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The effects of two levels of irrigation water (100%, 60%) and buried underground pipe depths (0.8m, 0.6m) under rain shelters’
conditions on yield and some quality parameters of tomato were investigated. A fully randomized factorial experiment was
conducted between April and August in 2011 and 2012 at Hohai University. It was found that drainage treatments enhanced biomass
production, whereas soil desiccation led to biomass reduction. At 60 cm buried underground pipe depths, the drought treatments
increased the mean root weight and root-shoot ratio by 14% and 39%, respectively. The main effects of drainage treatments on
the fruit quality were increases in total soluble solids (TSS), soluble sugar (SS), and vitamin C (VC) compared to the control. In
addition, drainage treatments increased the average yield by 13% and 9%, respectively, in both years. The drought treatments did
not significantly alter fruit yield, although mean single fruit weight was slightly reduced. Instead, these treatments tend to have
great potential to improve fruit quality (TSS, SS, and VC) to variable extents. In both years, the drought treatment at 60 cm buried
underground pipe depths proved to possess the highest comprehensive quality index based on Principal Component Analysis.

1. Introduction

Heavy rain, high temperature, and high relative humidity, the
typical attributes of tropical or subtropical climates, have been
reported to increase the incidence of blossom-end rot [1],
fruit cracking [2], and impaired fruit quality and yield [3, 4].
In recent years, cover cropping techniques such as cultivation
within polyethylene rain shelters which provide protection
from heavy rain and reduce disease pressure and running
cost, resulting in improved crop yield and productivity, have
been widely used in the production of fruit trees and other
crops.

Tomato (Solanum lycopersicum L., syn. Lycopersicon escu-
lentum Mill.) is one of the most popular vegetables and an

important source of antioxidants including, lycopene, phe-
nolics, and vitamin C (VC) in human diet [5]. The yield and
quality of fresh tomato are governed by both genetic factors
and environmental conditions [6]. Among the environmental
factors, water is a major component affecting plant growth
and in turn fruit quality of tomatoes. Therefore, optimum
irrigation and proper drainage are critical to increase tomato
yield and quality. Soil water has been reported to influence
crops to develop better roots, enhance nutrient uptake, and
containmore leaf area and dry matter [3]. In southern China,
soils under rain shelters may experience fluctuating soil
water regimes ranging fromdrought to waterlogging. Tomato
would be under strong selective pressure to morphologically
adapt to the adverse conditions of periodic waterlogging
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and drought. Waterlogging affects crop yield [7] through a
reduction in shoot development and growth, resulting in
reduced amounts of abovegrounddrymatter.The influence of
waterlogging in the reduction of aerial biomass is secondary
because it is essentially due to the damage to the root
system [8, 9]. Under waterlogging, the root system is directly
exposed to the changes in the soil environment including
a reduction in the oxygen level and increase in CO

2
and

ethylene concentrations [10]. Under drought conditions, on
the other hand, plant roots acclimate to soil water deficiency
by developing deep and extensive root systems for increased
water extractions [11].The acclimation to drought is assumed
to affect shoot growth and biomass production resulting
in poor fruit quality. To our knowledge, there have been
fewer experiments studying the effect of rain shelters com-
bined with irrigation and drainage management strategies on
growth, fruit yield, and quality characteristics. For tomatoes
grown under rain shelters, the growth periods and microcli-
mates were significantly different from open-field and green-
house conditions. Therefore, it is necessary to investigate the
growth, yield, and quality response of tomatoes to different
irrigation and drainage treatments under rain-shelter culti-
vation. We conducted a pilot study to determine the effects
of irrigation and drainage management strategies on tomato
growth, yield, and fruit quality attributes in the subtropical
climate of China.

As the market for fresh vegetable is growing steadily,
the need for higher quality produce is increasing [12]. It
is an important goal to improve the quality and increase
yield simultaneously, but in general the quality improvement
is often accompanied by the decline in production [13–16].
Therefore, determination of a suitable irrigation and drainage
solution for rain-shelter cultivation with the compromise of
water saving, better quality, and higher yield has become an
imperative in the production of rain-shelter crops in southern
China. Since the principal component and variable fuzzy
analysis are simple and the result is easy to understand, they
have widely been used to solve many complicated decision
making processes in previous studies [17–20]. However,
they have not yet been applied in evaluating irrigation and
drainage treatments of tomato under rain-shelter cultivation.
It is reported that soil water can not synchronously influence
fruit yield and quality of tomato under rain shelters [4]. How-
ever, there has been little work done to assess the influence of
different irrigation and drainage strategies on growth, fruit
quality, and yield as an integrated approach. The knowledge
on the effects of drainage in tomato is inadequate compared
to that of water shortage. We hypothesized that alterations in
growing conditions can affect tomato growth from multiple
trophic levels, which could have further repercussions on
crop productivity. It was also hypothesized that a minimal
desiccation applied to can improve fruit quality and delay
final harvest.Therefore, the purpose of this paperwas to study
the impact of different irrigation and drainage strategies on
crop growth, fruit quality, and yield in tomatoes. A second
objective was to determine the relative membership and
relative membership function of the sample indicators of
each irrigation and drainage treatment under rain-shelter
cultivation relative to the indicators at all levels of the

standard range.This could help in calculating the rating scale
of each irrigation and drainage treatment by changing the
model and its parameters. Ultimately, by selecting the best
irrigation and drainage scheme we achieve the goals of a
compromise among water saving, better quality, and higher
yield.

2. Materials and Methods

2.1. Experimental Site and Plant Material. The experiments
were conducted at the Key Laboratory of Efficient Irrigation-
Drainage andAgricultural Soil-Water Environment in South-
ernChina,Ministry of Education (latitude 31∘57N, longitude
118∘50 E, 144m above sea level) during the tomato growing
season from March to September in 2011 and 2012. The
location receives abundant sunshine with mean temperature
of 15.7∘C,mean sunshine duration of 2017.2 h, and a frost-free
period of 224 days. The site lies in a typical subtropical tem-
perate climate zone with pan evaporation of 1472.5mm and
annual precipitation of 1072.9mm. The experimental field is
18m long and 7.8m wide with a planting area of 140m2. The
volumetric water content of soil at field capacity and mean
dry bulk density was 0.34 cm3⋅cm−3 and 1.35 g cm−3, respec-
tively, for the upper 30 cm of soil layer. The soil type was clay
loam with a pH of 6.1 and the organic matter content was
0.72%. Tomato (var. Xi Lan) seedlingswere raised in a nursery
and after 5 weeks of sowing they were transplanted at the
six-leaf stage. A week before transplanting, the experimental
site was ploughed and harrowed to a depth of 25 cm. In all
treatments, compound fertilizer (15 : 15 : 15) was applied and
incorporated into the soil at the rate of 1200 kg ha−1. All the
plants were irrigated and allowed to drain to field capacity.
After 24 h, the seedlingswere transplanted into 15 experimen-
tal plots. Each plot consisted of three rows of 2m in length
with spacing of 50 cm between plants and 40 cm between
rows. The row at the center was the only one harvested
for measurements on crop yield. Immediately after trans-
planting a light irrigation was provided to ensure seedling
establishment. The treatments were imposed two weeks after
transplanting. Calcium ammonium nitrate (26% N) fertilizer
was applied as side dressing at the rate of 250 kg⋅ha−1 in two
equal split doses at 5th and 7th weeks after transplanting
when the plants were at flowering and first fruit-set stages,
respectively. The plots were weeded manually three times
during each season. The plants were sprayed with insecticide
at the rate of 0.8 l ha−1 at the 6thweek against fruit worms and
other pests.

2.2. Treatments and Experimental Design. Under rain shel-
ters, five treatments (T1, T2, T3, T4, and T5; T1 as the control
or CK) replicated three times were applied to the experimen-
tal units (Table 1). Seven days after transplanting tomatoes
were drip-irrigated and the amount of water delivered was
recorded using a water gauge. The plants were irrigated to
field capacity once average soil volumetric water content in
the upper 60 cm layer of the control (CK with no drainage
pipe) decreased to 80% of field capacity. Ten days before the
final harvest watering was ceased in all the treatments.
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Table 1: Treatments of irrigation and drainage of tomato under rain-shelter cultivation.

Treatments Description
T1 (CK) Irrigation lower limit is 80% of field capacity, no subsurface pipe drainage
T2 Irrigation lower limit is 80% of field capacity, the buried underground pipe depth is 0.6m
T3 Compared to T2: 60% water was applied at the irrigation time of T2, the buried underground pipe depth is 0.6m
T4 Irrigation lower limit is 80% of field capacity, the buried underground pipe depth is 0.8m,
T5 Compared to T4: 60% water was applied at the irrigation time of T4, the buried underground pipe depth is 0.8m
CK is the control treatment.

Rain shelters consisted of polyethylene covers built to
prevent rainwater from reaching the tomato canopy. Cross-
beamswere attached at a height of 1.5m on top of pillars. Steel
posts located every 6m within the rows to support the trellis
system acted as pillars for the frame of the rain shelters. Steel
arches (1.5m span, 0.8m amplitude) were attached with wire
at both ends of the cross-beams. A strip (18m long, 8mwide)
of greenhouse grade UV-protected transparent polyethylene
cover of 0.15mm thick was stretched over the arches and
tied down at the extremities to soil anchors. Bungee cords
were snaked through eye bolts and crisscrossed over the rain
shelters to fasten the polyethylene strips (Figure 1).

2.3. Soil Samples andWaterMeasurements. Soil samples from
all the fifteen plots were collected for the measurement of
soil physical and chemical index prior to planting. Soil water
contents were used to adjust the irrigation schedule to ensure
that the envisaged irrigation treatments were achieved. The
total amount of irrigation water was recorded using water
meters and drainage volume of groundwater was calculated
by water meters connected to the catchment tank.Three per-
foratedPVCpipes (60mmdiameter)were installed to a depth
of 150 cm over pipes in three drainage areas and a ruler was
inserted into the PVC pipes tomeasure the depth of the water
table every five days. Measurements on soil water content
were performed by gravimetric method.

2.4. Measurements of Growth. Plant growth characteristics
from all the five treatments were determined by six indicators
(plant height, root length, root weight, shoot weight, total
dry weight, and root-shoot ratio). During final harvest plants
were extracted from the soil, washed with distilled water,
and divided into three parts: root, stem, and leaf. Roots
were stored in FAA (formalin : acetic acid : 70% ethanol =
1 : 1 : 18 v/v) solution for further measurements. Plant height
and the length of the primary root were measured using a
ruler. Dry weight of all plant fractions was recorded after
drying in an oven at 80∘C for 48 h. The root-shoot ratio was
calculated on dry matter basis (root weight/shoot weight).

2.5. Measurements of Yield and Quality. Individual fruit
weight and fresh yield of tomato were recorded at each
harvesting process. In order to avoid border effects, only the
five plants in the row at the center of each plot were used for
yield and subsequent quality measurements.

Ripened fruits from the five treatments were sampled at
harvest for assessing fruit quality attributes. The tomatoes

were washed with running tap water to remove dirt, dried
thoroughlywith absorbent paper, and then analyzed formean
single fruit weight (MSW) and mean single fruit volume
(MSV). VC (ascorbic acid content) was determined by titra-
tion of homogenate tomato samples (diluted in a 3% meta-
phosphoric acid solution and an 8% acetic acid solution)
using a 2,6-dichlorophenol-indophenol solution standard-
ized in a solution of ascorbic acid with a known concentra-
tion. Organic acid (OA) was titrated with 0.1mol⋅L−1 NaOH
and calculated as equivalents of citric acid expressed as per-
centage of freshmass [21]. Total soluble solids (TSS) of tomato
juice were measured with a digital refractometer (ATC-1E,
ATAGO Master, Japan) at 20∘C. In order to avoid cross
contamination the refractometer was washed with distilled
water and dried with blotting paper after each measurement.
Soluble sugar (SS) content was measured using anthrone
method [22].

2.6. Statistical Analysis. Statistical analyses were performed
using SPSS software Version 13.0. Analysis of variance
(ANOVA) was performed using the GLM procedure and
multiple comparisons of mean values were performed using
least significant difference (LSD) test at 𝑃 = 0.05 level. The
matrix calculation was done with Matlab 7.0.4 (the Math
works, Inc.).

3. Determination of Optimal Irrigation and
Drainage Treatments with the Compromise
of Yield, Quality, and Water Use Efficiency

3.1. Principal ComponentAnalysis of TomatoQuality. Assume
that the quality index matrix is 𝐴:

𝐴 = (

𝑎

11
⋅ ⋅ ⋅ 𝑎

1𝑝

... d
...

𝑎

𝑛1
⋅ ⋅ ⋅ 𝑎

𝑛𝑝

), (1)

where 𝑛 is the number of treatments and 𝑝 is the number of
quality indicators.

(1) Change the indexes into the same chemotaxis. Use the
following formula to change the inverse index:

𝑎



𝑖𝑗
= −𝑎

𝑖𝑗
. (2)
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Figure 1: Sketch of the experimental plot under rain shelter.

(2) Eliminate the magnitude of every index:
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where 𝑧
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(3) Calculate the correlation matrix of 𝑍
𝑗
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where 𝑟
𝑗𝑘
is the correlation coefficient between𝑍

𝑗
and

𝑍

𝑘
, 𝑘 = 1, 2, . . . , 𝑝.

(4) Calculate the 𝑘th principal component 𝑓
𝑖𝑘
according

to 𝜆
𝑘
and 𝛼k = (𝛼k1, 𝛼k2, . . . , 𝛼kp)

T, where 𝜆k is the
characteristic value of R and 𝛼k is the eigenvector.
Consider
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where 𝑧
𝑖𝑝
(𝑖 = 1, 2, . . . , 𝑛) is the evaluation index

after standardization processing. Select the 𝑚 (𝑚 <

𝑝) principal components whose cumulative variance
contribution rate ∑𝑚

𝑘=1
(𝜆

𝑘
/𝑝) ≥ 85% as representa-

tives to evaluate.

(5) Use the formula 𝜂
𝑘
= 𝜆

𝑘
/𝑝 to calculate the weight,

and then obtain the comprehensive principal compo-
nents from the following formula:

𝐹
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where 𝐹
𝑖
is nondimensional. We can convert the 𝐹

𝑖
to

positive by the following formula:

𝐹



𝑖
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𝑖
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𝑖
) . (8)

3.2. Evaluation on Irrigation and Drainage Treatments Based
on Variable Fuzzy. It is hypothesized that there are 𝑛 kinds of
irrigation and drainage treatments, and these programs form
the collection as follows:

𝑋 = {𝑥

1
, 𝑥

2
, . . . , 𝑥

𝑛
} . (9)

Determine the 𝑗th sample by 𝑚 indicators, and get the
eigenvalue matrix:

𝑥

𝑗
= (𝑥

1𝑗
, 𝑥

2𝑗
, . . . , 𝑥

𝑚𝑗
) . (10)

Then we can use an𝑚× 𝑛matrix to represent the sample
collection

𝑋 = (𝑥

𝑖𝑗
) , (11)

where 𝑥
𝑖𝑗
is the 𝑖th index of sample 𝑗, 𝑖 = 1, 2, . . . , 𝑚, 𝑗 =

1, 2, . . . , 𝑛.
Divide every indicator (the total is 𝑚) into 𝑐 levels and

then obtain a matrix that contains𝑚 × 𝑐 index values

𝑌 = (𝑦

𝑖ℎ
) , (12)

where 𝑦
𝑖ℎ

is the eigenvalues of 𝐻-level of index 𝐼, ℎ =

1, 2, . . . , 𝑐.
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Determine the attracting (mainly) domain and the range
of the matrix domains of irrigation and drainage schemes
based onmatrix𝑌 and the measured data of target irrigation:
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based on different combinations of level ℎ and index 𝑖:
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Determine the positional relationship between the points
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𝑖ℎ
, according to formula from (7) to (9) and then

select the formulas as in the work of Chen, 2002 legitimately;
then obtain thematrix inwhich the degree relative differences
𝐷
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Using the model given in [23],

𝑗
𝑢



ℎ
= 1 ×(1 +

{

{

{

{

{

∑

𝑚

𝑖=1
[𝜔

𝑖
(1 − 𝜇

𝐴

̃

(𝑥

𝑖𝑗
)

ℎ
)]

𝑝

∑

𝑚

𝑖=1
(𝜔

𝑖
𝜇

𝐴

̃

(𝑥

𝑖𝑗
)

ℎ
)

𝑝

}

}

}

}

}

𝛼/𝑝

)

−1

,

(16)

where
𝑗
𝑢



ℎ
is the relative membership degree before normal-

ization processing, 𝛼 is the optimization criteria of model
parameter, 𝜔

𝑖
is the weights of index 𝑖, 𝑚 is the number of

index, and 𝑝 is distance parameter (usually take 𝑝 = 1 or
𝑝 = 2).

Calculate the relative membership degree matrix without
normalization processing:

𝑈


= (

𝑗
𝑢



ℎ
) . (17)

Get the matrix after normalization processing of formula
(12):

𝑈 = (

𝑗
𝑢

ℎ
) . (18)

Maximum membership degree principle can not be
applied to the evaluation level; characteristic values are used
to evaluate the level of the sample [24]. Consider

𝐻 = (1, 2, . . . , 𝑐) × 𝑈. (19)

4. Results

4.1. Shoot and Root Growth under Different Irrigation and
Drainage Treatments. The response of shootmass to different
irrigation and drainage treatments markedly differed in both
years (Table 2). Compared to the control plants (CK), T2 and
T4 did not significantly affect shoot dry matter production

in 2011. However, there was significant difference between
them in 2012 (𝑃 < 0.05). Under drought conditions, T5
had a tendency to decrease shoot mass in both seasons
compared with T4, showing significant reductions (17–21%).
Furthermore, T3 presented similar trends to T2 with no sig-
nificant difference at the end of the experiment in both years,
compared to the control.

Root morphological characteristics play an important
role in mineral nutrient uptake from the soil [25]. With
respect to root production, T2 and T4 had decreased mean
root length (5% and 9%, resp.), root mass (15% and 17%,
resp.), and root-shoot ratio (6% and 18%, resp.), in both
years compared to the CK (Table 2). This difference might be
explained by the occasional waterlogging under CK during
the growing seasons in 2011 and 2012 (Figure 2). In the case
of T3 with 60 cm buried underground pipe, drought stress
increased root length by 15%, root mass by 14%, and root-
shoot ratio by 39% in both years. As shown in Table 2, com-
pared to T4, a similar trend was observed for T5 in increased
root length, rootmass, and root-shoot ratio. In general, plants
under T3 and T5 had a sharp increase in root length, root
mass, and root-shoot ratio and the difference was significant
compared with the control (𝑃 < 0.05).

Considering the treatment effects on plant height and
total dry mass, the plants under treatment T2 were the tallest;
the differences were significant (𝑃 < 0.05) in both years
compared to the CK (Table 2). The inability of the roots to
acclimate to occasional waterlogging under CK might have
resulted in reduced growth and function and in turn less dry
matter accumulation. In 2012 the total dry mass of the plants
in the T2 and T4 increased significantly (𝑃 ≤ 0.05); however,
no significant difference was observed in 2011. Although 13%
and 10% total drymass reduction was evident in the T3 plants
in both years, respectively, it was not statistically different
from that of T2. On the other hand, compared to T4, drought
treatments (T5) exhibited significant (𝑃 ≤ 0.05) reduction in
total biomass in both years.

4.2. Single Quality Attributes and Comprehensive
Quality Index

4.2.1. Single Quality Attribute. Fruit appearance is the first
quality trait to consumers and determined by fruit size
and shape [26]. In both seasons mean single fruit weight,
MSW (Figure 3(a)), was significantly affected by T2 and T4,
compared to CK in both years (𝑃 < 0.05), which indicates
that drainage treatment has a significant influence on yield
per fruit. The mean single fruit volume, MSV of T2 and T4,
was significantly higher than that of CK in 2011 (𝑃 < 0.05).
Although the values for T2 and T4 were higher than that of
the CK in 2012, theywere not statistically significant. For both
seasons, there was no significant difference (𝑃 > 0.05) in the
MSW and MSV between T2 and T3 (Figures 3(a) and 3(b)),
indicating that MSW andMSV were not affected by drought.

Tomato taste and nutritional quality are largely deter-
mined by the contents of total soluble solids (TSS), organic
acid (OA), soluble sugar (SS), vitamin C (VC), and the ratio
between SS and OA [27]. The effects of the irrigation and
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Figure 3: Effects of different irrigation and drainage treatments on quality indices (mean single fruit weight, MSW;mean single fruit volume,
MSV; organic acid, OA; vitamin C, VC; total soluble solids, TSS; and soluble sugar, SS) of tomato fruit in the 2011 and 2012 seasons. Columns
with the same letter represent values that are not significantly different at the 0.05 level of probability according to the LSD test. Vertical bars
represent ±S.E. of the mean.The S.E. was calculated across three replicates for each year.The treatment symbols of T1, T2, . . ., T5 are the same
as in Table 1.
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Table 2: Effect of different irrigation and drainage treatments (Tr) on plant height (PH), root length (RL), root mass (RM), shoot mass (SM),
root-shoot ratio (RSR) and total dry mass (TDM) of tomato at harvest.

Years Tr PH/cm RL/cm RM/g⋅plant−1 SM/g⋅plant−1 RSR/g⋅g−1 TDM/g⋅plant−1

2011

T1 112.33 ± 8.57

b
34.83 ± 3.35

b
8.23 ± 1.41

b
91.60 ± 6.68

ab
0.09 ± 0.01

b
99.83 ± 4.27

ab

T2 132.33 ± 5.61

a
37.83 ± 7.03

ab
10.62 ± 0.84

ab
102.81 ± 11.30

a
0.10 ± 0.02

b
113.43 ± 3.046

a

T3 113.00 ± 7.67

b
42.10 ± 2.75

a
11.96 ± 1.60

a
86.34 ± 6.22

ab
0.14 ± 0.04

a
98.30 ± 8.81

ab

T4 121.33 ± 0.33

ab
38.73 ± 1.51

ab
10.69 ± 2.55

ab
98.13 ± 7.10

a
0.11 ± 0.02

ab
108.82 ± 10.35

a

T5 112.67 ± 1.33

b
43.33 ± 4.04

a
12.49 ± 4.17

a
81.50 ± 6.77

b
0.15 ± 0.01

a
93.99 ± 11.16

b

2012

T1 86.5 ± 3.59

b
20.89 ± 0.58

b
6.12 ± 0.23

b
78.54 ± 3.86

b
0.08 ± 0.006

b
84.66 ± 3.88

b

T2 108.1 ± 5.81

a
22.49 ± 2.96

ab
7.55 ± 0.93

ab
94.13 ± 4.63

a
0.08 ± 0.012

b
101.68 ± 4.41

a

T3 91.4 ± 6.64

b
27.1 ± 4.50

a
8.72 ± 1.58

a
82.69 ± 11.78

ab
0.11 ± 0.003

a
91.41 ± 13.31

ab

T4 100.1 ± 3.12

ab
23.69 ± 1.87

ab
7.82 ± 0.39

ab
91.95 ± 2.82

a
0.09 ± 0.006

ab
99.77 ± 2.57

a

T5 87.4 ± 3.10

b
28.95 ± 1.24

a
8.85 ± 0.87

a
72.56 ± 2.90

b
0.12 ± 0.017

a
81.41 ± 2.11

b

Note:The values of plant height (PH), root length (RL), root mass (RM), shoot mass (SM), root-shoot ratio (RSR), and total drymass (TDM) are themeans of 3
replications. In the same column and in the same year, means followed by the same letter (a, b) do not differ significantly at the 5% level by LSD.The treatment
symbols of T1, T2, . . . ,T5 are the same as in Table 1.

drainage treatments on the taste and nutritional qualities of
tomato are summarized in Figures 3(c)–3(f). Compared to
CK, T2 and T4 did not significantly affect OA in the first
year, but it was significant (𝑃 < 0.05) in the second year
(Figure 3(c)). VC is one of the indispensable components
of nutrition in fruits. The values of VC increased with less
irrigation amount (Figure 3(d)). For well-watered treatments
(T2 and T4) the mean VC increased by 8% and 10%, respec-
tively, compared to the CK, although there was no significant
reduction in both years (𝑃 > 0.05). When compared to T2,
average VC of T3 increased significantly (𝑃 < 0.05) by 18%
in both seasons. While considering T5, VC increased signif-
icantly (20%) as compared to T4 (𝑃 < 0.05). With respect
to TSS (Figure 3(e)), there was significant difference between
T2 and T4 compared to CK in 2011 and 2012 (𝑃 > 0.05). In
contrast, SS in T2 and T4 did not increase in the first year
(𝑃 < 0.05) compared to CK, whereas it was significant in
2012 (Figure 3(f)). Under drought conditions, T5 showed a
tendency to increase SS in the second year comparedwith T4,
but there was no difference in 2011 (𝑃 < 0.05).

The sugar-acid ratio of T2 and T4 was 7% and 12% higher
than those inCK in the 2011 season and 2% and 7% in the 2012
season, respectively. Compared to T4, the sugar-acid ratio of
T5 significantly increased by 30% in 2011 (𝑃 < 0.05); however,
there was no difference in 2012.

4.2.2. Comprehensive Quality Index and Its Response to
Different Irrigation and Drainage Treatments. In most cases
fruit quality is difficult to be defined because of consumer
preferences. In this study, the Principal Component Analysis
was attempted to determine the quality component. The
results were listed in Tables 3–5. TSS, OA, SS, and VC
had high correlation among them while contributing to low
correlation with MSW and MSV (Table 3). The accumulated
contribution rate of the two principal components which
contains a large amount of variation information was 89%
(>85%), so the evaluation index can be lower from 6 to 2
(Table 4). The accumulated contribution rate variance of f

1

is 56.851%.The variation information of f
1
corresponds to SS

(X1), VC (X4), MSW (X5), and MSV (X6) while f
2
contains

the same for TSS (X2) and OA (X3) (Table 4).
According to variable fuzzymodel, the results of the com-

prehensive quality index calculation were shown in Table 5.
T3 had the highest comprehensive quality indices in 2011 and
2012 (2.87 and 2.98, resp.), whereas T1 had the lowest index
of 1 in both years.

4.3. Evaluation on Irrigation andDrainage Treatmentswith the
Compromise among Yield, Quality, and Water Use Efficiency.
A scientific irrigation and drainage strategy should be a
compromise between water saving and time improving the
yield and quality of fruits. Table 6 shows the results of the
water consumption by tomato and fruit yield in the 2011
and 2012. The highest and lowest yields of 156.43 t⋅ha−1
and 124.29 t⋅ha−1, respectively (2011), and 168.39 t⋅ha−1 and
127.32 t⋅ha−1, respectively (2012), were obtained from plants
grown in similar conditions of the T2 and plants exposed
to drought conditions of the T5. There was no significant
difference between T2 and T4, compared to the control, indi-
cating that the fruit yield was not benefitted from drainage
treatments. The fruit yield was higher when plants were
supplied with higher amounts of water. The yields from T3
and T5 were significantly decreased (𝑃 < 0.05) compared to
well-watered plants. In both seasons, T3 and T5 significantly
decreased crop water consumption (𝑃 < 0.05), compared to
well-watered treatments.

The weight vector of the four indicators was determined
according to the variable fuzzy theorem used to define the
importance of the indicators and the consistency [28, 29];
then the qualitative ranking scale matrix can be obtained as
follows:

𝐹 =

[

[

[

[

0.5 0 1 1

1 0.5 1 1

0 0 0.5 0.5

0 0 0.5 0.5

]

]

]

]

B
A
C
C

. (20)
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Table 3: The correlation matrix of single quality attributes of tomato.

Years X1 X2 X3 X4 X5 X6

2011

X1 1
X2 0.917 1
X3 0.981 0.971 1
X4 0.906 0.946 0.933 1
X5 0.381 0.725 0.706 0.380 1
X6 0.413 0.454 0.344 0.413 −0.997 1

2012

X1 1
X2 0.983 1
X3 0.992 0.995 1
X4 0.976 0.941 0.948 1
X5 0.598 0.726 0.679 0.465 1
X6 0.427 0.574 0.524 0.273 −0.978 1

Note:The letter codes are X1 (soluble sugar, SS), X2 (total soluble solids, TSS), X3 (organic acid, OA), X4 (Vitamin C, VC), X5 (mean single fruit weight, MSW),
and X6 (mean single fruit volume, MSV).

Table 4: Factors and contribution rates of every main ingredient.

Years PC X1 X2 X3 X4 X5 X6 CV CR ACR

2011 f1 0.783 −0.397 −0.652 0.792 0.970 0.956 3.411 56.851 56.851
f2 0.221 0.875 0.084 0.559 −0.108 −0.115 1.926 32.106 88.958

2012 f1 0.955 0992 0.980 0.893 0.807 0.672 4.756 79.268 79.268
f2 −0.290 −0.125 −0.183 −0.439 0.589 0.741 1.222 20.373 99.641

Note: The letter codes are PC (principal components, f1 and f2), CV (characteristic values), CR (contribution rate), ACR (accumulated contribution rate), X1
(soluble sugar, SS), X2 (total soluble solids, TSS), X3 (Organic acid, OA), X4 (Vitamin C, VC), X5 (weight per fruit, MSW), and X6 (volume per fruit, MSV).

Use indicator 𝑥
2
with sequenceA to compare with those

ofB,C, andD, respectively, and determine the importance
according to the method [28] as follows.

Compared to 𝑥
1
, the importance extent of 𝑥

2
is between

“little” and “slightly.” Compared to 𝑥
3
and 𝑥

4
, the importance

of 𝑥
2
is “significant”; then determine the weight vector of four

indicators before normalization processing as follows:

𝜔


= (0.714, 1, 0.333, 0.333) = (𝜔



𝑖
) . (21)

The weight vector after normalization processing is as
follows:

𝜔 = (0.300, 0.420, 0.140, 0.140) = (𝜔

𝑖
) . (22)

Using the weights provided from this paper and trans-
forming the parameters (𝛼, 𝑝) of the variable fuzzy model,
the results of 2011 and 2012 were listed in Table 6. Therefore,
considering the water-saving effect, yield, and comprehensive
quality, T3 appeared to be the most suitable irrigation and
drainage strategy.

5. Discussion and Conclusion

Higher yield and better quality in the production of tomatoes
stimulated the development of advanced production systems.
The production of tomatoes is mostly limited to the hot and
wet summer season in southern China. Rain shelters cultiva-
tion which can increase crop yield and improve fruit quality,
has, therefore, been introduced to this region.The reasonable

use of water under rain shelters has become a priority and
the adoption of irrigation and drainage strategies that allows
saving of irrigationwater,maintaining satisfactory yields, and
improving fruit quality contributes to the preservation of
this option. The effects of irrigation and drainage strategies
have been widely investigated for many crops, although
these are crop-specific. Moreover, the soil type, which deter-
mines the available water for crop uptake, and the growing
condition of a given productive cropping system, which
determines the growth and water consumption by the crop,
play vital roles in determining the effects of irrigation and
drainage strategies. Therefore, it is essential to evaluate the
impact of different irrigation and drainage strategies with
multiyears rain shelter experiments, before suggesting the
most appropriate irrigation and drainage strategies to be
adopted in southern China for tomatoes.

In southernChina, groundwater is usually close to the soil
surface for a prolonged period of time due to excessive rainfall
during the growing season, which results in a significant risk
of intermittent waterlogging (Figure 2). The decline of both
plant growth and accumulation and redistribution of dry
matter is common among plants sensitive to waterlogging
[30]. The roots are the most severely affected plant organ
in tomatoes. The decreased availability of both oxygen and
photosynthates led to the cessation of growth and progres-
sive deterioration of the main roots. Waterlogging reduces
root permeability and hydraulic conductivity, which in turn
influences water uptake and transport [31]. These results
have been confirmed in this study, where root mass (RM)
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Table 5: Effect of different irrigation and drainage treatments on yield, comprehensive quality index, water consumption, and irrigation
amount of tomato under rain shelters.

Years Tr Yield (t/ha) Comprehensive quality index Water requirement (mm) Water irrigation (mm)

2011

T1 137.86ab 1.00b 309.68a 243
T2 156.43a 2.68a 310.03a 241
T3 126.43b 2.87a 195.52b 145
T4 150.71a 1.96ab 288.48a 228
T5 124.29b 2.22a 181.70b 137

2012

T1 149.66ab 1.00b 303.75a 256
T2 168.39a 2.50a 306.78a 240
T3 132.56b 2.98a 192.66b 145
T4 160.64a 2.72a 286.57a 228
T5 127.32b 2.92a 182.82b 137

Note: columns with the same letter represent values that are not significantly different at the 0.05 level of probability according to the LSD test. Each value is
the mean ± SE (𝑛 = 3). The treatment symbols of T1,T2, . . . ,T5 are the same as in Table 1.

Table 6: Evaluation results of ten treatments of irrigation and drainage by changing two parameters of 𝛼, 𝑝.

Years Treatments Level eigenvalue Stability range
𝛼 = 1, 𝑝 = 1 𝛼 = 1, 𝑝 = 2 𝛼 = 2, 𝑝 = 1 𝛼 = 2, 𝑝 = 2

2011

T1 4.596 4.511 4.807 4.753 4.511∼4.807
T2 2.95 2.828 2.66 2.561 2.561∼2.950
T3 2.753 2.806 2.401 2.581 2.401∼2.806
T4 3.643 3.571 3.58 3.507 3.507∼3.643
T5 3.283 3.405 3.163 3.412 3.163∼3.412

2012

T1 4.596 4.511 4.807 4.753 4.511∼4.807
T2 2.95 2.828 2.66 2.561 2.561∼2.950
T3 2.753 2.806 2.401 2.581 2.401∼2.806
T4 3.643 3.571 3.58 3.507 3.507∼3.643
T5 3.283 3.405 3.163 3.412 3.163∼3.412

Note: 𝛼 is the failure criterion parameter of model optimization and 𝑝 is the distance parameter.

was significantly reduced under CKwithout proper drainage.
The increased vegetative and reproductive biomass produc-
tion with drainage treatments might be a possible outcome
of the increase in available water and nutrition and as a
result of enhanced photosynthetic activity. Treatments T2
and T4 effectively maintained higher SM and TDM than
those in the CK treatment. Tomatoes under different buried
groundwater pipe depths responded differently to drought,
as they did to waterlogging. Several studies have reported
a reduction in shoot growth under drought [32]; however,
drought treatments can increase the root-shoot ratio. It is
widely accepted that the absorption and fixed capacity of
the nutrients can be measured by the root dry matter. The
root dry matter increases when the soil moisture content is
low; in contrast the aboveground dry matter under drought
conditions decreases. The larger the root-shoot ratio is, the
more water and nutrients can be absorbed by plants, which
shows the environmental adaptability of the plant. In the cur-
rent study, although the treatments T3 and T5 accumulated
less amounts of dry matter, the plants adapted to the environ-
ment with low water resources by adjusting the distribution
ratio of the dry matter and optimizing the plant structure.

Data from this study are comparable to previously pub-
lished reports on fruit yield under different irrigation and

drainage treatments. Under greenhouse conditions, several
water-saving systems including deficit irrigation and partial
root zone drying have been recommended. These water-
saving systems have great potential to conserve water and at
the same time improve fruit quality but with yield penalty to
various extents. According to Johnstone et al. [33], the total
yield increases in relation to the amount of water applied.
Other researchers demonstrate that maximum tomato yields
are obtainable under irrigation with water amounts based on
100% ETc [34]. In one experiment [35] fruit yield increased
when drip irrigation was augmented. In the present study,
the yield of T3 and T5 was significantly decreased (𝑃 < 0.05)
compared to well-watered plants. In addition, drainage treat-
ments (T2 and T4) provided the best results by increasing the
marketable yield by 13% and 8%, respectively, in two seasons
compared with the control. Our findings were in agreement
with the results of Comeau et al. [36].

Tomatoes are considered as an important commercial and
dietary vegetable. Visual appearance is a critical factor driving
the initial consumer’s choice. The present study showed that
drainage treatments significantly affect MSW and MSV. As
expected, fruit size was lower in plants where the least
irrigationwas applied to in both years. Similar effects of water
stress upon fruit weight had been reported previously [37, 38].
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MSW was affected by deficit irrigation in applying 60% of
full irrigation levels (T2 and T4) throughout the experiment
which decreased the MSW. Similar findings were reported
previously where MSW and MSV were affected by irrigation
water [14, 39].

In addition to the effects on visual appearance, drainage
and irrigation treatments are known to influence the taste
and nutritional quality of fruits. In the present study, the
TSS and SS of freshly harvested fruits were higher with
drainage treatments, but no significant difference in the VC of
freshly harvested fruits was found (Figure 3(d)).However, the
decreased level of irrigation exerted beneficial effects upon
fruit quality, mostly with respect to TSS and SS contents.
Along with TSS and SS contents, a rise in the VC content of
the fruits under drought regimes has been observed which
is beneficial for human health. Since VC plays an important
role as an antioxidant and protects the plant during oxidative
damage by scavenging free radicals and reactive oxygen
species (ROS) that are generated by various stresses [40, 41],
higher content of VC might maintain relatively lower levels
of ROS in tomato fruit, resulting in less damage caused by
ROS after drought. Some studies reported that the larger the
fruit size, the lower theVC content of tomatoes [37, 42]. Other
studies highlighted howVC is positively related to water limi-
tation in the processing of tomatoes [37], although the extent
of this effect may also be cultivar-dependent [42]. A similar
trend for fruit acidity in response to limited water supply
was reported by Wang et al. [43].

Tomato quality is a comprehensive concept and a sum
of the interactions among different single quality attributes.
It not only includes the external and taste qualities but also
involves nutritional and storage qualities [6, 26, 44]. The
Principal ComponentAnalysis in the current experiment was
attempted to determine the comprehensive quality indices of
tomatoes which showed that T3 had the highest comprehen-
sive quality performance during the two growing seasons.The
significant positive correlation coefficient between two sea-
sons shows that the ranks of comprehensive quality indices
were stable when applying similar irrigation and drainage
treatments and therefore reliable.

Multiple attribute decision making is an effective
approach to evaluate a set of alternatives, which are
characterized in terms of each attribute. The variable fuzzy
evaluationmodel also known asMADMmethod [45–47] can
adopt several weights or change themodel (1 linearmodel and
3 nonlinear models in this paper) by changing parameters
(𝛼 and 𝑝) on the basis of the primary model. The steps
involved in the calculation of the variable fuzzy assessment
model and using the same to rank five irrigation and
drainage regimes have been detailed elsewhere. The results
indicated that T3 can acquire a better compromise among
water saving, tomato yield, and fruit quality.
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