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Abstract: [Objective] Walnut (Juglans regia L.) is a crucial tree species with both ecological and eco-
nomic importance. In China, it plays a significant role in agricultural development, particularly in the
southern region of Xinjiang, where walnut cultivation constitutes a major source of income for local
farmers. As of 2024, the total walnut cultivation area in Xinjiang reached 6.4 million mu, with an output
of approximately 1.445 million tons, accounting for about 22% of the national production. The total out-
put value exceeded 17 billion CNY, demonstrating a significant year-on-year increase. However, the ar-

id climatic conditions, sandy soil texture, and high evaporation rates in the region pose challenges to
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sustainable walnut production. Traditional surface irrigation methods often result in low water use effi-
ciency and accelerate nutrient leaching, further exacerbating resource waste and limiting yield potential.
To address these challenges, this study investigated the effects of different irrigation and fertilization
levels under micro-sprinkler fertigation conditions on walnut yield, nut quality, and resource use effi-
ciency. The aim was to determine the optimal water and fertilizer input strategy during the walnut grow-
ing season to enhance yield and quality while improving water and nutrient use efficiency. This ap-
proach is expected to provide a sustainable solution to water and nutrient management, ultimately
achieving water-saving, fertilizer-saving, and yield-increasing goals in arid regions. [Methods] A field
trial was conducted using the walnut cultivar Wen 185 as the experimental material. A split-plot design
was adopted with two irrigation levels and three fertilization levels, resulting in six water-fertilizer cou-
pling treatments in total. An additional treatment following local farmers' conventional management
practices was included as a control (CK). The experimental setup aimed to explore the interactive ef-
fects of irrigation and fertilization levels on walnut fruit quality, yield, water use efficiency (WUE), and
partial factor productivity of fertilizer (PFP). Key parameters measured included fruit biochemical com-
position (e.g., fat content, cellulose, reducing sugars, total sugars, soluble protein, tannins, and total phe-
nolics), yield per unit area, and efficiency indicators. To further identify the optimal combination of irri-
gation and fertilization, a dual-variable second-order polynomial regression model was constructed for
yield, WUE, and PFP. Multi-objective optimization was performed using the Non-dominated Sorting
Genetic Algorithm II (NSGA- II), which efficiently searched the solution space for the optimal fertiga-
tion strategy. [Results] Walnut yield, WUE, and PFP exhibited a non-linear response to increasing wa-
ter and fertilizer inputs, generally showing a trend of initial increase followed by decline. This indicated
that excessive input may lead to diminishing returns or even adverse effects. Compared with irrigation,
fertilization had a greater influence on yield and WUE, though a significant synergistic interaction be-
tween water and fertilizer was observed. Under fixed irrigation conditions, both WUE and PFP in-
creased with higher fertilization up to a certain point, beyond which they began to decline. A similar
trend was observed when fertilization level was held constant and irrigation amount varied. The best
performance in terms of yield, quality, and resource efficiency occurred under moderate irrigation and
fertilization levels, demonstrating the importance of balanced inputs. Nut quality was significantly influ-
enced by different water-fertilizer coupling treatments. Specific combinations of irrigation and fertiliza-
tion markedly enhanced the accumulation of bioactive compounds (e.g., total phenolics), cell wall com-
ponents (e.g., cellulose), sugars, and fats in walnut kernels. Both excessive (high water and high fertiliz-
er) and deficient (low water and low fertilizer) treatments suppressed walnut growth and development.
In contrast, an appropriate water- fertilizer combination significantly promoted nut quality and yield.
Compared to the low water-low fertilizer treatment, the optimized fertigation strategy increased irriga-
tion by approximately 91-98 m’- 666.7 m* and fertilization by 52-63 kg - 666.7 m™. This resulted in in-
creases in reducing sugar (by 0.27%), total sugar (by 0.02%), yield (by 135-136 kg - 666.7 m’*), and
WUE (by 0.04-0.08 kg-mm™-666.7 m™), while fat content, cellulose, soluble protein, tannins, total pheno-
lics, and PFP decreased by 5.25%, 0.34%, 0.14 mg-g', 0.55 mg-g"', 2.31 mg-g", and 3.65-6.71 kg kg,
respectively. When compared to the local farmers’ conventional practice (CK), the optimized treatment
increased fat content by 0.08%, reducing sugar content by 0.35%, yield by 145-149 kg - 666.7 m?,
WUE by 0.29-0.34 kg-mm™ - 666.7 m”, and PFP by 14.86-17.91 kg -kg"'. Meanwhile, cellulose, soluble
protein, tannins, total sugar, and total phenolics decreased by 0.48%, 0.23 mg- g, 1.52 mg- g, 0.03%,

and 1.09%, respectively. These results indicated that optimized fertigation can lead to substantial im-
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provements in both yield and resource use efficiency, with slight trade-offs in some quality traits. [Con-
clusion] Irrigation and fertilization levels significantly influence walnut fruit quality and yield, with a
clear synergistic effect observed. The relationships between yield, WUE, and PFP with water and fertil-
izer input levels followed a parabolic trend, suggesting that moderate input levels are critical to maxi-
mizing production efficiency. Based on NSGA- II optimization results, the optimal fertigation strategy
for walnut during the growing season was determined to be an irrigation volume of 498.12 m*- 666.7 m”
and a fertilization amount of 139.72 kg - 666.7 m”. Under this regime, fat content reached 59.08%, yield
reached 410.73 kg - 666.7 m”*, WUE was 0.75 kg m™~, and PFP reached 44.44 kg - m”. Furthermore, dy-
namic monitoring of both internal and external walnut fruit quality indicators throughout the growing
season demonstrated close agreement with the model-predicted optimal irrigation levels, confirming the
accuracy and practical relevance of the optimized fertigation strategy. The high consistency between em-
pirical monitoring and model- based simulations underscores the reliability of this approach and pro-
vides a scientific basis for water and nutrient management in walnut production under arid conditions.
These findings offer valuable guidance for promoting resource-efficient and sustainable walnut cultiva-
tion in Xinjiang and similar agroecological regions.
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Table 1 Experimental design of irrigation of walnut
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sequence date cycle/d e —
Wl w2

M Spring irrigation 03-05—03-25 100 100

1 05-01—05-07 6 45 29

2 05-17—05-23 6 45 29

3 06-03—06-09 6 45 29

4 06-19—06-25 6 45 29

5 07-05—07-11 6 40 28

6 07-21—07-27 6 40 28

7 08-25—09-01 6 40 28

4 Winter irrigation 11-05—11-10 100 100
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cm) , JE IR LR BRI ELE TR RIS E S A
P HL 5 R 1 €0.001 ) Bk 5 2R Joit 8 MRS A2 A o
(@), TR R R O REM AR, IF
BT R SR S8 ALAE it i

K2 B s R D e R T R L R, R

R2 RMRREARIRN IS R

Table 2 Experimental design of fertilization of walnut

(kg-666.7 m*)

F1 F2 F3
it JIEL i [ R s £ — i —ki; LR
Eift'?lg‘lit—ijon date IR Mfioam EE%SLSTHIH JRR Mfﬁoam ;LL)?:SLSTum JR# Mfﬁoam IE;E?:S;Tum

Urea monium sulfate Urea monium sulfate Urea monium sulfate
05-01—05-07 7.4 52 1.42 8.00 5.700 0.800 10.67 5.670 1.00
05-17—05-23 7.4 52 1.42 8.00 5.700 0.800 10.67 5.670 1.00
06-03—06-09 7.4 52 1.42 8.00 5.700 0.800 10.67 5.670 1.00
06-19—06-25 3.2 5.5 2.50 3.75 8.125 3.125 6.25 9.375 3.75
07-05—07-11 3.2 5.5 2.50 3.75 8.125 3.125 6.25 9.375 3.75
07-21—07-27 3.2 5.5 2.50 3.75 8.125 3.125 6.25 9.375 3.75
08-25—09-01 3.2 5.5 2.50 3.75 8.125 3.125 6.25 9.375 3.75
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Table 3 Test factor coding table

, HEAK Bt X, it A B G T X HEAK it A
b . . S o
Treatment Coding value of Coding value of Irrigation amount/ Fertilizer amount/
irrigation amount X, fertilization amount X» (m’-666.7 m*) (kg-666.7 m*)
WIF1 0.408 2 -1.1675 500 86.86
WIF2 0.408 2 -0.4192 500 103.50
WIF3 0.408 2 0.750 8 500 129.52
W2F1 -1.020 6 -1.1675 400 86.86
W2F2 -1.020 6 -0.4192 400 103.50
W2F3 -1.020 6 0.750 8 400 129.52
Xt Control 1.837 1 1.6715 600 150.00
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Fig.1 Effects of water and fertilizer coupling on leaf SPAD values at different growth stages of walnut
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Table 4 Effects of water and fertilizer coupling on fruit quality of walnut

wCETD wCAIE IR E)D w42 wCHT) wCEHD wGE D i
Ab . . . wlgl)

Total phenol Soluble protein Cellulose Tannin content/ Total sugar Reducing sugar
Treatment 0 . B Fat content/%

content/(mg-g")  content/(mg-g™") content/% (mg-g" content/% content/%
WIF1 10.27£1.19 be 1.9740.04 a 0.47+0.04 ¢ 3.76+0.48 b 0.45+0.02 ¢ 0.55+0.02 ab 61.00+1.00 be
WIF2 9.15£0.59 ¢ 1.98+0.08 a 0.73+0.05 be 421+0.11b 0.32+0.06 d 0.38+0.03 cd 61.00+1.00 be
WIF3 7.18+0.54 d 1.90+0.11 a 0.72+0.06 be 4.05+0.43 b 0.54+0.02 b 0.58+0.07 ab 61.67+4.93 abc
W2F1 10.71+0.62 b 1.94+0.19 a 0.62+0.03 d 4.29+0.54 b 0.49+0.01 ¢ 0.61+£0.04 a 64.33+£2.08 ab
W2F2 9.56+0.52 be 1.94+0.03 a 0.84+0.05 a 4.28+0.48 b 0.59+0.01 a 0.45+0.05 ¢ 66.00+£2.65 a
W2F3 13.04+£0.52 a 1.86+0.02 a 0.64+0.07 cd 4.37+0.59 b 0.28+0.02 d 0.37+0.04 d 58.67+3.79 ¢
X8 Control  9.49+0.60 ¢ 2.03+0.24 a 0.74+0.04 b 5.26+0.63 a 0.54+0.03 b 0.53+0.03 b 59.00+1.73 ¢

T B RN BER R AR B TE 0.05 K2 3. RIF.

Note: Different small letters in the same column indicate significant difference at 0.05 level. The same below.

2.3 IKAEREE XM P2 8 K S R B S0

AN TR 7K RIS A5 X0 A% Ak SR S5 4 U it J5T ) 5 Ml 1
SHIN. SSZH RRE N 32.02 mm(WIFD , B/
30.83 mm (W1F3) i 35 1 K 3.86% ; ¢ KA 12 N

38.31 mm (W2F2) , [t X} [ /) 36.42 mm & 3% 3% K

519%. 7204 T 0.74~1.09 mm 2 1] , X} 18 &%

B, BE KT HMATE, & WIF1 A B 1.47 6%, %
HEPONEW kAT s 5% NI T AP R
JFR A AT N 9.12~10.45 g, WIF3 4b i 2% v T
R E AN AT Ab B . 425 B AE 6.15~7.38 g 2 [H],
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Table 5 Effects of water and fertilizer coupling on yield and fruit appearance quality of walnut

s it e e R it % o
Treatment T-ransverse L.O ngitudinal Shell thickness/ Mass per fruit/g ~ Kernel mass/g  Shelling rate/% Yield B
diameter/mm diameter/mm mm (kg-666.7 m*)
WIF1 32.02£0.55a 37.5140.95 ab 0.82£0.05 b 9.57+0.15 ¢ 7.31+0.15 a 76.33£2.73 a 231.86+0.82d
WIF2 31.70+0.28 ab 37.75+0.59 ab 0.74+0.06 b 9.62+0.63 be 6.79+0.23 b 70.74+£5.95ab  324.93+27.99 b
WIF3 30.83+0.43 b 36.58+0.46 b 0.75+0.04 b 10.45+0.44 a 7.38+0.46 a 70.68+4.04 ab  374.81+11.83 a
W2F1 31.15+0.93 ab 36.81+0.78 b 0.84+£0.05 b 9.55+0.28 ¢ 6.55£0.11 bc  68.57+1.11b 266.40+14.84 cd
W2F2 31.93+0.67 ab 38.3140.59 a 0.82+0.01 b 9.50+0.47 ¢ 6.63+0.23 b 69.92£5.59ab  274.50+10.52 cd
W2F3 31.48+0.18 ab 37.03+0.18 ab 0.81+£0.04 b 9.12+£0.15 ¢ 6.15+£0.37 ¢ 67.44+4.13 b 295.99+56.07 be
X8 Control  31.5440.94 ab 36.42+1.63 b 1.09£0.13 a 10.35+0.47 ab 6.91£0.18 ab ~ 66.86+3.14 b 253.76+14.36 cd

[a 6t HE A, WIF T AL TR W 1F3 4038 1) 8 35 T Hofth
AbFR Uk B K 2 A T A 7 SIS A K P B R
. AP BT 66.86%~76.33%2 7], WIF1 AL F
83T W2F 1 W2E3 FG R 48 71 3 75 48 7K 80 &
AR FHEm T &My, = EiEAR R EE
231.86~374.81 kg - 666.7 m>, WI1F3 &b ¥ i &, 5 1
fib Ab PR A 2 S
24 KREFBEFTHZME T E . B AIZKAEF A FR= AR
Rz

S AZ Ak 0 T 2 B (D) R () L K2 R FH 2%
RO HERMR A = J1 (f) B B i () AT I B

EERGOEBMEEG TERSTEG BHES

() I8 FERE S () TE K T bR E AL 1 2 S
(X)) it JIE 58 A v A 1) B i (XD SR FH o0 IRk el
APLE S A AR

£=63.044-0.910X,-0.605X > —1.387X:-2.065X 2 +
2.527X.Xx;

/=373.914-9.968X,-72.653X>+51.144X,-20.220

X 2440.995X X, ;

£=0.782-0.1137X,-0.128X > +0.105.X:—0.039.X 2 -
0.076 X.X>;

f=49.110-0.970.X,-8.189X 2~ 1.656X,-2.441 X +
5.350X.X;;

£=4.059+0.045X,+0.3985X;+0.0431.X,-0.169.X> ~
0.057X.Xx;

£=1.929+0.059X,+0.054X 2 —0.054X,-0.039X 2 +
0.003X.X>;

£=7.725-0.842X,+2.133X 2 -0.368X,+1.127X % -
2.090X.X:;

£=0.780+0.025X,+0.069X 2+0.008X,-0.214X 2 +
0.087.X.X>;

/=0.482-0.025X,—0.080.X > +0.004X,-0.010X 2 +
0.128X.X:;

/1=0.482-0.064X,-0.182X > +0.036X,+0.142X > +
0.105X.X;.

R CIRAE B0 5 72 17 5 A5 R0 0 0 W £ 45 40 5 2
J5E A BB bR, RN B AL b [ AR 6 DR AR R R
Re/1, N E AR MRER T EE R LA EHil
FEE 1, R BN B4 () P00 FR TRk . bR A
T U e R0 3N 0.999. 0961 0.978. 0.948,
0.964,0.869,0.920,0.990, 0.522 F110.922, ¥t B [A] 19
B O Z AN S BB AU A 34T, o] DR AR SR R 7R
SR AR, AT DR [ =458 2R 6 5 B Al 3 47 A 400 Ak
Do 388 3% bR HIOASE B ) — IR IURIE 98 R B, E /K A
Jit JES B2 %oF T 0 2 = RER M A 7 Ay B A
B, X RS m AL R S R B ER
N7 5 FEE 7K BN P B\ 7K 23 R R AR L SR R TR R
B HAA RN, T RS T S B B AN, it
JIE B 77 i L K 43 R R S SR ATE N 5 B
N1 A ATITRONIRTS 8 - R 8 = RS i AN
241 RRATFTRESH AP CRR T E
FEaE L AT VR B SRR DT A PP A
JT B B SR bR o I 9 R 7K R e A A% Bk
B i AR BER R s, R & &
K5 H A R AR R A IR NV FE A
I R BT £ fo o R £ AT MR AL B, 43 T 5T
FAAN R (R RAONE , 45 281 54 AT 2050, R B ASE AR

/., =63.044-0.910X, - 0.605X} ;

f,, =63.044 - 1.387X, - 2.065X ;

fou=373.914-9.968X, - 72.653X ;

£,y =373.914 +51.144X, - 20.220X ;

£, =0.782-0.1137X, - 0.128X2;
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f,, =0.782+0.105X, - 0.039X ;

£.,=49.110-0.970X, - 8.189X? ;

Sy =49.110- 1.656X, - 2.441X; .

T f FIf 0 ) e E K o A it S 5 A Bk Al

i B IR B TR RUOE BRI B fo L o 0 1) 2 VRE 7K 5L

Jit FEL B2 0 A Ak 7 P B TR 25K R B i R
2 THE 7 B AN it JIES 2 AZ Bk 7K 43 ) R 28R 1 B IR 35K
IS BRI B fow 1 for 5 1) 2 VRE 70 58 R e S 8 6F A% Bk A
2 7= 0 B LR O R B

H 2 T AR AR R T & & P2 K o A
FH AR AR i 25 77 77 1 B0 DR - RS eR 5038 T
] N B2, DRSS AR B KA . IR 2-A TT 50,
11-1.020 6<<X,<<-0.75 i , E/K E X A% Ak & o A $2 T
EH, HAE Xi=-0.75 B 18 Bl % K, 24-0.75<X,<
1.837 1), G & & N R 241,167 5<X,<<-0.399,
it A =) i bk g s 2 = B AHE A, HLATE X=—0.399
ik BBk 5 24-0.399<X.<1.671 8 i, iZ Bk g i &
wmo M. HE2-BAALL 2-1.020 6<X,<-0.1 1,

HEKEXN A 2GR IHER , BAE X=—0.1 FHAF]
BBORG-0.1<X,<<1.837 1 INF, &% #k = B 45 K b
P-1.1675<X,<<1.26, jifi AL & X & ok 7= ' $E THE
R HAE X=1.26 I ik B 5z K s 24 1.26<X,<<1.671 8
W, Bk B & R . B 2-C R AT, 24-1.020
6<<X,<<—0.44 It} , #E K B X 7K 20 B 2R A - THE
R, BAE Xi=-0.44 A 2 K 249-0.44<X,<<1.837 1
I KAk K 23 P R 2 R B s 2-1.167 5<X.<
1.35 B, Jite A 5 % 7K 20 R 3 e G 3 FHE T, H Xo=
1.35 B B K5 24 1.35<X,<<1.671 8 I, i Bk 17K
SRR N & . HE2-D A%, 24-1.020 6<
Xi<-0.1 0], 7K BN AERMI A= A $HHER, HAE
X=0.1 LB K 24-0.1<X,<<1.837 L I}, i Mk
NI AE 7= 300 22 R B 241,167 5<X,<-0.34 i},
Jit JEL 5255 RO AR 7= 1A R FHE R, HLAE Xo=—0.34
IF ok B ks 24-0.34<<X,<<1.671 8 I, I RHw A= 77
1M 2= FEAR

242 ¥ RFAFRZRSH  RNRTETFHENESX

A —a— K& Irrigation amount B —a— J# K & Irrigation amount
—e— jifi Il 5 Fertilizer amount /\ —e— Jifi il 5 Fertilizer amount
70 E 450 -
M S 400 f
g &
~% 50 &
=3 40 | <
EE 3
<Y o L 2
=5 30 =
P 20 i
10 =
L L L o L L ) L N N o N N s
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
PRI s v £ B £ DRl Aas A 2 S 1
Factor standardized coding value Factor standardized coding value
C —a— /K & Irrigation amount D —a— /K & Irrigation amount
—e— Jiii Il & Fertilizer amount —e— jifii I & Fertilizer amount
0.9 E 60
0 - =t
v 2 E L B
£ . DR
ZEE 0.6 H 8= 40 ¢
Eex 05t &Ly
KZE 04 ZLX 30
Ts5E ' HEE
EE 03 r & 20 |
~ 0.2 E
01 f 101
. . TR . n ] L L L o L L )
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
D5 hr AL g i 1B DA hr A e D fE
Factor standardized coding value Factor standardized coding value
2 BEFHNRZ

Fig. 2 Single-factorial effect curves
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P12 B AR A A A PR g B PR R bR R — B
i » 79 21 B PR 1320 B 80N bR 4«

Ww _ 121X,-0.910 ;
x1

Y _413X,-1.387 5
x2

20— _145.306X, - 9.968 ;

x1

VY —-4022X,+51.144 ;

dﬁw = -0.256X,~0.1137 ;

dﬁf = -0.078X,+0.105 ;

(i“l’” — ~16.378X,-0.970 ;

VY _ _4880X,-1.656 .

x2

e, D D gy ) Rk AN RN B

B LA s R TRt s D20 P gy
A I 6 B 7 190 4 R 2017 06 4

—a— /K& Irrigation amount

—e— Jifi fll & Fertilizer amount

§
-3
ks -3
=&
ClE
=B
s -
3 ol
-10
-12 t
SRR N LT

Factor standardized coding value

—a— /K & Irrigation amount
—eo— jifi L& Fertilizer amount

0.6

@}

2 0.2
0.4
0.6
0.8

-1.0
TR e

Factor standardized coding value

IKAF TR

bR

(kg-mm"-666.7 m>)
A

it

Marginal water use efficiency/

S 30 3 5 KA B BB K 25 A
FCR IR T o 2 Y gy ik
o R it AL 5 6 A Ak AR i A= 7= 77 11 B R 280 bR
*.

b1 3 AT %, AZ Bk R I A i P i L K R K
2 RO £E 7= 7730 B sk w7 it 26 35 5 R B g, il
25 XAZ s AN E . B3 Hy>0 8RR
5 PR T 2R 220 R R BR AL, <0 #3245 1R 1
i) 20 B 2508 pR . F P 3-A AT, 241,020 6<
Xi<<-0.761 2 i} , JE K B X RZ AR AR Wi AR R A (A
> 24-0.761 2<X,<<1.837 1 i}, 7K & X 4% bk g i
R B IHIER ; 24-1.167 5<X,<<-0.335 8 i, jifi
RS0 AZ Ak P 17 R 2R A (R S 24-0.335 8<X.<
1.671 8N, BBk T AR 2 Ul 244, H X =-0.761 2.
Xo=—0.335 8 /2 ¥ 7K = it A 2 1) e AR BN B 4w
. HE3-BA%, 24-1.020 6<<X,<<-0.068 6 I} ,
IKAEHERZ B I 7, 24-0.068 6<<X,<<1.837 1}, M4

—a— 7K & Irrigation amount

B N = ..
—e— jifi Il & Fertilizer amount
400
~ 300
g
=
Nel
3
]\E+ ﬁzﬂ L 9 )
t% S 2 100 4
=T _
e 200
E’ -300
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) 400
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Fig.3 Single-factor marginal effect curves
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FIRZ B 24-1.167 5<Xo<<1.271 6 s}, JEACAL HERZ
eI 251,271 6<X,<<1.671 81, MIFNHRZ k1G>, H.
Xi==0.068 6. X;=1.271 6 52 ¥ 7K 5 it 0L 52 1) e (R 4%
NEJE. HE3-CHTAL %-1.0206<X,<-0.444 1
I, FE 7K B0 A% Bk K 43 R s B R AR
2-0.444 1<X,<<1.837 1 I}, BE /K X #% Bk 7K 53 F1| FH
HRHAIHAERH M-1.167 5<X.<1.346 2 i , ifi
JIE 5568 7K 40 F FH R R R #EE AT, 2 1.346 2<
Xo<1.671 8 I, jift AE X} 7K 43 ) FH 2% 2 B A 0 i) B
F, H Xi=0.444 1.X:=1.346 2 72 JE /K & Al Jiti B & 1)
BAERAN RIS, & 3-DAfA, 4-1.020 6<
Xi<<-0.059 2 B, KO0 AR A2 77 ) oA e 3R
Fl5 24-0.059 2<<X,<<1.837 1 i, JE /K X} AE KM A= =
FTEAMRIVER, 24-1.167 5<X,<<-0.339 2 I, jifi it
XF RERH A 7= 21 BAA R AR, 24-0.339 2<X.<
1.671 8 i, i A Ak A 7=y B kAR, L
X=-0.059 2. X,=—0.339 2 & ¥ 7K & Al il T 2 1) o 1
BN E AL

65
< 60
=3
=5 55
" g
50
Co,. {
g Y,
gp%ef 45
-~ 10
B
M8 08
E28 0.6
ES
(h =
s § 0.2
2200
_022
C <z
00'1}]g V>
VQ/II

JIEAH I 4= 7= 75
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s
S

243 KEABE ST E SRR K EA] R 2 E
a4 TR, KRR B 28080 A% Bk 7K B A
GRS RAT E R . RER G N
A N AR TR, 1% R B AR AR B AR A o Rk 7K 43
I FH R AR R i AR 7= 7 #5327k B A2 BAE F #200
K N, 7K 3 R F AR50 I it A 4 o 2
W ICES, B &SRR . A
B8 I, 7K 43 ) FH 253 B VEE /K B s 2 e
JE bR S, B SR A R . EEKE—
SE IS, HERH g A = 7 i e A 5 P 384 R 2 2 K
eI, Hg/NaA IR . E— e a W, 2k
(1) 7 ) FH 8056 it o AR 7 0 o o VR /K R A it A
(g b D — e VE S 2 R . M
ZK R it A R A E R KPS K IR A RN B 4T
7 A UIA B B A, K BRI F R4 Ak B AR A
2.5 EHT NSGA-TE AR B R AER

T T RAZH () 7K BRI R | 5 S i R
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Fig. 4 Coupled effects of water and fertilizer
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GA- T EIEH VY B AR A AR A

maxfi=63.044-0.910X,-0.605X } - 1.387X,-2.065
X242.527XX;

maxfi=373.914-9.968X,~ 72.653X }, +51.144X—
20.220X 2 +40.995X.Xy;

maxfi=0.782-0.1137X,-0.128X 1 +0.105.X,—0.039
X2-0.076X.X:;

maxfi=49.110-0.970X,-8.189X | —1.656.X,—2.441
X 2+45.350X.X;

minf=4.059 + 0.045X, + 0.3985X | + 0.0431X,—
0.169X 2 —0.057X.X:;

maxfi=63.044-0.910X,-0.605X , —1.387X,-2.065
X 242.527X.X,;

minfi=7.725-0.842X,+2.133X | —0.368X,+1.127
X 2-2.090X.X:;

minfi=0.780+0.025X,+0.069X | +0.008X,-0.214
X 2+0.087X.X:;

maxf;=0.482-0.025X,-0.080.X ; +0.004X,-0.010
X 240.128X.X:;

maxf=0.482-0.064X,-0.182X , +0.036X,+0.142
X240.105X.X:.

(-1.020 6<X,<1.837 1,—1.167 5<X,<1.671 8)

ik MATLAB 17 NSGA- [l i+ 5 _E ik fE
Y[ H 5 pareto fif , Ho A AN E R 1000, 5
RBALREL BN 50, 58 XHEHR BB N 0.8, 15 3 pa-

reto IE B A, G13% 6 o , Hod DUNG 7 & B 9 Bt
INE ) B A e Gt R AL 70 7] 5 X1=0.381 4.X,=1.209 4, Jiir
XoF IS F B 7K 2 R it A 5 4 i) 72 498.12 m’ - 666.7 m”?
F1139.72 kg - 666.7 m”, £z 2% L1 g 7 7 &= A
0 7 & 59.08% 1 410.73 kg - 666.7 m?. L £F 4k
OB BB R A AR AR g R AE 23 0 2 X=
0.392.X:=1.671 8, JJr X [N P #E 7K 55 A T TS 52 70 ) o
498.86 m*- 666.7 m™F1150 kg-666.7 m™, BN} B f{I£F
Ye A BRI L 0.27%F1414.68 kg 666.7 m™.
DART I 2 B B A BT I 1) o A A A S 4 53 )
72 X=0.287 5.X:=1.400 6, JJT T [N [ 7K 2 A it I =
73 7 491.55 m*- 666.7 m™ 1 143.97 kg - 666.7 m”,
AR R AR A AR 402 1.80 mg - g
F1413.52 kg-666.7 m?. LLER T F5 5 N ARG B )
LIRS AL 2 2 Xi=0.326 0.X:=1.574 8, FI %t b7
(1) 7K 5 A0 it AE 5 49 Al A& 494.24 m’ - 666.7 m™ Al
147.84 kg 666.7 m™, $5z 2% %] N B 7 & AN &
SJE 3.74 mg- g F1414.39 kg 666.7 m>. L& 5 pk
B BRI 0T 1 B A A G A A 7 0 2 X,=0.354 3
Xo=1.535 3, Ft % L I 8 7K = A1 jit AR & 4 ) 2
496.22 m*-666.7 m™F1146.96 kg-666.7 m, &N Bl
IO JERE S AT R I 0.88%F11414.42 kg 666.7 m™
DL B 2 5 9 A5 280 87 1) g D0 A 2 B AL 23 il 2
Xi=0.302 9. X;=1.546 4, FJ XF J87 1) 8 7K 5 0 e AL =
73 AL 492.63 m’- 666.7 m™>Fl 147.21 kg - 666.7 m™,
B T B B BE RO & 4 2 0.51% A

R6 WIENRIE

Table 6 Corresponding values of coded values

WKE MR I e 2
GEE mEE Sk PR o v B
e T T = Actual amount XTNIRFREE . e o IR FH = Partial fac-
izt Coding  Coding Actual amount - . e Yield/ .
L of fertilizer Corresponding .+ Water use efficiency/ tor produc-
Index value of  value of of irrigation/ . . (kg-666.7 m*) 0 TN e
L e 5 .+ applied/ index content (kg-mm™-666.7 m”) tivity of
irrigation  fertilization (m’-666.7 m*) 2 T
(kg-666.7 m*) fertilizer/
amount amount B
(kg kg™
Jig W7 £ e 03814 12094 498.121 0 139.717 5 59.076 6% 410.732 3 0.754 9 444433
Fat content
HeERTE 03920 1.6718 498.862 9 150.000 3 0.272 7% 414.697 7 0.734 5 41.386 7
Cellulose content
VAR AY R 02875  1.4006 491.549 4 143.969 4 1.799 5mg-g' 413.517 7 0.778 7 43.200 5
Soluble protein content
P45 1 Tannin content 0.3260  1.574 8 494.243 8 147.843 3 3.735 5% 4143855 0.760 9 42.008 4
R 03543 15353 496.224 4 146.964 9 0.883 6% 4144216 0.753 6 423524
Reducing sugar content
PRV s s 03029 1.5464 492.627 2 1472117 0.509 3% 414.1673 0.769 3 42.172 6
Total sugar content
YL s 03653 14349 496.994 2 144.732 2 8.398 8 mg-g' 413.820 4 0.7539 43.065 4

Total phenol content
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414.17 kg - 666.7 m?. DL 2 5 oM AR AL B )
PRI AE 43 731 /& X1=0.365 3,X:=1.434 9, AT X5} [V )
VEE 7K Rt AE & ) ) A& 496.99 m® - 666.7 m? Al
144.73 kg 666.7 m™, Fz 255 M. 1 S By 2 = FH P i 40
A5E8.40 mg- g f1413.82 kg 666.7 m™.,

207 AT ARKACAE , #EK &3 n 1 91~
98 m’-666.7 m”, it JLEIE il T 52~63 kg - 666.7 m?,
fEWi & & AERTE THEEEASE LT
B B R R IR R O AR 40l BRI T 5.25%
0.35%-.0.14 mg-g"'.0.55 mg-g"'.2.31 mg-g ' f13.65~
6.71 kg-kg"', i A B L S RE S L AR 43
R 9 T 0.27%.0.02% 135~136 kg - 666.7 m™
F10.04~0.08 kg - mm™ - 666.7 m?. FHE T xf I, A5
21 FE K B 102~109 m’ - 666.7 m*, i £ Jiti B & £
11 kg-666.7 m™, i i 75 & 0 JF M & & 7= & K9
FIFH 2 IR A 7 73 43 3l F 51 7 0.08%10.35%
145~149 kg - 666.7 m>.0.29~0.34 kg - mm™ - 666.7 m’
F14.86~17.91 kg kg, AF4E 25 A B 1 77
S T S & ) PR AIC T 0.47%.0.23 mg - g
1.52 mg- g".0.037%-1.09%.

3 W ®w

3.1 KRB A XAZM B R A E2

VE KB 5 A O R AR KR B Ok B A
FOD I P VRN it A TT DA R I A A R
Ko, IR HE N B 1A B e A, A ] SEELAE AT
FEm BB B AR, 2B @ KBRS A e, TR
T TR HE SR A TR K A B RURE R AR Bk 7 i o A
AKAERIFH RCR (520 o 45 SR B, /K A it
XPRZ AR SR S i i e & B A R EER . X
— KI5 ST EEP AT ST A8 — B0 BE B  K
JIES PR it e 0 Yk 2 B HVE A 1) B A R Ak
R 77 B A A TR 2 B i A O d bR . N
TSI E  R W ATHESR T B ) R IS 20 5T
DA IR 22 5% 38 o IR e KA o FE R 0 A K i
ANE A B IR K B AL R ) R SRAAAE B 2 5/ 5
H 8T RSN KW, KRB AR R B B 1 2R 5L
KN HRAE A BT (RS2 RN IR SEREAE) ()RR
TEAT) 22 HEWT A T S 53 PR IR RE TR It JES , 4 2K P E VK &
929 m’666.7 m*, i il N K E 8 kg 666.7 m*\—
¥ 5.7 kg 666.7 m* B A 0.8 kg-666.7 m>. 6 H &
SR 58 R A S AT B S, e R B AR

JACZE 53 L AT R A i B 7K RE AL 2 756 BE 4K
o Gk LG o b, B A BT 43 PR OCRE K
it JE 5 A5 VR HE K BN 29 m® - 666.7 m?, it JIE & N JR
% 8 kg - 666.7 m>, — 4 5.7 kg - 666.7 m™ . fiii R £
0.8 kg 666.7 m*. 7—8 H P IHIg 78 SLY AL
BT H , H 20 CE L B A B mT s 1 2 R 7, R A
HAT 2 SR TS5 BRFE AR 7T—8 43 3 IR E KT AE,
FHR40 m*666.7 mHIHEKERKE 5 kg 666.7 m>—
B7.5 kg~ 666.7 m” IR EZH 3 kg - 666.7 m” (1) 7K AL AL
LA R F N LE SR T . Ja 8l — B 30 1% A
KPR AR it A 1 A EER S B AR A TR AR R K
S AEAEXT A B it 5 A B M . AEAZ PR, Ak
K NEAE B8 B THAZ B ity 5 A0 ™ B 1) A R0& A% X 4
S L ERN S G B R C 5=
3.2 #BkEFEHKEEE S BERMEL
FEILAR AN AR P2, B — E AR VP A X DL St ity
KRB L i R R, TR AR R T R
KAERIFH R 1) 2 B AR AL, AR e 7K IR
PR B, R T AR 7R R RN BT IR R . AR SR
H B E 2 M R I B, IF B 5 AT AT
R 2 7 A2 ANl 8 TR 3R I 256 VP AVE A L B R} 2 T
FECY, W DR R s M 26 L Ak R o
KAEH E RN 25 BTG TR, X —45 8
b5 IR R S O BRI 9 rh R I 7 2 i 7K T Tt
BN E A DR R 2 R L. fERZBRAE RS
mh, DR K B A8 B 7 SR 06T P-4 7 e it SR B3 R
P EEP S N cE Ly A Gl R ESEIE i
BB R, KX K 3 I F B A RN, 1X— K
Y5 B R A RARVI G . B S KT
REFHUK P FHRCRE T R ARRFFLSE LB, K
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