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Fig. 1 Meteorological data for Haiyuan County,

Ningxia, in 2023
12 Bt
ARG e 77 52/ 7 18 FE R e ——18 i/

WA B HAE AR, AR, SR 24
P AR E G (w(N) tw(PO;) :
w (K,0)=18%:18%: 18%) Al 32 G HE (w(N) :
w(P,0;5) :w(K.0)=15%:32%:6%) , ¥ ¥ Jb Bk
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k25 cm, JE A BE R 16 T3 bk/hm?. AN A E
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K) ;B K& Mt , 732 F1(270 kg/hm? ARAE) ,
F2(450 kg/hm?, AR ) , F3(630 kg/hm?, FAE) , 3L 9
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Tab.1 Experimental design for fennel irrigation and fertilization

e [t AR FEAEI] B
K/ (m*~hm?) AR/ (kg-hm™) KR/ (m®-hm?) K&/ (m®-hm?) e/ (kg-hm?) #KiE/(m®-hm?)

WI1F1 900 135 900 135

WI1F2 600 225 600 600 225

WIF3 450 315 450 450 315 450
W2F1 1 500 135 1 500 135

W2F2 1 000 225 1 000 1 000 225

W2F3 750 315 750 750 315 750
W3F1 2100 135 2100 135

W3F2 1400 225 1400 1400 225

W3F3 1 050 315 1 050 1 050 315 1050

FE AR KA S AR -
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Tab.2 Coding of experimental factors

e HOKESg  WEICES WOkE/  EICE/
e BEX, (m'+hm?) (kg-hm™?)
WIF1 —1.2245 —1.1547 1 800 270
WIF2 —1.2245 0 1 800 450
WIF3 —1.2245 1.154 7 1 800 630
W2F1 0 —1.154 7 3000 270
W2F2 0 0 3000 450
W2F3 0 1.1547 3 000 630
W3F1 1.2245 —1.1547 4 200 270
W3F2 1.224 5 0 4 200 450
W3EF3 1.224 5 1.154 7 4 200 630

1.5 HiELE

i b BER F Excel 2023, 5% SPSS 25 i#£47
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Fig.2 Effects of water—fertilizer coupling on plant height

and stem diameter of fennel during the growth period
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Fig.3 Effects of water—fertilizer coupling on stem fresh mass, root fresh mass and root length of fennel
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Fig.4 Effects of water—fertilizer coupling on essential oil content and fruit transverse and longitudinal diameters of fennel
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Tab.3 Results of two—way ANOVA for the effects of water—fertilizer coupling on per—plant yield, yield per hectare,

1 000—grain weight, and number of inflorescence per plant in fennel

b3 AL/ kg ThBTE /g b /g FARRAE /A
WIF1 2421.254159.42 cC 9.64+0.15 cC 12.4340.93 bC 15.33%2.08 bC
WIF2 2705.851+183.41 bC 10.63+0.27 bB 13.70£2.12 bC 16.00£1.00 bB
WI1F3 3064.40+44.25 aB 12.04+0.07 aA 17.6041.57 aC 21.33+1.53 aB
W2F1 2895.5£125.92 bB 11.90+0.11 aB 16.44+3.26 cB 19.00£1.00 cB
W2F2 3092.00£126.28 abB 11.62+0.08 aB 19.4640.60 bB 28.331+0.58 aA
W2F3 3310.20+£73.3 aA 11.50+0.14 aB 24.38+3.63 aB 23.33+£2.52 bB
W3F1 3260.6558.83 bA 12.524-0.58 aA 20.46+1.02 cA 25.67+2.52 cA
W3F2 3728.25+132.45 aA 12.904-0.11 aA 36.5372.10 aA 41.3342.52 aA
W3F3 3449.054£90.12 bA 11.71£0.10 bB 27.42+2.05 bA 33.6711.53 bA

B NG FRFRR R AR 7 P<<0.05 7K F

sAAGIHEE L.

cA AR R R PR E P RO R FIREBEAE P<<0.05 /K22
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Tab. 4 Regression relationships between coded irrigation and fertilization factors and essential oil mass ratio,

% 25 %
o)z

yield per hectare, water use efficiency, and partial factor productivity of fertilizer

ES Py R? P
fi=4.19— 0.322, — 0.152¢ — 0.08x, — 0.21x + 0.027, 1, 0.96 <0.01
f=13769.38 4+ 132.832, — 111.252% + 106.58x, — 108.062%2 — 8.98x,.x, 0.89 <0.01
£2:=1.07 — 0.092, — 0.092% + 0.052, — 0.072% — 0.014x,.x, 0.91 <0.01
£1=0.79 4 0.062, — 0.072% + 0.0, — 0.062% — 0.024x, 1, 0.92 <0.01
1 53 A 2 B K S A NE B X 45 AR S ) PR DUKIEA G, LA RIE AR . BARINT &, K53
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Fig. 5 Reponse surfaces for the coupled effects of irrigation and fertilization
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NSGA-II-Based Simulation of the Effects of Water—Fertilizer
Coupling on Fennel Yield and Quality

LI Yangyang"*®, LI Yinghai"**, WANG Dequan"**

(1.School of Civil and Hydraulic Engineering, Ningxia University, Yinchuan 750021, China; 2.Ningxia Engineering
Research Center for Water-Saving Irrigation and Water Resources Regulation, Yinchuan 750021, China; 3.Engineering
Research Center of Efficient Utilization of Water Resources in Modern Agriculture for Arid Regions, Ministry of Education,
Yinchuan 750021, China)

Abstract ; Addressing the low water and fertilizer use efficiency and the lack of well-defined, high- efficiency management
regimes for fennel in the arid region of Ningxia, this study investigated the effects of coupled irrigation and fertilization of the
physiological traits, fruit quality, and yield of fennel (Foeniculum vulgare) cultivated in Haiyuan County, Zhongwei City,
Ningxia. A two-factor, three-level factorial experiment was conducted with three irrigation levels (1 800, 3 000, 4 200 m*/hm?*)
and three fertilization levels (270, 450, 630 kg/hm?), yielding nine treatments. Second-order (quadratic) polynomial regression
models were developed to relate irrigation and fertilization amounts to essential oil content, yield per hectare, water use
efficiency, and the partial factor productivity of fertilizer. The non-dominated sorting genetic algorithm (NSGA-II) was then
used to optimize these models and identify the optimal water-fertilizer regime. The results indicate that irrigation, fertilization,
and their interaction significantly affected all fennel growth indices. Essential oil content, yield per hectare, water use efficiency,
and partical factor productivity exhibited unimodal responses, increasing initially and then decreasing with higher irrigation and
fertilization inputs, indicating the existence of an optimal supply range. The optimal treatment was 4 200 m*/hm? of irrigation
combined with 450 kg/hm* of fertilizer. NSGA-II optimization recommended an irrigation amount of 3 693.6 m*/hm* and a
fertilization amount of 536.19 kg/hm?” as the optimal water-fertilizer regime.

Keywords : Foeniculum wvulgare; water-fertilizer coupling; water use efficiency;
NSGA-1I

quadratic polynomial regression;
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