g-kgh (mg-kg" (mg-kg" (g-kg"

1 8.29+0.02 a 0.91+0.01de 231.89+3.13 ¢ 21.9242.23 be 12.88+1.44 ¢
2 8.28+0.01 a 0.95+0.02 b 232.01+4.09 b 21.93+1.02 b 13.74£1.29 b
3 8.27+0.01 b 0.97+0.01 a 232.13+2.65 a 21.95+2.25a 13.82+1.33 a
4 8.224+0.02 d 0.90+0.01 e 230.88+5.06 h 21.91+1.02 cd 12.65+1.29 f
5 8.24+0.02 ¢ 0.93+0.01 ¢ 231.73£3.14 ¢ 21.9242.23 be 12.68+1.30 e
6 8.23+0.01 d 0.95+0.01 b 231.84+7.07d 21.93+4.01 b 12.79+0.88 d
7 8.19+0.02 ¢ 0.89+0.02 ¢ 230.68+4.65 i 21.89+2.42d 12.39+0.94 h
8 8.224+0.01 d 0.92+0.01 d 231.03+£3.23 g 21.91+41.23 bed 12.52+0.56 g
9 8.25+0.02 ¢ 0.94+0.02 b 231.47+3.11 21.9243.42 be 12.63+0.59
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Table 13 Comparison of soil enzyme activity under

different treatments (mg-g'-h"
s IR T IR RE ii%ii’fh
Treatment SoiAI sucrase Soi‘l 1lurease %%ﬁiﬁﬁ N
activity activity Soil catalase activity

1 24.87+0.13 a 0.482+0.011 ¢ 3.13+£0.04 ¢

2 24.91£0.08 a 0.501+£0.014b  3.26+0.03 b

3 25.03+0.11 a 0.512+0.008 a 3.35£0.05 a

4 24.29+0.08 a 0.435+0.012 f  2.86+0.04 f

5 24.84+0.10 a 0.442+0.008 ¢ 2.93+£0.03 ¢

6 24.924+0.09 a 0.452+0.011d  3.02+0.02d

7 23.81+0.07 be 0.386+0.010 i 2.47+0.06 i

8 23.96+0.08 ¢ 0.393+0.009h  2.68+0.05 h

9 24.1140.09 be 0.411£0.014 g 2.73+0.04 g
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Note: X1. Irrigation amount, X2. Nitrogen fertilizer rate, X3. Growth period, X4. Plant height, X5. Spread, X6. Bulb vertical diameter, X7. Bulb

transverse diameter, X8. Reducing sugar content, X9. Vitamin C content, X10. Photosynthetic rate, X11. Transpiration rate, X12. Intercellular CO,

concentration, X13. Stomatal conductance, X14. Peroxidase activity, X15. Superoxide dismutase, X16. Malondialdehyde content, X17. Chlorophyll

content, X18. Yield, X19. pH, X20. Nitrogen content, X21. Available potassium contenttotal, X22. Available phosphorus content, X23. Organic mat-

ter content, X24. Soil sucrase activity, X25. Soil urease activity, X26. Soil catalase activity, X27. Water use efficiency.
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Fig. 1 Heat map of the correlation between water and nitrogen application rates and various indicators
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Table 14 Comparison of predicted values and actual Table 15 Eigenvalues, contribution rates, and cumulative

values for each sample contribution rates of principal components

WEKE Sl ERIY P DUERA ENA e
FEA TIrrigation  Nitrogen Actual Predicted Residual/ Principal Figenvalue Contribution ~ Cumulative
esidua -
Sample volume/  application yield/ yield/ (ke hm) component rate/% contribution rate/%
(m’-hm?) rate/(kg-hm?) (kg-hm?) (kg-hm?) € PC1 12.85 47.60 47.60
1 3600 375.0 83394.75 8364832 -253.57 PC2 5.32 19.70 67.30
2 3600 4125 83 963.85 86 145.23 -2181.38 PC3 3.18 11.78 79.08
3 3600 450.0 90593.70 88329.69 2264.01 PC4 2.01 7.44 86.52
4 4050 375.0 93 131.55 92524.18  607.37 PCS 1.76 6.52 93.04
5 4050 4125 90 408.90 94 585.61 —4176.71 y St o N
T PR K IR B 0 (B 15) o AR %% A 3 32 B o3
6 4050 450.0 97 016.70 96 334.59 682.11 . . N
B HERETHIME (DO HEF GR 160, KB & R
7 4500 375.0 94 022.10 93 985.59 36.51 525 1 S Tk g hbF 7 Fil b 3 AR
=gl S S W
8 4500 4125 92 829.90 95611.54 -2781.64 Bt ReFE 6, JL AL TR T RAEHE 4, 2L 55t
K kb B B 7K 3 hm?, it 5 &=
9 4500 450.0 92364.90 96925.04 -4 560.14 (IR AL T 1, R BT HEK B 4050 m? - hm™ e 2

450 kg - hm” 7K B4 G B A R TR 3k S0 25 &
F16 FRKELBHEAIEFES RESTNE

Table 16 Comprehensive index score and comprehensive evaluation value for different water and nitrogen treatments

Lb F 4155 Principal component score r S JE BAUAE Subordinate function value b Hi4
Treatment  F, F F, F, Fs aXD  p(X2)  u(X3)  u(Xd)  u(X5) Rank
1 -1.320 0.450  -0.870 0.120 -0.230 -0.695 0.000  0.648 0.105 0.539  0.303 0.186 9

2 -1.050 0.620  -0.420 0.340  0.180 -0.379 0.074  0.722 0.295 0.671  0.586 0.256 7

3 0.180 0.710 1.250  -0.450 0310 0.360 0.413  0.763 1.000 0.198  0.676 0.526 5

4 1.920 -0.850  -0.030 0.670 -0.560  0.647 0.893  0.075 0.460 0.868  0.076 0.565 3

5 -0.060 -0910 -1.120 -0.230  0.440 -0.387 0.347  0.049 0.000 0.329  0.766 0.241 8

6 2.310 -1.020 0.980 0.890 -0.670 0.776 1.000  0.000 0.886 1.000  0.000 0.612 1

7 1.780 1.250  -0.450 -0.120 0.780  0.753 0.854  1.000 0.283 0.395 1.000 0.610 2

8 0.670 1.080 0.330 0.560 -0.330  0.496 0.549  0.925 0.612 0.802  0.234 0.551 4

9 -0.430 -0.330 0.330 -0.780  0.120 -0.264 0.245  0.304 0.612 0.000  0.545 0.263 6
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