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ABSTRACT

This study was conducted to determine the effects of the combined use of rain shelters
(RS) and deficit irrigation (DI) on tomato yield and quality characteristics. Two
experiments with different treatments were conducted in the southern China during the
growing season in 2011 and 2012. The crops were irrigated to field capacity once average
soil water content at the 0-60 cm layer in the treatment decreased to 80 % of field capacity
under open-field (T1, the control) and RS (T2), and 30, 40, and 50% decreased water of
T2 as treatments T3, T4, and TS5, respectively. The results showed that T2 increased the
yield and irrigation water use efficiency (IWUE) by 13 and 11.5% in the two years, and
improved fruit firmness (FF), total soluble solids (TSS), soluble sugar (SS), and vitamin C
(VC) compared to T1. Under RS conditions, DI reduced the yield, but increased IWUE of
tomato relative to T2 from 25 to 52% in 2011, and from 26 to 41% in 2012. The effects of
DI on fruit quality were generally the inverse of those on fruit yield. FF, TSS, SS, VC,
organic acid, and color index were positively affected by DI. With regard to the rank of
comprehensive quality index (CQI) calculated by the analysis hierarchy process and
modified technique for order preference by similarity to an ideal solution, it exhibited
good fitness to the rank of single quality attributes. The highest CQI was obtained in
treatment T4 in 2011, and T3 in 2012.
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INTRODUCTION

Tomato (Solanum lycopersicum L., syn.
Lycopersicon esculentum Mill.) is one of the
popular horticultural crops and it is an
important source of antioxidants such as
lycopene, phenolics, and vitamin C (VC) in
human diet (Toor et al., 2006). The yield
and quality of fresh tomato are affected by
both genetic factor and growing condition
(Viskelis et al., 2008). The current climate
in southern China is characterized by a
predominance of summer precipitation with
dry winter and variable spring precipitation.
Besides heat, insect pests, and diseases, a

major constraint for the production of
tomato in this region is the abundance of
rainfall, particularly in combination with
shallow ground water. Heavy rain, high
temperature, and high levels of relative
humidity—typical attributes of subtropical or
tropical climates- have been reported to
increase the incidence of blossomed rot (Ho
and White, 2005) as well as fruit cracking
(Peet, 1992) and impair fruit quality and
yield. Precipitations have been linked to
reductions in small fruit yield and shelf-life
due to rain-driven  epidemics  of
phytopathogens (Xiao et al., 2001).
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As the market for fresh vegetable is
growing steadily, the need for higher quality
is increasing (Ruiz-Altisent et al., 2006).
Among the environmental factors, water is
one of the important factors affecting fruit
quality of tomato, therefore, irrigation and
drainage management strategies are critical
to increase tomato yield and quality in
southern China. Deficit irrigation, where
only a portion of evapotranspiration is given
to plants over the entire root system, has
been studied for tomato with mixed results.
Pulupol et al. (1996) observed that deficit
irrigation caused a significant reduction in
dry mass yield for a glasshouse cultivar,
while other studies reported no reduction for
a  field-grown  processing  cultivar.
Appropriate deficit irrigation can lower
color hue angle, increases contents of
vitamin C, fruit redness, beta-carotenoid,
and lycopene in processing tomato (Patane
and Cosentino, 2010). Johnstone et al.
(2005) showed that deficit irrigation at early
fruit ripening stage could effectively
increase total soluble solids (TSS) of
processing tomato. Liu and Chen (2002)
showed that after the first three trusses fruit
set, reducing proper irrigation times
increased the contents of soluble solid
content, titration acidity, VC, and soluble
solid/acid ratio of cherry tomato and also
improved water use efficiency. However, the
mentioned studies were mostly conducted in
the water shortage region, and only
investigated the relationship between single
quality attributes and water condition at
different growth stages. The relationships
are difficult to set down an efficient
irrigation scheduling for the compromise
between yield and quality in tomato. It is
necessary to put forward a new method to
determine the comprehensive quality index
and study its response to different irrigation
managements.

Alleviation of the adverse effects of the
abundance of rainfall on tomato yield and
fruit quality is, therefore, a prerequisite for
sustainable tomato production in southern
China. Cover cropping techniques such as
polyethylene rain shelters cultivation, which
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can provide protection against heavy rain,
reduce disease pressure and running cost
and, therefore, increase crop yield and
productivity have been introduced in the
area. To our knowledge, there have been
fewer experiments studying the effect of rain
shelters combined with deficit irrigation on
fruit yield and qualitative characteristics. For
tomatoes grown in rain shelters, the growth
periods and micro-climates were
significantly different from open-field
conditions. It is necessary to investigate the
yield and quality response of tomato to
water stress under rain-shelter cultivation.
The aim of this work was to study the effects
of rain shelters and deficit irrigation on
tomato yield and fruit quality attributes in a
subtropical climate in China.

MATERIALS AND METHODS
Experimental Site and Plant Material

The experiments were conducted at the
Key Laboratory of Efficient Irrigation-
Drainage and Agricultural Soil-Water
Environment in Southern China, Ministry of
Education (latitude 31°57' N, longitude
118°50' E, 144 m above sea level) during the
tomato growing season (March to
September) of 2011, and repeated in 2012
(Figure 1). The site is in a typical subtropical
temperate climate zone with annual
precipitation of 1,072.9 mm and pan
evaporation of 1,472.5 mm. The
experimental field is 18 m long and 7.8 m
wide with planting area of 140 m’. The
mean dry bulk density and soil volumetric
water content at field capacity and wilting
point was 1.35 g cm™, 0.34 and 0.24 cm’ cm’
? for the upper 0-30 cm soil layer. The soil
type was clay loam with a pH of 6.1 and
0.72% of organic matter content. Tomato
(Xi Lan in 2011 and Asian Fengwang in
2012) seedlings of open-field cultivar were
raised in a nursery and transplanted on 12
April 2011 (April 13 2012). A week before
transplanting, the experimental site was
ploughed and harrowed to depths of 25 cm.
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Figure 1. Sketch of experimental plot under rain-shelter.

In all treatments, fertilizers (15:15:15) at the
rate of 1,200 kg ha' were applied and
incorporated into soil. All the crops were
irrigated and allowed to drain to field capacity.
After 24 hours, the seedlings were transplanted
into 15 plots. Each plot consisted of three rows
of 2 m in length, among which plants were
grown 50 cm apart with 40 cm spacing in each
row. Only the central row was harvested for
production measurements. It was followed by
a light irrigation 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' in two equal split doses at 5th and 7th

week after transplanting when the plants were
at flowering and first fruit set stages,
respectively. The plots were manually weeded
three times in the season. The plants were
sprayed against fruit worms and other pests
with insectpowder at the rate of 0.8 1 ha™ at the
6th week after transplanting.

Treatments and Experimental Design

Five treatments replicated three times were
applied to the experimental units (Table. 1).
Seven days after transplanting, tomato crops
were irrigated to field capacity when
average soil volumetric water content at the
0-60 cm layer in CK treatment (full

Table 1. Experiment design of tomato for different treatments in 2011 and 2012 seasons.”

Treatment Description
T1° Irrigation lower limit is 80% of field capacity, No rain shelters and drainage measure
T2 Irrigation lower limit is 80% of field capacity, Rain shelters measure
T3 Compared to T2:70% water was applied at the irrigation time of T2, Rain shelters measure
T4 Compared to T2:60% water was applied at the irrigation time of T2, Rain shelters measure
TS Compared to T2:50% water was applied at the irrigation time of T2, Rain shelters measure

“Trrigation method is drip irrigation. The depth of drainage pipe for all the treatments is 0.8 m.

%15 taken as control
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irrigation) decreased to 80% of field
capacity. Tomato crops were drip-irrigated
and the irrigation amount was recorded
using a magnetic flowmeter. To avoid the
influence of groundwater on crop, drainage
pipe for all the treatments was installed at
the depth of 0.8 m.

Soil Moisture Content and Crop Water
Consumption

Air temperature and relative humidity
were monitored with dataloggers. The soil
water content was measured and controlled
with the time domain reflectometry (TDR)
and by the microwave drying method. Soil-
water-content profiles data was used to
adjust irrigation schedule to ensure that the
envisaged irrigation treatments could indeed
be realized. The tensiometers were placed at
the first and second treatment at uniform
depths of 60 cm below the soil surface. The
tensiometer readings were recorded daily
and irrigation was applied when soil
moisture reached 80% of field capacity in
the designated plot.

Measurements of Yield, Quality and
Water Use Efficiency

Individual fruit weight and fresh yield of
tomato were measured at each harvesting
time. In order to avoid border effects, only
the 5 plants in the middle part of each plot
were used for the yield and subsequent
quality measurements. Irrigation water use
efficiency (IWUE) was calculated by
dividing amount of water used for irrigation
by total fresh yield (Wang et al., 2011).

Ripened fruits of the first and the second
trusses were sampled at harvest for
laboratory analyses (AOAC, 1990). The
tomatoes were washed with running water to
remove dirt and were dried thoroughly with
absorbent paper. Then, they were analyzed
for single fresh fruit weight (g). Fruit
diameters in the horizontal and vertical
direction were measured using a Vernier
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caliper, and shape index was calculated
using the ratio of vertical to horizontal
diameters. Fruit color was measured with a
spectrophotometer  (SP60, Xrite, and
Incorporated, MI, USA). Three readings of
CIE (Commission International d’Eclairage)
color space coordinates L, a, and b values
were obtained from four fruit equatorial
orientation, and then average values were
converted to color index (Intelmann et al.,
2005).

Fruit firmness (kg cm‘z) was detected
using a fruit firmness tester (FHR-5,
Takemura electric works, Ltd., Japan) at
harvest. Measurements were done on the
fruit shoulder 1.5 cm from blossom scar
using a cylindrical probe (5 mm diameter).
TSS of tomato juice were measured with a
digital refractometer ACT-1E produced by
TAGO in Japan at 20°C. The refractometer
was washed with distilled water each time
after use and dried with blotting paper. VC
(ascorbic acid) was determined by titration
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
standardized in a solution of ascorbic acid
with a known concentration. Total soluble
sugar content was measured using anthrone
method (Spiro, 1966). Sugar-acid ratio was
calculated equivalents of total soluble sugar
expressed as percentage of total acidity
(Citric acid). Organic acid was titrated with
0.1 molL™" NaOH and calculated as
equivalents of citric acid expressed as
percentage of fresh mass (AOAC, 1990).
There were totally 6 measurements in the
2011 and 2012 seasons and the average
values were for single quality attributes.

Statistical Analysis

All statistical analyses were performed
using SAS software Version 9.2 (SAS
Institute, Cary, NC, USA). Analysis of
variance (ANOV A) was performed using the
GLM procedure and multiple comparisons
of mean values were performed using least
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significant difference (LSD) test at Pyps
level. The matrix calculation was done with
Matlab 7.0.4 (The Math works Inc.).

RESULTS

Response of Single Quality Attributes of
Tomato to Different Treatments

Fruit water content and fruit firmness are
the main attributes which determine storage
quality of tomato (Dorais et al., 2001;
Viskelis et al., 2008). In the 2011 season,
only the TS5 treatment significantly
decreased the fruit water content when
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compared to T1, while other treatments were
not significantly lower (Figure 2-A). Rain
shelters did not significantly affect fruit
water content in either year. In the 2012
season, fruit water content of T4 and T5 was
significantly lower than that of T1. With
respect to fruit firmness, T3, T4, and TS5
significantly increased fruit firmness in both
seasons when compared to T1, which means
that they can stand tougher mechanical
damage and, thus, have loner storage
duration than that of T1 (Figure 2-B). In
both seasons, no significant difference for
the fruit firmness was observed between T2
and T1.

Fruit appearance is the first quality trait to
consumers and determined by fruit size,
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Figure 2. Effects of different irrigation treatments on quality attribute 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 £SE of the mean. The SE was
calculated across three replicates for each year. The treatment symbols are the same as in Table 1.
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shape, and color (Labate et al., 2007). For
both seasons, there was no significant
difference in the shape index of tomato fruit
harvested in different irrigation treatments
(Figure 2-C), which implied that the fruit
shape was mainly determined by the
genetics of the cultivar. In both seasons,
open-field tended to have redder fruit color,
but there was no significant difference
between T1 and T2. When compared to T2,
treatments T4 and TS5 significantly increased
the fruit color index by, respectively, 4.66
and 6.30% in the 2011 season. In the 2012
season, only TS5 significantly decreased
color index compared with T2 (Figure 2-D).
In the 2011 season, Figure 2-E shows that
single average fresh fruit weight was not
significantly  affected by  irrigation
treatments inside rain shelters compared to
T2 in both seasons, but in both seasons,
single average fresh fruit weight of T2, T3,
and T4 was significantly higher than that of
T1, which indicates that rain shelters had
significant influence on yield per fruit. In the
2011 season, the volume per fruit of T2, T3,
and T4 was significantly higher than that of
T1. In the 2012 season, only the T3
treatment had significantly higher volume
per fruit as compared to T1 (Figure 2-F).
Tomato taste and nutritional quality are
largely determined by the contents of TSS,

organic acid, soluble sugar, VC, and their
ratio between soluble sugar and organic acid
(Dorais et al., 2001). Compared to CK, T3
and T5 did not significantly affect organic
acid in the first year, but did so in the second
year (Table 2). The values of VC increased
with less irrigation amount. In the 2011
season, T3, T4, and TS5 significantly
increased VC by 15.1, 27.7, and 34.9%,
respectively. In the 2012 season, T4 and T5
also significantly increased VC by 25.8 and
32.1%, respectively (Table 2). The
sugar/acid ratio in T4 and T5 was 26.2 and
29.0% higher than that in T1 in the 2011
season, and 9.9% and 11.7% in the 2012
season, respectively. Compared to T1, TS
significantly increased the organic acid
content of fruit by 24.4 and 20.9%, and the
sugar/acid ratio by 18.8 and 13.0% in the
two seasons, respectively (Table. 2). The
sugar/acid ratio did not change much
between open cultivation and rain shelters.
However, the higher sugar/acid ratio was
achieved in fruits under rain shelters.

Comprehensive Quality Index and Its
Response to Different Treatments

According to the overall weights obtained
from the Analysis Hierarchy Process (AHP),

Table 2 Effects of the combined use of rain shelters and deficit irrigation on taste quality attributes of

tomato fruit in 2011 and 2012 seasons.”

C;;)ppl Treatme Total soluble Organic acid Vitamin C (mg Sugar/Acid
season nt solids (%) (g100 g 100 g ratio
T1 4.38¢ 0.72a 10.03¢ 7.06b
2011 T2 5.71b 0.71a 11.07bc 7.72b
season T3 6.15ab 0.69a 11.54b 7.96b
T4 6.21ab 0.54b 12.81ab 8.91ab
TS 7.96a 0.66a 13.53a 9.11a
T1 3.50¢c 0.48b 11.92b 10.21b
2012 T2 4.22b 0.53ab 12.53b 10.75ab
season T3 4.75ab 0.57a 14.37ab 10.95ab
T4 4.94a 0.58a 15.00a 11.22a
T5 5.40a 0.60a 15.75a 11.40a

“ 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 (n= 3). The treatment symbols are the same

as in Table 1.
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the calculation steps of modified technique
for order preference by similarity to an ideal
solution (TOPSIS) method (Deng et al.,
2000), the comprehensive quality of tomato
was calculated, as shown in Table 3 and
Table 4. The results showed that exterior
was the most important quality, which had
the highest criteria weight of 0.411. And the
criteria weight of taste, nutrition, and storage
quality was 0.296, 0.106, and 0.187,
respectively. Among the single quality
attributes, the volume of single fruit had the
highest overall weight of 0.194, while fruit
water content had the lowest overall weight
of 0.072 (Table 3). In this study, different
treatments had similar ranking for the
comprehensive quality index in both
seasons. In the 2011 season, T4 and T5 had
higher comprehensive quality index, with
the values of 0.685 and 0.682, respectively,
while T1 had the lowest comprehensive
quality index, with the values of 0.011. In
the 2012 season, the highest comprehensive
quality index was obtained in treatment T3,
with the value of 0.657. While T1, T2, and
TS5 had lower comprehensive quality index,
with the values of 0.296, 0.480, and 0.550,
respectively.

The Spearman ranking correlation analysis
between single quality attributes
performance and the comprehensive quality
index were used to assess the rationality of
comprehensive quality index (Table 4). In
the 2011 season, the ranks of color index
and fruit water content were negatively
correlated with that of the comprehensive
quality index. In the 2012 season, including
color index and fruit water content, organic
acid also negatively correlated with the rank
of the comprehensive quality index. While
the ranks of the other attributes were
positively correlated with that of the
comprehensive quality index. The numbers
of negative and positive correlation
coefficients occupied 23 and 77% of the
total in 2011, and 27 and 73% in 2012,
respectively. The Spearman correlation
coefficient of comprehensive quality index
in both seasons was 0.89.
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Yield and Water Use Efficiency

Table 5 details the 2011 and 2012 results
that relate to fruit yield, irrigation water use
efficiency IWUE) and WUE of tomato. As
could be concluded from data, the more
water was applied, the higher fruit yield was
obtained, while IWUE was decreased with
the increase in the amount of irrigation. It is
consistent with former research (Sensoy et
al., 2007). The highest and lowest amounts
for yields of 156.43 and 118.57 t ha™ (2011)
and 168.39 and 118.50 t ha™' (2012) were
obtained in T2 and TS5 treatment,
respectively. The yield of T2 and T3 were
not significantly affected, but T4 and TS5
significantly decreased the yield by 8.3 and
14.0% in the 2011 season, and 11.4 and
29.6% in the 2012 season, respectively,
when compared to T1. There were no
significant differences between T1 and T2,
indicating that the fruit yield was not
influenced positively by the rain-shelter
cultivation. In both season, T3, T4, and T5
significantly decreased the crop water
consumption, when compared to T1. With
regard to WUE, it ranged from 44.5 to 68.7
kg m™ and 49.3 to 69.4 kg m™ depending
on the treatments and experimental years.

DISCUSSION

The critical parameter that has to be
considered in a hot and wet environment is
the occurrence of heavy rain. Visual
observations during the first year of the
experiments showed that tomato plants
without rain-shelter and drainage looked
significantly waterlogging stressed during
the periods of rainfall, which could lead to
physiological disorders impairing fruit
quality and the proportion of marketable
yield in tomatoes. A few studies have
suggested that rain shelters, through reduced
disease pressure, can increase crop yield and
productivity (Masaki, 1987; Xiao et al.,
2001).

In this study, no significant effects of
water regime on fruit size under the
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Table 5. Effects of the combined use of rain shelters and deficit irrigation on total yield, evapotranspiration (ET), irrigation water use

efficiency (IWUE) and water use efficiency (WUE) of tomato in 2011 and 2012 seasons.”

Shao et al.

WUE (kg m”)

IWUE (kg m™)

ET (mm)
309.7+£21.35a

Yield (thal

Treatments

Cropping season

44.5+£3.26b
50.5+4.12ab

56.7+4.17c

137.9+£10.21ab
156.4+£9.86a
137.1£8.64ab
126.4+9.37b

Tl

60.2+6.13a

64.9+5.36¢
81.2+6.48b
87.8+6.23ab

310.0+£18.69a
227.8£15.97b

T2
T3

2011

64.7+£5.28a

195.5£16.36bc
172.7+13.20c

T4

season

68.7+6.36a
49.3+4.26b

54.943.28ab

98.8+5.82a

118.6+6.58b

T5

59.444.23¢

149.7+12.08ab 303.8+18.95a

T1

65.94+4.39a

64.0+4.86¢
80.6£5.22b
84.0+4.68ab

306.8+20.18a

225.1+13.87b
192.7+18.21bc
170.7£15.28¢

148.4+£7.91ab

168.4£11.04a

T2
T3

2012

68.8+5.12a

132.6+8.57b

T4

season

69.4+5.48a

90.1+£5.29a

118.5%5.13¢

TS5

Yield/ET. Columns with the same letter represent values that are not significantly different at the 0.05 level of

“ Water use efficiency

probability according to the LSD test. Each value is the mean+SD (n= 3). The treatment symbols are the same as in Table 1.
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condition of rain shelters, was observed,
which was consistent with the former
research (Topcu et al., 2007). Similar effects
of severe water stress upon fruit weight were
reported in literature (Ozbahce and Tari,
2010). The study showed that applying 50 or
60% of full irrigation amount at all growth
stages decreased the average fresh fruit
weight, primarily due to increased small
fruit numbers. Similar findings in which
decreased irrigation water affected fruit
volume and the average fresh fruit weight
were obtained (Cetin et al., 2002; Patane and
Cosentino, 2010). It was because deficit
water affected water accumulation in fruit
and, consequently, decreased fresh fruit
weight (Madrid ef al., 2009). Water deficit
promotes the ripeness of tomato and
increases fruit redness. This is because water
stress increased the ethylene content of
tomato fruit, which in turn increased
carotenoid concentration of tomato fruit, and
peak lycopene content coincided with peak
ethylene content (Wang et al., 2011). In this
study, deficit irrigation increased the color
index and, thus, made the pericarp color
redder. However, rain shelters increases
shading effect on fruit, which decreases
color index.

Firmness is an important storage quality
attribute of tomato. Generally, a small fruit
tends to have a harder firmness due to the
increased total soluble solid content and
cellular density. However, other studies
showed that there was no significant
difference in fruit firmness between small
and large fruits if fruit volume was
considered (Ebel et al., 1993). In this study,
applying 50% of full irrigation amount
increased fruit firmness of tomato.

The concentrations of TSS increased with
decreasing irrigation amount. Similarly,
water deficits improved the quality of fruits,
increasing TSS for tomatoes (Colla et al.,
1999; Candido et al., 2000; Patane and
Cosentino, 2010). This is because water
stress increases the activities of sucrose
synthase and phosphate syntheses (Qi et al.,
2003), enlarges the gradient of sucrose
concentration between leaves and fruits,
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which transports more assimilates into the
fruits and increases the rate and amount of
fructose and glucose transformation from
sucrose, and thus improves fruit TSS and
soluble sugar content (Kan, 2008). In
general, higher contents of organic acid and
soluble sugar can lead to better tomato taste
quality (Bucheli et al., 1999). Deficit
irrigation combined with rain shelters is
found to be favorable for the accumulation
of VC, organic acid, and soluble sugar. A
similar trend for fruit acidity in response to
water supply limitation is reported by
Marouelli and Silva (2007). Other studies
have highlighted how VC is positively
affected by water limitation in processing
tomato, although the extent of this effect
may be cultivar-dependent. Some studies
reported that the larger the fruit, the lower
the VC content of tomato (Toor et al., 2006).
The reason is that the reduced leaf area
index increases light intensity and duration
for fruit, and then promotes the formation of
VC and lycopene (Wang et al., 2011; Toor
et al., 2006).

In many cases, the fruit quality is difficult
to be defined because it concerns
consumer’s preference. In this study, the
AHP and TOPSIS methods were attempted
to determine the single quality attributes
importance weight and comprehensive
quality index. Studies showed that T4 and
T3 had the highest comprehensive quality
performance in the 2011 and 2012 seasons,
respectively.  This is  because the
comprehensive quality index was
determined by both the measured value and
the overall weight of single quality
attributes. The overall weight of a single
quality attributes is determined by both the
criteria weight and the number of single
quality attributes included.

Previously published studies on fruit yield
under water stress are similar to the data
obtained in this study. According to a
research carried out by Johnstone et al.
(2005), the total yield increases in relation to
the amount of water applied. Another
research demonstrates that maximum tomato
yields are obtainable under irrigation with
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water amounts based on 100% ETc
(Candido et al., 2000). Besides, Sanders et
al. (1989) found that fruit yield increased
when the drip irrigation amount was
augmented. Studies also show that rain
shelters provided the best results by
increasing the marketable yield of tomato by
11.87% in 2011 and 11.12% in 2012 in
comparison with the control treatment. Our
finding was in agreement with the results
reported by Comeau et al. (2012).
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