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Abstract: Climate change is expected to affect the quality of soil and water, resulting in a significant
impact on soil water balance in various regions around the world. Soil water potential plays a
significant role in influencing evapotranspiration (ET), which is a crucial component of the soil water
balance. The matric potential and the osmotic potential are the main components of the soil water
potential. The osmotic potential is particularly important in dry soils, salt-affected soils, coastal lands,
or when low-quality water is utilized for irrigation. Despite its importance, the impact of osmotic
potential on ET has not been well-studied compared to other factors. Therefore, we conducted a study
to investigate the impact of osmotic potential on ET from small-scale lab lysimeters planted with
grass and equipped with scales and data loggers connected to computers. To create different osmotic
potential levels, we irrigated the lysimeters with two different water qualities: distilled water and
4.79 dS.m−1 NaCl solution. The lysimeters were kept in well-watered conditions, and daily ET was
monitored. Our results indicate a strong correlation between osmotic potential and ET. After three
months of applying the treatments, the lysimeters with lower osmotic potential had a 39% reduction
in cumulative ET compared to those irrigated with distilled water. Moreover, the osmotic stress
affected plant health, leading to a notable decrease in the leaf area index and exerting a significant
influence on evapotranspiration partitioning components, including transpiration and evaporation.

Keywords: osmotic potential; soil salinity; evapotranspiration; water potential; water quality; salt-
affected soils; irrigation requirement

1. Introduction

Climate change is the most severe challenge that faces the whole world in the 21st
century. Significant influences on global food security are expected [1], owing to the influ-
ences on water resources’ quantity and quality, as well as on soil quality. Low precipitation,
higher temperatures, and higher potential evapotranspiration, ETp, resulting in longer,
harder, and more frequent droughts, are among the prospective events that result from
the changes in weather patterns [2]. In parallel with the increase in temperature, soil and
water salinity are likely to increase. Therefore, irrigation demand will significantly grow [3].
Sea-level rise (extremely saline water), along with expected more frequent droughts due to
climate change, will affect the soils in coastal lands in addition to the expected influence in
the arid and semi-arid regions. Recent studies have clarified that the impacts of climate
change on water resources will also affect the wetter areas in central Europe [4]. In Germany,
more and longer periods without precipitation are expected in the future [5]. In many
studies, an increase in irrigation demand in different parts of the country is identified for the
future [6–11]. As a result, improving water use efficiency through irrigation management
and adopting advanced irrigation technology has become crucial and is considered one of
the key adaption measures [9].
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An accurate estimate of actual evapotranspiration (ETa) is crucial for optimizing
irrigation scheduling and maximizing water use efficiency [12]. ETa is affected by various
plant, meteorological, and soil factors. To determine the ETa rate for a specific crop,
the grass reference evapotranspiration (ETo) must first be calculated. ETo is the rate of
evapotranspiration from an extensive reference surface of green grass that has a uniform
height of 0.12 m height and is actively growing, well-watered, and completely shading the
ground [13]. This value can then be adjusted for specific crops using crop-specific factors.
This value reduces to the actual ETa dependent on various factors, including soil dryness.

A soil-related key factor that influences ETa is the total soil water potential (Ψ). It
consists of two main components: matric (Ψm) and osmotic potential (Ψo). The Ψo is
a function of soluble salt content and it is influenced by the solute transport within the
soil profile [14]. Unlike the other factors, the impact of Ψo on ET has not been sufficiently
investigated in experimental studies. The rate of water flow from the soil to the plant
root is controlled by the difference in the total water potential between the two ends of
the pathway [15]. The same dynamic controls the water flow from the plant root to the
plant leaf. Any change in Ψo affects the value of Ψ in the root zone and influences the
transpiration rate of the plant. The effect might be amplified when soil becomes dry due
to the concentration of soil solution. In dry or semi-arid conditions, salts accumulate in
the root zone and at the soil surface, which produces very low values of the Ψ near the
plant roots [16]. Electrical conductivity has been shown to have a significant impact on
ETa [17–19], as well as on evaporation from bare soil surfaces [20–22].

In previous studies, researchers tried to model the response of water uptake by
plants as a function of the electrical conductivity of soil saturated-paste extract (ECe),
e.g., [17,23–25]. More recently, [26] modeled the ETa of tomato plants in response to ECe.
However, the responses of ET to the in situ Ψo and specific ionic stresses are not clearly
understood [26]. Therefore, the field irrigation scheduling is still based on retention curves
which express water content just as function of the matric potential and disregard Ψo.
Moreover, the influences of Ψo on ET are also neglected in most of the indirect methods
for ET estimation, specifically micrometeorological methods, which are widely used. This
oversight can lead to inaccurate irrigation scheduling and reduced irrigation efficiency. To
address this issue, researchers utilizing the FAO56 crop water requirements method [13]
have recommended adjusting the crop coefficient factor (Kc) to account for the stress co-
efficient (Ks) when salinity affects the plants [27,28]. However, the FAO56 approach for
computing Ks for saline stress needs to be validated with a soil water balance [29].

The influence of osmotic potential on the soil water balance, including evapotranspi-
ration, is qualitatively widely recognized, especially in areas affected by salt. However,
the actual extent of its impact on evapotranspiration and its two constituents, namely,
evaporation and transpiration, remains poorly understood, partly because experimental
data on this are scarce. To address this knowledge gap, we conducted a laboratory study
using small-scale lysimeters planted with grass and exposed to various osmotic conditions
resulting from irrigation with varying water qualities. Our hypothesis was that osmotic
potential in the bulk soil significantly affects the soil water balance, and our goal was to
elucidate and quantify this influence, including its effects on evapotranspiration and its
two constituents.

2. Materials and Methods
2.1. Experimental Setup

To accomplish our objective, we conducted a laboratory experiment using four small
lysimeters that were equipped with scales and data loggers and planted with grass. The
experiment involved two different irrigation water quality treatments, each replicated twice.
The lysimeters, which were constructed from PVC cylinders with an inner diameter of
230 mm, were packed to a height of 200 mm and had a soil volume of 8.3 L. We filled each
with 11.8 kg of air-dry sandy loam soil material. Table 1 shows some of the soil properties.
The lysimeters were positioned on a workbench behind windows located on the west side
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of a laboratory at TU Braunschweig, Germany, where they were exposed to natural sunlight
(refer to Figure 1). The experiments took place for about five months including about three
months for data collection, from September until end of November, 2020.

Table 1. Basic soil properties.

Sand Silt Clay EC (1:1) Bulk Density

0.65 kg kg−1 0.29 kg kg−1 0.06 kg kg−1 0.59 dS m−1 1.43 g cm−3
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Figure 1. Experimental setup. (Left): Moist soil with the grass seeds. (Right): Four mini-lysimeters
with DL6 data loggers mounted on scales after 18 days of initial growth.

The lysimeters were placed on weighing balances (DS 36K0.2, Kern and Sohn GmbH,
Balingen, Germany) and connected to DL6 data loggers (METER Group Inc., Pullman, WA,
USA). The hydraulic properties of the material have been determined at soil samples of
250 cm3 that were packed to the same bulk density. We used the simplified evaporation
method with the HYPROP (Hydraulic Property Analyzer, METER Group GmbH, Munich,
Germany) system to obtain the retention and conductivity data and to fit parametric models
to the data (Figure 2). The electrical conductivity of 1:1 (weighing ratio) dry-soil:water
extracts was measured using an electrical conductivity meter with measurement correction
to 20 ◦C.
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Figure 2. Retention curve and hydraulic conductivity curve of the material used in the small
lysimeters. pF is defined by pF = log 10(−h), where h is the matric potential expressed as pressure
head in cm.

2.2. Initial Conditions

The lysimeters were packed in air-dry conditions, and the surface of the lysimeters
was irrigated with distilled water until the moisture content reached the proper level
(θ = 20%) for seed germination. Then, the lysimeters were planted with grass seeds (Lolium
perenne). Each lysimeter received 1.3 g of seeds, which was evenly distributed on the soil
surface (Figure 1, left). After seed germination, the lysimeters were manually irrigated
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with distilled water in all treatments. Irrigation occurred when the mean volumetric water
content decreased by 5%. When the plants reached a height of 12 cm, all lysimeters were
harvested and the plant leaves were weighed to verify that all lysimeters had the same
plant density. Thereafter, the grass continued to grow and when the plant height reached
12 cm, the irrigation treatments were applied.

2.3. Irrigation Treatments

The experiment consisted of two irrigation water quality treatments, each in two
replicates. Two lysimeters were irrigated with distilled water (EC = 0 dS m−1), whereas the
other two were irrigated with a 2560 mg L−1 NaCl solution (EC = 4.79 dS m−1 at 20 ◦C).
The osmotic potential of the pure saline solution was −1747 hPa. The use of distilled water
is, of course, unusual in normal irrigation practice, but in this experiment our goal was not
changing the total electrolyte content in the control treatments.

The plants were grown in well-watered conditions during the experiment, i.e., the
volumetric water content of all treatments was kept between 15 and 20%. When the mean
moisture content approached the lower threshold, irrigation was applied to increase the
volumetric water content again to 20%, controlled by the lysimeter’s weight. Table 2 shows
the irrigation scheduling for the experiment. Plant height was also maintained at 12 cm
during the experiment by cutting the grass three times a month.

Table 2. Irrigation scheduling.

Date Distilled Water Irrigation, mm Saline Water Irrigation, mm

7 September 2020 5.4 4.3
10 September 2020 11.3 8.1
16 September 2020 9.8 8.6
20 September 2020 10.9 8.7
23 September 2020 9.2 7.2
28 September 2020 11.2 7.4

2 October 2020 8.0 0.0
5 October 2020 0.0 9.3
9 October 2020 13.9 0.0
12 October 2020 0.0 8.4
14 October 2020 11.2 0.0
19 October 2020 9.7 8.2
23 October 2020 7.55 0.0
29 October 2020 9.6 8.8

5 November 2020 10.8 0.0
9 November 2020 8.9 9.6
16 November 2020 13.6 0.0
20 November 2020 0.0 9.2
23 November 2020 13.7 0.0
27 November 2020 9.7 0.0

Total irrigation, mm 174.5 97.9

Number of irrigation events 17 12

The changes in moisture, bulk electrical conductivity, and matric potential for each
lysimeter were monitored. The evolution in osmotic potential in each lysimeter was
calculated using Equations (2) and (3) considering the changes in soil moisture and bulk
electrical conductivity. Daily and accumulated evapotranspiration were calculated based
on the weighing balances data. The relationship between the evolution of osmotic potential
and the daily evapotranspiration rate has been obtained. At the end of the experiment,
when the soil became air-dry, samples were collected from three different depths (0–7,
7–14, and 14–20 cm) in each lysimeter to estimate the electrical conductivity and the spatial
salt distribution.
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2.4. Calculation of Osmotic Potential

Ψo can be estimated in soil solution using the Van’t Hoff equation if both the concen-
tration of solute and the ionic composition are known:

Ψo = −CiRT (1)

where C (Mol L−1) is the molar concentration of the solutes, i (-) is the osmotic coefficient, R
(8.31 J K−1 mol−1) is the gas constant, and T (K) is the absolute temperature. However, the
soil solution contains different salts; therefore, the use of the Van’t Hoff equation requires
knowledge of the chemical composition of the soil solution.

Alternatively, Ψo (atm) can be estimated from ECe (dS m−1), using the U.S. Salinity
Laboratory Staff model [30]:

Ψo = −0.36 ECe (2)

In this work, we apply this empirical Equation (2), and express Ψo in units of hPa.
The removal of water from the system will increase the salinity in the soil. We calculate
the temporal evolution of the Ψo in the lysimeter in response to different volumetric water
contents (θ) by the simple relationship given by Campbell [31]:

Ψo (θ) = Ψo (θs)
θs
θ

(3)

where θs is the volumetric water content at saturation and θ is the reduced water content
due to evapotranspiration. To ensure the representativeness of our osmotic potential
estimations, we calculated the average value of Ψo for the entire volume of the lysimeter,
under the assumption that the lysimeter’s dimensions provided an adequate representation
of the grass root-zone. Hereby, we assume that absorbed ions by the plant root are neglected,
and, furthermore, we neglect the local spatial variability of θ and C due to root water uptake
and evaporation.

2.5. ET Partitioning

For partitioning the two components of evapotranspiration, we applied the following
procedure: We estimated the ground coverage (GC) fraction from pictures collected on the
first day after applying the treatments, on day 20 when the influence of saline solution on
plant health was firstly observed, and on day 86, which was the last day of the experiment.
The images were processed in MATLAB using the CANOPEO tool. This tool was developed
at Oklahoma State University and can be freely downloaded (https://canopeoapp.com
(accessed on 3 February 2023)) to be integrated with MATLAB; it is capable of accurately
estimating the GC by processing images or videos [32,33]. Figure 3 shows the original and
processed images for GC estimation.

Leaf area index, LAI (m2 m−2) is calculated from the GC (%) values using the linear
model suggested by [34] for grass as follows:

LAI = 0.0299 × GC (4)

The evaporation (E) part (mm d−1) is calculated using a model related the ET (mm d−1)
and LAI values [35], and the transpiration (T) part is calculated as complementary term by
subtracting E from ET:

E = exp(−0.6 LAI) ET (5)

T = ET − E (6)

https://canopeoapp.com
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the distilled water treatment at days 1, 20, and 86 after treatment application, and (D–F) for the saline
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3. Results and Discussion

Figure 4 shows the temporal evolution in the Ψo values calculated by Equation (3) for
both treatments during the experiment. The small variability between the two replicates
indicates that the measured values are representative for the system. The trend of the Ψo
values for the lysimeters that were irrigated with distilled water (blue curves) appears to be
stable throughout the study period due to the stability of the total amount of soluble salts
in the soil. However, a very slight change has been observed due to the drying–wetting
cycles, which lead to a change in the concentration of the soil solution.
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The evolution of Ψo for the saline water treatments is depicted by the orange data.
The trend shows an almost linear decrease in the calculated mean osmotic potential due
to the irrigation with saline water during the study period, caused by the added salt by
each irrigation event. An instant increase in the Ψo value is observed directly after each
irrigation event in response to the dilution process for the soil solution. After that, the Ψo
values start to decrease following the drought process that concentrates the soil solution.
Due to the higher salinity level in the saline treatment, the influence of drying–wetting
cycles on the Ψo are far more pronounced compared to the distilled water treatment, and
the impact increases after each irrigation event due to the ongoing salt accumulation.

Figure 5 shows the average daily evapotranspiration for the treatments studied. Evap-
otranspiration rates varied from day to day due to meteorological conditions and decreased
in both treatments. This general trend followed the change in environmental conditions
with shorter daylight hours as the experiments began in early September and continued
through late November. The reduction in daily ET in the saltwater treatments was prevalent
already from the beginning, but became more pronounced over time. The reduction started
at about 10% and reached 55% after three months of applying the treatments.
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Since soil moisture was kept high enough to meet the ETo requirement, the relative
reduction in the salt treatment is entirely due to the effect of salt on both evaporation and
transpiration. The change in soluble salt content leads to a decrease in evaporation rate
due to the reduction in water vapor pressure [36]. On the other hand, the transpiration rate
decreased due to the effects on the gradient of soil water potential between soil and plant
root, which controls the flow of water through the soil–plant system [15,16]. With ongoing
time, this was superimposed by a deterioration in plant health, which was observed in the
salt treatment from about 20 days after treatment, as shown in Figure 6.

Figure 7 shows the effect of the experimental treatments on cumulative evapotranspi-
ration. At the end of the experiment, accumulated evapotranspiration reached 112 mm in
the saline treatment, while it was 184 mm in the treatments irrigated with distilled water.
The reduction in cumulative evapotranspiration was 39% during the experimental period.
It is noteworthy that irrigation with saline water resulted in a reduction in the number
of irrigation events required, with a recorded frequency of 12 events, compared to the
17 events observed in the distilled water treatment (Table 2).
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The underlying cause can be attributed to the influence of osmotic stress, which affects
plant water uptake by influencing the hydraulic gradient in the root zone. As a conse-
quence, this influence leads to a reduction in water loss through transpiration from plant
leaves [15,16]. Additionally, the accumulation of soluble salts affects water vapor pressure,
resulting in a reduction in evaporation from the soil surface [20]. These combined effects
caused a reduced amount of cumulative evapotranspiration for osmotic stress-treated
plants, and, accordingly, a reduced amount and frequency of required irrigation events.

The partitioning of ET into its components, E and T, is illustrated in Figure 8. The
figure displays the response of E and T to Ψo on the first day after treatment application, on
day 20, when the impact on plant health was first observed, and on day 86, which was the
final day of the experiment. The data show a roughly comparable immediate response from
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both ET components on the first day after treatments. The values for E and T for the saline
water treatment on day 1 were 0.54 mm d−1 and 1.44 mm d−1, respectively, while they
were 0.60 mm d−1 and 1.58 mm d−1 for distilled water treatment. Thus, both components
were reduced by roughly 10%.
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In the further course of the experiment, the increasing impact of saline solution on
plant health is reflected in the reduction in GC and LAI, as presented in Table 3 for three key
dates. The relative decrease in the transpiration component for the saline water treatment
became stronger with time. On day 20, the values for E and T for the saline water treatment
were 0.62 mm d−1 and 1.55 mm d−1, while they were 0.61 mm d−1 and 2.31 mm d−1 for
the distilled water treatment. In the further course of the experiment, the evaporation rate
for the saline water treatment was, interestingly, slightly higher than that of the distilled
water treatment, which can be attributed to the decrease in GC, which, in turn, increased
the available surface area of the soil for evaporation. On day 86, this effect was most
pronounced due to the substantial reduction in GC and LAI (Table 3) for the saline solution
treatment, which showed an evaporation value of 0.48 mm d−1 compared to the distilled
water treatment with 0.36 mm d−1. In contrast, transpiration was lowered in the saline
variant down to 0.33 mm d−1 compared to the distilled water treatment with 1.45 mm d−1.

Table 3. GC, LAI, and partitioning of ET components.

Treatment Day GC (%) LAI (m2 m−2) ET (mm d−1) E (mm d−1) T (mm d−1)

Distilled
water

1 71.8 2.15 2.19 0.60 1.58
20 87.5 2.62 2.91 0.61 2.31
86 90.6 2.71 1.81 0.36 1.45

Saline
water

1 72.5 2.17 1.98 0.54 1.44
20 69.6 2.08 2.18 0.62 1.55
86 29.0 0.87 0.81 0.48 0.33

The reduction in ET and its components in the saline solution treatment is due to the
two-phase growth response to salt stress [37], which includes an osmotic process caused
by salt accumulation in the root zone, reducing osmotic potential and plant growth, and
an ion-specific process leading to further reduction in plant growth due to soil nutrient
balance and plant cellular processes.

The relationship between Ψo and ETa is presented in Figure 9. ETa in this figure refers
to the daily evapotranspiration from the lysimeters that were irrigated with saline solution,
while the ETo refers to the evapotranspiration from the lysimeters that were irrigated
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with distilled water. We assume that the evapotranspiration values for the distilled water
treatment can serve as a reference for comparison. The data in Figure 9 show a strong and
roughly linear relationship between ETa/ETo and Ψo. The decreasing Ψo in the root zone
causes a significant reduction in the daily evapotranspiration. At the lowest values of Ψo,
when it reached about −9000 hPa, the ETa/ETo ratio was about 0.4, i.e., the reduction in
the daily evapotranspiration reached 60%.
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We attribute this reduction to two factors. The first factor is the water potential
gradient, which controls the water flow through the soil–root–leaf–atmosphere system, as
well as the water flow directly from the soil to the atmosphere. Water potential directly
controls the function of leaves, roots, and microbes, and gradients in water potential drive
water flows throughout the soil–plant–atmosphere continuum [38]. The transpiration rate
from plant leaves is determined by the water potential gradient between the root surfaces
and the leaves, divided by the plant resistance factor. When the water potential decreases,
the hydraulic gradient is reduced and the plant resistance factor increases, leading to a
reduction in the transpiration rate [15].

The second factor is the plant-health factor, which refers to the effect on plant biological
activities and the nutrient balance. The impact of the second factor leads to a reduction in
LAI and thus affects transpiration and, complementarily, increases relative evaporation.
The influence on plant health is strongly correlated to the type of the prevalent ions in the
soil solution and their concentration, as well as to the plant-specific parameters such as
plant type, growth stage, species and variety [37].

The simple linear relation in Figure 9 allows the calculation of the reduction in ET in
response to the decrease in the osmotic potential in the root zone. Mathematically, and
based on the collected data, the evapotranspiration under osmotic influence (ETΨo) can be
expressed as:

ETΨo = f × ET0 (7)

where

f =

{
5.8 × 10−5 × Ψo for Ψo < Ψo∗

1 for Ψo ≥ Ψo∗
(8)
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In Equation (8), Ψo* is the threshold point at about −1400 hPa, up to which there is
no significant impact from the Ψo with respect to the reference. Equation (8) shows that
beyond this threshold, a 1000 hPa decrease in Ψo causes an 8.5% decrease in ETΨo/ET0.
A 100% decrease in ET would be reached if the osmotic potential drops to −13,200 hPa,
which is about 11,800 hPa from the threshold. This value is close to that of [39], who found
that Perenne grass can turn yellow within two weeks when the electrical conductivity of
the growing medium (Hoagland solution) reaches 24 dS m−1, corresponding to an osmotic
potential of about −8800 hPa. Equation (8) is based on empirical data of our experiment
and we expect that it may depend on the plant species and the dominating ion type in the
soil solution. The model should be tested in real-field conditions under wide range of soil
salinity cases.

Figure 10 finally shows the electrical conductivity of the 1:1 soil:water extracts for
the studied treatments, obtained in three depth layers after the end of the experiment.
The results indicate a strong salt accumulation due to the irrigation with saline solution,
but also a relative accumulation of native salt in the soil in the control. The electrical
conductivity of the top layer reached 8.2 dS m−1 for the saline water treatment, while it
was 0.76 dS m−1 for the distilled water treatment. These results indicate that primarily
due to evaporation, most of the soluble salts moved to the upper layer. For the distilled
water treatment, the electrical conductivity for the top layer was 0.76 dS m−1, while it
was 0.12 and 0.09 dS m−1 for the middle and lower layers, respectively. In the case of the
saline solution treatment, the electrical conductivity for the upper, middle, and lower layers
was 8.20, 0.95, and 0.46 dS m−1 in succession. The illustration of the salinity distribution
shows the importance of the soil water flow, whether the flow is within the soil profile
or through the soil–atmosphere or soil–plant systems. This is particularly important in
arid and semi-arid regions, salt-affected soils, coastal lands, and when low-quality water is
used for irrigation. When the salts accumulate near the soil surface, they apply a driving
force to the soil surface and affect the water flow. The accumulation of soluble salts on the
soil surface results in an increase in hydraulic gradient by reducing the osmotic potential,
thereby stimulating the movement of water from the soil body towards the surface. On the
other hand, precipitation of salts on the soil surface reduces the flow of water from the soil
to the atmosphere, due to the mulching effect of the precipitated salts on the soil surface.
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4. Conclusions

In an experimental study, we investigated the impact of osmotic potential on evapo-
transpiration from small-scale laboratory lysimeters planted with grass. To achieve this,
we used two different water quality levels for irrigation. The first level involved the use of
distilled water for irrigation, which ensured a constant total salt content in the lysimeters
during the experiment and maintained the mean osmotic potential at a stable level. In
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contrast, the second treatment involved the use of a 4.79 dS m−1 NaCl solution for irriga-
tion, which continuously decreased the osmotic potential throughout the study. We used
average values in the lysimeters in this study to find a relationship between ET reduction
and osmotic potential, because a detailed characterization of the spatiotemporal local distri-
bution and evolution of osmotic potential in the root zone, including salt accumulation in
the near rhizosphere, would be beyond the goal of this study, both in terms of measurement
and practicality of the model.

Our results indicated a strong relationship between the mean osmotic potential in the
system and the evapotranspiration. We observed a 10% reduction in daily evapotranspira-
tion immediately after applying the treatments, with the reduction reaching approximately
55% at the end of the study. The cumulative evapotranspiration reduced by 39% over the
three-month data collection period. These findings highlight the importance of considering
osmotic potential in water balance studies, irrigation scheduling, and watershed manage-
ment, particularly in regions with arid and semi-arid climates, salt-affected soils, coastal
areas, and when using low-quality water, such as wastewater, for irrigation. However,
large-scale field studies are needed to investigate the role of osmotic potential in evapotran-
spiration under more complex natural conditions and to consider different water and soil
qualities and salinity compositions.
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