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Introduction

Tomato (Lycopersicon esculentum Mill.) is one of
the most popular vegetable crops in the world and has
the greatest area under cultivation compared to other
vegetables (Nangare et al., 2016). Tomato production in
southern China is adversely affected by abiotic stresses
such as drought, rainstorms, heat, and salinity (Shao et
al., 2015a). Heavy rain and high temperatures that oc-
cur during the summer season increase the incidence
of blossom end rot and fruit cracking (Peet, 1992}, re-
sulting in poor fruit quality and a decrease in yield (Qi
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fruit growth and maturation, but quality was sensitive
to drought stress during the fruit ripening stage. To the
best of our knowledge, to date only a limited number
of experiments have studied the effect of deficit irri-
gation on fruit yield and qualitative characteristics at
various stages when tomatos are grown in high tunnels
whereby the growth periods and micro-climates were
significantly different from open-field and greenhouse
conditions (William, 2009; Shao et al., 2015a). There-
fore, it is essential to understand the requirements for
the timing of irrigation to meet the demand for tomato
production grown in high tunnels with a limited water

et al., 2003). High tunnel technology in such condi- supply.

tions is considered the most effective means of protect-
ing crops against heavy rainfall as well as improving
crop yield and fruit quality (William, 2009; Shao et al.,

2015b).

Deficit irrigation is an agricultural water manage-
ment strategy by which crops are exposed to a level of
drought stress either during a certain period of time or
during the entire growing season (Topcu et al., 2007).

The overall goal of this study was to investigate
the quantitative relationship between tomato yield,
quality, and water consumption grown in high tun-
nels under water-limiting conditions. Specific objec-
tives were to evaluate the effect of deficit irrigation on
tomato yield, quality and water use efficiency and to
identify the primary drought sensitive period of tomato
on yield and quality traits.

Studies of deficit irrigation for tomato have shown

mixed results in terms of fruit yield and quality. Pu-

Materials and Methods

lupol et al. (1996) found that drought stress resulted

in a drastic reduction in dry mass yield, while other
studies reported no adverse effects on yield and fruit
quality for a field-grown processing cultivar (Patané
et al., 2011; Nangare et al., 2016). Chen et al. (2014)
showed that tomato yield was mainly affected by
drought stress that occurred throughout the course of
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Plant material and growth conditions

Experiments were conducted in Nanjing, Jiangsu,
China, (31°57' N, 118°50" E, and altitude 144 m above
MSL), during the tomato-growing season in 2013 and
2016. The study area had a subtropical, humid climate
with an annual mean temperature of 15.7 °C. The
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mean annual precipitation was approximately 1,072.9
mm and mean annual pan evaporation 1,472.5 mm.
The experimental field in the high tunnel was 18.0 m
in a north-south orientation and 7.8 m in an east-west
orientation with a planting area of 140.0 m? (Figure 1).
The tomato seedlings were transplanted into 12 plots
with a surface area of 4.5 m? (1.5 x 3.0) in 2013 and 12
pots with a surface area of 0.2 m? (x x 0.252) at a depth
of 0.7 m in 2016. The tomato cultivars, duration of the
individual growth phases, and soil characteristics for
the top 0-30 cm soil layer for the two growing seasons
are given in Table 1. The mean daily temperature and
relative humidity in the high tunnel were 25.5 °C and
66 % for the 2013 season, and 24.0 °C and 70 % for the
2016 season (Figure 2A and B). Eighteen plants were
evenly transplanted in each plot in the high tunnel
with a spacing of 0.6 m between rows and 0.5 m be-
tween plants for the 2013 season. The middle row was
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Drainage
pipe

Drip irrigation tape o Y (West)
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Figure 1 - Diagrammatic representation of the experimental site
under a high tunnel condition. The origin of coordinate axis is at
the center of the field under the high tunnel. Numeric values are
given in meters.

Table 1 - Tomato cultivars, duration of growth phases, and soil
characteristics for the 0-30 ¢cm soil layer for the 2013 and 2016
growing seasons.

Characteristics Season

2013 2016
Cultivars Asian Fenwang Zhongshu NO.4
Transplanting date 16 Apr 19 Apr
Harvest date 1 Aug 3 Aug

Stage | 25 Apr~23 May 28 Apr~ 27 May
Stage Il 24 May~24 June 28 May~30 June
Stage lll 25 June~1 Aug 1 July~3 Aug
Dry bulk density (g cm™) 1.35 1.33

Field capacity (%) 34 33
Organic matter (%) 0.72 0.75

Total Nitrogen (g kg™!) 0.91 0.93

Total Phosphorus (g kg™) 0.34 0.42

Total Potassium (g kg!) 0.54 0.71
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harvested for production measurement while the other
rows were border rows. For 2016, plants in each trial
were grown in pots filled with a clay topsoil obtained
from the experimental field. In all treatments for both
2013 and 2016, 500 kg ha™! of compound fertilizer (N:
P,O.: K,O, 15 %: 15 %: 15 %) was uniformly applied
as basal fertilizer prior to transplanting. Transplanting
was at the six-leaf stage, accompanied by light irriga-
tion to ensure survival of the tomato seedlings.

Treatments and experiment design

The four treatments were replicated three times
in a randomized complete block design in the high tun-
nel. The plants were irrigated to 100 % of field capacity
for all growth stages for treatment T1 (control). The
experimental treatments were based upon the growth
stages as follows: the vegetative stage (stage I) was
from transplanting to first fruit set; the flowering and
fruit development stage (stage II) from first fruit set to
first fruit maturity; and the fruit ripening stage (stage
III) from first fruit maturity to final harvest. Further
details can be found in Chen et al. (2013). The three
drought treatments received half the amount of irriga-
tion as T1 but at differing stages: treatment T2 during
stage I, T3 during stage II, and T4 during stage III. Ex-
cept for the stages that were subject to drought stress,
irrigation amounts were the same as the control (Fig-
ure 3). Irrigation was applied when the soil moisture
content of T1 reached 70 % of field capacity via drip
irrigation and the amount was recorded using a wa-
ter gauge in 2013. The drip irrigation method was also
implemented for the crops grown in pots in 2016, and
the amount recorded by manually weighing each in-
dividual pot. The irrigation treatments were initiated
seven days after transplanting and terminated for all
treatments ten days prior to the end of final harvest.
To avoid any effect of groundwater, drainage pipes for
all plot treatments were installed at a depth of 0.6 m
in 2013.
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Figure 2 — Average dalily air temperature and relative humidity in the
high tunnel during the 2013 (A) and 2016 (B) growing seasons.
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Figure 3 - Description of the different tomato irrigation treatments.
Stage | is vegetative phase; stage Il is flowering and fruit
development phase; stage Il is fruit ripening phase. The irrigation
lower and upper limit of regular irrigation is 70 % and 100 % of
field capacity. The deficit irrigation was applied at 50 % water
supply of T1 treatment. The T1 treatment is the control.
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Measurements of yield and quality

During the ripening period, the fruits were harvest-
ed in each plot (2013) and from each pot (2016) to deter-
mine the individual fruit weight, fresh yield and subse-
quent quality measurements. The fruits were separated
into marketable and cull categories (U.S. Department of
Agriculture, 1991). The cull fruits were further classified
based on the predominant reason for culling as follows:
blossom-end rot, cracked, misshapen, sunburned, insect
damaged, colored while still too small (typically with a
diameter < 2 cm), and a miscellaneous category for the
remainder of the fruit (Kahn and Damicone, 2008).

For each harvest, the weight, volume, shape and
color of all harvested fruit for each treatment were mea-
sured. The shape index was calculated using the ratio of
the vertical to the horizontal diameter, as measured with
a Vernier caliper. Fruit color was determined with a spec-
trophotometer. The color index (CI) was calculated by the
following equation:

Cf = 2000a (1)

LNaG* +b?

where CI is the fruit color index; L the lightness ranging
from black to white; a a scale ranging from green to red,;
and b a scale ranging from blue to yellow.

Twenty tomatos were randomly selected from the
marketable fruit for physical and chemical quality mea-
surement as described by Shao et al. (2015a). The soil wa-
ter content was monitored by a time domain reflectome-
ter. Irrigation water use efficiency (IWUE) was calculated
by dividing the total fresh yield by the amount of water
used for irrigation, and the irrigation water productivity
(IWP) was identified as the ratio of the marketable fresh
yield to the amount of irrigation that was applied (Nan-
gare et al., 2016).

Drought sensitivity analysis

The actual crop evapotranspiration was estimated
based on the soil water balance method. The change in
soil water content from the top 0 to 50 cm soil layer dur-
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ing the growing season was used to estimate crop water
consumption as follows (Allen et al., 2011):

ET=P+I1+AW-R-D 2)

where ET is evapotranspiration (mm); P precipitation
(mm); I the irrigation amount (mm), AW the soil water
storage variation (mm); R the surface runoff (mm), and
D the deep drainage (mm). There was no precipitation
or runoff in the high tunnel, so P and R were both zero.
No drainage was observed from the drainage pipes in the
2013 season, and the drainage outlets of the pots used in
2016 were closed, therefore, D was also set to zero. Con-
sequently, the simplified resultant of Eq. (2) was:

ET =T + AW (3)

The number of stress days (SD) was calculated
from Eq. (4) in accordance with Mogensen et al. (1985):

1 2 BTy,
SD =3 SD(i) =X [l- 1x N; (4)
i=l i=l ETcki

where ET, and ET,, are actual crop evapotranspiration at
the growth stage ‘i’ of deficit and full-irrigation treatments,
respectively; N, the number of days at the growth stage '7';
i the ith growth stage; and n the number of growth stages.
The relative yield reduction (Fy) was given as
Fy, =1-Y/Y, (5)
where Y, and Y, are the yield of the full and deficit irriga-
tion treatments, respectively; Fy, the yield drought sensi-
tivity during growth stage 'i'; and i the ith growth stage.
The yield response factor (Ky) developed was calcu-
lated from equation (6):

1-Y/Y, = Ky,. [1 - ET/ET,] (6)

where Ky, is the yield response factor during the growth
stage 'i', and the other parameters are as previously de-
fined.

Similarly, the relative quality improvement (Fg)
was given as

Fg, = 0/OQ, -1 (7)

where Q, and Q, are the fruit quality of the full and
deficit irrigation treatments, respectively; Fg, is the fruit
quality improvement during growth stage 'i’, and i the ith
growth stage.

The quality response factor (Kg) was given as

0/Q,-1=Kg,.[1-ET/ET,) (8)
where Kg, is the fruit quality response factor during the

growth stage 'i’, and the other parameters are as previ-
ously defined.
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Statistical analysis

All statistical analyses in this study were conduct-
ed using the Statistical Product and Service Solutions
Version 16.0 software package. The data were evaluated
using one-way analysis of variance (ANOVA), and the
least significant differences (LSD) test at p < 0.05 was
used to determine the statistical differences between the
means of each treatment. The data were presented in
terms of means + standard errors (SE).

Results

Fruit yield and irrigation water productivity

The fruit yield obtained at various growth stages
during the two growing seasons is presented in Table 2.
For both seasons, there were no statistical differences
in single fruit weight, volume, and fruit density for dif-
ferent deficit irrigation treatments (p < 0.05). As regards
total fruit and marketable yield, there was no adverse
impact when deficit stress was applied during the veg-
etative stage (p < 0.05), and the reduction in total fruit
yield was only 2 % for the 2016 season. The marketable
yield for the T2 treatment was slightly higher than the
control but with no statistical difference. When com-
pared to the control, total fruit yield was reduced by 11
% and 21 % for the T3 and T4 treatments, respectively,
for the 2013 season; and by 15 % and 30 % for the 2016
season. The marketable yields for the T3 and T4 treat-
ments were 9 % and 17 % lower than the marketable
yield for the control treatment during the 2013 season,
and 13 % and 27 % for the 2016 season, respectively.

The effect of the different irrigation treatments
on irrigation water use efficiency (IWUE) and irriga-
tion water productivity (IWP) is shown in Figures 4A
and B. IWUE and IWP showed a similar trend for both
seasons. Compared to the control treatment, IWUE for
the T2 and T3 treatments increased by 8 % and 10 %
for the 2013 season and 6 % and 5 % for the 2016 sea-
son, respectively. However, there was no statistical dif-
ference between the treatments (p < 0.05), except that
in 2016 the lowest IWUE was recorded for treatment
T4. The highest IWP of 47.0 kg m™3 was obtained for

Water stress and drought sensitivity

the T3 treatment for the 2013 season and the lowest,
34.3 kg m3, for the T4 treatment for the 2016 season.
IWP for the other treatments varied between 35.0 and
46.3 kg m=2.

Fruit quality traits

The trends in fruit quality traits for the different
irrigation treatments were the opposite to those for fruit
yield except for fruit water content and the shape index
(Figure 5A, B, C and D). For both seasons, differences in
fruit firmness were observed between treatment T3 and
the control (p < 0.05, Figure 5A). The greatest level of
firmness was observed for a deficit during the flowering
and fruit development phase for each season, but the
deficit treatments did not affect the fruit water content
when compared to the control for both seasons (Figure
5B). For the 2013 season, the T4 treatment improved
redness considerably, whereas for the 2016 season, the
color index increased for both the T3 and T4 treatments
(Figure 5C). Compared to the control treatment, the defi-
cit irrigation treatments did not affect the shape index
for the 2013 season (p < 0.05), but the T2, T3 and T4
treatments improved the shape index by 7 %, 13 % and
12 %, respectively, for the 2016 season (Figure 5D).
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Figure 4 — (A) Irrigation water use efficiency (IWUE) and (B) irrigation
water productivity (IWP) as influenced by drought stress during
different growth stages in 2013 and 2016 seasons. Values are
averages for three replicates and vertical bars represent + SE
(Standard Error). Columns with the same letter represent values
that are not significantly different according to the LSD test
(p < 0.05).

Table 2 - Weight, volume, and density for a single fruit and fruit yield for the different drought stress treatments.

o Single fruit o o
Year Treatment Irrigation amount - - Total fruit yield Marketable fruit yield
Weight Volume Density
mm g cm3 gcmd that

Tl 352 204.73+6.13a 203.72 +8.82a 1.01+0.01a 175.19+£3.92a 146.23 £ 6.25 a
2013 T2 321 196.39 £ 8.57 a 190.67 + 7.84 a 1.03+0.02a 172.56 £ 5.63 a 148.71 £ 4.41 a

T3 282 201.59+7.35a 196.54 + 6.98 a 1.03+0.05a 155.17 £+ 4.29b 13258 + 5.14 ab

T4 282 193.35 + 3.68 a 18791 +7.47a 1.03+0.02a 13759 £ 3.55 ¢ 120.34 £ 3.80b

T1 490 120.03+3.80a 119.14 + 330 a 1.01 +0.02a 195.63 +£7.96 a 171.36 + 7.35a
2016 T2 450 124.28 £ 6.38 a 12228 £4.24 a 1.02+0.02a 19093 £5.14 a 172.82 £ 10.04 a

T3 394 115.07 £ 7.59 a 112.62 + 5.02 ab 1.02+0.02a 165.85 £ 5.02 b 148.56 + 4.90 b

T4 394 108.17 £ 3.80 a 106.02 £ 1.72b 1.02+0.03a 135.33+6.61c 12436 £ 4.17 ¢

Note: The treatment symbols of T1 to T4 are the same as in Figure 3. T1 is considered the control. Values with 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).

Sci. Agric. v.77, n.2, e20180390, 2020
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Tomato taste and nutritional quality parameters,
in terms of total soluble solids (TSS), soluble sugar (SS),
organic acid (OA) and vitamin C (VC), under different ir-
rigation treatments for the two seasons are presented in
Figures 6A, B, C and D. For both seasons, the TSS im-
proved for the T2, T3 and T4 treatments with an increase
of 7-12 %, 11-29 % and 9-24 %, respectively, compared to
the T1 control treatment (Figure 6A). The SS was also en-
hanced with a reduction of irrigation water during stage
IT and stage III (Figure 6B). It was higher for treatments
T3 and T4 treatments in 2013 and for treatments T2, T3
and T4 in 2016 (p < 0.05). For the treatments with defi-
cit irrigation the OA increased for the drought treatments
compared to the control, except for the T2 treatment in
2016 (p < 0.05, Figure 6C). The VC in treatments T2, T3
and T4 were 10 %, 15 % and 27 % higher, respectively,
than for the control treatment for 2013 and 9 %, 25 % and
34 % higher, respectively, for 2016 (Figure 6D).

Drought sensitivity of tomato yield and quality

The trends for soil moisture content during both
seasons for the different irrigation treatments were
similar (Figure 7A, B, C, D, E and F). During the grow-
ing season, soil moisture was the highest for the con-
trol treatment. The reduction in irrigation during any
growth stage decreased soil moisture. The plants that
were subject to drought stress showed a decrease in
ET. The mean values showed a difference in ET for the
drought treatments compared to the control (p < 0.05).
The lowest ET was found for treatment T3 at stage II
and, compared to the control, it was lower by 18 % and
16 % in 2013 and 2016, respectively.
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Figure 5 - (A) Firmness, (B) fruit water content, (C) color index and
(D) shape index of tomato as influenced by drought stress during
different growth stages in 2013 and 2016 seasons. Values are
averages of three replicates and vertical bars represent + SE
(Standard Error). Columns with the same letter represent values
that are not significantly different according to the LSD test
(p < 0.05).
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In general, the total amount of ET decreased with
an increase in the number of stress days (SD). Compared
to the well-watered treatment (T1), the SD increased by
10, 18 and 13 days for stage I, stage II and stage III,
respectively, in 2013, and by 6, 17 and 12 days in 2016.
There were similar tendencies in the relative yield re-
duction (Fy), the ratio of the relative yield reduction to
the stress days (Fy/SD), and the yield response factor
(Ky) at different growth stages for both seasons (Table
3). The largest values of drought sensitivity indexes were
obtained during stage III, followed by stage II, and the
lowest values during stage I. Moreover, the tomato yield
sensitivity indexes, especially for the value of Fy/SD,
were close to zero during stage I.

The drought sensitivity indexes of fruit quality pa-
rameters during different growth stages are shown in
Table 4. The largest Fq values of TSS, SS and OA were
recorded at stage II for both seasons, followed by those
at stage III, and the lowest values were obtained at stage
I. There were no differences in Fq/SD, TSS, SS and OA
between stage II and stage III, but for VC, the Fq values
were seen to be higher at stage III than at stage I in both
seasons. The highest value of Fq/SD was obtained in VC
at stage III in 2016, which implies that the concentra-
tion of VC is more susceptible to drought stress during
stage III. As regards the fruit quality response factor, the
K, value was highest at stage III in 2013 and at stage I
in 2016 (Table 5). The SS concentration was mainly af-
fected by drought stress at stage II in 2013 and stage I in
2016. The highest K, value was observed at stage I in
2013. The VC concentration was that most susceptible
to drought stress at stage III for both seasons.
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Table 3 - Total evapotranspiration (ET), number of stress days (SD), relative yield reduction (Fy), ratio of the relative yield reduction to the number
of stress days (Fy/SD), and yield response factor (Ky) for the different drought stress treatments.

ET (mm) SD (d) Fy Fy/SD Ky
Treatment
2013 2016 2013 2016 2013 2016 2013 2016 2013 2016
T1 358.0+7.0a 4755+ 10.6a
T2 319.2+39b 4448+74b 103+1.0c 6.1+1.5c 0.03+£0.02¢c0.03+0.0lc 0.003+0.001b 0.004 £0.002¢c 0.27 £0.14b 0.37 £0.24b
T3 2922 +4.7c 397.3+74c 175=+1.2a156+15a 0.11 £+0.02b0.15+0.03b 0.006 + 0.001 b 0.010 £ 0.001 b 0.61 +0.09b 0.91 +0.07 b
T4 308.7+3.1b 4148+53¢c 131+08b121+1.1b 0.21 £0.0220.31 £0.03a 0.016 £0.001 a 0.025£0.00la 1.56+0.09a 241 +0.11a

Note: The treatment symbols of T1 to T4 are the same as in Figure 3. T1 is considered as the control. Values with 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).

Table 4 - Relative quality improvement (Fg), ratio of drought sensitivity to the number of stress days (Fq/SD) of fruit quality parameters for the
different growth stages.

Growth Total soluble solids Soluble sugar Organic acid Vitamin C

stages Fq Fa/SD Fq Fa/SD Fa Fa/SD Fq Fa/SD

stagel  0.070 £ 0.031a 0.006 + 0.000a 0.043 +0.014b 0.004 +0.000b 0.293 + 0.051 a 0.028 £ 0.002a 0.106 + 0.033b 0.010 + 0.002 b

2013 stagell  0.116 + 0.033a 0.006 + 0.000a 0.169 + 0.016a 0.009 £0.000a 0.317 +0.026a 0.018 £0.000b 0.152 +0.026b 0.009 + 0.001 b
stage lll  0.096 + 0.028 a 0.007 + 0.000 a 0.123 + 0.018 a 0.009 = 0.000a 0.293 +0.077 a 0.022 + 0.004 ab 0.270 + 0.019a 0.021 +0.001 a
stagel  0.124 £0.037b 0.018 +0.004a 0.174 £0.094a 0.025+0.009a 0.119+0.101a 0.015+0.002a 0.096 +0.050b 0.014 + 0.005b

2016 stagell  0.293 + 0.044a 0.018 + 0.001 a 0.388 +0.109a 0.024 +0.005a 0.286 +0.025a 0.018 +0.001 a 0.251 + 0.050 ab 0.016 + 0.002 b

stage Il 0.244 + 0.029 ab 0.019 + 0.001 a 0.264 + 0.066 a 0.020 £ 0.004a 0.214+0.050a 0.017 £0.003a 0.341 +0.032a 0.026 + 0.001 a

Note: Values with 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).

Season
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Table 5 - Fruit quality response factor (Kq) for the different growth stages for the 2013 and 2016 seasons.

Growth stages rss Kss Ko K

2013 2016 2013 2013 2016 2013 2016
stage | 0.606 + 0.206 a 1.98+0.35a 0.377 +0.087b 2.42+0.87a 267 +0.199a 146=+1.12a 0.937 £0.222b 1.27+0.49b
stage Il 0.612+£0.130a 1.79+0.11a 0.916 £0.027a 2.28+0.45a 1.73+£0.080b 1.74+£0.01a 0.816 £ 0.079b 1.51 +£0.18b
stage |Il 0.681 +0.154a 191=+0.12a 0.885+0.082a 2.02+0.35a 2.08 £ 0.420ab 1.65+0.27a 1.964 + 0.060a 2.68+0.13a

Note: K.ss = Total soluble solids response factor; K = Soluble sugar response factor; K, = Organic acid response factor; K, = Vitamin C response factor. Values
with 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).

Discussion

Tomato is considered to be a crop that has a high
water demand but is moderately tolerant to drought
stress (Karlberg et al., 2007). Irrigation is the most im-
portant source of water for tomato in high tunnels, mak-
ing it one of the key determinants to affect both fruit
yield and quality. Many studies have shown that, in gen-
eral, deficit irrigation depresses tomato fruit yield under
drought stress conditions (Jensen et al., 2010; Topcu et
al., 2007), and that the tolerance of tomato to water defi-
cit depends on the cultivar, the growth stage at which
the deficit occurs, and the severity of the drought stress
(Patané and Cosentino, 2010; Patane¢ et al., 2011).

In this study, deficit irrigation treatments re-
duced total fruit and marketable yield during flowering
and fruit development, and the fruit ripening stages;
drought stress during these two stages has been found
to lead to flower abortion (Pulupol et al., 1996; Zegbe et
al., 2006). It is likely that deficit irrigation for treatment
T2 did not affect total fruit and marketable yield (p <
0.05) compared to the well-irrigated treatment, as stud-
ies have shown that water limitations during the veg-
etative stage occur too early to affect fruit yield (Chen
et al., 2013; Nangare et al., 2016). It has been reported
that deficit irrigation during the vegetative period could
enhance root growth, which may stimulate water and
nutrient transfer to the vegetative parts of the plant
(Nangare et al., 2016).

Fruit firmness and fruit water content are con-
cerns for both growers and consumers because they
impact the storage quality of tomato (Kader, 2008). In
this study, water deficit, especially during the flower-
ing and development stage, enhanced fruit irmness (p
< 0.05) similar to the findings of Patané and Cosentino
(2010). Smaller fruits tend to be firmer due to an in-
crease in total soluble solid content and cellular density
(Shao et al., 2015a), which was confirmed by the re-
sults in our study. The difference in fruit water content
between different water regimes was not significant,
which was consistent with the analysis of the single
fruit density (p < 0.05, Table 2).

Fruit appearance traits, including size, color and
shape index, are the most relevant quality parameters
for consumers (Shao et al., 2015a). In this study, there
were no statistical differences (p < 0.05) in the shape
index of tomato subjected to various water deficit treat-
ments, which implied that the fruit shape was mainly
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determined by the genetics of the cultivar (Shao et al.,
2015a). The red color of tomatos is principally asso-
ciated with the lycopene content and generally con-
sidered the most important attribute that determines
product quality (Nangare et al., 2016; Simpson et al.,
2008). We observed that restricting the water supply at
each growth stage promoted an increase in color index,
similar to that found by Nuruddin et al. (2003). Abi-
otic stresses, such as salt or drought, raise the ethylene
content of tomato, which then increases the lycopene
content and carotenoid concentration, thereby enhanc-
ing the color of the tomato fruit (Basiouny et al., 1994;
Wang et al., 2011).

Tomato taste and nutritional quality are large-
ly determined by TSS, OA, SS and VC (Dorais et al.,
2001). Many studies have reported that deficit irriga-
tion can enhance the nutritional quality of the fruit,
depending on the period and degree of drought stress
(Chen et al., 2014; Patané and Cosentino, 2010; Pulupol
et al., 1996). In our study the concentration of TSS and
SS increased with drought stress at each growth stage.
Similarly, Chen et al. (2013) found that limited water,
especially during the fruit ripening period, improved
the fruit quality of tomatoes, increasing TSS and SS. A
basic strategy for stress mitigation is to induce drought
stress and enhance reverse metabolism (Cowan et al.,
2005). Accelerated senescence leads to increased lev-
els of hexokinase, which induce higher sugar content
in leaves (Dai et al., 1999). Ripening tomatoes are a
strong sugar sink, which explains our findings of an in-
crease in TSS and SS for the drought stress treatments,
particularly during the fruit ripening phase. This study
showed that all deficit treatments increased the OA
concentration, but no statistical difference (p < 0.05)
was found between these deficit treatments. A similar
trend for fruit acidity in response to a reduction in the
water supply was reported by Mitchell et al. (1991).
The vitamin C concentration increased under water
shortage at each stage, especially during fruit ripening,
as VC is positively influenced by irrigation deficits dur-
ing the ripening period (Chen et al., 2014; Patané et
al., 2011), and VC synthesis is boosted at this stage by
higher sugar concentration with water reduction (Horst
et al., 2001).

The effect of deficit irrigation on tomato yield
and fruit quality has been widely studied (Favati et al.,
2009; Mitchell et al., 1991; Patané and Cosentino, 2010;
Shao et al., 2015a). However, in order to achieve opti-
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mal tomato production, the impact of drought during
different growth phases on overall tomato yield and
quality was studied. The relative yield reduction and
fruit quality improvement (F), the ratio of F to the num-
ber of stress days (F/SD) and the response factor (K)
were calculated. These water deficit sensitivity indexes
quantified the responsiveness of tomato yield and qual-
ity to drought stress during each growth phase. The
largest values of sensitivity indexes were observed
at stage III, indicating that yield was susceptible to
drought stress during this phase, similar to that re-
ported for tomatos grown under greenhouse conditions
(Chen et al., 2014). The sensitivity indexes were small-
est for stage I and close to zero, implying that drought
stress was not significant in terms of yield reduction.
Similarly, other researchers have reported that drought
stress had no adverse effect on tomato yield during the
vegetative stage (Zegbe et al., 2006; Chen et al., 2013;
Kuscu et al., 2014). Seasonal variation patterns of Fy/
SD and Ky values were in line with the natural growth
principle of tomato (Nuruddin et al., 2003). Deficit irri-
gation occurring early in the crop cycle allowed plants
to recover from stress using different mechanisms
(Chen et al., 2013; Wu et al., 2018).

Unlike the relationship between tomato yield and
ET, tomato quality was negatively correlated with ET
during the entire growing season and for each growth
phase (Favati et al., 2009; Kuscu et al., 2014). Similar
to the sensitivity indexes for yield, the higher absolute
values of drought sensitivity indexes denote the higher
sensitivity of the fruit quality parameters to drought
stress. In this study, TSS, SS and OA were sensitive to
drought stress at stages II and III with similar F/SD and
Kq values, and VC was also sensitive to drought stress
at stage II but more at stage III. Chen et al. (2014) re-
ported that tomato quality parameters such as TSS, SS,
OA and VC were especially affected by drought stress
at stage III. The slightly different results obtained in
this study might be due to a variety of growth condi-
tions, water management, and the indeterminate na-
ture of the tomato crop.

Drought stress sensitivity indexes could be im-
proved by considering a compromise between tomato
yield, fruit quality and water use efficiency. In this
study, satisfactory fruit yield and quality with smaller
drought sensitivity were obtained for a water deficit at
stage I. Although the strategies of deficit irrigation at
stage III improved the quality of tomato fruit, there was
a high risk of jeopardizing the marketable fruit yield.
However, there was only one level of drought stress
during the different developmental phases. Therefore,
there is a need for additional experiments on the influ-
ence of different degrees of drought stress to be con-
ducted to determine potential responses. Further stud-
ies should also investigate water management during
tomato production in order to optimize the quantitative
relationship between tomato yield, fruit quality and
water consumption.
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Conclusions

The results of this study showed that fruit yield de-
creased as a result of deficit irrigation during the fruit
ripening stage, though the rate of decrease was less dur-
ing the flowering and fruit development stage. Fruit qual-
ity parameters improved with drought stress during the
growing season. Final yield was most sensitive to drought
stress during the fruit ripening stage while the total solu-
ble solids, soluble sugar and vitamin C were sensitive to
water deficit during both the flowering and fruit develop-
ment stage and the fruit ripening stage. The findings from
this study imply that deficit irrigation during the vegeta-
tive phase could be applied to enhancing fruit quality
without jeopardizing the tomato yield while improving
water use efficiency.
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