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Abstract: In drylands, poor rains combined with high evaporation rates increase the risks of soil
salinization in addition to drought stress. Here, we determined the values of the parameters in
the Feddes root water uptake function for sesame (Sesamum indicum L.) under drought and salinity
stresses in a pot experiment using “Lebap-55”, which has been bred for the drylands of the Aral
Sea Basin but is moderately sensitive to salinity stress. We measured the hourly values of the
transpiration, soil moisture, and salinity in the upper and lower soil layers in pots, solar radiation,
and root distribution. The values were quantified by two methods. The bulk method uses only daily
pot weight data, and the average soil water content and salt concentration are back-calculated from
the mass balance. The inverse method uses the monitored values of the soil water content and salinity
as well as daily weight data and solar radiation. Both methods could successfully estimate all the
parameter values for both stresses. The bulk method performed better under drought stress, even
without the measured soil water content or root distribution. It also had satisfactory accuracy in
estimating the values under salinity stress. Both methods performed better under drought stress than
under salinity stress. The parameter values determined here could be used for irrigation scheduling
and salinity management using numerical models for the studied crop.

Keywords: bulk method; inverse analysis; transpiration; soil salinity; root water uptake

1. Introduction

Drought and salinity are becoming increasingly common, particularly in arid and semi-
arid regions. Food security is becoming significantly important because of the growing
population and climate change. Sustainable farming is crucial under severe environmen-
tal conditions, such as drought, soil salinity, and heat stress. Therefore, crop irrigation
scheduling and farm water management must be optimized to promote food security and
farmers’ better livelihoods [1]. Salinization is recognized to be among the most severe soil
degradation factors in arid and semiarid regions [2]. Access to fresh irrigation water in
these regions has drastically decreased in recent years, imposing additional obstacles to
agricultural production. Crop diversification through the cultivation of salt- and drought-
tolerant unconventional crops could be an option to sustain productivity of salt-affected
drylands. This can be achieved by integrating new genetically improved lines with high
yield- and quality-promoting traits into a saline agricultural production system [3].

Crop responses to drought and salinity stresses must first be predicted. Many simula-
tion models can simulate crop responses to abiotic stresses if the crop parameter values
as inputs are accurately determined. Models such as AquaCrop [4], WASH_2D [5], HY-
DRUS [6], SWAP [7], and APSIM [8] use a root water uptake function to take drought and
salinity stresses into account. As most use the macroscopic root water uptake function [9],
determining the crop parameter values of this function is important for improving their
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accuracy in order to estimate crop yield and water use. In addition, the crop parameters
need to be calibrated for each crop.

Several studies have determined the parameter values of the Feddes response function
for various crops, including alfalfa in a sandy loam in the Netherlands [10], soybean in
a sand in Tsukuba, Japan [11], jatropha and canola in a Kanto loam in Tsukuba [12,13],
spring maize in a sandy loam in northwest China [14], and winter wheat in a stony soil
in Selhausen, Germany [15]. Fujimaki and Kikuchi [12] determined the response function
of jatropha to drought and salinity stresses by using experimental data and an inverse
approach and showed that jatropha is more sensitive to both stresses than soybean and
wheat. Cai et al. [15] used inverse modeling to optimize the parameter values of winter
wheat by using the measured soil water content, soil water potential, and cumulative
daily actual transpiration. Massoud et al. [16] and Dainese and Tarantino [17] used an
inverse modeling approach to derive the parameters of the Feddes root water uptake model
(Feddes response function) for tree species by using sap flux and stem water potential.
Rabbel et al. [18] parameterized the Feddes root water uptake model for Norway spruce
by using sap flow data and demonstrated the potential of sap flow measurements for the
determination of water stress in forest trees. De Melo and van Lier [19] highlighted the
importance of calibrating the parameter values of the Feddes root water uptake model
under different conditions (soil, climate, crop) to enhance its applicability and accuracy,
and suggested using inverse modeling approaches to determine the values of the root
water uptake parameters. But whereas several studies have determined the drought stress
response function, few have determined the salinity stress response function.

Sesame (Sesamum indicum L.; Pedaliaceae) is a major annual oilseed crop that was
domesticated some 5500 years ago [20]. It is grown mainly for oil production. Growing
in arid and semi-arid lands, it is exposed to drought and salinity stresses [21,22], which
impose the main yield-limiting constraints during both vegetative and flowering stages [3].
Several studies have investigated the effects of these stresses on sesame growth and yield.
Sun et al. [23] showed that drought stress had stronger effects at the flowering stage
than that at the seedling stage, and responses differed among genotypes. In Isfahan,
Iran, Bahrami, and Razmjo [24] found that germination and early seedling growth of ten
sesame cultivars were strongly inhibited by an electrical conductivity of water (ECw) of
12.05 dS m−1. In Morocco, El Harfi et al. [25] found that salinity stress had a lesser inhibitory
effect on germination and seedling growth compared to drought stress. Additionally,
both stresses had a greater impact on seedling growth than on seed germination. In
Campina Grande, Brazil, Suassuna et al. [26] found that salinity did not affect sesame
germination, but seedling growth was hindered at ECw ≥ 1.6 dS m−1. Seed production of
sesame is affected by salinity at all phenological stages. Changes in nutritional value and
phytochemical composition of sesame induced by soil salinity significantly lower grain
production [27].

Sesame is classified as sensitive to salinity stress [28], dependent on cultivar, climate,
soil conditions, and cultural practices. However, it is more tolerant than other oilseed
crops [29]. Sesame is relatively drought-tolerant, but severe drought stress can curtail
its yield [30]. Its yield capacity under salinity stress varies widely among cultivars and
phenological stages; the cultivar Lebap-55, from Uzbekistan, is more tolerant than other
cultivars at the germination and initial growth stages. In the Aral Sea Basin, the increase in
soil salinity and sodicity has significant agricultural impacts, as it reduces crop production
and soil quality. The pre-reproductive and flowering stages in sesame are the most sensitive
to salinity and drought stresses, which negatively influence seed production and seed
quality at a commercial scale. Applying excessive amounts of fertilizer and irrigation during
these stages can delay seed maturation and harvest without providing a proportional return
on investment. We used the local variety, Lebap-55, which is widely recognized by local
farmers and householders. Therefore, an investigation of salt-and-drought response of
sesame cultivars would be beneficial for reclamation of marginal salt-affected lands that
promote increasing the cultivation areas and seed production of sesame for local markets.
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However, data on the effects of salinity on sesame in the available literature are scarce
and there is no information on the phenological stages at which plants are most sensitive.
Sesame production and productivity in the Aral Sea Basin are severely constrained by a lack
of high-yielding and locally adapted cultivars. The cultivars grown there have low grain
yields (<0.6 t ha−1). No published study has determined the parameter values for the root
water uptake models of sesame under drought and salinity stresses. Thus, we determined
the parameter values of sesame Lebap-55 local variety under salinity and drought stresses
under a continental climate. Another purpose of this study is to compare two different
methods, bulk and inverse, for quantifying the crop parameters values. The quantified
parameters could be used for irrigation scheduling and salinity management to promote
food security and sustainable saline agriculture.

2. Materials and Methods
2.1. Crop Response Function

The Feddes macroscopic root water uptake model [9] uses a reduction coefficient, α,
to take abiotic stresses into consideration:

S = αSP (1)

where S is the actual water uptake rate (s−1) and SP is the potential water uptake rate (s−1).
An additive form may be used to consider the reduction in the water uptake rate

under combined drought and salinity stresses [31]:

α =
1

1 +
(

h
h50

+ ho
ho50

)p (2)

where h and ho are the matric and osmotic heads, respectively; h50 and ho50 are the matric and
osmotic potentials when the water uptake is 50% of its potential rate; and p is an empirical
parameter. Sp is proportional to root activity and potential transpiration as follows:

SP = βTP (3)

where β is the normalized root density (cm−1) and TP is the potential transpiration rate (cm s−1).

2.2. Experiment

A pot experiment was conducted in a greenhouse at the Arid Land Research Center,
Tottori University, Japan, from May to August 2022. It used seeds of Lebap-55, an early
maturing, white-grain cultivar identified as a potential source material to use in breeding
for the Aral Sea environment. The seeds were provided by the Karakalpakstan Research
Institute of Agriculture and Agrotechnologies in Uzbekistan. All seeds were collected
at the same time, under the same cultural management practices, and were treated with
a dicarboximide before sowing. Lebap-55 is widely grown on salt-affected lands in the
downstream of the Amu Darya River. We used three treatments—control (C, no stress),
drought stress (W), and salinity stress (S)—with three replicates and hence nine pots (C1–C3,
W1–W3, S1–S3). Seeds were sown on 27 May 2022 in plastic pots with an upper diameter of
15.9 cm, a lower diameter of 15.0 cm, and a height of 19.0 cm. One seed was sown per pot
3 cm deep; pots contained sand (1.40 g cm−3) for C and S but loamy sand (1.15 g cm−3) for
W. Because of the highly non-linear retention curve of Tottori sand, drought stress may be
imposed too sudden and suction estimation may be less accurate owning to measurement
error of soil moisture. Therefore, we used a finer soil, loamy sand having smoother retention
curve to drought pots. Both soils were collected in Tottori Prefecture, Japan. Figure 1 shows
their hydraulic properties.
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after sowing, the W and S pots were saturated, and water was no longer applied to the W 
pots. All pots were weighed by hand daily at 09:00 on a balance (GX-12001M, A&D Co., 
Kotara, Australia) to monitor transpiration rate. The weights of all pots were also recorded 
automatically every hour in WinCT v. 5.4 software which downloads data from the A&D 
balance into a computer. The transpiration rate of each pot was calculated from the differ-
ence in weights between consecutive time steps. We considered transpiration from the 
control pots as potential transpiration and that from the stress pots as actual transpiration. 
The relative transpiration (ratio of actual to potential transpiration) was evaluated every 
morning, and when it fell below 0.5, NaCl solution of 2.0 g/L was applied to the S pots 
until the average volumetric soil water content reached 0.25. Fresh water was applied to 
the C pots every day to refill the root zone to around 0.25. When the relative transpiration 
decreased to 0.1, each pot was dismantled. By gradually increasing the salinity over time 
in the S treatment, we achieved a wide range of salinities. Similarly, by withholding water 
in the W treatment, we achieved a wide range of soil water contents. 

Solar radiation was measured by a modular micro-environment weather station (AT-
MOS 41, Meter Group, Pullman, WA, USA) inside the greenhouse. The ATMOS 41 
measures 12 weather variables, such as air temperature, relative humidity, vapor pressure, 
barometric pressure, wind speed and direction, solar radiation, precipitation, and light-
ning. It was connected to a datalogger (ZL6 Basic, Meter Group, Pullman, WA, USA). Total 
incoming solar radiation (direct and diffuse) is measured by a pyranometer at the top of 
the ATMOS 41. The ZL6 datalogger is purpose-built to collect data from environmental 
sensors. The datalogger has six ports for sensors and a micro-USB port for communicating 
with a computer. The logger uses six batteries, and solar cells recharge NiMH batteries. 

Figure 1. Soil water retention curves of the loamy sand and the sand.

Two sensors were inserted horizontally into each of the six pots under stress at depths
of 4.8 and 14.3 cm. The soil surface was covered with an aluminum-coated foam sheet to
prevent evaporation. Plants were initially grown by applying enough tap water (electrical
conductivity [EC] = 0.1 dS m−1) containing 1:1000-diluted liquid fertilizer (N-P-K = 8-0-5,
Hyponex Japan, Osaka, Japan). Until 55 days after sowing, all pots were manually irrigated
to keep the average volumetric soil water content (VWC) around 0.25. At 55 days after
sowing, the W and S pots were saturated, and water was no longer applied to the W
pots. All pots were weighed by hand daily at 09:00 on a balance (GX-12001M, A&D
Co., Kotara, Australia) to monitor transpiration rate. The weights of all pots were also
recorded automatically every hour in WinCT v. 5.4 software which downloads data from
the A&D balance into a computer. The transpiration rate of each pot was calculated from the
difference in weights between consecutive time steps. We considered transpiration from the
control pots as potential transpiration and that from the stress pots as actual transpiration.
The relative transpiration (ratio of actual to potential transpiration) was evaluated every
morning, and when it fell below 0.5, NaCl solution of 2.0 g/L was applied to the S pots
until the average volumetric soil water content reached 0.25. Fresh water was applied to
the C pots every day to refill the root zone to around 0.25. When the relative transpiration
decreased to 0.1, each pot was dismantled. By gradually increasing the salinity over time in
the S treatment, we achieved a wide range of salinities. Similarly, by withholding water in
the W treatment, we achieved a wide range of soil water contents.

Solar radiation was measured by a modular micro-environment weather station (AT-
MOS 41, Meter Group, Pullman, WA, USA) inside the greenhouse. The ATMOS 41 measures
12 weather variables, such as air temperature, relative humidity, vapor pressure, barometric
pressure, wind speed and direction, solar radiation, precipitation, and lightning. It was
connected to a datalogger (ZL6 Basic, Meter Group, Pullman, WA, USA). Total incoming
solar radiation (direct and diffuse) is measured by a pyranometer at the top of the AT-
MOS 41. The ZL6 datalogger is purpose-built to collect data from environmental sensors.
The datalogger has six ports for sensors and a micro-USB port for communicating with a
computer. The logger uses six batteries, and solar cells recharge NiMH batteries. The soil
water contents in all W pots and the S1 and S2 pots were measured with a TEROS 10 soil
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moisture sensor (Meter Group). The soil water content and EC of the S3 pot (ECsw) were
measured with a TEROS 12 soil moisture sensor. The TEROS 10 measures the volumetric
water content of soil through the use of an electromagnetic field to measure the apparent
dielectric permittivity of the surrounding medium. The TEROS 12 measures soil moisture,
temperature, and EC; it applies an alternating electrical current to two electrodes and mea-
sures the resistance between them to determine the EC. The sensors in each S pot were also
connected to a ZL6 datalogger, which recorded the outputs hourly. During the experiments,
the response of transpiration was measured across a wide range of water contents in the W
treatments and of salinities in the S treatments. At the end of the experiment, the soil in
each pot was sliced at intervals of 4.8 cm to measure root density distribution. The soil was
sieved through a 0.8-mm screen in water and the root segments were scanned at 400 dpi to
obtain TIFF images. The total length of the root segments in each layer was automatically
calculated in RhizoVision Explorer v. 2.0.3 software [32] in “broken roots” mode. The soil
water content and the EC of the entire soil profile were determined by the oven drying
method and by the EC meter (LAQUAtwin EC-33, Horiba, Kyoto, Japan), respectively. The
data were also used for calibrating the sensors.

The dry aboveground biomass in each pot was measured after drying at 72 ◦C for
3 days. The crop water use efficiency (WUE) was determined as the amount of dry
aboveground biomass produced per unit of water used by the crop (i.e., transpiration) [33].
The WUE was measured at the plant scale.

All statistical analyses were performed in SPSS v. 27 software (SPSS Inc., Chicago, IL,
USA). Following analysis of variance, differences between treatments were tested by the
LSD post hoc multiple comparison test.

2.3. Estimation Methods

We used the bulk method and the inverse method to determine the parameters of the
stress response function (Equation (2)).

2.3.1. Bulk Method

We fitted the daily average values of the reduction coefficient, α, under drought and
salinity stresses to the stress response functions to determine h50, ho50, and p. Using the final
stored water and salt contents and weight each morning, we back-calculated the average
water content and salt concentration each morning. This method is theoretically valid when
both the root and water contents or salinity are uniform, and it may be practically valid if
the distribution of the water content or salinity is linear and the gradient is small. It does
not require monitoring the VWC and EC at different depths by sensors or a root distribution
survey. We considered the mean water content between two consecutive mornings as the
representative water content of a day. Similarly, using the final stored salt and the content
added at each irrigation event, we back-calculated the average salt concentration each
morning and considered the mean concentration between two consecutive mornings as the
representative salt concentration of a day. The soil water content each morning (θi) in the
drought pots is calculated as:

θi =
Wi −W f

Vt
+ θ f (4)

where Wi is the pot weight on day i (g), Wf is the pot weight on the final day of the
experiment (g), Vt is the total soil volume (cm3), and θ f is the soil water content on the final
day (cm3 cm−3).

The soil water content each morning (θi) in the salinity pots is calculated as:

θi =
θbi + θai

2
(5)

θbi =
Wbi −W f

Vt
+ θ f (6)
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θai =
Wai −W f

Vt
+ θ f (7)

where θbi and θai are the soil water contents before and after irrigation (cm3 cm−3), and
Wbi and Wai are the pot weights before and after irrigation (g). Irrigation was applied just
after 09:00. The soil salt concentration on the morning of day i (Ci) in the salinity pots is
calculated as:

Mi = Mi+1 −
wai − wbi

ρw
Cw (8)

Ci =
Mi
θi

(9)

where Mi is mass of salts (g) in the soil at the morning of i-th day, ρw is density of water
(g cm−3), Ci is the soil salt concentration at the morning of ith day (g cm−3) and Cw is the
salt concentration of the irrigation water, 0.002 g cm−3.

To fit the stress response function (Equation (2)) with the values of the relative transpi-
ration (α), the matric and osmotic heads in Equation (2) must be determined. Therefore,
we used two well-known and common equations to convert the soil water content to the
matric head and the salt concentration to the osmotic head. The soil water retention curve
(Figure 1) was used to convert the soil water content to the matric head via van Genuchten’s
(1980) equation:

h =
1
A

[(
θ − θr

θs − θr

)1−n
− 1

] 1
n

(10)

where h is the matric head (cm), θ is the soil water content (cm3 cm−3), θs is the saturated soil
water content (cm3 cm−3), θr is the residual soil water content (cm3 cm−3), A is the inverse
of the air-entry value (cm−1), and n is the pore-size distribution index (dimensionless).

The modified van’t Hoff’s equation was used to convert the salt concentration to the
osmotic head:

ho = 2ω
c
M

xRT (11)

where ho is the osmotic head (cm), ω is the unit sensing element (10.2 cm kg J−1), M is
the molecular mass of NaCl (58.5 g mol−1), c is the salt concentration (g kg−1), x is the
osmotic coefficient (dimensionless), R is the gas constant (8.31 J mol−1 K−1), and T is the
temperature (K). Finally, the matric and osmotic heads were used for the curve fitting in
Equation (2) to determine h50, ho50, and p.

2.3.2. Inverse Method

This method needs at least two observation points of the VWC and EC and a root
distribution survey [13]. Both the matric and osmotic head distributions were estimated by
linearly interpolating/extrapolating the values at the observation points. The parameter
values in the response function were inversely estimated by Levenberg–Marquardt’s maxi-
mum neighborhood method [34]. The required data include the daily relative transpiration
and hourly solar radiation, in addition to the root length density, hourly soil water content,
and bulk EC at the two depths. We converted the values of the bulk EC to those of the
soil solution using a relationship between the water content and the relative concentration
for sand. The values of the EC of the soil solution were then converted to the NaCl con-
centration and the osmotic head using Equation (11). In this method, the hourly relative
transpiration is estimated by assuming that the pattern of transpiration is the same as that
of the short-wave radiation [12]. The matric head at each depth was calculated by using the
retention function of each soil (Figure 1). The osmotic head at each depth was calculated
with Equation (11).
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The objective function is set as the root mean square error (RMSE) between the
measured and calculated daily transpiration (τ and τcal, respectively), which should be
minimized to optimize the crop parameters:

RMSE
(
→
B

)
=

{
1
N

N

∑
τ=1

[
τcal

(
→
B

)
− τ

]2
}0.5

(12)

where
→
B is the vector of the optimized parameter. More details of the inverse method are

provided by Yanagawa and Fujimaki [13].
As described above, the bulk method is a simplified method that needs a minimum of

measurement data and simple calculations, while the inverse method needs not only much
more measurement data but also more complicated computations to determine the crop
parameter values. In both methods, the relative transpiration is calculated via Equation (2)
using the estimated values of the crop parameters (i.e., h50, ho50, and p) and the calculated
matric and osmotic heads equivalent to the soil water content (Equation (10)) and salt
concentration (Equation (11)), respectively.

3. Results and Discussion

During the experiment, the mean daily values of the air temperature, relative humidity,
and radiation ranged from 26 to 35 ◦C, 61% to 91%, and 0.11 to 0.63 MJ m−2 h−2, indicating
hot and humid conditions. The bulk method successfully estimated the decrease in the
soil moisture under drought stress (Figure 2). The soil water content decreased quickly
owing to the high crop transpiration and then gradually from 5 days to almost stable.
The mean values of the VWC during the experiment estimated by the bulk method were
0.072 cm3 cm−3 in W1, 0.068 cm3 cm−3 in W2, and 0.093 cm3 cm−3 in W3, and 0.163, 0.152
and 0.153 cm3 cm−3, respectively, in S1, S2, and S3. The mean values of the VWC measured
by the sensors during the experiment were 0.077 cm3 cm−3 in W1 and 0.080 cm3 cm−3

in W3 in the top layer and 0.077 and 0.088 cm3 cm−3, respectively, in the bottom layer;
and 0.112 cm3 cm−3 in S1, 0.113 cm3 cm−3 in S2, and 0.193 cm3 cm−3 in S3 in the top
layer, and 0.189, 0.188, and 0.147 cm3 cm−3, respectively, in the bottom layer. In general,
the bottom layer had greater soil moisture than the top layer, but the values were close
enough to neglect the difference or assume that the water capacity was constant within
each profile. The average values of the VWC at the top and bottom layers in each pot
were close to the values estimated by the bulk method, indicating the reliability of the
equation for the calibration of the soil sensor. The VWC fluctuations in the salinity pots
during the experiment were due to transpiration and irrigation (Figure 3). The values of
the VWC ranged from 0.077 to 0.341 by the sensor measurements and from 0.027 to 0.207
by the bulk method under salinity stress. It is worth noting that the wide range of the
VWC measured by the sensors is related to the hourly measurements in the two soil layers,
while the values calculated by the bulk method are the mean daily values for the whole
soil profile. To simulate the root water uptake by oil crops on the semiarid Loess Plateau
of China, He et al. [35] evaluated a model based on the inverse modeling of the Richards
equation and parameter optimization algorithms, and the Feddes function implemented
in HYDRUS 1-D. Both models reliably simulated the soil water content, although the first
model had better accuracy.

Time variation of the soil salt concentration under salinity stress is illustrated in
Figure 4. The soil salinity in all pots increased substantially owing to the addition of
saline water during the experiment. Salt concentrations decreased after each the irrigation
event and then increased with the transpiration. There was fair agreement between the
concentrations by the bulk method and the sensor values of the S3 pot. The mean values
of ECsw estimated by the bulk method were 11.8 dS m−1 in S1, 13.5 dS m−1 in S2, and
12.6 dS m−1 in S3. The mean value measured by the sensors in S3 during the experiment
was 12.5 dS m−1.
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The transpiration in the drought treatment started decreasing after only 1 day because
of the reduced soil water content resulting from the high temperature (Figure 5). The hourly
transpiration may be approximated as a function of solar radiation (Figure 5) [12].
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The root length density was significantly greater (p < 0.05) in the salinity treatment
(Figure 6). Because of the presence of water in the soil under salinity stress, those plants
had better growing conditions than those under drought stress. The root length density
was greater in the top layer than in the bottom layer under salinity stress. The root length
density usually decreases with depth [36–38]. But more roots accumulated in the bottom
layer under drought stress, probably owing to its greater soil water content. Sainju and
Good [39] also found higher root density in the soil layer above the water table than in
higher layers. The soil water content was greater in the bottom layer of all pots in both
treatments (Figure 7). The soil salinity decreased with increasing the soil depth in all salinity
pots (Figure 7).
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Both methods successfully estimated the relative transpiration under drought stress
(Figure 8). However, the inverse method was not as good as the bulk method in estimating
it under salinity stress (Figure 9).

The bulk method was as accurate as the inverse method under drought stress. The
mean values of the RMSE in estimating the relative transpiration were 0.067 by the bulk
method and 0.047 by the inverse method. The bulk method had satisfactory performance
in estimating the relative daily transpiration under salinity stress (RMSE = 0.096), but the
inverse method had poor performance (RMSE = 0.182; S3 pot only).

Figures 10 and 11 illustrate the stress response functions fitted by the bulk method
and optimized by the inverse method for each treatment. The salinity stress data are more
scattered around the curve fitted by the bulk method than the drought stress data, implying
that the assumption of a uniform or fairly linear distribution was incorrect.
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The absolute value of h50 was estimated as 1558 cm by the bulk method and as 1642 cm
by the inverse method (Table 1). The mean absolute value of ho50 was estimated as 6128 cm
by the bulk method and as 5659 cm by the inverse method in the S3 pot. Both methods
gave similar results. The inverse method estimated a larger value of p for both stresses than
the bulk method, maybe owing to the lower slope of the more scattered data in the curve
fitting. The absolute value of ho50 was twice that of h50 by both methods, meaning that
sesame is more tolerant to salinity stress than to drought stress. The values of the soil water
content equivalent to h50 are 0.104 cm3 cm−3 by the bulk method and 0.102 cm3 cm−3 by
the inverse method. The mean values of ECsw equivalent to ho50 are 15.0 dS m−1 by the
bulk method and 13.9 dS m−1 by the inverse method (ho [MPa] ≈ 0.04 ECsw [dS m−1] [40]).
ECsw ≈ 3.2 × the EC of irrigation water (ECw) [41]. Therefore, the mean value of ECsw by
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both methods (14.5 dS m−1) is equivalent to ECw = 4.5 dS m−1, by which the relative crop
yield would be 0.5 owing to salinity stress. Lebap-55 is moderately sensitive to salinity
stress [41]. The biomass was greatest in the control treatment and was significantly reduced
by both stresses (Table 2). There were significant differences between all treatments in the
fresh and dry biomass (p < 0.05). The mean value of the WUE was 2.2 kg/m3 in the control,
4.0 kg/m3 in the salinity treatment, and 3.1 kg/m3 in the drought treatment. There was
a significant difference between the salinity and control treatments in the WUE, but not
between the drought treatment and the other treatments.
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Table 1. Crop parameter values for drought and salinity stresses estimated by the bulk and inverse
methods.

Stress Method Pot
Parameter

ho50 (cm) h50 (cm) p

Drought Bulk

W1 – 1539.0 2.29
W2 – 1533.1 3.27
W3 – 1601.0 1.85

Mean – 1557.7 2.47

Drought Inverse

W1 – 1537.0 6.89
W2 – – * – *
W3 – 1747.0 3.34

Mean – 1642.0 5.12

Salinity Bulk

S1 5986.5 – 2.68
S2 5281.5 – 1.75
S3 7115.1 – 3.56

Mean 6127.7 – 2.66

Salinity Inverse S3 5659.0 – 6.89
* Soil water content in W2 was not recorded.



Agriculture 2023, 13, 1516 14 of 16

Table 2. Water use efficiency (WUE) of sesame under the control, salinity, and drought treatments.

Treatment Pot (Replication)
Aboveground Biomass (g) WUE

(kg/m3)Fresh Dry

Control

C1 155.0 31.1 2.30
C2 193.0 31.6 2.35
C3 177.0 28.0 2.08

Mean 175.0 a 30.2 a 2.24 a

Salinity

S1 88.0 15.3 3.74
S2 100.0 17.2 4.06
S3 107.0 16.5 4.15

Mean 98.3 b 16.3 b 3.99 b

Drought

W1 33.0 3.5 3.54
W2 47.0 3.2 3.46
W3 28.0 2.5 2.27

Mean 36.0 c 3.1 c 3.09 ab

Values with the same letter are not significantly different (p = 0.05).

4. Conclusions

We determined the values of the parameters (h50, ho50, and p) of the stress response
function of sesame under salinity and drought stresses by the bulk and inverse estimation
methods. Both methods successfully estimated the parameter values under both stresses.
The bulk method had acceptable performance under drought stress, despite not using
the measured soil water content or root distribution. It also had satisfactory accuracy in
estimating the values under salinity stress. Both methods performed better under drought
stress than under salinity stress. Lebap-55 is moderately sensitive to salinity stress but is
more tolerant to salinity stress than to drought stress. The root length density was greater
in the salinity treatment than in the drought treatment. These findings could be used for
optimizing the irrigation and salinity management of sesame in arid and semi-arid regions.
The values of h50, ho50, and p can also be used for the crop growth simulation models to
improve the sesame yield and the WUE under drought and salinity conditions. Further
studies are recommended to determine the response parameters of various sesame cultivars
under abiotic stresses. It is also recommended to evaluate the bulk method, proposed here,
under different conditions (e.g., soil and crop) to complement the findings of this study.
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