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A B S T R A C T

Owing to the severe shortages of fresh water in arid and semi-arid areas, growers are forced to apply deficit
irrigation with fresh or saline water. To quantify the impacts of water deficit and salt stress individually and the
interaction on tomato yield and quality, three pot experiments were conducted from spring 2016 to autumn
2017. The EPIC growth model was also used to simulate fruit growth process. Three irrigation treatments used
were full irrigation, 2/3 and 1/2 of the full irrigation. Salt stress varied with the season: 0, 3‰, 6‰, 9‰ for
2016 season, 0, 3‰ for 2016–2017 season and 0, 2‰, 3‰, 4‰ for 2017 season. Decreases in single fruit
weights were associated with increasing soil salt content. However, fruit quality parameters including CI (color
index), TSS (total soluble solids) and TSSC (total soluble sugar content) improved significantly with increasing
salt content of soil. In the absence of salt stress, the application of 2/3 of full irrigation showed a 18.9% and 1.0%
increase of yield per plant, respectively in 2016 and 2017 seasons with comparison to full irrigation, mainly
owing to the increase of fruits number per plant. Fruit quality also improved with increasing Fn (fruit firmness),
CI, TSS and TSSC by 7.9%, 43.8%, 9.8% and 3.8% in 2016 season, and by 4.7%, 0.7%, 20.9% and 34.2% in 2017
season, respectively. Fruit quality parameters were more affected by salt stress than drought, the interactive
impact of water and salt on fruit quality parameters was not significant. At mild water stress (2/3 of full irri-
gation) with moderate salt stress (salt content of 3‰), although yield showed a decline of 20.3%–32.0%, fruit
quality parameters of Fn, CI, TSS and TSSC increased by 4.9%–43.4% through 2016 and 2017 seasons. Two of
van Genuchten and Hoffman models (i.e. non-linear and exponential reduction model) were used to evaluate the
relations of relative yield and soil salt content with acceptable accuracy, R2 of 0.989 and 0.971, respectively. Soil
salt content at which yield decreased by 50% is 4.0‰ and 4.7‰, respectively in the non-linear reduction model
and the exponential reduction model. The EPIC growth model simulated fruit growth process with acceptable
accuracy for no stress, water stress and salt stress, with R2 of 0.863, 0.839 and 0.895, respectively. The two yield
reduction models and the relationship between fruit quality parameters and soil salt content showed that there
are tradeoffs between tomato yield and fruit quality in saline soils.

1. Introduction

Abiotic stresses, such as drought and salinity, severely restrict crop
productivity and quality worldwide, and the areas affected by these two
stresses continue to expand (Wang et al., 2003). Owing to the shortages
of fresh water in arid and semi-arid areas, farmers are forced to decide
among the following strategies, applying deficit irrigation using fresh
water, irrigation with available saline water or combination of in-
sufficient fresh water and saline water, even applying alternant fresh
water and saline water in some large irrigation districts. Thus, crops are
subjected to water stress, salt stress or both (Ors and Suarez, 2017). The
cultivable land in China is affected by varying degrees of salinity, of

which about 60% is in the arid areas of northwest China, where light
and heat resources are rich enough to support corn and fruit produc-
tion. Over the past decade, drip irrigation under mulch was generalized
across these regions, coupled with the high evaporation and low pre-
cipitation, spatial extent of saline area is increasing over time. Only in
Xinjiang Province of Northwest China, about 32% of the cultivated land
is salt affected. The effective approaches to counter drought and salinity
stress include application of optimal field irrigation management and
development of tolerant cultivars. It is thus necessary to assess the
impacts of drought and salt stress on crop production and quality.

Tomato is a water demanding crop (Peet, 2005) and is moderately
tolerant to salinity (Maggio et al., 2004). The individual effects of water
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and salt stress on tomato yield and fruit quality are well documented. In
general, the deficit irrigation can adversely affect tomato plant growth,
physiological characteristics, and yield (Yang et al., 2017). In contrast,
the fruit quality could improve due to suitable deficit irrigation (Chen
et al., 2013, 2014). Tomato fruits were found to be sweeter and less
acidic under deficit irrigation (Ripoll et al., 2016). Applications of 1/3
to 2/3 of full irrigation at flowering, fruit development and maturation
stages significantly increased the total soluble solids, reduced sugars,
vitamin C contents and fruit firmness, sugar to acid ratio and fruit color
index (Chen et al., 2013). Salt stress reduced tomato yield but improved
total soluble solids and sugar content in the fruits (Cantore et al., 2012;
De Pascale et al., 2015; Van de Wal et al., 2017), fruit shelf life and
firmness were unchanged or slightly lowered (Cuartero and Fernandez-
Munoz, 1999). The high salinity inhibited crop leaf area index and root
density, seed germination and stomatal conductance, radiation use ef-
ficiency and above-ground dry weight (Maggio et al., 2004; Koushafar
et al., 2011; Shahbaz and Ashraf, 2013; Galli et al., 2016; Albaladejo
et al., 2017;). Nutrient imbalance and increases in leaf Na+ and Cl−

concentrations resulted in plant being stunted or dead (De Pascale
et al., 2007; Cuartero and Fernandez-Munoz, 1999). Although drought
and salinity affect the plant in a similar way to some extent, it is still
unclear whether the plants’ responses of yield and quality to an increase
of 1 cm of osmotic potential are the same as their responses to a de-
crease 1 cm of matric potential. (Katerji et al., 2004). Several researches
investigated the interactive effect of water and salt stress as related to
crop yield and physiological responses on spinach, barley, cotton, maize
(Ors and Suarez, 2017; Ahmed et al., 2013; Zhang et al., 2017; Wang
et al., 2016). Unfortunately, only few studies were conducted to in-
vestigate the interactive effects of these two abiotic stresses on tomato
growth, yield and quality (Gawad et al., 2005; Mitchell et al., 1991b).

Most of the reported experiments were conducted under simulated
conditions of using either salinity water by mixing natural river water
with fresh water (Bahazadeh et al., 2016; Aguilar et al., 2017), or fresh
water by adding different amounts of NaCl (Cuarter et al., 1999;
Koushafar et al., 2011; Galli et al., 2016; Ahmed et al., 2013) or NaCl
and CaCl2 (Katerji et al., 2009, 2011). Plants in many of these experi-
ments were grown in hydroponic culture with different levels of
Hoagland nutritive solution (Hoagland and Arnon, 1950) to simulate
different salinity gradients (De Pascale et al., 2007; Albaladejo et al.,
2017). Unfortunately, none of these experiments were conducted in the
saline soils. Because the uptake and transport rates of saline ions from
root to the shoot in nutritive solution were faster and higher than in soil
cultivation conditions, the leaf symptoms caused by salinity were much
earlier under this growth condition (Albaladejo et al., 2017). Moreover,
salinity-induced changes in nutrient availability, uptake and transport
may lead to nutritional imbalances (Hussain et al., 2016). Increase in
ions of Na+ and Cl− in rhizosphere induced intense competition with
other crucial minerals, e.g. K+, Ca2+, NO3

−, and inhibited their uptake
(Hu and Schmidhalter, 2005). Toxic ions in saline soils are usually Na+,
Cl−, and SO4

2- (Munns and Tester, 2008), therefore, only multiple salts-
affected soil can reflect the actual plant response under saline soil
condition.

Total radiation and the plant efficiency to utilize it for dry biomass
production were estimated to describe the physiological crop growth
(Monteith, 1977). This theory was used in crop growth module of EPIC
to simulate crop dry biomass accumulation (Williams et al., 1989;
Steduto et al., 1995). Potential plant growth in EPIC model was re-
strained by stress factors including water, temperature, aeration, ni-
trogen and phosphorus. (Williams et al., 1989). Thus, various studies
have been conducted to analyze crop response under different climatic
conditions and water regimes (Steduto et al., 1995; Han et al., 2015;
Bao et al., 2017; Wang et al., 2017a,b; Wang et al., 2015a,b; Candido
et al., 2015; Lovelli et al., 2017). Although the original EPIC growth
model has many components of an agronomic system, it did not con-
sider the soil salt stress component (Tayfur et al., 1995), to the best of
our knowledge, water and salt stresses inhibit the root water uptake in a

similar way due to osmotic regulation (Munns, 2002; Farooq et al.,
2015). Thus we extended EPIC to model crop growth in saline soil.
Although crop morphological indexes such as plant height, leaf area
and biomass, were rigorously described using EPIC growth model under
different water treatments, the simulation of tomato fruit growth pro-
cess and how the fruit growth is influenced by water and salt stress are
still unsearchable. The fruit growth modeling involved two parts. The
first part was to model crop leaf area due to water and salt stress. The
second part was to simulate fruit weight as a dependent variable, which
can be calculated using heat unit accumulation, maximum value of
single fruit weight and crop stress as independent variables.

The aims of this research were to: (i) investigate the impacts of si-
multaneous water and salt stresses on tomato yield and fruit quality
parameters; (ii) establish quantitative relationship between fruit quality
and soil salt content for the whole growth season as well as for different
irrigation treatments; (iii) evaluate EPIC growth model prediction for
tomato fruit growth under various stress scenarios.

2. Materials and methods

2.1. Experimental site

Three pot experiments were done at the Shiyanghe Experimental
Station, Gansu Province, Northwest China from May to August 2016
(2016 season) and from April to August 2017 (2017 season), and the
crop growth chamber located in College of Water Resources and Civil
Engineering of China Agricultural University, Beijing from December
2016 to April 2017 (2016–2017 season). The annual mean temperature
of the Shiyanghe Experimental Station site (37°52′N, 102°50′E, 1,581m
a.s.l.) is about 8.8℃, with precipitation of 164.4 mm, pan evaporation
of 2000mm, and sunshine duration of 3000 h. The local crops are ir-
rigated with groundwater and the electrical conductivity of water is
0.62 dSm−1. The environmental conditions in growth chamber
(40°00′N, 116°21′E, 52m a.s.l.) were controlled with relative humidity
of 45 ± 5%, day/night temperatures of 25/25 ± 5℃, CO2 con-
centration of 400 ± 100 ppm and 10 h period at a photosynthetic
photon flux density of 350 μmol m-2s−1 (LI-250 A Light Meter, LI-
CORInc., USA). The soil used in the pots during three seasons was
collected from the top 30 cm around the Shiyanghe Experimental
Station, it was air dried, gently crushed and sieved through a 5mm
sieve. The soil texture is sandy loam, with a mean dry bulk density of
1.45 g cm-3, mean field capacity of 0.272 cm3 cm-3, mean soil con-
ductivity of 0.281 dSm−1, and soil pH of 7.91. Tomato plants
(Lycopersicon esculentum Mill, cultivar Neisen, Fenoubao, Jinpeng-11)
all belong to the pink tomato series, were respectively applied during
three growth seasons (Table 1). Tomato seedlings were transplanted at
3–4 leaf stage to each pot and irrigated with same volume of water
(Table 1). Fertilizers and other management practices were kept

Table 1
Tomato cultivars, transplanting date, water use at transplanting, and fertilizer
in three growing seasons.

Cropping season 2016 2016/17 2017

Tomato cultivars Neisen Fenoubao Jinpeng-11
Transplanting date May 9, 2016 Dec 6, 2016 Apr 24, 2017
Transplanting water use

(mm)
9.04 9.55 9.91

Basal fertilizer 90 kg/hm2 of urea (N 46%)
75 kg/hm2 of monopotassium phosphate
(N+P2O5+K2O≥20%)
525 kg/hm2 of triple superphosphate (P2O5≥ 16%)
fertilizer was uniformly broadcasted in the soil before
transplanting

Topdressing fertilizer 135 kg/hm2 of urea (N 46%)
　 fertilizer was applied with irrigation events during the fruit

enlargement stage
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consistent during three seasons (Table 1).

2.2. Experimental method

2.2.1. Experiment 1
The pot experiment was conducted in a field in Shiyanghe

Experimental Station from May 9 to Aug 15 in the 2016 season. Tomato
plants (cultivar Neisen) were transplanted in the pots of height of
25 cm, top diameter of 35 cm and bottom diameter of 30 cm (volume of
0.021 m3). Each pot was packed with 16 kg soil with bulk density of
1.3 ± 0.5 g cm−3. Four levels of salt treatments were salt content of
0.6‰ (original soil; S0/control), 3‰ (moderate level; S3), 6‰
(medium level, S6) and 9‰ (high level, S9) of soil mass in the pot
(Table 3). At the beginning of the growing season, three salts (mass
ratio of NaCl, MgSO4 and CaSO4: 2:2:1) were weighed corresponding to
the salt gradients for each pot and were homogeneously mixed into the
soil before packing into pots. In addition, two water treatments in-
cluding full irrigation (W1) and deficit irrigation (W2/3, 2/3 of full
irrigation) were carried out. The full irrigation treatments were irri-
gated to field water capacity (θf) every two days, deficit irrigation
treatments received 2/3 of water amount over the growth stage. A
completely randomized design was used with 12 replications, hence
different salt and water treatments were denoted as W2/3S0, W2/3S3,
W2/3S6, W2/3S9, W1S0, W1S3, W1S6 and W1S9, respectively
(Table 3). The whole growth season was divided into vegetative stage
(Stage Ⅰ, transplant to the first blossom), flowering stage (Stage Ⅱ, first
blossom to first fruit set) and fruit development and ripening stage
(Stage Ⅲ, first fruit set to harvesting) (Table 2). After 7 d transplanting,
white polyethylene film covered the soil to prevent evaporation as well
as the infiltration of precipitation water. Each pot has four holes at the
bottom to improve breathing of tomato root, therefore, the irrigation
intervals were relatively short (2–3 d) to make sure that no leaching
occurred. The irrigation amounts and times for different treatments
through growth season are in Table 3.

2.2.2. Experiment 2
Tomato plants (cultivar Fenoubao) were transplanted on Dec 6,

2016 and harvested on Apr 7, 2017 in pots with the height of 25 cm, top
diameter of 25 cm and bottom diameter of 20 cm (volume of 0.01 m3)
during 2016–2017 season. The pots were placed in three growth
chambers. Each pot was packed with 10 kg soil with bulk density of
1.2 ± 0.5 g cm−3. There were two water treatments including full ir-
rigation (W1) and deficit irrigation (W1/2, 1/2 of full irrigation). Two
levels of salt content were control (original soil; S0) and 3‰ (moderate
level; S3). The mass ratio of NaCl, MgSO4 and CaSO4 mixed in the soil
was 2:2:1. The treatments of this study were denoted as W1S0, W1/2S0
and W1S3 with 12 replications. The irrigation intervals were 3–4 d and

no leaching occurred. The irrigation amounts and times for three
treatments during growth season are in Table 3.

2.2.3. Experiment 3
Experiment 3 was carried out from Apr 24 to Aug 9, 2017 in the

greenhouse about 200m away from Experiment 1. Tomato plant (cul-
tivar Jinpeng-11) were transplanted to pots packed with 16 kg soil with
bulk density of 1.3 ± 0.5 g cm−3. The pots used were same to those
used for experiment 1. Four salt content levels – i.e. control (S0), 2‰
(S2), 3‰ (S3) and 4‰ (S4) were treated. The mass ratio of salts was
similar to Site 1 experiment. Three water levels – i.e. full irrigation
treatment (W1), 2/3 deficit irrigation treatment (W2/3) and 1/2 deficit
irrigation treatment (W1/2) – were used. The irrigation intervals of full
irrigation were 2–3 d, deficit irrigation treatments W2/3 and W1/2
received 2/3, 1/2 of full irrigation amount, respectively. All of the
treatments with 20 replications, were denoted as W1/2S0, W2/3S0,
W2/3S2, W2/3S3, W2/3S4, W1S0, W1S2, W1S3 and W1S4, respec-
tively (Table 3).

2.3. Measurements

2.3.1. Meteorology
During experiment 1 period, solar radiation (Rs), air temperature

(Ta), relative humidity (RH), and precipitation (P) were measured
every 30min using HOBO weather station (HOBO, Onset Computer
Corp., USA) nearby the experiment field. The weather parameters
during the experiment 3 period were collected with a same weather
station to experiment 1 which was located in the middle of the green-
house. The Rs, T, RH and P at each growing stage are shown in Table 2.
The environmental condition in growth chamber during experiment 2
period was almost constant as controlled.

2.3.2. Leaf area index
Three random plants were selected in each treatment to measure the

maximum width and length of lateral branch every eight to ten days. At
the harvesting day, actual leaf area per branch was scanned using
AM300 leaf area meter (ADC BioScientific Ltd., UK). The linear re-
lationship between branch area (branch length×maximum width) and
actual leaf area per branch was obtained. The leaf area during the
growth season was calculated by adding branch area of per plant
multiplied by a factor. The factor was obtained from the linear re-
gression of the calculated and measured value. Leaf area index (LAI) is
calculated by total leaf area dividing average ground area each plant.

2.3.3. Yield and water use efficiency (WUE)
Five plants of each treatment were selected to measure yield and

single fruit weight at each harvest. Three clusters of fruits were re-
mained per plant during three seasons. Water use efficiency (WUE, kg
m−3) was described as below:

=WUE Y
I (1)

where Y was fruit yield per plant (g), I was total irrigation amount per
plant through the growing season (L).

2.3.4. Fruit growth
During 2016–2017 and 2017 seasons, five plants from each treat-

ment were randomly selected to measure the longitudinal diameter and
transverse diameter of the fruits every 7–10 days from 10 d after an-
thesis. At the end of Stage Ⅱ and Ⅲ, three plants were harvested to
measure fruit diameters and individual fruit weight. The relationship
between single fruit weight (FW) and the average of the longitudinal
and transverse diameters (FD) is shown in Fig. 1. The individual fruit
weight had a significant exponential correlation with the average of
longitudinal and transverse diameters (P < 0.01) in both seasons.
Hence, the consecutive increasing process of fruit weight was obtained

Table 2
The average daily mean solar radiation (Rs), air temperature (T), relative hu-
midity (RH), precipitation (P) and vapor pressure deficit (VPD) for various
growth stages in two growing seasons.

Cropping
season

Growth stage Rs (W/
m2)

T (℃) RH (%) P VPD
(kPa)

2016 Stage Ⅰ(May 9-
June 5)

226.4 16.7 44.3 15.4 1.10

Stage Ⅱ(June 6-
June 26)

271.3 21.2 47.8 12.2 1.23

Stage Ⅲ(June 27-
Augest 15)

246.3 23.1 59.2 38.4 1.12

2017 Stage Ⅰ(April 24-
May 24)

215.2 15.6 40.1 0 1.07

Stage Ⅱ(May 25-
June 13)

170.8 23.3 42.3 0 1.78

　 Stage Ⅲ(June 14-
Augest 9)

172.8 24.0 52.7 0 1.49
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by the non-destructive method.

2.3.5. Fruit quality
Four tomato fruits with similar maturity in each treatment were

picked for the fruit quality measurement in 2016 and 2017 seasons.
First, the appearance and storage qualities were measured, and then
fruits were squeezed with a blender to measure taste quality.

2.3.5.1. Appearance quality. The diameters in transverse and
longitudinal directions were obtained using a vernier caliper,
respectively. The SI (fruit shape index) was expressed as (Wang et al.,
2015a,b):

= y
x

SI (2)

where x is the transverse diameter; y is the longitudinal diameter.
The fruit color was obtained using a spectrophotometer (SP60, X-

rite, Incorporated, MI, USA). The values of color space coordinates L, a,
b were determined from 4 equatorial direction of each fruit, and then
the averages were used to calculate CI (fruit color index) as below
(Chen et al., 2014):

= ×
+

CI a
L a b

2000
2 2 (3)

where a and b were values ranging from -100 to +100; and L is the
lightness, the value ranged from 0 to 100.

2.3.5.2. Taste quality. TSS (total soluble solids) were measured with a
handheld saccharometer (ATAGO, Japan). TSSC (total soluble sugar
concentration) was measured using the method of anthrone
colorimetric (Li, 2000).

2.3.5.3. Storage quality. The Fn (fruit firmness) was obtained using a
firmness tester (FHR-5, Japan). Then the other half of fruit was dried in
the oven to measure FWC (fruit water content).

2.4. Yield reduction functions

In this study, two models were applied to assess the impact of
salinity on relative yield (Y/Ymax). One was non-linear yield reduction
model (van Genuchten and Hoffman, 1984; Babazadeh et al., 2016; Qiu
et al., 2017):

=
+ ⎡⎣ ⎤⎦

Y 1

1
r SSC

SSC

p

50 (4)

where SSC was soil salt content, SSC50 (‰) was the soil salt content at
which Yr (%) was decreased by 50%, and p was a constant.

The other model used was proposed by van Genuchten and Hoffman
(1984) as follows:

= −Y er
αSSC βSSC( )2

(5)

where α and β were empirical constants.

2.5. EPIC crop model description

EPIC simulates plant growth on a daily time scale. The potential dry
biomass growth is derived as a function of the climatic variables and
LAI of the previous day. A stress factor ranging from 0 to 1, which is
calibrated using the experimental data in this study, is assigned to each
potentially stress factor to restrained the potential growth on that day
to the actual growth. The crop phenological process is based on the
daily heat unit accumulation, which was calculated as below (Williams
et al., 1989; Steduto et al., 1995; Neitsch et al., 2005):

⎜ ⎟= ⎛
⎝

+ ⎞
⎠

−
T T

THU
2j

max j min j
b i

, ,
,

(6)

where HUj was the heat unit in the day j; Tmax j, was the highest tem-
perature (℃) in the day j, and Tmin j, was the lowest temperature (℃) in
the day j. Tb i, was the lowest temperature which sustained crop growth.

The HUI (heat unit index) ranging from 0 at transplanting to 1 at
physiological maturity was calculated as (Williams et al., 1989; Steduto
et al., 1995; Neitsch et al., 2005):

Table 3
Irrigation amount, yield per plant and water use efficiency (WUE) for different water and salt treatments in three growing seasons.

Cropping season Treatment Irrigation amount (mm)
　

Whole season (mm) Yield (g per plant) WUE (kg/m3)

Stage Ⅰ Stage Ⅱ Stage Ⅲ

2016 W2/3S0 32.3(8) 27.8(11) 68.5(22) 128.6(41) 1125.7a 28.36a
W2/3S3 32.3(8) 27.8(11) 68.5(22) 128.6(41) 755.0c 19.02b
W2/3S6 32.3(8) 27.8(11) 68.5(22) 128.6(41) 304.9e 7.68e
W2/3S9 32.3(8) 27.8(11) 68.5(22) 128.6(41) 122.2 g 3.08 g
W1S0 32.3(8) 37.7(11) 98.0(22) 168.0(41) 947.1b 17.97c
W1S3 32.3(8) 37.7(11) 98.0(22) 168.0(41) 751.0c 14.25d
W1S6 32.3(8) 37.7(11) 98.0(22) 168.0(41) 364.0d 6.91f
W1S9 32.3(8) 37.7(11) 98.0(22) 168.0(41) 167.1f 3.17 g

2016/2017 W1S0 19.1(7) 30.6(13) 92.4(33) 147.5(53) 972.9a 21.01a
W1S3 19.1(7) 30.6(13) 92.4(33) 147.5(53) 714.4b 15.43b
W1/2S0 13.5(7) 20.1(13) 46.2(33) 79.8(53) 402.6c 16.04b

2017 W1/2S0 20.2(7) 24.0(10) 74.6(36) 118.8(53) 401.2 g 11.24e
W2/3S0 22.8(7) 33.0(10) 100.1(36) 155.9(53) 1057.7a 22.22a
W2/3S2 22.8(7) 33.0(10) 100.1(36) 155.9(53) 807.7b 16.97b
W2/3S3 22.8(7) 33.0(10) 100.1(36) 155.9(53) 711.9d 14.96c
W2/3S4 22.8(7) 33.0(10) 100.1(36) 155.9(53) 518.9f 10.90e
W1S0 27.4(7) 53.8(10) 152.9(36) 234.1(53) 1047.4a 16.78b
W1S2 27.4(7) 53.8(10) 152.9(36) 234.1(53) 767.7c 12.30d
W1S3 27.4(7) 53.8(10) 152.9(36) 234.1(53) 676.4e 10.84e
W1S4 27.4(7) 53.8(10) 152.9(36) 234.1(53) 533.5f 8.55f

Numbers in the brackets indicate irrigation times for the respective growth stage. W1, W2/3, W1/2 represent full irrigation, 2/3 and 1/2 of full irrigation amount,
respectively. S0 is no salt stress, S2, S3, S4, S6, S9 represent 0.3%, 0.6%, 0.9% of salt content, respectively. Letters following the values of the indexes (yield and WUE)
of each season are the significant differences according to the Duncan’s multiple range tests at 0.05 P level, the same letter represents no significant difference of
indexes between two treatments.
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=
∑ =HUI

HU
PHUi
k
i

k1
(7)

where HUIi was the heat unit index on day i and PHU was the max-
imum accumulation of heat units when crop harvested; and PHU was
calculated as (Steduto et al., 1995):

∑=
=

HUPHU
n planting

maturity

k
(8)

The LAI can be calculated using heat units, crop stress factor and
leaf development stages. Only the first development stage, considering
the cultivars’ characteristics of indeterminate growth, was simulated in
this study. From transplanting to the cease of leaf increasing, LAI was
calculated as (Williams et al., 1989; Wang et al., 2017a,b):

= +−LAI LAI LAIΔi i 1 (9)

= − −−Δ Δ LAI exp LAI LAI REGLAI ( HUF)( )(1 (5.0( )))max i max i1 (10)

where HUF was the heat unit factor, Δ was the change variable of every
day. Sub max was the possible maximum value. REG is the minimum
crop stress factor, i.e. water stress and salt stress in this study. The HUF
(heat unit factor) was calculated with the equation (Williams et al.,
1989; Wang et al., 2017a,b):

=
+ −

HUF HUI
HUI exp ab ab HUI( ( )( ))i

i

i i1 2 (11)

where ab1 and ab2 were two crop parameters.
The theory of heat unit accumulation has proven to be a credible

predictor of the plant physiological growth. In this study, the fruit
growth process was estimated with the equation:

=FW FW HUF REG( )( )i max i i (12)

where FWi was the fruit weight for day i after anthesis, FWmax was the
maximum value of fruit weight.

2.6. Model calibration and validation

The meteorological data and LAI data collected from experiment 3
(2017 season), when there was no stress (i.e. W1S0 treatment), water
stress only (i.e. W1/2S0 treatment), and salt stress only (i.e. W1S3
treatment), were chosen to calibrate the EPIC crop model. The leaf area
index measured from the experiment 2 (2016–2017 season) were used
to verify the results simulated by the model under no stress, water stress
only and salt stress only conditions. The growth process of fruit weight
collected from both experiments 2 and 3 (i.e. W1S0 treatment, W1/2S0
treatment and W1S3 treatment) were collected for the validation.

The output of EPIC against observed measurements were assessed
using the determination (R2), the root mean square error (RMSE), the
normalized root mean square error (NRMSE), the coefficient of re-
gression (b0) and the Willmott index of agreement (d) (Ran et al.,
2017), which were calculated as:
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where Mj was measured values, Sj was simulated values, S̄ was average
of the simulated values and M̄ was average of the measured values. b0,
d and R2 close to 1 indicated good fitness between simulated and
measured ones. The agreement between the simulated and measured
ones is considered acceptable if the value of R2>0.5 (Santhi et al.,
2001; Van Liew et al., 2003). RMSE and NRMSE are used measure of
the differences between the observed values and simulated ones, RMSE
close to 0 shows a perfect agreement between the simulated and mea-
sured ones. The simulation is labeled excellent; good; fair and poor
when the value of NRMSE is smaller than 10%, 10%–20%, 20%–30%
and>30%, respectively (Bannayan and Hoogenboom, 2009).

2.7. Data analysis

To investigate the impacts of water and salt treatment on total yield
and fruit quality parameters, two-way analysis of variance (ANOVA)
were analyzed in each growth season using SPSS software. Differences
between mean values were assessed for significance using the Duncan’s
multiple range test at P= 0.05. Relative values adopted in the regres-
sion analysis were calculated as the values for each treatment dividing
that of maximum treatment.

Fig. 1. The relationship between single fruit weight (FW) and the mean value of
the longitudinal and transverse diameter (FD) of tomato.

H. Yang et al. Agricultural Water Management 213 (2019) 116–127

120



3. Results

3.1. Effect of drought and salt stress on tomato yield and WUE

Tomato yield decreased with increasing salt stress (Table 3). Com-
pared to S0, yield declined by 32.9%, 72.9% and 89.1% for S3, S6 and
S9, respectively, under W2/3 treatments in the 2016 season; and by
20.7%, 61.6% and 82.4%, respectively, under well-watered W1 treat-
ments. The yield decline was significant at soil salt content (SSC) of
3‰, but it became sharp at SSC of 6‰ and 9‰, suggesting that tomato
was moderately sensitive to salt stress. Thus, we adjusted salt gradients
during the following growth seasons. In the absence of water stress,
yield loss in S3 during 2016–2017 season was 26.6% compared to S0
(Table 3). During 2017 season, yield decreased by 23.6%, 32.7% and
50.9% for S2, S3 and S4, respectively, under W2/3 treatments; and by
26.7%, 35.4% and 49.1%, respectively, under W1 treatments.

Moreover, yield reduction caused by water and salinity stresses
were different. Compared to W1 treatments, yield increased 18.9% and
1.0% for W2/3 treatments in the 2016 and 2017 seasons, respectively
in the absence of salt stress. But at moderate salt stress (S3), yields
under two water treatments had no significant difference for 2016
season. Yield for W1/2S0 decreased by 22.7% in comparison to W2/3S4
during 2017 season, which showed that tomato yield decline was more
under the application of 1/2 of full irrigation than under soil salt
content of 4‰.

To compare the two-yield reduction models (Eq. (4) and Eq. (5)),
their parameters were first determined by minimizing the sum of the
squared deviations between measured yield and predicted yield by the
two models, respectively. The results indicated that both models per-
formed well in simulating yield response to SSC, with R2 of 0.989 and
0.971, respectively (Fig. 2; Table 6). Moreover, the non-linear reduction
model (Eq. (4)), with RMSE of 30.6 g and NRMSE of 5.18%, conformed
better to the measured data than the exponential model (Eq. (5)), with
RMSE of 53.8 g and NRMSE of 9.10%, respectively. In van Genuchten
and Hoffman (1984) (Eq. (4)) and (Eq. (5)), the SSC at which yield
decreased by 50% is 4.0‰ and 4.7‰, respectively.

WUE decreased significantly with the increasing salt stress under
both W2/3 and W1 treatments during 2016 and 2017 seasons. WUE for
W2/3S3 was higher by 5.84% compared to W1S0 treatment in 2016
season, while WUE for W2/3S2 improved by 1.13%, compared to W1S0
in 2017 season (Table 3). In 2016 and 2017 season, WUE for W1/2S0
was slightly higher than W1S3, but the yield decreased significantly.

3.2. Effect of drought and salt stress on tomato fruit quality

Table 4 shows the fruit quality parameters of tomato under different
water and salt stress treatments during 2016 and 2017 growth seasons.
Fn firstly increased at moderate salinity levels (S3) and then began to
decrease under W2/3 and W1 treatments during both seasons (except
W2/3 in 2017 season). FWC was significantly low for W2/3S9 in 2016
season and W1/2S0 in 2017 season, respectively. Compared to W1S0,
FW for W2/3S0 was not significantly lower, but decreased by 32.6%,
52.8% and 64.2%, respectively in 2016 season. The FW decrease be-
came significant at SSC of 4‰ under both W2/3 and W1 treatments in
2017 season. SI varied from 0.714 to 0.838 in 2016 season. For fruits of
W2/3S2, W2/3S3 and W1S4 in 2017 season, SI values were 1.054,
1.006 and 1.004, respectively. CI increased with the salt and water
stresses, the highest CI of 46.59 was obtained for W1/2S0, and the
lowest were in both W1S0 treatments during 2016 and 2017 seasons.
TSS and TSSC significantly increased with the salt stress in both sea-
sons. TSS and TSSC for W2/3S9 increased by 48.7% and 31.1% of W2/
3S0, respectively, during the 2016 season; and those for W1S9 in-
creased by 54.0% and 34.3% of W1S0, respectively. In 2017 season, the
decline of TSS and TSSC for W2/3S0 reached at 8.08% and 32.7%,
respectively, when compared to W2/3S9, and those for W1S0 reached
at 29.5% and 46.1%, respectively, as compared to W1S4.

The two-way ANOVA results showed that water had significant or
extreme significant influence on FWC, FW and TSSC during both sea-
sons, while salt had extreme significant influence on all the quality
parameters except SI and CI. The interactive effect of water and salt was
not significant (Table 5).

3.3. Quantitative relationship between relative fruit quality and salt
gradient

The relationship between relative values of fruit quality parameters
(CIa/CImax, SIa/SImax, FWCa/FWCmax, TSSa/TSSmax, FWa/FWmax, TSSCa/
TSSCmax) and relative soil salt content (SSCa/SSCmax) are presented in
Fig. 3a-n, for the pooled data of 2016 and 2017 seasons. FWCa/FWCmax

showed a significant negative linear correlation with SSCa/SSCmax

(P < 0.01) (Fig. 3 e). Negative correlation was also found between
FWa/FWmax and SSCa/SSCmax (P < 0.05) (Fig. 3 m). CIa/CImax and
TSSCa/TSSCmax had a significant positive linear correlation with SSCa/
SSCmax (P < 0.05) (Fig. 3 a, k). SIa/SImax was significantly positive
correlated with SSCa/SSCmax (P < 0.01) (Fig. 3 c). TSSa/TSSmax in-
creased with the increasing SSCa/SSCmax, but no significant correlation
was found (P > 0.05) (Fig. 3 i). The relations of all the quality para-
meters with SSCa/SSCmax under W1 and W2/3 treatments were eval-
uated using linear regression, respectively. The results showed that SIa/
SImax were not significantly related with SSCa/SSCmax under both W1
and W2/3 treatments (Fig.3 d). Slope values implied that FWC was

Fig. 2. Relative tomato yield as a function of SSC/SSC50 and SSC based on Eq.
(4) and (5), respectively.

H. Yang et al. Agricultural Water Management 213 (2019) 116–127

121



more sensitive to SSC under W2/3 than that under W1 (Fig. 3 f), TSSC
and FW were more sensitive to SSC under W1 than that under W2/3
(Fig. 3 l, n). TSS showed a significant positive correlation with SSCa/
SSCmax for W2/3, but not for W1 (Fig. 3 j).

3.4. Performance of the EPIC crop model in simulating fruit growth process

The default and calibrated parameters of EPIC crop model are pre-
sented in Table 8. The parameters that were calibrated in this study also
were selected for calibration in previous studies, such as Han et al.
(2015) and Wang et al. (2015a,b), except crop stress factor (REG). The
LAI was calibrated and validated first of all owing to the fruit growth
depending on the LAI curve. Stress factor, REG, was calibrated under
conditions of no stress, water stress and salt stress (Table 8). The LAI
curves under three conditions didn’t show tendency for over or under
estimations, and Table 7 shows the goodness of fit indicators for the
comparisons. After the calibration of LAI, the data collected in
2016–2017 season were used to validate LAI curves. The R2, RMSE,
NRMSE, b0 and d were 0.997, 0.036m2/m2, 4.88%, 0.998 and 0.999
under no stress, 0.995, 0.018m2/m2, 5.65%, 1.009 and 0.999 under
water stress, and 0.958, 0.091m2/m2, 17.76%, 0.986 and 0.988 under
salt stress, respectively (Table 7). These results showed a close agree-
ment between measured and simulated LAI.

Data simulated by the EPIC crop model and measured data gen-
erally matched, although there were differences during 20–30 days
after anthesis under water stress condition (Table 9; Fig.4 c). With re-
spect to no stress, water stress and salt stress over the two-year periods,
the model performance index showed good agreement between mea-
sured and simulated data with high R2 (0.863, 0.839 and 0.895) and d
(0.967, 0.933 and 0.966), respectively. In 2016 season, the R2, RMSE,

NRMSE, b0 and d for water stress were 0.799, 8.8 g, 35.8%, 0.878 and
0.925, respectively. The NRMSE value of 35.8% was higher than 30%.
The results showed that EPIC crop model performed well to simulate
fruit weight under no stress and salt stress conditions. In 2017 season,
values of R2, RMSE, NRMSE, b0 and d under no stress condition were
0.891, 18.0 g, 30.2%, 1.041 and 0.971, respectively. The NRMSE value
of 30.2% was slightly> 30%. With regard to salt stress condition, the
values of R2, RMSE, NRMSE, b0 and d were 0.907, 11.6 g, 32.4%, 1.100
and 0.970, respectively. The NRMSE value of 32.4% was slightly>
30%. Accuracy of simulation by EPIC crop model during both years
were acceptable.

4. Discussion

Salinity inhibited the root water uptake of plants, and quickly
caused decrease in plant growth rate. Salinity-induced metabolic
changes were similar to water stress (Munns, 2002; Katerji et al., 2004).
The initial reduction in plant growth was likely induced by hormonal
signals due to osmatic stress, but later the salt-specific effect, ion toxi-
city and the associated growth reduction occurred (Munns, 2002;
Farooq et al., 2015). Thus, plant response to drought and salt stress was
similar but salinity induces plant nutrient imbalance that is distinct
from water stress (Munns, 2002; Farooq et al., 2015; De Pascale et al.,
2007; Cuartero and Fernandez-Munoz, 1999). Most studies con-
centrated on the effect of single factor (drought or salt). In general, the
enhancement of tomato fruit quality by water stress is accompanied
with yield reductions (Chen et al., 2013, 2014; Yang et al., 2017; Ripoll
et al., 2014, 2016; Ozbahce and Tari, 2010; Lovelli et al., 2017; Candido
et al., 2015). In contrast, this research shows that compared to well-
watered treatments (W1), mild water stress (W2/3) showed a 18.9%

Table 4
Effects of different water and salt management on tomato quality parameters in the two growth seasons.

cropping season Treatment Fn (kg/cm2) FWC (%) FW (g) fruit shape index CI TSS (%) TSSC (mg/100 g)

2016 W2/3S0 2.73bc 0.906a 106.22a 0.714b 29.89a 6.37cd 7.17cd
W2/3S3 3.33a 0.829a 50.84c 0.779ab 30.75a 6.77bcd 8.01b
W2/3S6 2.80abc 0.809a 39.34c 0.759ab 31.81a 8.37abc 8.98a
W2/3S9 2.46bc 0.587b 36.07c 0.838a 34.53a 9.47a 9.40a
W1S0 2.53bc 0.941a 111.50a 0.788ab 20.79a 5.80d 6.91d
W1S3 3.33a 0.872a 75.11b 0.746ab 25.14a 7.47abcd 7.53c
W1S6 2.98ab 0.834a 52.66c 0.802ab 29.21a 7.73abcd 8.36b
W1S9 2.33c 0.796a 39.90c 0.770ab 32.62a 8.93ab 9.28a

2017 W1/2S0 1.17ab 0.892c 80.53bc 1.118a 46.59a 6.53a 9.14a
W2/3S0 0.89c 0.946a 94.76abc 0.978ab 39.79b 6.37ab 6.24d
W2/3S2 1.15ab 0.928abc 109.69ab 1.054ab 40.57b 6.60a 7.14c
W2/3S3 1.10ab 0.910abc 70.67bc 1.006ab 41.52ab 6.50a 8.21b
W2/3S4 1.04ab 0.909abc 49.69c 0.985ab 44.44ab 6.93a 9.27a
W1S0 0.85c 0.946a 137.89a 0.945b 39.50b 5.27b 4.65d
W1S2 1.05ab 0.941ab 137.17a 0.917b 39.57b 6.40ab 5.85d
W1S3 1.34a 0.912abc 107.97ab 0.925b 40.19b 7.40a 6.97c
W1S4 1.27ab 0.904bc 81.30bc 1.004ab 42.18ab 7.47a 8.63b

Fn= fruit firmness, FWC= fruit water content, FW= single fruit weight, CI= fruit color index, TSS= total soluble solids, TSSC= total soluble sugar con-
centration; Letters following the values of the fruit quality parameters of each season are the significant differences according to the Duncan’s multiple range tests at
0.05 P level, the same letter represents no significant difference of indexes between two treatments.

Table 5
The results of two-way ANOVA on tomato quality parameters in the two growth seasons.

cropping season F value Fn (kg/cm2) FWC (%) FW (g) fruit shape index CI TSS (%) TSSC (mg/100 g)

2016 Fw 0.071 NS 5.939 S 6.159 S 0.026 NS 2.593 NS 0.239 NS 13.04 ES
Fs 9.793 ES 9.101 ES 45.39 ES 0.846 NS 1.392 NS 6.326 ES 97.61 ES
Fc 0.432 NS 1.864 NS 0.993 NS 1.721 NS 0.303 NS 0.367 NS 1.154 NS

2017 Fw 2.129 NS 7.231 ES 7.673 ES 4.976 S 6.374 ES 1.206 NS 199.2 ES
Fs 2.630 NS 5.335 ES 6.575 ES 0.220 NS 1.949 NS 5.157 ES 150.4 ES
Fc 0.870 NS 0.227 NS 0.108 NS 0.965 NS 0.120 NS 2.73 NS 2.578 NS

Fw means the value of two-way ANOVA of water effect, Fs means the value of two-way ANOVA of salt effect, Fc means the value of two-way ANOVA of water and salt
cross effect; ES: extreme significant, S: significant, NS: non-significant.
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Fig. 3. The relationships between relative values of fruit quality parameters (CIa/CImax, SIa/SImax, FWCa/FWCmax, TSSa/TSSmax, FWa/FWmax, TSSCa/TSSCmax) and
relative soil salt content (SSCa/SSCmax), and the relationships between relative values of fruit quality parameters and relative soil salt content at deficit irrigation
(W2/3) and full irrigation (W1), respectively.
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and 1.0% increase of yield per plant, respectively in 2016 and 2017
seasons, at S0 level (Table 3). However, single fruit weight showed an
opposite trend (Table 4), which indicated that the increase of yield was
mainly attributed to the increase of fruit number under mild water
stress. It was reported that TSS, TSSC, VC and reducing-sugar contents
in tomato fruits were higher in the deficit treatments than control
(Wang et al., 2015a,b). Mild drought (W2/3) improved fruit quality
parameters of Fn, CI, TSS and TSSC in some extent (Table 4). Similarly,
yield reduction was associated with increasing soil salinity levels
(Katerji et al., 2009, 2011; Schiattone et al., 2017), but the fruit quality
was enhanced (Cantore et al., 2012; Van de Wal et al., 2017; De Pascale
et al., 2015; Mitchell et al., 1991a). In our research, the more stressful
of soil salt content the higher yield decline was identified, yield per
plant was reduced by 49.1% when soil salt content reached at 4‰ in
2017 season (Table 3). Fruit quality parameters of CI, TSS and TSSC
improvements were associated with increasing soil salt levels under
both W2/3 and W1 treatments during both 2016 and 2017 seasons,
while FWC showed a decrease trend (Table 4). FW decreased with in-
creasing salt stress, which indicated that salinity-induced yield decline
was mainly attributed to the decrease of single fruit weight (Table 3 and
4).

Few researches focused on the interactive impact of soil water and
salt content on tomato yield and fruit quality, it has not been fully
understood that whether the same yield reduction and quality variation
are caused by the same change in plant water status owing to either

drought or salinity. De Pascale et al. (2007) conducted a comparative
stress experiment on cherry tomato and illustrated that growth inhibi-
tion in water-stressed (soil matric potential=-72 kPa) plants was
greater than salinity stressed plants (12Mm NaCl). The contents of TSS
and dry matter of tomato fruits increased with increasing salinity but
not by decreasing irrigation amounts (Cantore et al., 2012). Simulta-
neous water and salt stress aggravated yield reduction but enhanced
fruit parameters of CI, TSS and TSSC (Table 3 and 4), yield per plant
was more affected by severe drought (1/2 of full irrigation) than
moderate salt stress (SSC 4‰). The two-way ANOVA showed that the
interactive impact of water and salt on fruit quality parameters was not
significant, and the fruit quality was more affected by salt stress than
drought (Table 5). Fruit quality parameter of TSSC approached to the
higher values in mild drought with severe salt stress (Table 4). The
results demonstrated that tomato quality is more sensitive to salt than
water.

Two of van Genuchten and Hoffman models (1984) (Eq. (4)) and
(Eq. (5)) conformed well to simulate the relations of relative yield and
soil salt content, R2 of 0.989 and 0.971, respectively (Fig. 2 and
Table 6). By contrasting the goodness of fitting indicators of the two
models (Table 6), the non-linear reduction model (Eq. (4)) conformed
better to the measured data than the exponential one (Eq. (5)).
Babazadeh et al. (2016) also illustrated that the reduction function (Eq.
(4)) performed better than the (Eq. (5)) for estimating yield responses
of basil to irrigation, and salinity at which yield decreased by 50% is
6 dSm−1 in the non-linear reduction model (Eq. (4)). Positive linear
relations between tomato quality parameters e.g. CI, TSSC, SI and TSS
and soil salt content were also found (Fig. 3a-d, g–j), indicating that
tomato fruit quality was improved by increasing soil salt content,
however, negative linear relationships were found between FWC, FW
and soil salt content (Fig. 3e, f, k, l). These quantitative relationships of

Table 6
Statistical analysis of measured and simulated yield with two formulations on
tomato affected by salt stress.

　 Yield per plant (g)

　 R2 RMSE (g) NRMSE (%) b0 d

Eq. (4) 0.989 30.6 5.18 0.998 0.997
Eq. (5) 0.971 53.8 9.10 0.993 0.992

Table 7
The coefficient of determination (R2), the root mean square error (RMSE), the
normalized root mean square error (NRMSE), regression coefficient through the
origin (b0) and Willmott’s index of agreement (d) for leaf area index during
calibration (during 2017 growing season) and validation (2016/2017 growing
season).

　 　 Leaf area index (m2/m2)

　 　 R2 RMSE (m2/
m2)

NRMSE (%) b0 d

without
stress

Calibration 0.999 0.023 2.25 1.000 1.000
Validation 0.997 0.036 4.88 0.998 0.999

water stress Calibration 0.985 0.034 8.09 0.996 0.996
Validation 0.995 0.018 5.65 1.009 0.999

salinity stress Calibration 0.949 0.108 15.40 0.982 0.985
Validation 0.958 0.091 17.76 0.986 0.988

Table 8
Default and calibrated parameters of tomato for leaf area growth and single fruit weight growth assigned in EPIC growth model.

Parameter Units Description Value 　 　

Adopted

Tb, i ℃ Minimum temperature for plant growth (Eq. (6)) 5
Default Calibrated

PHU — Potential heat units required for maturity (Eq. (8)) 1926 1926
LAImax m2/m2 Maximum leaf area index (Eq. (10)) 2.0 1.67
ab1 — First leaf development parameter of the crop (Eq. (11)) 0.5 0.30
ab2 — Second leaf development parameter of the crop (Eq. (11)) 0.5 8.73
FWmax g Maximum fruit weight (Eq. (12)) 200 150

Water stress Salt stress
REG — Minimum crop stress factor (Eq. (10)) 1.0 0.15 0.43

Table 9
The coefficient of determination (R2), the root mean square error (RMSE), the
normalized root mean square error (NRMSE), regression coefficient through the
origin (b0) and Willmott’s index of agreement (d) with EPIC model for tomato
single fruit weight under no stress, water stress and salt stress conditions from
2016 to 2017.

　 Fruit weight (g)

　 n R2 RMSE (g) NRMSE (%) b0 d

2016/17
No stress 35 0.846 16.8 16.3 0.960 0.958
Water stress 23 0.799 8.8 35.8 0.878 0.925
Salt stress 18 0.901 10.5 26.8 1.068 0.962
2017
No stress 35 0.891 18.0 30.2 1.041 0.971
Water stress 26 0.783 9.9 23.7 0.889 0.932
Salt stress 33 0.907 11.6 32.4 1.100 0.970
Overall
No stress 70 0.863 17.4 16.9 0.995 0.967
Water stress 49 0.839 8.5 25.1 0.885 0.933
Salt stress 51 0.895 11.2 28.8 1.090 0.966

H. Yang et al. Agricultural Water Management 213 (2019) 116–127

124



fruit quality with soil salt content are identical to those with soil water
content (Chen et al., 2013, 2014; Yang et al., 2017; Ozbahce and Tari,
2010). This was mainly the consequence of a reduced fruits water up-
take and a low dilution owing to the osmatic stress, not an increased
fruit compounds accumulation such as sugar in the fruits (Mitchell
et al., 1991a), but the salt-specific effects on fruit nutrient compounds
are still needed to be investigated.

As the literatures have been reported, unlike evaluating the plant
yield and biomass by EPIC growth model, there were no attempts to be
made to simulate the tomato fruit growth process using the growth

module of EPIC. We use the types of basic equations of EPIC for re-
ference, and made attempts to simulate tomato fruit growth process.
The model was calibrated and validated against pot experiments data of
2016 and 2017 years. EPIC growth model simulated fruit growth pro-
cess with acceptable accuracy under three conditions (i.e. no stress,
water stress and salt stress) (Table 9 and Fig. 4). Wang et al. (2017a,b)
coupled the growth module of EPIC with HYDRUS-1D to assess salinity
stress on wheat evapotranspiration, yield and WUE and long-term use
of saline water on grain yield and salt accumulation. In our study, the
growth module of EPIC was used to evaluate salt stress on tomato leaf

Fig. 4. Comparisons of single measured versus simulated fruit weight by EPIC model under no stress, water stress and salt stress conditions from 2016 to 2017.
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and fruit growth within an acceptable accuracy. However, the salt-fruit
quality relationships and the EPIC growth model evaluating fruit
growth are all empirical and mathematical models, further physiolo-
gical responses of tomato fruit growth and quality to soil water content
and salt content should be considered in the future study. In addition,
our study only tested the approach in experimental pots, but it still has
difficulty extending to field scale due to its destructive effect on original
soil and imprecise control of salt content in plant root zone.

5. Conclusion

The responses of tomato yield per plant and fruit quality parameters
to soil water and salt content were different. In the absence of salt
stress, yield increased at mild water stress (W2/3) and the increase of
yield was mainly attributed to the increase of fruit number, while fruit
quality was enhanced by increasing Fn, CI, TSS and TSSC. Under both
irrigation treatments (W2/3 and W1), yield decreased with increasing
soil salt level mainly owing to the decline of single fruit weight, but
fruit quality parameters of CI, TSS and TSSC improved. Moreover, yield
under water stress treatments performed more sensitivity to salt stress
than that under non-drought treatments. fruit quality parameters were
more affected by salt stress than drought, the interactive impact of
water and salt on fruit quality parameters was not significant. Positive
linear relations were found between soil salt content and tomato quality
parameters i.e. CI, TSSC, SI and TSS, while FWC and FW had negative
linear relationships with soil salt content. Two of van Genuchten and
Hoffman models (1984) conformed well to simulate the relationships of
soil salt content and relative yield, the soil salt content at which yield
decreased by 50% is 4.0‰ and 4.7‰, respectively in the non-linear
reduction model and the exponential reduction model. The EPIC crop
model simulated fruit growth process with acceptable accuracy in si-
tuations of no stress, water stress and salt stress, with acceptable ac-
curacy.

Acknowledgements

We are grateful for the research grants from the National Natural
Science Foundation of China (51790534, 51725904, 51621061), the
National Key Research Program (2016YFC0400207), and the Discipline
Innovative Engineering Plan (111 Program, B14002). Hui Yang ap-
preciates the Chinese Scholarship Council (CSC) for supporting her
study at Plant and Environmental Sciences Department, New Mexico
State University, USA.

References

Aguilar, M., Fernández-Ramírez, J.L., Aguilar-Blanes, M., Ortiz-Romero, C., 2017. Rice
sensitivity to saline irrigation in Southern Spain. Agric. Water Manage. 188, 21–28.

Ahmed, I.M., Dai, H., Zheng, W., Cao, F., Zhang, G., Sun, D., Wu, F., 2013. Genotypic
differences in physiological characteristics in the tolerance to drought and salinity
combined stress between Tibetan wild and cultivated barley. Plant Physiol. Biochem.
63, 49–60.

Albaladejo, I., Meco, V., Plasencia, F., Flores, F.B., Bolarin, M.C., Egea, Isabel., 2017.
Unravelling the strategies used by the wild tomato species Solanum pennellii to
confront salt stress: from leaf anatomical adaptations to molecular responses.
Environ. Exp. Bot. 135, 1–12.

Babazadeh, H., Tabrizi, M.S., Darvishi, H.H., 2016. Adopting adequate leaching re-
quirement for practical response models of basil to salinity. Int. Agrophys. 30,
275–283.

Bannayan, M., Hoogenboom, G., 2009. Using pattern recognition for estimating cultivar
coefficients of a crop simulation model. Field Crop Res. 111, 290–302.

Bao, Y.W., Hoogenboom, G., McClendon, R., Vellidis, G., 2017. A comparison of the
performance of the CSM-CERES-Maize and EPIC models using maize variety trial
data. Agric. Syst. 150, 109–119.

Candido, V., Campanelli, V., D’Addabbo, T., Castronuovo, D., Perniola, M., Camele, I.,
2015. Growth and yield promoting effect of artificial mycorrhization on field tomato
at different irrigation regimes. Sci. Hortic. 187, 35–43.

Cantore, V., Pace, B., Todorovic, M., De Palma, E., Boari, F., 2012. Influence of salinity
and water regime on tomato for processing. Ital. J. Agron. 7, 64–70.

Chen, J., Kang, S., Du, T., Qiu, R., Guo, P., Chen, R., 2013. Quantitative response of
greenhouse tomato yield and quality to water deficit at different growth stages. Agric.

Water Manage. 129, 152–162.
Chen, J.L., Kang, S.Z., Du, T.S., Guo, P., Qiu, R.J., Chen, R.Q., Gu, F., 2014. Modeling

relations of tomato yield and fruit quality with water deficit at different growth stages
under greenhouse condition. Agric. Water Manage. 146, 131–148.

Cuartero, J., Fernandez-Munoz, R., 1999. Tomato and salinity. Sci. Hortic. 78, 83–125.
De Pascale, S., Martino, A., Raimondi, G., Maggio, A., 2007. Comparative analysis of

water and salt stress-induced modifications of quality parameters in cherry tomatoes.
J. Hortic. Sci. Biotechnol. 82: 4, 283–289.

De Pascale, S., Maggio, A., Orsini, F., Stanghellini, C., Heuvelink, E., 2015. Growth re-
sponse and radiation use efficiency in tomato exposed to short-term and long-term
salinized soils. Sci. Hortic. 189, 139–149.

Farooq, M., Hussain, M., Wakeel, A., Siddique, K.H.M., 2015. Salt stress in maize: effects,
resistance mechanisms, and management. A review. Agron. Sustain. Dev. 35,
461–4811.

Galli, V., Messias, R.D.S., Perin, E.C., Borowski, J.M., Bamberg, A.L., Rombaldi, C.V.,
2016. Mild salt stress improves strawberry fruit quality. LWT Food Sci. Technol. 73,
693–699.

Gawad, G.A., Arslan, A., Gaihbe, A., Kadouri, F., 2005. The effects of saline irrigation
water management and salt tolerant tomato varieties on sustainable production of
tomato in Syria. Agric. Water Manage. 78, 39–53.

Han, M., Zhao, C.Y., Simunek, J., Feng, G., 2015. Evaluating the impact of groundwater
on cotton growth and root zone water balance using Hydrus-1D coupled with a crop
growth model. Agric. Water Manage. 160, 64–75.

Hoagland, D.R., Arnon, D.I., 1950. The Water-Culture Method for Growing Plants
Without Soil. Agricultural Experiment Station Circular 347. The College of
Agriculture University of California, Berkeley, pp. 1–32.

Hu, Y., Schmidhalter, U., 2005. Drought and salinity: a comparison of their effects on
mineral nutrition of plants. J. Plant Nutr. Soil Sci. (1999) 168, 541–549.

Hussain, M.I., Lyra, D.A., Farooq, M., Nikoloudakis, N., Khalid, N., 2016. Salt and drought
stresses in safflower: a review. Agron. Sustain. Dev. 36, 4.

Katerji, N., Van Hoorn, J.W., Hamdy, A., Mastrorilli, M., 2004. Comparison of corn yield
response to plant water stress caused by salinity and by drought. Agric. Water
Manage. 65, 95–101.

Katerji, N., Mastrorilli, M., van Hoorn, J.W., Lahmer, F.Z., Hamdy, A., Oweis, T., 2009.
Durum wheat and barley productivity in saline-drought environments. Eur. J. Agron.
31, 1–9.

Katerji, N., Mastrorilli, M., Lahmer, F.Z., Maalouf, F., Oweis, T., 2011. Faba bean pro-
ductivity in saline-drought conditions. Eur. J. Agron. 35, 2–12.

Koushafar, M., Khoshgoftarmanesh, A.H., Moezzi, A., Mobli, M., 2011. Effect of dynamic
unequal distribution of salts in the root environment on performance and Crop Per
Drop (CPD) of hydroponic-grown tomato. Sci. Hortic. 131, 1–5.

Li, H.S., 2000. The Principle and Technology of Plant Physiology and Biochemistry
Experiment. Higher Education Press, Beijing, pp. 195–196 (in Chinese).

Lovelli, S., Potenza, G., Castronuovo, D., Perniola, M., Candido, V., 2017. Yield, quality
and water use efficiency of processing tomatoes produced under different irrigation
regimes in Mediterranean environment. Ital. J. Agron. 12, 17–24.

Maggio, A., De Pascale, S., Angelino, G., Ruggiero, C., Barbieri, G., 2004. Physiological
response of tomato to saline irrigation in long-term salinized soils. Eur. J. Agron. 21,
149–159.

Mitchell, J.P., Shennan, C., Grattan, S.R., 1991a. Development changes in tomato fruit
composition in response to water deficit and salinity. Physiol. Plant. 83, 177–185.

Mitchell, J.P., Shennan, C., Grattan, S.R., May, D.M., 1991b. Tomato fruit yields and
quality under water deficit and salinity. J. Am. Soc. Hortic. Sci. 116, 215–221.

Monteith, J.L., 1977. Climate and the Efficiency of Crop Production in Britain.
Philosophical Transactions of the Royal Society of London Vol. B281. pp. 277–294.

Munns, R., 2002. Comparative physiology of salt and water stress. Plant Cell Environ. 25,
239–250.

Munns, R., Tester, M., 2008. Mechanisms of salinity tolerance. Ann. Rev. Plant Biol. 59,
651–681.

Neitsch, S., Arnold, J., Kiniry, J., Williams, J., King, K., 2005. SWAT: Soil and Water
Assessment Tool: Theoretical documentation, Version 2005. Texas, USA. .

Ors, S., Suarez, D.L., 2017. Spinach biomass yield and physiological response to inter-
active salinity and water stress. Agric. Water Manage. 190, 31–41.

Ozbahce, A., Tari, A.F., 2010. Effects of emitter space and water stress on yield and
quality of processing tomato under semi-arid climate conditions. Agric. Water
Manage. 97, 1405–1410.

Peet, M.M., 2005. Irrigation and fertilization. In: Heuvelink, E. (Ed.), Tomatoes, Crop
Production Science in Horticulture. CABI Publishing, Wallingford, UK, pp. 171–198.

Qiu, R.J., Liu, C.W., Wang, Z.C., Yang, Z.Q., Jing, Y.S., 2017. Effects of irrigation water
salinity on evapotranspiration modified by leaching fractions in hot pepper plants.
Sci. Rep. https://doi.org/10.1038/s41598-017-07743-2.

Ran, H., Kang, S.Z., Li, F.S., Tong, L., Ding, R.S., Du, T.S., Li, S.E., Zhang, X.T., 2017.
Performance of AquaCrop and SIMDualKc models in evapotranspiration partitioning
on full and deficit irrigated maize for seed production under plastic film-mulch in an
arid region of China. Agric. Syst. 151, 20–32.

Ripoll, J., Urban, L., Staudt, M., Lopez-Lauri, F., Bidel, L.P.R., Bertin, N., 2014. Water
shortage and quality of fleshy fruits-making the most of the unavoidable. J. Exp. Bot.
65, 4097–4117.

Ripoll, J., Urban, L., Brunel, B., Bertin, N., 2016. Water deficit effects on tomato quality
depend on fruit developmental stage and genotype. J. Plant Physiol. 190, 26–35.

Santhi, C., Arnold, J.G., Williams, J.R., Dugas, W.A., Srinivasan, R., Hauck, L.M., 2001.
Validation of the SWAT model on a large river basin with point and nonpoint sources.
J. Am. Water Resour. Assoc. 37 (5), 1169–1188.

Schiattone, M.I., Candido, V., Cantore, V., Montesano, F.F., Boari, F., 2017. Water use and
crop performance of two wild rocket genotypes under salinity conditions. Agric.
Water Manage. 194, 214–221.

H. Yang et al. Agricultural Water Management 213 (2019) 116–127

126

http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0005
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0005
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0010
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0010
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0010
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0010
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0015
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0015
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0015
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0015
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0020
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0020
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0020
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0025
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0025
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0030
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0030
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0030
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0035
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0035
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0035
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0040
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0040
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0045
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0045
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0045
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0050
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0050
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0050
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0055
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0060
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0060
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0060
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0065
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0065
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0065
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0070
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0070
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0070
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0075
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0075
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0075
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0080
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0080
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0080
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0085
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0085
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0085
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0090
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0090
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0090
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0095
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0095
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0100
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0100
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0105
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0105
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0105
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0110
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0110
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0110
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0115
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0115
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0120
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0120
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0120
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0125
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0125
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0130
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0130
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0130
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0135
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0135
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0135
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0140
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0140
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0145
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0145
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0150
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0150
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0155
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0155
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0160
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0160
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0165
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0165
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0170
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0170
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0175
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0175
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0175
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0180
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0180
https://doi.org/10.1038/s41598-017-07743-2
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0190
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0190
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0190
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0190
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0195
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0195
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0195
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0200
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0200
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0205
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0205
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0205
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0210
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0210
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0210


Shahbaz, M., Ashraf, M., 2013. Improving salinity tolerance in cereals. Crit. Rev. Plant
Sci. 32 (4), 237–249.

Steduto, P., Pocuca, V., Caliandro, A., Debaeke, P., 1995. An evaluation of the crop-
growth simulation sub model of EPIC for wheat grown in a Mediterranean climate
with variable soil-water regimes. Eur. J. Agron. 3, 335–345.

Tayfur, G., Tanji, K.K., House, B., Robinson, F., Teuber, L., Kruse, G., 1995. Modelling
deficit irrigation in Alfalfa production. J. Irrig. Drain. Eng. 121, 442–451.

Van de Wal, B.A.E., Van Meulebroek, L., Steppe, K., 2017. Application of drought and salt
stress can improve tomato fruit quality without jeopardizing production. Acta Hortic.
1170 ISHS.

van Genuchten, M.Th., Hoffman, G.J., 1984. Analysis of crop production. In: Shainberg,
I., Shalhevet, J. (Eds.), Soil Salinity Under Irrigation. Springer-Verlag.

Van Liew, M.W., Arnold, J.G., Garbrecht, J.D., 2003. Hydrologic simulation on agri-
cultural watersheds: choosing between two models. Trans. ASAE 46 (6), 1539–1551.

Wang, W., Vinocur, B., Altman, A., 2003. Plant responses to drought, salinity and extreme
temperatures: towards genetic engineering for stress tolerance. Planta 218, 1–14.

Wang, C.X., Gu, F., Chen, J.L., Yang, H., Jiang, J.J., Du, T.S., Zhang, J.H., 2015a.
Assessing the response of yield and comprehensive fruit quality of tomato grown in
greenhouse to deficit irrigation and nitrogen application strategies. Agric. Water
Manage. 161, 9–19.

Wang, X.P., Huang, G.H., Yang, J.S., Huang, Q.Z., Liu, H.J., Yu, L.P., 2015b. An

assessment of irrigation practices: sprinkler irrigation of winter wheat in the North
China Plain. Agric. Water Manage. 159, 197–208.

Wang, Q.M., Huo, Z.L., Zhang, L.D., Wang, J.H., Zhao, Y., 2016. Impact of saline water
irrigation on water use efficiency and soil salt accumulation for spring maize in arid
regions of China. Agric. Water Manage. 163, 125–138.

Wang, Q.F., Wu, J.J., Li, X.H., Zhou, H.K., Yang, J.H., Geng, G.P., An, X.L., Liu, L.Z., Tang,
Z.H., 2017a. A comprehensively quantitative method of evaluating the impact of
drought on crop yield using daily multi-scale SPEI and crop growth process model.
Int. J. Biometerol. 61, 685–699.

Wang, X.P., Liu, G.M., Yang, J.S., Huang, G.H., Yao, R.J., 2017b. Evaluating the effects of
irrigation water salinity on water movement, crop yield and water use efficiency by
means of a coupled hydrologic/crop growth model. Agric. Water Manage. 185,
13–26.

Williams, J.R., Jones, C.A., Kiniry, J.R., Spanel, D.A., 1989. The EPIC crop growth-model.
Trans. ASABE 32, 497–511.

Yang, H., Du, T.S., Qiu, R.J., Chen, J.L., Li, Y., Wang, C.X., Gao, L.H., Kang, S.Z., 2017.
Improved water use efficiency and fruit quality of greenhouse crops under regulated
deficit irrigation in northwest China. Agric. Water Manage. 179, 193–204.

Zhang, H., Li, D.S., Zhou, Z.G., Zahoor, R., Chen, B.L., Meng, Y.L., 2017. Soil water and
salt affect cotton (Gossypium hirsutum L.) photosynthesis, yield and fiber quality in
coastal saline soil. Agric. Water Manage. 187, 112–121.

H. Yang et al. Agricultural Water Management 213 (2019) 116–127

127

http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0215
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0215
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0220
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0220
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0220
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0225
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0225
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0230
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0230
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0230
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0235
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0235
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0240
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0240
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0245
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0245
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0250
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0250
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0250
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0250
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0255
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0255
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0255
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0260
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0260
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0260
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0265
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0265
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0265
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0265
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0270
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0270
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0270
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0270
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0275
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0275
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0280
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0280
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0280
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0285
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0285
http://refhub.elsevier.com/S0378-3774(18)30196-3/sbref0285

	A comprehensive method of evaluating the impact of drought and salt stress on tomato growth and fruit quality based on EPIC growth model
	Introduction
	Materials and methods
	Experimental site
	Experimental method
	Experiment 1
	Experiment 2
	Experiment 3

	Measurements
	Meteorology
	Leaf area index
	Yield and water use efficiency (WUE)
	Fruit growth
	Fruit quality
	Appearance quality
	Taste quality
	Storage quality

	Yield reduction functions
	EPIC crop model description
	Model calibration and validation
	Data analysis

	Results
	Effect of drought and salt stress on tomato yield and WUE
	Effect of drought and salt stress on tomato fruit quality
	Quantitative relationship between relative fruit quality and salt gradient
	Performance of the EPIC crop model in simulating fruit growth process

	Discussion
	Conclusion
	Acknowledgements
	References




