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Determination of amount of irrigation and nitrogen for comprehensive
growth of greenhouse cucumber based on multi-level fuzzy evaluation
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(1. College of Horticulture, Northwest A&F University, Yangling 712100, Shaanxi, China;
2. Key Laboratory of Protected Horticultural Engineering in Northwest, Ministry of Agriculture, Yangling 712100, Shaanxi, China)

Abstract: In the northwestern part of China, rational and efficient management of irrigation and nitrogen significantly affects

the intensive production of greenhouse cucumbers (Cucumis sativus L).

To evaluate the effects of different combinations of

water use and nitrogen (N) on yield, quality, and profitability of the greenhouse cucumbers that planted in 2018 Spring, nine
combined treatments were applied. Results indicated the optimal irrigation and nitrogen demands for yield, quality and other
indicators were different. The irrigation amount significantly affected the yield, and the yield gradually increased with
increasing in irrigation.  Single fruit weight (SFW) was significantly affected by the amount of irrigation, nitrogen and their
interactions, and the higher amounts of N and irrigation were beneficial to the increase of SFW. The partial factor
productivity of the applied N (PFPy) gradually increased with the nitrogen amount decline. Irrigation water use efficiency
(IWUE) was closely related to the amount of irrigation.  The higher irrigation amount would lead to the lower IWUE. When
the amounts of irrigation and nitrogen were at an intermediate level, the content of vitamin C (VC) reached the maximum. As
the amount of nitrogen was increased or irrigation was decreased, the Nitrate content (NC) would increase. Free amino acid
(FAA) and NC followed a similar variation. When the amounts of irrigation and nitrogen both were at medium levels, the
total soluble sugar concentration (TSSC) reached the highest. The multi-level fuzzy evaluation method was used to evaluate
different indicators of cucumber.  The weights of indicators in the first and second layer were determined by analytic hierarchy
process (AHP) and entropy weight method, respectively. Then the fuzzy algorithm was used to comprehensively evaluate all
the treatments. The evaluation results show that T4 (irrigation, 1957.6 m¥%hm? N, 210 kg/hm?) is the best strategy for

greenhouse cucumber irrigation and nitrogen management in the northwestern part of China.
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1 Introduction

Cucumber is a horticultural crop widely grown worldwide
because of its distinct taste and high yield. Irrigation and nutrient
supplementation are particularly important in cucumber growth and
development. Thus, efficient irrigation and fertilization measures
are necessary™™?.  Water shortage and less arable soil are common
in the northwestern part of Chinal®.  Water wastage and
destruction of the soil structure have led to the rapid development
of water-saving irrigation and precision fertilization!. In 2015,
the Ministry of Agriculture of China, emphasized the need for
economical and efficient water and fertilizer management in
agricultural production to ensure crop yield and quality®,
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Crops are highly sensitive to water supply, and the amount of
water directly affects the metabolism of crops®”.  Nitrogen is one
of the main nutrients absorbed by crops. In a greenhouse,
nitrogen is mainly implemented by fertilizers. If not used
properly, nitrogen can cause a decline in crop yield and quality®!.
Deficit irrigation leads to a reduction in final yield and single fruit
weight (SFW). However, moderate deficit irrigation can ensure
the quality of vitamin C (VC) and total soluble sugar concentration
(TSSC) of the fruit®%.  Nitrogen can increase crop yield, but its
excessive use can significantly affect the nitrate content (NC) and
free amino acid (FAA) in fruits™*2, In the northwestern part of
China, severe water shortage occurs; thus, reasonable irrigation
methods need to be developed. Submembrane drip irrigation is a
reliable water-saving technique in which moisture is accurately
injected into the roots of crops when the spacing between crops and
the drip zone is consistent. The close association between
fertilization and irrigation allows the use of drip irrigation for
fertilization, which not only improves IWUE but also reduces
nitrogen leaching and improves the partial factor productivity of
applied N (PFPy)™l.

For irrigation management and nitrogen fertilization of
cucumber in a greenhouse, varying the amounts of irrigation and
nitrogen can significantly affect yield, quality, and profitability of
cucumber.  Moreover, the interaction between irrigation and
nitrogen exerts different effects on the various indicators of
cucumber.  Numerous studies have been conducted on the
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irrigation and nitrogen management in cucumber growth, but for
different single indicators, the optimal solution is different!**],
Various methods, such as the use of questionnaires, analytic
hierarchy process (AHP), grey relational analysis (GRA), and
principal components analysis (PCA), have been widely used in the
evaluation of crop growth and development™®®.  However, some
of these approaches are influenced by human factors, and some are
directly evaluated based on data, resulting in uncertainty in the
final outcome. Multi-level fuzzy comprehensive evaluation can
carry out collaborative evaluation of multiple indicators. This
method combines qualitative and quantitative data, obtaining more
accurate final evaluation results through fuzzy evaluation of
indicators at all levels®,

The current study mainly aims (1) to explore the individual and
combined effects of irrigation and nitrogen on different indicators
of cucumber; (2) to establish the comprehensive evaluation of
cucumber growth by multi-level fuzzy method and analyze the
response to different water-nitrogen combinations; and (3) to
determine the optimal irrigation and nitrogen management for the
comprehensive growth of cucumber in northwest China.

2 Materials and method

2.1 Experimental site and cropping details

The experiment was conducted in a greenhouse in the
Northwest A&F University campus (latitude 34<16'N, longitude
108°02'E, altitude 450 m) in China. The test area is located in a
warm temperate semi humid climate zone with an annual average
temperature of 13<C, an annual average evaporation of 1500 mm,
and an average annual precipitation of 645 mm. Rainfall received
in this area is concentrated between July and September. The
greenhouse was made of a steel frame 100 m long and 17 m wide,
with a double-layer polyethylene sheet on the surface. The
orientation is east-west, with crop rows oriented in the north-south
direction. To eliminate the test error caused by the greenhouse
microclimate, the test plot was only set in the south span, and 4
rows of protection were planted near the exit and the innermost
side. The basic physical and chemical properties of the test soil
were as follows: ammonium nitrate nitrogen, 27.48 mg/kg;
available phosphorus, 23.64 mg/kg; available potassium,
152.14 mg/kg; electrical conductivity (EC), 0.34 mS/cm; pH 7.32;
soil bulk density, 1.34 g/cm® organic matter mass fraction,
5.89 g/kg; and field capacity of a 0-60 cm soil layer, 24.3%.

Cucumber seedlings (Cucumis sativus L. cv. Bonai 14-3) were
transplanted to the field on March 15, 2018 and then uprooted on
July 20, 2018. To reduce evapotranspiration and achieve
irrigation retention, a drip tape (spacing=0.5 m; flow rate=1.5 LPH)
was used for drip irrigation under the mulch plastic film (color,
black; thickness, 0.006 mm). Thus, the plant spacing of the
cucumbers was consistent with the drip tape. Each cucumber
plant was fixed in a vertical direction with a nylon rope. Field
management was coordinated and uniform in accordance with the
common methods applied by the local farmers.
2.2 Experimental design

The experiments were conducted using a completely
randomized block design in three replicates. Nine combined
treatments were implemented, including three different irrigation
levels and three different nitrogen (N) levels (Table 1). Each
treated plot (9 m long and 1.2 m wide) was planted with 32
cucumber plants. A base fertilizer was first applied to the planting
ridges of each treated plot (P,0s, 240 kg/hm?; K,0, 320 kg/hm?; N,
60 kg/hm?) before the plants were transplanted. All plots were

then irrigated to field capacity. When the cucumber reached the
flowering stage, different amounts of irrigation and N were applied
to all plots (Table 1). The N fertilizer (urea) that needed to be
applied was put into the fertilizing bucket and dissolved with water,
then the mixed solution was pumped out to the drip irrigation belt
by the fertilizer applicator, and water and fertilizer were applied to
the roots of cucumber. Fertilizers were applied using
high-frequency drip fertigation weekly for a total of 10 times.

Table 1 Amounts of irrigation and N fertilizer

Treatment Irrigation ) _Ar_nount3of , Nitrogen  Amount of sztrogen

level irrigation/m® him level /kg hm
T1 N1 60+150
T2 11(65+0.5Af) 1464.1 N2 60+255
T3 N3 60+360
T4 N1 60+150
T5 12(6+0.75Af) 1957.6 N2 60+255
T6 N3 60+360
T7 N1 60+150
T8 13(6; +Af) 2869.1 N2 60+255
T9 N3 60+360

Notes: 6 is the amount of water required at field capacity for seedling recovery
after transplantation; Af is the amount of water required to irrigate a 0-60 cm soil
layer from 50% to 100% field capacity. The amount of nitrogen is composed of
the amount of base nitrogen fertilizer + the amount of nitrogen applied later.

2.3 Measurements

The meteorological data in the greenhouse were recorded by a
small weather station (HOBO Event Data Logger, Onset Computer
Corp., USA), which automatically logs the temperature (<C),
relative humidity (%), and luminous intensity (Lux) simultaneously.
Water content in the soil was recorded using a soil moisture meter
(TDR-300, Spectrum Technologies, Inc., USA), which logs data on
the relative water content (%) in the soil.

The SFW was measured, and the number of fruits was
recorded during the ripening period of the cucumber. The degree
of fruit maturity had to be consistent, and the yield was recorded at
intervals of 3-4 d in general. Ten plants were labeled in each plot
to determine the yield.

IWUE is calculated as follows™:

IWUE = YT @
where, IWUE is the irrigation water use efficiency, ka/m®; Y is the
cucumber yield, thm? and | is the drip irrigation water
consumption, m¥hm?.

PFP,, is calculated as follows?"!:

Y

PFPy=— 2
N TR, x1000 )

where, PFPy is the partial factor productivity of applied N, kg/kg;
and Fy is the amount of total N application, kg/hm?).

When the cucumber reached the middle fruiting period (June
15), six cucumbers were picked from different plants, and the
middle part of the fruit was removed to evaluate the quality of the
cucumber, including VC, NC, TSSC, and FAA. VC was
determined by molybdenum blue colorimetry®!; NC was measured
by ultraviolet spectrophotometry?: TSSC was quantified by
anthrone colorimetry®®); and FAA was measured by ninhydrin
solution colorimetry.

2.4 Multi-level fuzzy comprehensive evaluation
2.4.1 Constructing fuzzy evaluation factor set and its sub-factor set

(1) All indicators of cucumber were categorized into yield

index, profit index, and quality index.
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Ui={uy, Uy, us} (3)

(2) All secondary indicators were classified and defined as

subfactors. Yield and SFW were classified as yield indices; PFPy

and IWUE were classified as profit indices; and VC, NC, TSSC,

and FAA were classified as quality indices.
Uz = {U1, U2}

Uij —>| U2 = {U21,U22} 4)

Us = {U31,U32,U33,U34}

2.4.2 Constructing evaluation set

Each factor and its subfactors had a set of evaluation values
corresponding to the subordinates. The test consisted of 9
treatments, generating 9 evaluation values.

Vii={vy, Vo, ..., Vo} (6)
2.4.3 Multi-level fuzzy comprehensive evaluation

(1) Determination of factor weights by analytic hierarchy
process (AHP)

AHP is currently the most widely known evaluation method?®.
AHP is based on the results of the questionnaire to establish a
judgment matrix, which decomposes the total decision into a target
layer, a factor layer, and a subfactor layer (Figure 1). By
analyzing the relationship between the indicators and establishing a
comparison matrix, the complex problem is decomposed into
several criteria and indicators. Each indicator is then compared
and calculated to determine the individual weight of each indicator
in the hierarchical model.  Specific calculation methods are

Vi={Vy, Vs, ..., Vo} (5) provided in most of the available literatures?52"),
. : i
Comprehensive evaluation of cucumber | Objective
{ ! ! R
u u, Uy | Factor |
I (PR
uy, U, Us, Uy 7 Us, Uz Uy | Subfactor |

Note: Terms u;-us denote yield index, profit index, and quality index, respectively.
us; denotes VC, us, is NC, while uzzand uss denote TSSC and FAA, respectively.

Uy is the yield of cucumber, us, is the SFW; uy is PFPy, Uz is IWUE;

Figure 1 Cucumber comprehensive evaluation hierarchical model

(2) Determination of subfactor weights by the entropy method

The entropy method is the main approach used to determine
the objective weight of an indicator. They can effectively reflect
the information implied by the data and exhibit strong
operability?®®]. The specific calculation process of the entropy
method can refer to Referencel?-31,

(3) Calculation of multi-level fuzzy evaluation values

Single-level fuzzy evaluation of factor sets

b, =w; - 13,
(Wi Wi, oo W fir T2+
=Wy Wy «+r Wop |- r2.1 rz.z |.'2n (17)
| War Wap =+ Wy T
[by by - by,
= b21 bzz b2n
| bay bs, - g
where, by, is the fuzzy evaluation index of the ith factor set.
Quadratic fuzzy evaluation of the subfactor set:
B, =a; xb;,
Bi, biz, -+, by
:[a11a21a3]' D1, D20, -+, B2
P31,b55, -+, by
:[&,le...vgn] (18)
b bip <o by
= b21 b22 bZn
Day ba; oo by

where, B, refers to the comprehensive fuzzy evaluation index of the
2" treatment.
2.5 Data analysis

MATLAB (MathWorks, MA, USA) was used to calculate
multi-level fuzzy comprehensive evaluation.  All statistical

analysis were conducted using SPSS (IBM, Chicago, USA). The
Duncan test was used to analyze multiple comparisons between
different treatments and the interaction of irrigation and of N
fertilizer at a significance level of 5%.

3 Results

3.1 Effects of irrigation and nitrogen on yield and single fruit
weight

Yields are only significantly affected by irrigation, ranked as
follows: 13>12>11. The yield of 13 was only 7.2% higher than that
of 12, but these two values were both over 25% higher than yield of
11 (Table 2). For the different treatments, T9 achieved the highest
treatment yield, which was significantly higher than that of T3 (the
lowest) by 42.9% (Figure 2). The SFW was significantly affected
by irrigation, nitrogen, and their interaction. When I3 was applied,
the SFW achieved 6.6% and 26.4% higher than that achieved by 12
and 11, respectively; from the level of nitrogen application, N2
achieved 9.0% higher than when N1 was implemented (Table 2).
The largest SFW was processed at T9, which was 39.2% higher
that of T3, the lowest. As shown in Figure 2, as the amounts of
irrigation and N increase, yield and SFW tend to increase as well.
3.2 Effects of irrigation and nitrogen on PFPy and IWUE

Irrigation and nitrogen were significantly affected PFPy, but
their interaction was not significant. The impact of irrigation on
PFPy, in the descending order is described as 13>12>11. The
difference in PFPy between different amounts of nitrogen applied
was significant, the rank was N1>N2>N3 (Table 2). At the same
nitrogen application level, it was shown that PFPy increased with
an increase in irrigation (Figure 3). Among all treatments, T7 and
T3 exhibited the highest and lowest PFPy, respectively.
Meanwhile, IWUE was significantly affected only by irrigation but
nitrogen and their interactions.  Similarly, differences in irrigation
level led to significant differences in IWUE (Table 2). With the
irrigation amount remaining the same, the nitrogen amount played
limited effect on IWUE, T1 was only 5.5% higher than T3, that is
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the biggest difference in all treatment (Figure 3). Among all
treatments, T1 clearly showed the best results, whereas T7
achieved the poorest results.
3.3 Effects of irrigation and nitrogen on the quality of
cucumber fruit

VC in cucumber fruit was significantly affected by irrigation
and the interaction between the amounts of irrigation and N
fertilizer. The maximum VC was achieved when the irrigation
level applied was 12 (Table 2). Under the interaction of irrigation
and nitrogen, T5 showed the best value in VC, which was 45.5%
higher than the lowest. When irrigation amount increased, VC
increased first and then decreased. By contrast, with an increase
in nitrogen amount, VC appeared increased and then decreased
(Figure 4). With regard to NC, NC was significantly affected by
irrigation, nitrogen, and their interaction. The different irrigation
levels, ranked in descending order by the extent of their effect on
NC, are 11>12>13; according to the different nitrogen application
rates, ranked in descending order by the extent of their effect on
NC, are N3>N2>N1 (Table 2). But there is not much difference
between N1 and N2 on NC. Among all treatments, T3 achieved
the highest NC, which was significantly higher than that of T7,
which exhibited the lowest NC, by 26.4%. As irrigation amount
increased, the NC was gradually decreased, but there is no
significant difference between 12 and 13 although the NC of 12 was
slightly higher than that of 13. The nitrogen amount has an
opposite effect on NC, which achieved by N2 was higher than that
of N1 and no significant difference, too (Table 2). TSSC was
significantly affected by irrigation and nitrogen but not by their
interaction. The different irrigation levels, ranked in descending
order by the extent of their effect on TSSC, are 12>11>13. The
different amounts of N, ranked in descending order by the extent of
their effect on TSSC, are N2>N3>N1 (Table 2). Therefore,

moderately reducing nitrogen amount can increase the content of
TSSC. Among all treatments of TSSC, T5 exhibited the highest
processing and was significantly higher than T7, which exhibited
the lowest processing, by 49.5% (Figure 4). FAA was
significantly affected by irrigation, nitrogen, and their interaction.
The different irrigation levels are 11>12>13, ranked in descending
order by the extent of their effect on FAA; meanwhile, the nitrogen
levels are N3>N2>N1, ranked in descending order by the extent of
their effect on FAA (Table 2). T3 exerted the greatest effect on
FAA content, and this effect was significantly higher than that of
T7, which exerted the lowest influence on FAA, by 45.8%. The
FAA responded to interactions similarly to NC, but the FAA
achieved by 12 was significantly higher than that of 13. With the
irrigation amount decreased and nitrogen applied increased, the
FAA showed a rising trend (Table 2 and Figure 3).
3.4 Multi-level fuzzy comprehensive evaluation of cucumber
In the multi-level fuzzy comprehensive evaluation analysis of
cucumber, the weight of factor (a;) in the first layer and the weight
of subfactor (wj) in the second layer were calculated by AHP and
the entropy method, respectively (Tables 3 and 4). Seen from the
category’s factors, the yield index had the greatest impact on the
comprehensive growth of cucumber (0.421), followed by the
quality index (0.354), and the profit index had the lowest impact on
it (0.255). The weight ranking of the sub-factors of each category
were described as Yield > SFW; PFPy > IWUE; TSSC > VC >
FAA > NC. By using multi-level fuzzy comprehensive evaluation,
the weights of factors and subfactors were merged. The fuzzy
evaluation values of all treatments were shown in Figure 5. The
higher fuzzy evaluation value of the treatment would be more
conducive to the comprehensive growth of cucumber. The final
result indicated that T4 was the best, followed by T5. T3 was the
most unfavorable for the comprehensive growth of cucumber.

Table 2 Mean values of yield, profit, and fruit quality of cucumber under the influence of different amounts of irrigation,
Nitrogen and their interaction based on Two-way ANOVA

Factors Y/t hm SFW/g PFPn/kg kg N IWUE/kg m™® VC/mg 100 g NC/mg kg™ TSSC/% FAA/mg 400 g*
11 69.21c 204.08b 239.40b 47.27a 8.14b 231.28a 2.22b 41.54a
12 86.62b 241.99ab 296.10ab 47.45a 8.78a 202.48b 2.8la 36.93b
13 92.89a 258.02a 317.55a 30.19b 6.66C 201.94b 2.07c 34.03c
N1 81.83 227.28h 389.67a 41.31 7.85 204.69b 2.29b 35.35b
N2 82.47 247.72a 264.15b 42.39 8.04 208.06b 2.46a 36.74b
N3 84.41 229.09b 199.23c 41.20 7.68 222.94a 2.35b 40.41a

I *kk **k ** ** ** * *kk **k
I><N ns ** ns ns * * ns *
Note: *= p<0.05, **= p<0.01, ***= p<0.001, ns= no significance.
1204 CINs N2 N3 CINT N2 N3 L 320
) be p & a
g be ab 2 [ 3
901 g Bl - 240
E € e L0
E ’ z
e 604 F160 &
=
30 1 - 80
) | | | | .,
I I 12 l 13 I I 2 | 13

Note: Error bars indicate standard error of the mean (n=3).

The different letters of each data represent the differences between the treatments

based on Duncan’s analysis at p<0.05.  Statistical comparisons between different factors are listed in Table 2.
Figure 2 Yield (YY) and single fruit weight (SFW) influenced by irrigation (11, 12 and 13) and nitrogen (N1, N2 and N3)
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based on Duncan’s analysis at p<0.05.  Statistical comparisons between different factors are listed in Table 2.
Figure 3 PFPy and IWUE influenced by the irrigation and nitrogen

The different letters of each data represent the differences between the treatments
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Note: Error bars indicate standard error of the mean (n=3).

based on Duncan’s analysis at p<0.05.  Statistical comparisons between different factors are listed in Table 2.
Figure 4 VC, NC, TSSC, FAA influenced by the irrigation and nitrogen

Table 3 Subjective weights of factors determined using AHP

320

240

160

NC/mgkg

80
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T
N
w

1

r 30

FAA/mg-100 g

0

The different letters of each data represent the differences between the treatments

Contrast matrix Local weight Final weight Consistency test
Index Us Uy Us li ai
U Uy 1.00 150 1.50 0.421 0.421 CR=0.051
~u
' Uz 0.67 1.00 050 0.225 0225 Amex=3.054
Uz 0.67 2.00 1.00 0.354 0.354
Index Ung sz l3j ayj
CR=0
Ug~Uyj Ugg 1.00 2.00 0.281 0.667 r=2.000
Usz 0.50 1.00 0.140 0.333
Index U2y Uo2 |2j ay;
Up~Uy; u 1.00 0.33 0.056 0.250 CR=0
T 2 ' ' ' ' Jmex=2.000
Uz2 3.00 1.00 0.169 0.750
Index U3z1 Us2 Us3 Uzs |3j asj
Uz 1.00 2.00 0.50 2.00 0.092 0.260
Ug~Us; Uz 0.50 1.00 0.33 2.00 0.060 0.171 )CRia‘%%
“max— -
Uss 2.00 3.00 1.00 3.00 0.159 0.450
Uzs 0.50 0.50 0.33 1.00 0.043 0.120

Note: a;-a; denote the weight of the production indicator, profit indicator and the quality indicator, respectively. When the consistency ratio index CR<0.1, the

consistency test is passed and the indicator evaluation matrix is accepted.
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Table 4 Objective weights of subfactors determined using the entropy method
up uz us
Treatment
Uy Uzz U2y Uz Us1 Usz Us3 Uz
T1 0.095 0.101 0.131 0.129 0.122 0.116 0.102 0.111
T2 0.094 0.100 0.087 0.127 0.121 0.120 0.110 0.123
T3 0.090 0.088 0.062 0.122 0.102 0.128 0.101 0.135
T4 0.113 0.102 0.156 0.115 0.122 0.105 0.127 0.110
T5 0.117 0.119 0.109 0.119 0.129 0.102 0.139 0.103
T6 0.118 0.116 0.082 0.120 0.121 0.111 0.129 0.115
T7 0.122 0.121 0.169 0.084 0.089 0.101 0.093 0.093
T8 0.124 0.126 0.114 0.086 0.091 0.105 0.098 0.101
T9 0.128 0.126 0.089 0.089 0.103 0.112 0.101 0.109
Subfactor weight Wig W12 W21 W22 W31 Ws2 W33 Wss
0.538 0.462 0.696 0.304 0.320 0.108 0.361 0.211

Note: wi; and wi, denote the weight of yield and SFW, wo; is the weight of PFPy, wy, is the weight of IWUE, ws; is the weight of VC, wa; is the weight of NC, was is the

weight of TSSC, and w4 is the weight of FAA.

0.12

E o010}

0.09 |

Multi-level fuzzy comprehensive
evaluation index

0.08
TI T2 T3 T4 T5 T6 T7 T8 T9
Treatment
Figure 5 Multi-level comprehensive fuzzy evaluation value of all
treatments

4 Discussion

A large number of studies have shown that as the amount of
irrigation decreases, the vyield gradually decreases, which is
consistent with the results of the current study. This study also
reveals that the decline in yield is related to the decline in SFW.
This study is also consistent with several studies, which have
drawn similar conclusions in other crops®?. The water deficit,
which led to the decrease in yield, may be attributed to the
excessive water consumption of plant in order to adapt to the
influence of water stress on crop growth®*3!.  When the amount
of nitrogen is within a certain range, the yield of cucumber rises
with an increase in the amount of nitrogen; if the amount of
nitrogen exceeds the threshold, the yield is decreased®. Among
all treatments, the highest yield was achieved by T9 (I3N3), and the
highest SFW was achieved by T9 (I3N3) (Table 2 and Figure 2).
Increased irrigation and nitrogen levels led to decreases in IWUE
and PFPy, negatively affecting the production of crops®®l. At the
same nitrogen application level, PFPy increased with an increase in
irrigation (Figure 3). With the irrigation amount remaining the
same, the nitrogen amount played limited effect on IWUE.

Excessive irrigation causes a decrease in VC content. Thus,
I3 achieved the lowest VC in three irrigation levels®”?. No
evidence shows that nitrogen fertilizer affects VC content in fruits
(Table 2). For NC content in fruit, the effect of the nitrogen on it
was significantly greater than that of irrigation; however, NC was
significantly higher in I1 than in either 12 or 13 (Table 2). The
element N is known to strongly influence the metabolism of matter

in the fruit. Thus, with an increase in nitrogen, NC also increases
because excessive supply of N causes the crop to accelerate its
absorption, allowing the crop to store the absorbed nitrate nitrogen,
which then accumulates®™.  The taste of cucumber largely
depends on TSSCE®.  The increase in irrigation was not
conducive to the synthesis of TSSC in fruits. If the cucumber was
subjected to moderate water stress, the activity of soluble acid
invertase and cell wall invertase would be enhanced, which would
induce an increase in TSSC content®. A considerably low
irrigation volume also leads to a decrease in TSSC content (I1).
With an increase in NC, the TSSC content increased first and then
decreased; however, the effect of irrigation on TSSC was more
significant (Figure 4). In the present study, the increase in
irrigation led to a decrease in FAA. Moreover, the increase in N
was accompanied by an increase in FAA because N is an essential
element for the synthesis of amino acids?. Among the four
qualities of cucumber, the increased VC and TSSC were observed
in 12 (T4, T5, T6). A lower NC positively influenced the quality
of cucumber fruit; thus, most of the reduced NC was observed in
N1 (T1, T4, T7). The highest FAA was found in N3 (T3, T6, T9)
(Table 2).

The AHP and the entropy method were used to determine the
weight of each indicator (Tables 3 and 4), and the fuzzy
mathematics principle was used to perform multi-level fuzzy
comprehensive evaluation of weights. Among the treatments, T4
ranked the first (Figure 5). In previous studies, moderate
irrigation and nitrogen yielded the best water-nitrogen coupling
effect on cucumber, which was consistent with the results of the
current  study!*?. However, this study comprehensively
considered various indicators in the evaluation of cucumber growth,
which might have led to the difference in the actual amount of final
irrigation and nitrogen between the present study and previous
studies. The difference may also be attributed to variations in the
environmental condition and management of the greenhouse!®.
However, this evaluation method systematically and
comprehensively considered different indicators of various aspects
of cucumber, rendering the final result credible!. Therefore, T4
provides an ideal scientific basis for cucumber production in
northwest China.

5 Conclusions

The yield and SWF of the cucumbers could be significantly
improved due to the increment of irrigation and nitrogen
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applications.  While the moderate reduction in irrigation and
nitrogen can also ensure them to reach a satisfactory level. PFPy
could be increased when the nitrogen was reduced; and similarly,
IWUE could be increased when the irrigation was reduced. In
addition to the yield and SWF, the quality of the cucumbers was
lowered when irrigation increased; however, a reduction in
nitrogen can also secure the quality of the cucumbers to growers.

For different indicators that can characterize the growth of
cucumber, their optimal water and fertilizer requirements are not
consistent.  Therefore, the multi-level fuzzy evaluation method
was used to evaluate the eight indicators (from three categories of
yield, quality, and profitability for greenhouse cucumbers). The
yield index has the greatest impact on the comprehensive growth of
cucumber, while the profitability index has the lowest impact.
Among all the sub-factors, Yield, PFPy and TSSC respectively
have the greatest impact on the three factors. Finally, based on
the obtained ranks, T4 (Irrigation: 1957.6 m*hm? N: 60+
150 kg/hm?) was concluded as the best strategy of irrigation and
nitrogen that suitable for the greenhouse cucumbers in Northwest
region of China.
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