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Abstract: In arid and semi-arid regions like Tunisia, irrigation water is typically saline, posing a risk
of soil and crop salinization and yield reduction. This research aims to study the combined effects of
soil matric and osmotic potential stresses on tomato root water uptake. Plants were grown in pot and
field experiments in loamy-clay soils and were irrigated with three different irrigation water qualities:
0,3.5, and 7 dS/m. The Hydrus-1D model was used to simulate the combined dynamics of subsurface
soil water and salts. Successful calibration and validation of the model against measured water and
salt profiles enabled the examination of the combined effects of osmotic and matric potential stresses
on root water uptake. Relative yields, indirectly estimated from actual and potential transpiration,
indicated that the multiplicative stress response model effectively simulated the measured yields and
the impact of saline water irrigation on crop yields. The experimental and modeling results provide
information to aid in determining the salinity levels conducive to optimal crop growth. The findings
indicate that the selected salinity levels affect tomato growth to varying degrees. Specifically, the
salinity levels conducive to optimal tomato growth were between 0 and 3.5 dS/m, with a significant
growth reduction above this salinity level. The gradual salinization of the root zone further evidenced
this effect. The scenario considering a temperature increase of 2 °C had no significant impact on crop
yields in the pot and field experiments.

Keywords: soil; saline water supply; irrigation; tomato; Hydrus-1D; Tunisia

1. Introduction

Saline water poses a significant challenge to agricultural sustainability in Tunisia, a
country characterized by arid and semi-arid climates. With limited freshwater resources,
Tunisia heavily relies on alternative water sources for irrigation, including saline waters
(waters containing high concentrations of dissolved salts), which presents both opportu-
nities and challenges for agriculture in Tunisia. The use of saline water for irrigation is
widespread in Tunisia, driven by the scarcity of freshwater resources and the increasing
demands of agriculture [1]. Saline water sources include groundwater with elevated lev-
els of dissolved salts and treated wastewater from various sources [2]. In some regions,
desalination plants have also been established to convert seawater into usable irrigation
water [3]. Brackish water requires careful management to avoid negative impacts on soil
quality and crop productivity [4,5].

When saline water is applied to the soil, salts accumulate over time, increasing soil
salinity levels. It can also contribute to soil erosion and degradation, further exacerbating
land degradation issues in Tunisia [6]. In addition to soil salinization, saline water irrigation
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can directly impact crop health and productivity. Many crops are sensitive to high soil and
irrigation water salt concentrations. Excessive salt levels can cause physiological stress in
plants, leading to reduced growth, yield losses, and even crop failure [7]. Certain crops,
such as tomatoes, are particularly sensitive to salinity stress, making them susceptible to
yield reductions when irrigated with saline water [8]. Despite these drawbacks, saline
water irrigation also has some benefits for agriculture in Tunisia. Waters containing high
concentrations of dissolved salts are often more readily available and less expensive than
freshwater sources, providing an alternative water supply for irrigation during water
scarcity [9].

Modeling irrigation with saline water is crucial for understanding its effects and im-
plementing effective mitigation strategies. Modeling can be performed using hydrological
models, such as Hydrus-1D [10]. These models simulate water movement and solute
transport in soils, allowing researchers and farmers to predict how saline water affects soil
salinity, crop growth, and yields over time [11]. Using different data for soil hydraulic prop-
erties, irrigation practices, and water quality, these models can simulate various scenarios
and assess the effectiveness of different management strategies [12]. Modeling can also aid
in identifying the most suitable crops for irrigation with water of a given salinity. Indeed,
some crops have higher salt tolerance than others, and modeling can help determine which
crops are best suited for cultivation in saline environments. Additionally, models can
evaluate the impact of different irrigation strategies, such as drip irrigation or leaching, on
soil salinity levels and crop productivity [13].

Several models have been developed to simulate water flow and solute transport
in soil profiles with plants, such as Hydrus-1D [14,15], SWAP [16], and SALTMOD [17].
In this study, we use the Hydrus-1D model because of its distinct advantages over the
other models in modeling root water uptake under various environmental stresses. The
Hydrus-1D model offers superior capabilities in simulating water and salt dynamics in
the soil profiles with plants under saline irrigation conditions, allowing more accurate
predictions of crop responses to varying salinity levels [18,19].

Increased temperatures due to climate change can severely affect tomato production [20].
Increased temperatures can accelerate evaporation, potentially depleting soil moisture [21].
This can negatively impact tomato plants, affecting their growth and yield [22]. Higher
temperatures can also alter the phenological stages of tomato plants, affecting flowering, fruit
set, and ripening [23]. As temperatures rise, evaporation rates increase, concentrating salts in
the soil. This increased soil salinity can adversely affect tomato plants, reducing their ability to
absorb water and nutrients, stunting growth, and reducing yields [5].

The objectives of this study are: (i) to integrate the effects of soil matric and osmotic
potentials into modeling water and salts transport, (ii) to study the effects of saline water
irrigation on tomatoes cultivated under semi-arid conditions to provide a framework for un-
derstanding the complex interactions between soil, water, and crops in saline environments,
and (iii) to evaluate the effects of an increase in mean air temperature on soil water and
salts dynamics and tomatoes’ root water uptake and, ultimately, yield. Haut du formulaire.

2. Materials and Methods
2.1. Experiment Design and Measurements

The experimental trials were conducted on a land parcel (36°51'36.791” N, 10°11'36.795" E)
in the Ariana region, a semi-arid area in north Tunisia, during the year 2018. The soil is
loamy clay. The study focused on a tomato variety, Rio Grande, commonly cultivated in
Tunisia. Planting was done on 16 March 2018 in the pot experiment and on 17 April 2018 in
the field experiment. A spacing of 25 cm between plants and 50 cm between rows was used
in the field experiment. Tomato harvesting occurred on 10 June 2018 in pot cultivation and on
3 August 2018 in field cultivation. Both pot and field experiments were conducted under natural
meteorological conditions. The field and pot experimental data are not compared against each
other (since they were not carried out at the same time). Instead, they are used to calibrate and
validate the Hydrus-1D model and assess its ability to account for environmental stresses.
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The water requirements of the crops were estimated using climate data from the
past 10-year period obtained from the National Institute of Meteorology. The average
values were used to estimate the reference evapotranspiration using the Penman—-Monteith
formula (FAO-56). For calculating the actual evapotranspiration, crop coefficient values
for the three growth stages were taken from those proposed by Allen et al. (1998) [24].
These values are as follows: K. = 0.6 (initial stage), 1.15 (mid-stage), and 0.8 (final stage).
The CROPWAT 8.0 software (FAO, 1998; FAO, 2009) was utilized to establish the irrigation
schedule. Water requirements for tomato cultivation are approximately 720 mm.

Surface irrigation was used to deliver water to each individual tomato plant. The
irrigation scheduling in the pot and field experiments, mean temperatures, and reference
evapotranspiration are presented in Figure 1. No rainfall events were recorded during the
tomato growing season. In the field experiments, irrigation was applied every three or
four days based on 100% of estimated evapotranspiration (Figure 1). In the pot experiments,
irrigation was applied every two or three days until the soil water content reached field
capacity (34% in terms of the volumetric soil water content). Soil field capacity was
measured using a pressure plate apparatus (for a pressure head of —300 cm). The amounts
of water added were recorded for each pot (Figure 1). The average wetted area was 45% in
the field experiment and 65% in the pot experiment. Irrigation water provided to the plants
had three different qualities: distilled water with a salinity of 0 dS/m, saline water with
a salinity of 3.5 dS/m, and saline water with a salinity of 7 dS/m. Volumetric soil water
content was measured using the gravimetric method, and soil salinity was measured using
the saturated paste extract method [25] with three replicates. In the pot experiment, soil
samples were taken every ten days until the end of the tomato plant cycle to characterize
soil water and soil salt content. In the field experiment, the soil water content was measured
on days 1, 30, 60, and 109 after planting every 20 cm down to a depth of 80 cm.
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Figure 1. Mean temperatures, reference evapotranspiration (top), and tomato irrigation scheduling
(bottom) in the pot and field experiments.
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2.2. Hydrus-1D Model
2.2.1. Theory

Hydrus-1D [14,15] is a numerical model that uses the Galerkin finite element method
to solve the Richards equation governing water dynamics in the unsaturated zone:

a0 d oh
at_aZ{K(aZH)}s M
where £ is the water pressure head [L], 6 is the soil volumetric water content [L3L73], tis
time [T], z is the depth measured from the land surface (positive downward) [L], S is a sink
term [L3L—3T1], and K is the soil unsaturated hydraulic conductivity [LT1].
Hydrus-1D uses the van Genuchten—-Mualem soil hydraulic functions to represent

soil hydraulic properties. The soil water retention [26] and hydraulic conductivity [27]
functions are as follows:
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where 0, is the residual water content [L3L73]; 6; is the saturated water content [L3L~3];
a [L7'], n (n>1),and m = 1 — 1/n are shape parameters; S, is the effective saturation; and
K; is the saturated hydraulic conductivity [LT!].

Hydrus-1D uses the Galerkin finite element method to solve the advection-dispersion
equations (ADE) governing solute transport:

00C 9 oC| 0q6C
o [GDaz} "oz ©)
where C is the solute concentration of the liquid phase [ML 3], D is the dispersion coefficient
[L?>T~1], and g is the Darcy velocity [LT~!]. When neglecting molecular diffusion, the
dispersion coefficient is defined as:

D= Aq (6)

where A is the soil longitudinal dispersivity [L].

The sink term, S, represents the volume of water removed from a unit volume of soil
per unit time due to plant water uptake. The Feddes model, as described by [18], was
employed to simulate root water uptake. Three stress response function models available in
Hydrus-1D were evaluated for the simulation of salt stress: the additive model (Additive),
the threshold model (T-Model), and the S-shape model (S-Model). The last two models
are multiplicative models, combining the Feddes model [28], accounting for saturation
stress, with either the “Threshold and Slope” model of Mass [29] or the S-shape model of
van Genuchten [30], accounting for salinity stress. The theoretical underpinnings of these
models are elaborated in the Hydrus-1D manual, with specific parameter values provided
for tomato crops.

2.2.2. Soil Hydraulic Properties and Solute Transport Parameters

The estimation of the soil hydraulic parameters, namely the van Genuchten parameters
in the water content—pressure head (Equation (2)) and conductivity—saturation (Equation (3))
relationships, was based on soil column evaporation experiments [31].

The dispersion coefficient, a crucial parameter in solute transport in unsaturated
soils, cannot be measured, and we thus resorted to indirect methods. Experiments on soil
columns were conducted using PVC tubes with a diameter of 15 cm filled with 10 cm of
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soil. The columns were slowly saturated from the top with distilled water. A Mariotte
bottle was placed at the top of the column to maintain a constant pressure head of about
3 cm and steady-state flow conditions. A pulse (50 mL) of a potassium chloride solution
(0.8 M, 8.4 dS/m) was manually applied [32,33]. Effluent samples of approximately 100 cm?
were used to measure soil electrical conductivity and determine the solute breakthrough
curve (BTC). The experimental BTC values were fitted using the analytical solution of the
ADE using CXTFIT 2.1 software [34] to estimate the dispersion coefficient.

2.2.3. Model Calibration and Validation

The Hydrus-1D model was calibrated using measured soil water content and salinity
profiles in both pots and field experiments irrigated with fresh water (i.e., 0 dS/m). The
validation of the Hydrus-1D model was carried out by keeping the same input parameters
and only changing the water quality in both cases of this study (pot and field experiments).

2.3. Statistical Evaluation of Modeling Results

Simulation results were evaluated graphically and statistically. In the graphical
method, the measured and simulated volumetric water content values were plotted as a
function of soil depth. The statistical approach involved calculating the root mean square
error (RMSE; in %):

g (si—mi)? 1

RMSE = x — x 100 7)
n m

where s; is the simulated value, m; is the measured value, 71 is the average observed value,
and 7 is the number of observations.

3. Results and Discussion
3.1. Soil Water Content Dynamics

The variations in the soil water content in the pot experiments are presented in Figure 2.
During the first month after the start of irrigation, the water content gradually increased to
reach the field capacity (34%) in all three pots irrigated with different water qualities [35-37].
The water content of the soil irrigated with the saltiest water (7 dS/m) remained at the
field capacity. As the soil salinity increased with frequent irrigations, osmotic pressure also
increased, preventing root water uptake. Irrigations with the other two water qualities did
not block water extraction by the plant roots, and the soil water content decreased over
time. The soil irrigated with fresh water (0 dS/m) had the lowest water content values, as
the plant roots extracted water without any osmotic potential constraints.
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——0dS/m —#-3.5 dS/m 7 dS/m

Figure 2. Measured soil water content (in %) in the pot experiments irrigated with different water
qualities (0, 3, and 7 dS/m).

The soil water profiles, measured every 30 days in the field experiment with tomatoes
irrigated with fresh water, are illustrated in Figure 3a. This figure shows the variations
in soil water content without significant osmotic potential effects. Indeed, the soil water
content profiles show dynamics that reflect infiltration (wetting) and evaporation (drying)
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episodes. After 109 irrigation days, the water content exceeded the field capacity, indicating
that the roots did not undergo water stress.

Soil Water Content (%) Soil Water Content (%)

0 10 20 30 40 50 0 10 20 30 40 50
0 1 1 1 0 1 1 1 1

20 4 20 A
~_ —_ I
S 40 : 40
< —B-initial = = initial
= =3
2 —=-30 Days 2 -0 dS/m

60 7 w60 Days 60 1 g 3.5dS/m

109 Days 7 dS/m
80 80
(a) (b)

Figure 3. Measured soil water content (in %) in the field experiments with tomatoes irrigated with
(a) fresh water (at 30, 60, and 109 d) and (b) waters of different salinities (0, 3, and 7 dS/m) (at
109 days).

Figure 3b shows the water content profiles measured after 109 irrigation days in
field experiments irrigated with waters of different qualities. The water content in the
surface layers is very close to field capacity (34%), while it increases considerably with
depth, indicating deep water infiltration. The irrigation strategy based on calculating
the water needs using climatic parameters from the previous ten years to estimate actual
evapotranspiration succeeded in not subjecting the crop to water stress [38]. However,
deep percolation shows that crop water needs were overestimated [39].

3.2. Soil Salinity Dynamics

The variations in the average soil salinity in the pot experiments irrigated with waters
of different qualities are shown in Figure 4. This figure shows a nearly constant level of
salinity in soils irrigated with fresh water and a gradual increase in soil salinity in soils
irrigated with lower-quality waters, reaching 8 dS/m when 3.5 dS/m water was used and
12 dS/m when 7 dS/m water was used.
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=-0 dS/m ——3.5 dS/m 7 dS/m

Figure 4. Soil salt content (ECe) in the pot experiments irrigated with waters of different salinities
(0,3,and 7 dS/m).

In the field experiment irrigated with fresh water, the variations in the soil salinity
profiles measured every thirty days indicated continuous leaching of the initial salinity
(Figure 5a). In contrast, surface salinity significantly increased during irrigations with
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saline waters of 3.5 dS/m and 7 dS/m, reaching 7 dS/m and 12 dS/m, respectively, at
the end of the crop cycle (Figure 5b). Soil salinity is higher near the surface than at depth,
mainly due to evapotranspiration causing salt accumulation near the soil surface [40].

ECe (dS/m) ECe (dS/m)
0 2 4 6 8 10 4 6 8 10
0 : . : ! 0 . .
20 20
EEAN| g
=40 =40
£ —&—initial S —m—initial
=1 =
9 ]
—#-30Da ~#-0 dS/m
“60 - ys = 60
60 Days 3.5 dS/m|
| 109 Days 7 dS/m
80 — ' 80
(a) (b)

Figure 5. Measured soil salt content in the field experiments with tomatoes irrigated with (a) fresh
water (at 30, 60, and 109 d) and (b) waters of different salinities (0, 3, and 7 dS/m) (at 109 days).

3.3. Numerical Modeling of Water and Salt Dynamics with Root Water Uptake
3.3.1. Inputs to Hydrus-1D

The soil was considered homogeneous in pot experiments, consisting of a single layer
of 30 cm. In the field experiment, water content and salinity measurements were taken
every 20 cm down to a depth of 80 cm. Four soil layers (horizons) of 20 cm thickness were
considered in the simulations. The values of the van Genuchten-Mualem parameters for
the four soil layers are presented in Table 1. The simulation period lasted 87 days in the pot
experiments, with three output dates of 30, 60, and 87 days. On the other hand, the field
trial lasted 109 days, and the output dates were 30, 60, and 109 days.

Table 1. The soil hydraulic parameters of different soil layers.

Layer (cm) 0, (cm3-cm—3) 05 (cm3-cm—3) a (cm—1) n (<) Ks (cm-d—1)

Pot experiment

- 0.1 0.41 0.27 1.11 6.41
Field experiment

0-20 cm 0.078 0.546 0.07 1.067 8.87

20-40 cm 0.078 0.544 0.07 1.079 8.87

40-60 cm 0.078 0.445 0.10 1.073 12.6

60-80 cm 0.078 0.443 0.03 1.078 12.5

The dispersivity of the different soil layers varied around 5 cm, except for the 60-80 cm
layer, where it was equal to 3 cm. The distribution coefficient of the adsorption isotherm
ranged between 0.1 g/cm? and 0.3 g/cm?3 for all soil layers. Hydrus-1D includes a database
that provides stress response function values for many crops, including tomatoes, which were
considered here. The initial soil water content and soil salinity values as a function of depth in
the field experiment are shown in Figure 6. In the pot experiment, the initial water content was
20%, and the initial soil salinity was 1.2 dS/m.

For the simulation of field experiments, we used the rainfall and evapotranspiration
data from the National Institute of Meteorology and crop coefficients from [24].
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Figure 6. Measured initial (a) water content and (b) salinity as a function of soil depth in the
field experiment.

3.3.2. Simulation Results

The Hydrus-1D model was used to simulate the movement of water and salts in both
pot and field soils, considering root water uptake under the combined effects of soil matric
and osmotic potentials.

Model Calibration

The Hydrus-1D model was calibrated using measured soil water content and salinity
profiles in both pots and field experiments irrigated with fresh water (i.e., 0 dS/m). The
measured and simulated water content and salinity values for both experiments are presented
in Figures 7-9. The measured soil water content values are quite close to the simulated values.
In the field experiment (Figures 7 and 8), the Hydrus-1D model underestimated the measured
water content on day 30 and overestimated it on the other output dates. The model slightly
overestimated the volumetric water content in the pot experiment (Figure 9).

Soil Water Content (%) Soil Water Content (%)

20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
0 1 L E 0 L L 0 L L 1 D L
30 Days 60 Days 109 Days
20 - 20 - 20
B B = g
~ 40 4 ~ 40 - = 40
£ £ £
2 H = 5
60 + 60 - = 60 -
——Simulated —— Simulated ——Simulated
0 Measured 0 Measured O Measured
80 =) 80 = 80 =
ECe (dS/m) ECe (dS/m) ECe (dS/m)
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
0 ] L ! 1 1 0 L L L L 0 [3 1 1 1 !
30 Days 60 Days 109 Days
20 - 20 20 A
g B B
~40 - ~40 - ~40
£ £ £
=3 = =
2 = 2
60 - 60 - 60 -
——Simulated ——Simulated —— Simulated
O Measured O Measured 0O Measured
80 = 80 B 80 -

Figure 7. Measured and simulated (calibration) soil water content (in %) (top) and salinity (in dS/m)
(bottom) in the field experiment irrigated with fresh water at 30 (left), 60 (middle), and 109 (right) days.
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Soil Water Content (%) Soil Water Content (%)

0 10 20 30 40 50 0 10 20 30 40 50
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20 20 -
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~ 40 A = 40 A
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g- O g- O
601 ——Simulated 601 —— Simulated
O Measured O Measured
80 = 80 8
ECe (dS/m) ECe (dS/m)
0 2 4 6 8 10 0 2 4 6 8 10
0 L L | e Y L 0 L L L E
109 Days 109 Days
20 20 -
£ O g o
240 240 -
= =
= =
= 2
60 - 60 - .
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Figure 8. Measured and simulated (validation) soil water content (in %; (top)) and salinity (in dS/m;
(bottom)) in the field experiments irrigated with saline waters of 3.5 dS/m (left) and 7 dS/m (right)
at the end of the experiment.

The measured soil salinity profiles during the two pot and field experiments with
tomatoes irrigated with saline waters and simulated using the Hydrus-1D model are
presented in Figure 9. Overall, the measured and simulated values are similar on all three
output dates. The simulated soil electrical conductivities generally overestimated the
measured values in both experiments.

Model Validation

The validation of the Hydrus-1D model was carried out by keeping the same input
parameters and only changing the water quality in both cases of this study (pot and field
experiments). Figures 6 and 7 show that the simulated soil water content profiles agree well
with the measured profiles for both pot and field experiments. Indeed, for all the output
dates, the simulated profiles are very close to the measured ones.

The model’s performance was evaluated qualitatively (Figures 7-9) and assessed
using statistical evaluations and the RMSE values (Tables 2 and 3). These values are low
(<10%) and highlight the model’s reliability for simulating water and salt dynamics for
both experiments and during the calibration and validation processes [41].

Table 2. Root mean square errors (RMSE, in %) assessing the Hydrus-1D calibration process.

Variable Experiment Date 1 Date 2 Date 3
Field 9.30 7.30 6.40
Soil Water Profile
Pot 10.30 11.10 8.30
Field 5.30 2.10 4.60
Soil Salinity Profile

Pot 2.00 4.50 1.70
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Figure 9. Measured and simulated time series of soil water content (%) (left) and salinity (dS/m)
(right) in the pot experiments irrigated with (a) freshwater (top) (calibration) and (b) saline waters of
3.5dS/m (middle) and 7 dS/m (bottom) (validation).

Table 3. Root mean square errors (RMSE, in %) assessing the Hydrus-1D validation process.

. . - . RMSE (%)
Variable Experiment Irrigation Water Quality (on the Final Day)
3.5dS/m 9.10
Soil Water Profile Field
7dS/m 1.10
3.5dS/m 3.00
Soil Water Profile Pot
7dS/m 1.10
3.5dS/m 10.20
Soil Salinity Profile Field
7dS/m 5.70
3.5dS/m 5.20
Soil Salinity Profile Pot

7dS/m 3.00
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3.3.3. Crop Yield

The Hydrus-1D model cannot directly estimate the crop yield. However, according
to Oster et al. (2012), the relative yield (Y;) can be estimated as the ratio between the
actual and potential (or maximum) transpiration, which are both provided in the model’s
output files [42]. Figures 10 and 11 show the relative yields for tomatoes irrigated with
waters of different qualities for both experimental pot and field trials simulated using
the three models mentioned above (Additive, T-Model, and S-Model) to represent the
effects of osmotic and matric potentials on crop root water uptake. The simulated relative
yields decreased with increased irrigation water salinity (EC,,) for all three stress response
functions (Figure 10). The relative yield is 0.98 in the field experiment with tomatoes
irrigated with fresh water (0 dS/m) for all three stress response functions. However, in the
pot case, Y; equals 0.33 for freshwater irrigation. The reduced root development in pots
compared to the field accounts for this reduction in relative yield [43].

1 N l\\‘

1) .
=05
0 T T T
0 4 6 8
EC,, (dS/m)
—o—T-Model ——S-Model Additive
: y = 0.0575x + 2.3305 3 Ty=03413x+ L7011 ? y=1518x-1.1953
R=0946, . R:= 0.7978‘/’ R2=0.9618
e 2 e 2 2 2
g k| £ ¢
=5 = =
53 = 53
& & =
=14 =1 =1
*
0 - ‘ 0 : : 0 : :
0 1 2 3 0 1 2 3 0 1 2 3
Y, (kg/plant) Y, (kg/plant) Y, (kg/plant)
Additive T-Model S-Model

Figure 10. The effect of saline irrigation water on tomatoes’ relative yield (Y;) [—] (top) and the rela-
tionships between the actual (Y) and simulated (Y5) yields (kg/plant) (bottom) using the three stress
response models (Additive, T-Model, and S-Model) incorporated in Hydrus-1D (field experiments).

The actual yields measured in the two trials with different irrigation water qualities
were compared to the simulated yields to identify the most suitable stress response function
model for studying the combined effects of osmotic and matric potentials. According to
FAO Note 66 (2012), Y, = Y/ Y uax, where Y is the actual yield, and Y4y is the maximum (or
potential) yield. In our experiments, Y4y is calculated for irrigations with fresh water. The
Yuax value equals 2.53 kg/plant for the field experiment and 4.16 kg/plant for the pot trial.
The values of the simulated relative yields were calculated using these values [42].

Figures 10 and 11 also present linear correlations between the measured and simulated
relative yields. The relative yields simulated using the additive model (Feddes) and the
multiplicative T-Model (combining the Feddes et al. [28] model for saturation stress with
the threshold and slope model of Mass [29] for osmotic stress) were least correlated with the
measured relative yields in both pot and field trials. The multiplicative S-Model (combining
the Feddes model [28] for saturation stress with the S-shape model of van Genuchten [30]
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Y (kg/plant)

for osmotic stress) is the only model capable of reproducing the measured relative yields
with a correlation coefficient R? close to 1 for both pot and field experiments.

1

y=10.1622x + 1.0876
R*=0.6628

0 1
Y, (kg/plant)

; 0.5 -
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Figure 11. The effect of saline irrigation water on tomatoes’ relative yield (Y;) [—] (top) and the rela-
tionships between the actual (Y) and simulated (Y5) yields (kg/plant) (bottom) using the three stress
response models (Additive, T-Model, and S-Model) incorporated in Hydrus-1D (pot experiments).

3.4. Effect of Temperature Increase

According to the IPCC (2021), temperatures in Tunisia are expected to increase by
2 °C over the coming decades. The effects of this temperature increase on tomato cultivation
were studied (numerically) by increasing the temperature by 2 °C. To this aim, the reference
evapotranspiration (ETy) values were recalculated, and simulations were rerun using the
updated ETj values while all other model parameters were kept unchanged.

The results of these simulations are presented in Figures 12 and 13. In the field
experiment, soil water content exceeded field capacity in the root zone. In deeper layers
between 40 and 80 cm, soil water content decreased after the 60th day, indicating infiltration
beyond the root zone. On the other hand, in the pot experiment, the water content remained
constant and below field capacity. Additionally, the accumulation of salts in the surface
layer increased due to irrigation with saline waters and increased evaporation. The salinity
in the root zone reached an average value of 6 dS/m, and the relative yields estimated
using the S-Model did not change compared to the measured relative yields. An increase
in temperature, thus, did not significantly affect the tomato yields in either trial [20].
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Figure 12. Effects of a temperature increase of 2 °C on tomatoes cultivated in field conditions:
relative yield as a function of irrigation water salinity (top left); soil water content profiles at 30,
60, and 109 days when irrigated with freshwater (top right); soil salinity profiles at 30, 60, and
109 days (middle row) when irrigated with fresh water (left) and saline waters of 3.5 (middle)

and 7 (right) dS/m; and average root zone salinity when irrigated with fresh water and saline
waters of 3.5 and 7 dS/m (bottom).
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Figure 13. Effects of a temperature increase of 2 °C on tomatoes cultivated in pot conditions:
relative yield as a function of irrigation water salinity (top left); average soil water content when
irrigated with fresh water (top right); average soil salinity in the 0-30 cm soil layer (bottom left);
and root zone salinity (at 5 cm depth) for irrigations with fresh water and saline waters of 3.5 and
7 dS/m (bottom right).

4. Conclusions

The aridity of regions like Tunisia has prompted the intensification of irrigation prac-
tices. However, the scarcity of good-quality water resources has led to the necessity of using
brackish water in agriculture. The accumulation of salts due to irrigation with such waters
has detrimental effects on both soil and crop yields. Experiments conducted using tomatoes
grown in pots and the field and irrigated with three different water qualities ranging in
salinity from 0 dS/m to 7 dS/m provided data to study the variations in soil water and
salt dynamics. In both pot and field trials, the water content in the root zone (0-30 cm)
remained close to field capacity throughout the crop cycle. The variations in salt pro-
files showed progressive soil salinization depending on irrigation water salinity, reaching
12 dS/m in the pot soil and 8 dS/m in the field soil. Crop reactions to these water qualities
were evaluated using water movement and salt transfer modeling using the Hydrus-1D
model. The combined effects of osmotic and matric potentials were evaluated using three
stress response function models: the additive model and two multiplicative models, the
T-Model and S-Model. The estimated relative crop yields showed that only the S-Model
could reproduce the measured relative yields. A hypothetical 2 °C temperature increase
did not significantly affect crop yields. Soil salinization slightly increased due to increased
temperature and evaporation.

Adopting a modeling approach based on soil geochemical characterization and the
UnsatChem module of HYDRUS [14,15], which considers transport and reactions between
major ions (e.g., CaZ, Mg2+, Na*, K*, SO4%2~ CO32~, CI7), would be an alternative ap-
proach to this study, where the risks of soil alkalization and salinization could be more
thoroughly explored for strategic crops like tomatoes. Moreover, to obtain more accurate
yield predictions, using specialized crop models, such as AquaCrop and DSSAT, would be
advisable. These crop models are specifically designed to simulate and predict crop growth
and yield under varying environmental conditions and provide more reliable estimates of
agricultural productivity. Therefore, while Hydrus-1D excels in soil water and salinity dy-
namics, including crop models such as AquaCrop and DSSAT would improve the accuracy
of yield predictions.
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