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Abstract

Developing sustainable strategies for natural resource management and conservation under
shifting climatic scenarios is increasingly necessary due to exacerbated abiotic stresses, such
as salinity. Under salt stress, several negative effects are observed in plants, particularly
in leafy vegetables such as lettuce (Lactuca sativa L.). To mitigate the effects of saline
stress from brackish water, several strategies have been adopted, including hydroponic
cultivation. Therefore, this study aimed to determine the effects of variations in nutrient
solution concentration and volume per lettuce plant cultivated in a nutrient film technique
(NFT) hydroponic system using brackish water. The experiment was conducted using
a randomized complete block design in a 2 × 2 × 2 factorial scheme, combining two
levels of water electrical conductivity (ECw of 0.3 and 5.0 dS m−1), two nutrient solution
concentrations (NSC of 50 and 100%), and two nutrient solution volumes (NSV of 1 and
2 L plant−1), with four replications. Growth, production, and water productivity variables
were evaluated at 20 and 25 days following the imposition of treatments. The responses of
the variables to saline stress varied according to the evaluation period (20 and 25 days),
depending on the NSC and NSV levels. At the end of the 25-day cycle, it can be concluded
that for lettuce cultivation using brackish water, the NSC can be reduced to 50% and provide
an NSV of 2 L plant−1. Under these growing conditions, leaf fresh matter production loss
was approximately 40% lower than under cultivation without saline stress, which yielded
144.11 g plant−1 under 100% NSC and an NSV of 2 L plant−1. In contrast, water productivity
of fresh matter was similar, at 78.68 and 76.55 g L−1, respectively.

Keywords: Lactuca sativa L.; brackish water; salinity stress; hydroponics; nutrient solu-
tion management

1. Introduction
Climate change has become one of the most pressing and growing global issues due

to its negative consequences on biodiversity and ecosystems [1]. Therefore, developing
sustainable strategies for natural resource management and conservation under shifting cli-
matic scenarios is increasingly necessary because unsustainable water and soil management
are exacerbating the pressures on agricultural systems [2]. Soil productivity is declining
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due to increasing salinity, particularly in arid and semi-arid regions [3–6]. Additionally,
the scarcity of freshwater in these regions has led to the use of low-quality water sources,
such as brackish water [7–10]. The situation is no different in the Brazilian semiarid region,
where saline groundwater is commonly used for irrigation to meet the water demand of
crops due to the scarcity of good-quality water [11–18].

Irrigation with saline water demands careful management to avoid exacerbating stress
on the soil–plant system [19]. The adverse effects of salt stress on plants can be manifested
in different ways, from phenotypic alterations to genetic changes [20,21]. Salinity affects
plants by inducing both osmotic stress and ionic toxicity, which together inhibit key en-
zymes, restrict carbon dioxide uptake via stomatal closure, and impair cell division and
elongation, ultimately causing decreased biomass [20,22,23]. Stomatal closure results in
the generation of reactive oxygen species (ROS), which are highly harmful to cells at high
concentrations by causing damage to important cellular structures such as proteins, lipids,
and nucleic acids [23–27]. Osmotically, high salt concentrations in the root zone reduce
water potential, thereby impairing root uptake of water and mineral ions. Ionically, the
excessive accumulation of toxic ions such as sodium (Na+) and chloride (Cl−) within plant
cells [28,29]. To mitigate the deleterious impacts of salt stress, plants maintain intracellular
ion homeostasis by controlling ion influx and its compartmentalization. Plants protect
themselves by restricting the Na+ influx into the cell, enhancing Na+ exclusion out of the
cell, and maximizing the compartmentalization of Na+ into the vacuole [30,31].

Plant responses to salt stress depend of various factors, including: growing condi-
tions (open field and/or protected environment) [32], salt concentration/salt source or
electrical conductivity level of the irrigation water (ECw) [33–47], water source (ground-
water or artificially produced with salts of different cationic compositions) [48,49], plant
material [34,45,50–56], exposure duration to salts [57,58], growing season [53,55,59–63], and
cropping systems [47,64], among others. Regarding cropping systems, soilless cultivation
techniques (hydroponics) have proven suitable for using brackish water as a strategy to
mitigate the effects of salinity on plants, particularly for leafy vegetables such as lettuce
(Lactuca sativa L.). A member of the Asteraceae family, lettuce is cultivated globally [65–67],
including in Brazil [68–71], and is valued for its rapid growth and nutritional attributes.
Therefore, the present study focused on lettuce using brackish water.

Lettuce tolerance to salinity ranges from sensitive to moderate when grown in a
conventional system [34,72,73]. However, under hydroponic conditions, it demonstrates
greater tolerance to saline stress. This is because the direct cultivation of plants in nutrient
solution eliminates the matric potential, thereby increasing the free energy of water and
facilitating its uptake [74–76]. Despite this improved lettuce response to saline stress
under hydroponic conditions, several factors contribute to this tolerance. These factors are
related to nutrient solution management, including nutrient concentration according to the
formulation used, solution volume to the plants, and maintenance of the solution volume
in the reservoir.

First, the method of preparing saline nutrient solutions must be considered, as there
are two approaches. The first involves preparing the nutrient solution directly in brackish
water (e.g., artificially prepared with sodium chloride–NaCl), thereby simulating real field
conditions in which this water is used directly for cultivation [56,77–84]. The second
approach, adopted by another group of researchers, consists of starting with a standard
nutrient solution and adding salts such as NaCl to achieve the desired electrical conductivity
(EC) levels [85–87]. In this sense, the first group considers the ECw as the treatment, while
the second group focuses on the EC levels of the nutrient solution (ECsol). Therefore, when
evaluating salinity tolerance, it is essential to know the salt concentration in the nutrient
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solution, as the same EC level does not necessarily correspond to the same salinity level
across different methodologies.

This issue is particularly relevant when nutrient salts are added to brackish water
during solution preparation, as this further reduces the osmotic potential (making it more
negative), restricting water uptake by plants and impairing their development [88,89].
In the literature, several studies with lettuce can be found testing different ECsol lev-
els, namely 2.5 and 3.5 dS m−1 [53]; 0.8, 1.3, 1.8, and 2.3 dS m−1 [68]; 0.5, 1.0, 2.0, and
4.0 dS m−1 [90]; 2.0, 2.5, and 3.0 dS m−1 [91]; 1.0, 2.0, and 3.0 dS m−1 [92]; 1.0, 2.0, and
4.0 dS m−1 [93]; 1.4, 1.6, 1.8, and 2.0 dS m−1 [94]; 0.5, 0.7, 0.9, 1.2, and 2.0 dS m−1 [95];
1.6 and 2.9 dS m−1 [96]; 1.2 and 1.6 dS m−1 [97]; 1.5 and 2.5 dS m−1 [98]; 0.9, 1.7, 2.0, and
2.1 dS m−1 [99]; 1.27, 1.62, and 1.97 dS m−1 [100]; and 0.6, 1.5, 2.5, and 3.5 dS m−1 [101].
This extensive survey was carried out to discuss the gaps in lettuce responses to differ-
ent ECsol levels. In these studies, the salinity effect is limited only to the osmotic effect
caused by nutrient salts. When brackish water is used, the scenario becomes more complex
because, in addition to the osmotic effect, plants are exposed to ionic toxicity (primarily
Na+ and Cl−) and potential nutrient imbalances. Therefore, the simultaneous regula-
tion of nutrient concentration and solution volume becomes even more critical when this
type of water is used, as it helps dilute toxic ions while maintaining adequate nutrient
availability—a challenge that cannot be addressed by simply adjusting ECsol levels in
standard hydroponic solutions.

While several studies under hydroponic conditions have explored the use of different
attenuators as strategies to mitigate saline stress in lettuce, such as iodine [40], amino
acid, fulvic acid, and chitosan [102] via nutrient solution, as well as nitric oxide [42,43,103],
chitosan [46], and amino acids (histidine, lysine, phenylalanine, and threonine) [104] and
(alanine, arginine, glutamine, glycine, methionine, and proline) [105] by foliar application,
we hypothesize that simultaneous regulation of nutrient concentration and solution volume
may mitigate stress in plants grown hydroponically with brackish water.

Therefore, our study presents a promising line of research for alleviating saline stress
caused by brackish water through the simultaneous regulation of nutrient concentration
and solution volume. This interaction becomes even more relevant in hydroponic cultiva-
tion under hot climate conditions. That is because, throughout the day, plants naturally
consume water and nutrients. In the absence of automatic water replenishment, the solu-
tion becomes concentrated, leading to a decrease in osmotic potential (i.e., a more negative
value). In addition to this, the volume of solution available per plant also affects the con-
sumption rate. These nutrient solution management practices also impact the process by
heating the solution, which exacerbates the negative effects of saline stress [56,76] because
increased solution temperature reduces dissolved oxygen concentration, which can further
impair plant growth [106–109]. The volume of solution per plant is crucial, as temperature
changes exacerbate the buffering capacity of the nutrient solution, which can result in rapid
pH fluctuations [110,111]. In a small-volume solution, root-induced unbalanced ion ab-
sorption causes drastic pH shifts that rapidly alter nutrient solubility and availability [112].
This scenario becomes critical under brackish water cultivation, where high concentrations
of Na+ already induce antagonistic interactions with essential nutrients such as potassium
(K+), calcium (Ca2+), and magnesium (Mg2+). This imbalance may be due to both the
impairment of the water absorption process (which leads to reduced nutrient uptake) and
the competitive absorption of ions [113,114].

Therefore, maintaining an adequate solution volume helps buffer pH stability, mitigat-
ing nutrient antagonisms and ensuring a more balanced ion supply under saline conditions.
In studies involving brackish water for lettuce cultivation, solution volume values vary
considerably. For instance, values of 8.33 L plant−1 have been reported in a nutrient film
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technique (NFT) system [56,64,85]; 2.25 and 3.33 L plant−1 in NFT and floating systems,
respectively [78]; 2.40 L plant−1 in deep flow technique (DFT) and NFT systems [80]; and
12.00 L plant−1 in a floating system [115]. Thus, an adequate solution volume helps buffer
both thermal fluctuations and nutrient imbalances, mitigating the effects of saline stress.
Although using larger volumes increases the buffering capacity of the nutrient solution,
a drawback is the increased cost of preparing the nutrient solution. Additionally, it gen-
erates more waste solution, which generally contains high salt levels due to the use of
brackish water.

Based on these factors, the present study aimed to determine the effects of variations
in nutrient solution concentration and volume per lettuce plant cultivated in an NFT
hydroponic system using brackish water.

2. Materials and Methods
2.1. Study Site, Plant Material, Experimental Design, and Growth Conditions

An experiment was conducted under hydroponic conditions in a greenhouse (east–
west orientation and operating under uncontrolled conditions with natural sunlight) from
April to May (autumn) 2025, using lettuce ‘Jade’ (Lactuca sativa L.) (Sakata Seed Sudamerica
Ltda., Bragança Paulista, SP, Brazil). The greenhouse is located within the experimental
area of the Postgraduate Program in Agricultural Engineering of the Federal University of
Recôncavo da Bahia (UFRB), Cruz das Almas-BA (12◦40′19′′ S, 39◦06′23′′ W, at an elevation
of 220 m a.s.l), Brazil. The greenhouse (7.0 m wide and 24 m long) was protected on the
sides by black screens with 70% shading, and the roof was covered with 150 µm thick
polyethylene transparent film. A reflective aluminized screen was installed at a ceiling
height of 2.5 m.

To monitor environmental conditions, BH1750FVI (illuminance) and DHT11 (air tem-
perature and relative humidity) sensors were positioned 2.0 m above ground level at the
center of the greenhouse to measure. These sensors were connected to an Arduino Uno
board equipped with a data logging shield integrating a real-time clock for tracking date,
time, and calendar data. The recorded data were stored on a memory card, with means
logged every minute. Each plastic tank was equipped with an encapsulated DS18B20 digital
temperature sensor to continuously monitor the solution temperature. All sensors were con-
nected to a single Arduino Uno. All components were obtained from a Brazilian company
(Usina Ind. Comércio e Importação, Santo Ângelo, RS, Brazil). During the experimental pe-
riod, daily air temperatures ranged from a minimum of 20.76 ◦C to a maximum of 25.08 ◦C,
with a mean of 23.56 ± 0.96 ◦C. Relative humidity values varied between 81.97 and 95.37%,
with a mean of 88.30 ± 3.83%. The maximum illuminance values occurred from 10:00 a.m.
to 1:00 p.m., ranging from 13,090.32 ± 1822.16 to 15,728.05 ± 4256.96 lux, whereas the
minimum values occurred in the early morning (5:00–6:00 a.m., 79.10 ± 24.10 lux) and late
afternoon (5:00–6:00 p.m., 116.55 ± 25.91 lux).

The experiment was conducted using a randomized complete block design in a
2 × 2 × 2 factorial scheme, combining two levels of water electrical conductivity (ECw
of 0.3 and 5.0 dS m−1), two nutrient solution concentrations (NSC of 50 and 100% of the
standard formulation), and two nutrient solution volumes (NSV of 1 and 2 L plant−1),
with four replications. Each replication consisted of a hydroponic channel that supported
20 plants. Due to the capacity of the experimental setup and the need to support the three
evaluated factors, it was only possible to simultaneously analyze two levels per factor.
The macronutrient formulation followed the recommendation of Furlani et al. [116] for
leafy vegetables, consisting of calcium nitrate YaraTera™ Calcinit™ [Ca(NO3)2: 14.4%
nitrate—NO3

−; 1.1% ammonium—NH4
+; and 19.0% calcium—Ca] (Yara Brazil S.A, Porto

Alegre, RS, Brazil), potassium nitrate Dripsol® NKS [KNO3: 12.0% NO3
− and 45.0% potas-
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sium oxide—K2O], Dripsol® MAP—monoammonium phosphate (12.0% NH4
+ and 61.0%

phosphorus pentoxide—P2O5) (Vitas Brazil, Candeias, BA, Brazil), and magnesium sul-
fate [MgSO4: 9.0% magnesium—Mg and 11.0% sulfur—S] (Sais Nordeste Ind. e Com.
Ltda., Feira de Santana, BA, Brazil). Micronutrients were supplied using Micromix® and
GeoQuel® 13% Fe-EDTA (Rigrantec Tecnologias para Sementes e Plantas Ltda., Porto
Alegre, RS, Brazil) (Table 1).

The lettuce plants were cultivated in a nutrient film technique (NFT) hydroponic
system consisting of 6 m long channels constructed from 0.075 m diameter irrigation
PVC tubes (Figure 1a). Four hydroponic channels were arranged per bench with a 5.0%
slope, maintaining a 0.25 m × 0.30 m distance between plants and channels, respectively,
corresponding to a density of 13 plants m−2. Each channel supported 20 plants. For
the treatments with NSV of 1 and 2 L plant−1, the nutrient solution was stored in 100
and 500 L plastic tanks, respectively, each equipped with a float valve that maintained
a constant volume of 80 and 160 L, respectively. For this purpose, the float valve was
connected to an automatic supply system constructed from a 0.15 m diameter PVC tube.
This system allowed automatic water delivery to the nutrient solution tank and automatic
replenishment of water consumed by the plants. A graduated scale attached to a transparent
hose was used for daily readings to calculate water consumption. Each plastic tank was
equipped with a 34 W washing machine electric drain pump to inject the mixture into the
four hydroponic channels.

 

Figure 1. Overview of lettuce plants (a) and seedlings on the day of transplanting for the hydroponic
system (b).
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Table 1. Description of treatments (water electrical conductivity—ECw, nutrient solution
concentration—NSC, and nutrient solution volume—NSV), nutrient solution formulation, initial
solution electrical conductivity (ECsol), and nutrient solution temperatures (Tsol).

Treatments Nutrient Solution
Formulation (mg L−1) ECsol (dS m−1) Tsol (◦C) #

ECw (dS m−1) NSC (%) NSV (L Plant−1)

0.3 50 1 Ca(NO3)2 = 375.0, KNO3 =
250.0, MAP = 75.0, MgSO4 =
200.0, micronutrient mix =

12.5, and iron = 8.0

1.40 26.14 ± 0.92
0.3 50 2 1.40 25.89 ± 0.84
5.0 50 1 5.80 26.54 ± 1.03
5.0 50 2 5.80 25.83 ± 0.79

0.3 100 1 Ca(NO3)2 = 750.0, KNO3 =
500.0, MAP = 150.0, MgSO4 =

400.0, micronutrient mix =
25.0, and iron = 16.0

2.20 26.32 ± 0.98
0.3 100 2 2.20 27.05 ± 0.77
5.0 100 1 6.20 26.37 ± 0.98
5.0 100 2 6.20 26.19 ± 0.90

Ca(NO3)2: calcium nitrate; KNO3: potassium nitrate; MAP: monoammonium phosphate; MgSO4: magnesium
sulfate. # values represent mean ± standard deviation over the 25-day experimental period.

2.2. Crop and Nutrient Solution Management

Lettuce seeds were sown on 28 April 2025, in phenolic foam with cells of 2 × 2 × 2 cm
(Mizu Indústria e Comércio de Produtos Ornamentais e Agrícolas, Holambra, SP, Brazil),
with one seed per cell. Four days after sowing (DAS), these seedlings were taken to
a nursery (NFT system) built with a PVC corrugated roof sheet. For 16 days, they
received a nutrient solution at 50% concentration, prepared according to the formu-
lation of Furlani et al. [116] using low-salinity water (electrical conductivity of the
solution—ECsol ~ 1.0 dS m−1). An analog timer controlled nutrient solution circulation in
the nursery, programmed at alternate intervals of 15 min (turned on for 15 min and off
for 15 min), from 6:00 a.m. to 6:00 p.m. From 6:00 p.m. to 6:00 a.m., the nutrient solution
was recirculated once every two hours for 15 min. Next, the seedlings were transplanted
into the final cultivation system to start the treatments (Figure 1b), with 20 seedlings in
each hydroponic channel. The programming to control nutrient solution circulation in the
cultivation channels of the final cultivation system was similar to that used in the nursery.

The 5.0 dS m−1 ECw treatment was established based on Costa et al. [78], who reported
that this level maintained 50% relative shoot fresh matter yield in ‘Jade’ lettuce compared
to non-saline conditions grown in an NFT system. Based on this productivity, lettuce
was classified as moderately tolerant to salinity. This ECw level was obtained by diluting
sodium chloride (NaCl) in public-supply water (ECw of 0.3 dS m−1). For this purpose, the
salt quantity (in g L−1) was calculated using the expression from Silva et al. [117]: {QNaCl

= [58.44 × (ECw − ECwps)]/100}, where 58.44 is the molar mass of NaCl (in g mol−1),
ECw is the desired value for the electrical conductivity of water (in dS m−1), and ECwps
is the EC of public-supply water (in dS m−1). A concentration of 2.747 g L−1 NaCl was
used to achieve an ECw level of 5.0 dS m−1. Subsequently, fertilizer salts were added to
these waters (0.3 or 5.0 dS m−1) following the nutrient solution formulation of Furlani
et al. [116] at the evaluated concentrations of 50 and 100%. The same water used to prepare
the nutrient solutions was used to replenish the plants’ water consumption.

2.3. Measurements of ECsol and Dissolved Oxygen (DO) Concentrations in Nutrient Solution

ECsol values were measured every five days. For this purpose, solution samples
were collected, and ECsol was determined using a benchtop conductivity meter model
W12D (Bel® Equipamentos Analíticos Ltda., Piracicaba, SP, Brazil). Simultaneously, DO
concentrations in the nutrient solution (in mg L−1) were measured directly in the reservoirs
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between 8:00 and 9:00 a.m. using a HI 98193 oximeter (Hanna Instruments Inc., Woonsocket,
RI, USA).

2.4. Measurements in Lettuce Plants

At 20 and 25 days after transplanting (DAT), two plants per hydroponic channel were
evaluated. Plants were separated into leaves and stems to obtain leaf fresh matter (LFM, in
g plant−1) and stem fresh matter (SFM, in g plant−1). Stem diameter (SD, in mm), plant
height (PH, in cm), and number of leaves (NL) were also evaluated. SD was measured
using a digital caliper model LT-A509 (Lotus Comercial, Serra, ES, Brazil), whereas PH was
measured using a graduated ruler. NL was obtained by counting only leaves whose blade
length was ≥ 3 cm [78]. Immediately after weighing the plant parts, the material was placed
in paper bags and dried in a Q314M forced-air oven (Quimis®, Diadema, SP, Brazil) at 65 ◦C
until reaching constant weight to quantify the leaf dry matter (LDM, in g plant−1) and stem
dry matter (SDM, in g plant−1). All plant parts were weighed using a precision analytical
balance (0.01 g accuracy) (Bel® Equipamentos Analíticos Ltda., Piracicaba, SP, Brazil).

Leaf area (LA) was determined using the leaf disk method [118]. From one plant
per plot (replication), ten leaf disks were collected. Each disk had a diameter of 9.5 mm,
corresponding to an area of 0.6734 cm2. The disks were taken from the middle third of
the leaf blade, avoiding both the central vein and the leaf margins. Therefore, LA was
calculated based on the relationship between LDM of the disk (LDMD, in g) and LDM of
the plant (in g): LA (cm2 plant−1) = [(LDM × 0.6734)/LDMD], where 0.6734 is the disk
area (in cm2). LDMD was weighed using a precision analytical balance (0.0001 g accuracy)
(Bel® Equipamentos Analíticos Ltda., Piracicaba, SP, Brazil).

Water content of leaf (WCL) was calculated using the LFM and LDM relationship:
WCL (%) = [(LFM − LDM)/LFM] × 100, as described by Acikbas and Bulut [119].

2.5. Water Productivity of Lettuce Plants

Water productivity (WP, in g L−1) was calculated as the ratio between plant production
(total matter as the sum of leaves and stems, based on both fresh and dry matter) and
accumulated water consumption per plant in 20 and 25 days. Water consumption was
calculated as the volume consumed from the reservoir divided by the number of plants.
The nutrient solution reservoirs were covered; therefore, there were no losses due to
evaporation. Thus, the volume consumed corresponded solely to plant transpiration.

2.6. Statistical Analysis

Data normality was evaluated using the Shapiro–Wilk test (p ≤ 0.05). Subsequently,
analysis of variance was performed by the F-test (p ≤ 0.05). Mean separation for levels of
water electrical conductivity, nutrient solution concentrations, and nutrient solution vol-
umes was performed using Tukey’s test (p ≤ 0.05). The statistical analysis was performed
with the SISVAR 5.6 statistical program [120]. Additionally, principal component analysis
(PCA) was conducted with FactoMineR and factoextra packages to examine interrelation-
ships among variables and factors, while Pearson’s correlation analysis was performed
using the Hmisc and corrplot packages. These analyses were carried out in R statistical
software (version 4.4.1) [121].

3. Results
Figure 2 shows the lettuce plants on the day of the final harvest. The overall quality of

the plants is noteworthy, even under saline stress (water electrical conductivity—ECw of
5.0 dS m−1), despite the reduced plant size observed, particularly at 100% nutrient solution
concentration (NSC). This effect will be addressed in the discussion.
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Figure 2. Visual appearance of lettuce plants under non-saline (water electrical conductivity—ECw
of 0.3 dS m−1) and saline stress (ECw of 5.0 dS m−1) conditions, at nutrient solution volume (NSV)
and nutrient solution concentration (NSC) of 50% (a) e 100% (b), in an NFT hydroponic system at
25 days after transplanting.

Overall, dissolved oxygen (DO) concentrations exhibited similar behavior under non-
saline (Figure 3a) and saline stress (Figure 3b) cultivation conditions across evaluation
periods, regardless of nutrient solution volume (NSV) and NSC. Under non-saline con-
ditions (ECw of 0.3 dS m−1) at the end of the experiment (25 DAT), DO concentrations
were 6.78 and 6.71 mg L−1 at 1 L plant−1 NSV under 50 and 100% NSC, respectively, and
6.84 and 7.07 mg L−1 at 2 L plant−1 NSV, respectively. Under saline stress, and following
the same order of treatment combinations, DO concentrations were 6.60, 6.51, 6.71, and
6.59 mg L−1, respectively.
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Figure 3. Dissolved oxygen concentrations and electrical conductivity of nutrient solution under
non-saline (water electrical conductivity—ECw of 0.3 dS m−1) ((a) and (c), respectively) and saline
stress (ECw of 5.0 dS m−1) ((b) and (d), respectively) conditions as a function of the nutrient solution
concentration (NSC) and nutrient solution volume (NSV), under lettuce cultivation at different
evaluated periods.

Regarding ECsol levels during the experimental period under non-saline conditions,
the values decreased compared to initial cultivation, more markedly at 100% NSC and
2 L plant−1 NSV, by approximately 61%. In the other combinations, the decreases were also
pronounced, ranging from 52 to 54% (Figure 3c). Under saline conditions (Figure 3d), ECsol
values increased due to replenishing plant consumption with the same brackish water used
in preparing the nutrient solution. The greater increase occurred at lower NSC and NSV
levels, by approximately 63%, whereas a smaller increase was registered at higher NSC and
NSV levels, by approximately 25%.

Table 2 presents the traits evaluated in the experiment: plant height (PH), stem di-
ameter (SD), number of leaves (NL), leaf area (LA), leaf fresh matter (LFM), stem fresh
matter (SFM), leaf dry matter (LDM), stem dry matter (SDM), water content in leaf (WCL),
and water productivity (WP) based on both fresh (WPFM) and dry matter (WPDM). Sig-
nificant interactions among the three evaluated factors (ECw × NSC × NSV) were ob-
served for PH, SFM, WCL, and WPDM at 20 DAT, and for SD, LFM, WPFM, and WPDM at
25 DAT. At 20 DAT, significant two-way interactions were detected for SD (ECw × NSC and
ECw × NSV) and for LFM (ECw × NSC and NSC × NSV). For WPFM, all three pairwise
combinations (ECw × NSC, ECw × NSV, and NSC × NSV) were significant. The isolated
effect of ECw affected LA and LDM, while NL and SDM were influenced by the isolated
effects of ECw and NSV. At 25 DAT, PH was significantly affected by all three pairwise
interactions (ECw × NSC, ECw × NSV, and NSC × NSV), while SFM and WCL were
significantly influenced by the ECw × NSC and ECw × NSV interactions. The ECw × NSC
interaction significantly affected NL, LA, and LDM, while the NSC × NSV interaction
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significantly affected SDM. The isolated effect of NSV affected NL and LA, while SDM was
influenced by the isolated effect of ECw.

Table 2. Summary of F-test for plant height (PH), stem diameter (SD), number of leaves (NL),
leaf area (LA), leaf fresh matter (LFM), stem fresh matter (SFM), leaf dry matter (LDM), stem dry
matter (SDM), water content in leaf (WCL), and water productivity (WP) based on both fresh
(WPFM) and dry matter (WPDM) of lettuce grown under levels of water electrical conductivity (ECw),
nutrient solution concentration (NSC), and nutrient solution volume (NSV), at 20 and 25 days after
transplanting (DAT).

SV DF PH SD NL LA LFM SFM LDM SDM WCL WPFM WPDM

20 DAT
Block 3 ** ns ** ns ns * * ns ** ns **
ECw 1 ** ns ** ** ** ** ** ** ** * **
NSC 1 ** * ns ns * ns ns ns ** ns **
NSV 1 ns * * ns ns ns ns * ** ** **
ECw × NSC 1 ** * ns ns ** ns ns ns ** ** **
ECw × NSV 1 * * ns ns ns ns ns ns ns ** **
NSC × NSV 1 ** ns ns ns * ** ns ns ns ** **
ECw × NSC × NSV 1 * ns ns ns ns ** ns ns ** ns **
Error 21
CV (%) 2.90 5.05 5.34 15.45 9.76 14.28 11.16 13.38 0.26 9.67 9.58

25 DAT
Block 3 ns ns ns ns ns ns ns ns * ns ns

ECw 1 ** * ns ** ** ** ** ** ns ** **
NSC 1 ** ** ns ** ** ** ** * ** ** ns

NSV 1 ** ns * * ** ** ns ** ** ** **
ECw × NSC 1 ** ** * * ** ** ** ns ** ** *
ECw × NSV 1 * ** ns ns ** * ns ns * ns ns

NSC × NSV 1 ** ** ns ns ns ns ns ** ns * **
ECw × NSC × NSV 1 ns * ns ns ** ns ns ns ns ** **
Error 21
CV (%) 4.57 5.81 8.16 23.83 8.54 14.76 10.75 15.91 0.32 8.32 11.00

Note: SV: source of variation; DF: degree of freedom; CV: coefficient of variation; ns, *, and **: not significant and
significant at p ≤ 0.05 and at p ≤ 0.01, respectively, by F-test.

In both evaluations (20 and 25 DAT, Figures 4a and 4b, respectively), PH means
were of the same magnitude. At 20 DAT, analysis of the ECw × NSC × NSV interaction
showed that PH means were significantly higher under non-saline conditions than under
saline stress across all NSC and NSV levels. Analysis of NSV levels within ECw × NSC
combination revealed that, at 2 L plant−1 NSV, the higher PH occurred under non-saline
conditions within 50% NSC, whereas the opposite behavior was observed at 100% NSC—
that is, the mean was higher at 1 L plant−1 NSV. Similarly, the same behavior was observed
under saline stress. Analysis of NSC levels within ECw × NSV combination showed that,
at 100% NSC, a higher PH mean was obtained under non-saline conditions within 1 L
plant−1 NSV, whereas under saline stress, a higher mean was obtained at 50% NSC within
2 L plant−1 NSV. In the other combinations, the means did not differ statistically across
NSC levels. At 25 DAT, analysis of the ECw × NSC and ECw × NSV interactions also
showed that PH means were significantly higher under non-saline conditions than under
saline stress across all NSC and NSV levels. Analysis of NSC levels within each ECw level
showed that, at 100% NSC, the higher PH was obtained under non-saline conditions. In
contrast, under saline stress, the means were statistically equal across NSC levels. Analysis
of NSV levels within each ECw showed that, at 2 L plant−1 NSV, the higher PH means
were obtained for both non-saline and saline stress conditions.
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Figure 4. Follow-up analyses of the interaction between levels of water electrical conductivity (ECw),
nutrient solution concentration (NSC), and nutrient solution volume (NSV) on plant height (PH)
(a) and stem diameter (SD) (d) of lettuce grown in an NFT hydroponic system; follow-up analyses of
the ECw × NSC and ECw × NSV interactions on PH (b) and SD (c); isolated effects of ECw and NSV
and follow-up analyses of the ECw × NSC interaction on number of leaves (NL) (e) and leaf area
(LA) (f). In (a,d), uppercase letters compare ECw levels within each combination of NSC and NSV,
lowercase letters compare NSV levels within each combination of ECw and NSC, and Greek letters
compare NSC levels within each combination of ECw and NSV; in (b,c), uppercase letters compare
ECw levels within each NSC or NSV, while lowercase letters compare NSC or NSV levels within each
ECw; in (e,f), for the ECw × NSC interaction (at 25 days after transplanting—DAT), uppercase letters
compare ECw levels within each NSC, and lowercase letters compare NSC levels within each ECw,
whereas different uppercase letters alone indicate significant differences for the isolated effects of
ECw or NSV. Mean comparisons were performed using Tukey’s test (p ≤ 0.05). Vertical bars show
the means ± standard deviation.

Regarding SD, unlike PH, the means were variable under both saline and non-saline
growing conditions. For instance, at 20 DAT (Figure 4c), analysis of the ECw × NSC interaction
showed that the SD mean was significantly higher under saline stress than under non-saline
conditions at 50% NSC. In contrast, at 100% NSC, the means were statistically equal under
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non-saline and saline stress conditions. Under non-saline conditions, the means did not differ
significantly across NSC levels, whereas under saline stress, a higher SD was obtained at 50%
NSC. Analysis of the ECw × NSV interaction showed that the means were statistically equal
under non-saline and saline stress conditions across NSV levels. Analysis of NSV levels within
each ECw level showed that, at 1 L plant−1 NSV, a higher SD was obtained under saline
stress, whereas under non-saline conditions, the means did not differ significantly across
NSV levels. For the ECw × NSC × NSV interaction at 25 DAT (Figure 4d), SD means were
significantly higher under saline stress than under non-saline conditions at 50 and 100% NSC
with a 1 L plant−1 NSV. At 2 L plant−1 NSV, the means did not differ significantly across ECw
levels within 50% NSC, whereas at 100% NSC, SD was significantly higher under non-saline
conditions. Analysis of NSV levels within ECw × NSC combination revealed that, at 2 L
plant−1 NSV, the SD mean was higher under non-saline conditions within 50% NSC, whereas
at 100% NSC, the means did not differ significantly across NSV levels. Under saline stress,
the means did not differ significantly across NSV levels at 50% NSC, whereas at 100% NSC,
the SD mean was higher at 1 L plant−1 NSV. Analysis of NSC levels within ECw × NSV
combination showed that, at 100% NSC, the SD means were statistically higher for both under
non-saline and saline stress conditions at 1 L plant−1 NSV. At 2 L plant−1 NSV, the same
behavior was observed only under non-saline conditions, whereas under saline stress, the SD
mean was higher at 50% NSC.

NL (Figure 4e) and LA (Figure 4f) showed the same behavior. The higher means
of NL and LA at 20 DAT were obtained under non-saline conditions (17 leaves and
1866.94 cm2 plant−1, respectively) than under saline stress (15 leaves and 1501.32 cm2

plant−1, respectively). For the isolated effect of NSV, the NL of 16 and 23 leaves at 20
and 25 DAT, respectively, was higher at 2 L plant−1 NSV compared to 1 L plant−1 NSV
(15 and 21 leaves, respectively). Similarly, for LA at 25 DAT, the value at 2 L plant−1 NSV
(3626.19 cm2 plant−1) was higher than at 1 L plant−1 NSV (2985.63 cm2 plant−1).

In the analysis of the ECw × NSC interaction, the NL and LA means were statistically
equal across ECw levels at 50% NSC, whereas at 100% NSC, higher means were observed
under non-saline conditions (24 leaves and 4552.91 cm2 plant−1, respectively) than under
saline stress (21 leaves and 3000.31 cm2 plant−1). Analysis of NSC levels within ECw
showed that the higher NL and LA were obtained at 100% NSC compared to 50% NSC
(22 leaves and 2884.35 cm2 plant−1, respectively) under non-saline conditions. In contrast,
the means were statistically equal across NSC levels under saline stress.

Analysis of the ECw × NSC interaction for LFM at 20 DAT showed that means were
higher under non-saline conditions (60.11 and 71.51 g plant−1) than under saline stress
(48.21 and 46.62 g plant−1) across the 50 and 100% NSC levels, respectively (Figure 5a).
Analysis of NSC levels within each ECw showed that, at 100% NSC, the higher LFM was
obtained under non-saline conditions, whereas under saline stress, the means did not
differ significantly across NSC levels. In the analysis of the NSC × NSV interaction, the
LFM of 58.41 g plant−1 was higher under 2 L plant−1 NSV compared to 1 L plant−1 NSV
(49.90 g plant−1) at 50% NSC. In contrast, at 100% NSC, no significant difference was
observed between NSV levels, with a mean of approximately 59 g plant−1. At 1 L plant−1

NSV, higher LFM was obtained at 100% NSC, whereas at 2 L plant−1 NSV, no significant
difference was observed across NSC levels. In the analysis of the ECw × NSC × NSV
interaction at 25 DAT (Figure 5b), at 50% NSC, no significant differences were observed
between non-saline and saline stress conditions across NSV levels. At 100% NSC, means
were higher under non-saline conditions (101.38 and 144.11 g plant−1) compared to saline
stress (74.56 and 78.58 g plant−1) at the 1 and 2 L plant−1 NSV levels, respectively. Analysis
of NSV levels within ECw × NSC combination revealed that, at 50% NSC, LFM means
were higher at 2 L plant−1 NSV (93.49 and 86.03 g plant−1) compared to 1 L plant−1 NSV
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(61.79 and 61.41 g plant−1) under non-saline and saline stress conditions, respectively. At
100% NSC, the same behavior was observed under non-saline conditions, whereas under
saline stress, no significant differences were observed across NSV levels. Analysis of NSC
levels within ECw × NSV combination showed that, at 50 and 100% NSC, the means were
statistically equal under saline stress conditions at 2 L plant−1 NSV, In contrast, under the
other treatment combinations, LFM was higher at 100% NSC.

In the analysis of the ECw × NSC × NSV interaction for SFM at 20 DAT (Figure 5c),
means were significantly higher under non-saline conditions than under saline stress across
all NSC and NSV levels. Analysis of NSV levels within ECw × NSC combination revealed
that, at 2 L plant−1 NSV, a higher SFM mean was obtained under non-saline conditions
within 50% NSC, whereas the opposite behavior occurred within 100% NSC. Under saline
stress, the means did not differ significantly across NSV levels at both 50 and 100% NSC.
Analysis of NSC levels within ECw × NSV combination revealed that, at 100% NSC, a
higher SFM mean was obtained under non-saline conditions at 1 L plant−1 NSV, whereas
at 2 L plant−1 NSV, SFM was higher at 50% NSC. Under saline stress, the means did not
differ significantly across NSC levels at both 1 and 2 L plant−1 NSV. For the ECw × NSC
and ECw × NSV interactions at 25 DAT (Figure 5d), SFM means were significantly higher
under non-saline conditions than under saline stress across both NSC and NSV levels.
Under saline stress, the means did not differ significantly across both NSC and NSV levels.
Under non-saline conditions, SFM was higher at 100% NSC in the ECw × NSC interaction;
whereas in the ECw × NSV interaction, SFM was higher at 2 L plant−1 NSV.

In the analysis of the isolated effect of ECw on LDM at 20 DAT (Figure 5e) and on SDM
at 20 and 25 DAT (Figure 5f), higher means were obtained under non-saline conditions
than under saline stress. For the isolated effect of NSV on SDM at 20 DAT (Figure 4f), the
mean was higher at 1 L plant−1 NSV. For the ECw × NSC interaction on LDM at 25 DAT
(Figure 5e), means were significantly higher under non-saline conditions than under saline
stress at 100% NSC, whereas at 50% NSC, means did not differ significantly across ECw
levels. Analysis of NSC levels within each ECw showed that, at 100% NSC, the higher
LDM was obtained under non-saline conditions, whereas under saline stress, the means
did not differ significantly across NSC levels. For the NSC × NSV interaction on SDM at
25 DAT (Figure 5f), the mean was higher at 1 L plant−1 NSV within 100% NSC, whereas
within 50% NSC, means did not differ significantly across NSV levels. Analysis of NSC
levels within each NSV showed that means did not differ significantly across NSC levels at
1 L plant−1 NSV, whereas at 2 L plant−1 NSV, the mean was higher at 50% NSC.

In the analysis of the ECw × NSC × NSV interaction for WCL at 20 DAT (Figure 6a),
means were significantly higher under non-saline conditions than under saline stress within
2 L plant−1 NSV across NSC levels. At 1 L plant−1 NSV, means did not differ significantly
across ECw levels at 50% NSC; however, at 100% NSC, the mean was higher under non-
saline conditions. Analysis of NSV levels within ECw × NSC combination revealed that,
at 1 and 2 L plant−1 NSV levels, the means did not differ significantly for both non-saline
and saline stress conditions at 100% NSC. The same lack of significant difference was
observed at 50% NSC under saline stress, whereas under non-saline conditions, the mean
was higher at 2 L plant−1 NSV. Analysis of NSC levels within ECw × NSV combination
revealed that, at 100% NSC, the WCL mean was higher under non-saline conditions at
1 L plant−1 NSV, whereas at 2 L plant−1 NSV, the means did not differ significantly across
NSC levels. Under saline stress, the means did not differ significantly across NSC levels for
both 1 and 2 L plant−1 NSV. For the ECw × NSC and ECw × NSV interactions at 25 DAT
(Figure 6b), means were significantly higher under non-saline conditions than under saline
stress within the 100% NSC treatment and 2 L plant−1 NSV treatment, respectively. At 50%
NSC in the ECw × NSC interaction, the mean was higher under saline stress, whereas in
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the ECw × NSV interaction at 1 L plant−1 NSV, the means did not differ significantly. In
the analysis of NSC or NSV within each ECw level, higher means were obtained with the
100% NSC treatment and the 2 L plant−1 NSV treatment for both ECw levels.

 

 

Figure 5. Follow-up analyses of the interactions between ECw (levels of water electrical conductivity) ×
NSC (nutrient solution concentration) and NSC × NSV (nutrient solution volume) on leaf fresh matter
(LFM) (a) of lettuce grown in an NFT hydroponic system; follow-up analyses of the ECw × NSC × NSV
interaction on LFM (b) and stem fresh matter (SFM) (c); follow-up analyses of the ECw × NSC and ECw
× NSV interactions on SFM (d); isolated effects of ECw and ECw × NSC interaction on leaf dry matter
(LDM) (e); isolated effects of ECw and NSV and NSC × NSV interaction on stem dry matter (SDM) (f). In
(a), uppercase letters compare NSC levels within each ECw or NSV, and lowercase letters compare ECw
or NSV levels within each NSC; in (b,c), uppercase letters compare ECw levels within each combination
of NSC and NSV, lowercase letters compare NSV levels within each combination of ECw and NSC, and
Greek letters compare NSC levels within each combination of ECw and NSV; in (d), uppercase letters
compare ECw levels within each NSC or NSV, and lowercase letters compare NSC or NSV levels within
each ECw; in (e), for the ECw × NSC interaction (at 25 days after transplanting—DAT), uppercase
letters compare ECw levels within each NSC, and lowercase letters compare NSC levels within each
ECw, whereas different uppercase letters alone indicate significant differences for the isolated effects of
ECw; in (f), for the NSC × NSV interaction at 25 DAT, uppercase letters compare NSV levels within each
NSC, and lowercase letters compare NSC levels within each NSV, whereas different uppercase letters
alone indicate significant differences for the isolated effects of ECw or NSV. Mean comparisons were
performed using Tukey’s test (p ≤ 0.05). Vertical bars show the means ± standard deviation.

https://doi.org/10.3390/conservation6020071

https://doi.org/10.3390/conservation6020071


Conservation 2026, 6, 71 15 of 32

 

 

Figure 6. Follow-up analyses of the interaction between levels of water electrical conductivity (ECw),
nutrient solution concentration (NSC), and nutrient solution volume (NSV) on water content in leaf
(WCL) (a), water productivity (WP) based on fresh matter (WPFM) (d), and WP based on dry matter
(WPDM) (e,f) of lettuce grown in an NFT hydroponic system; follow-up analyses of the ECw × NSC
and ECw × NSV interactions on WCL (b) and WPFM (c). In (a,d–f), uppercase letters compare ECw
levels within each combination of NSC and NSV, lowercase letters compare NSV levels within each
combination of ECw and NSC, and Greek letters compare NSC levels within each combination of
ECw and NSV; in (b,c), uppercase letters compare ECw levels within each NSC or NSV, and lowercase
letters compare NSC or NSV levels within each ECw level. Mean comparisons were performed using
Tukey’s test (p ≤ 0.05). Vertical bars show the means ± standard deviation.

For WPFM at 20 DAT (Figure 6c), means were significantly higher under saline
stress than under non-saline conditions at 50% NSC (62.57 and 47.78 g L−1, respectively)
(ECw × NSC interaction) and at 2 L plant−1 NSV (65.53 and 54.21 g L−1, respectively)
(ECw × NSV interaction). At 100% NSC and 1 L plant−1 NSV, means did not differ signifi-
cantly across ECw levels. Analysis of NSC levels within each ECw showed that the higher
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WPFM was obtained at 100% NSC under non-saline conditions (55.14 g L−1). Under saline
stress, a higher mean was obtained at 50% NSC compared to 100% NSC (49.93 g L−1). An
analysis of NSV levels within each ECw showed that, under both non-saline and saline
stress conditions, higher means were obtained at 2 L plant−1 NSV compared to 1 L plant−1

NSV (48.72 and 46.97 g L−1, respectively). In the analysis of the ECw × NSC × NSV
interaction at 25 DAT (Figure 6d), WPFM means did not differ significantly across ECw
levels within 1 L plant−1 NSV for both 50 and 100% NSC. At 2 L plant−1 NSV, the mean of
78.68 g L−1 under saline stress was higher than that obtained under non-saline conditions
(54.09 g L−1) at 50% NSC. At 100% NSC, a contrary behavior was observed, i.e., the mean of
76.55 g L−1 under non-saline conditions was higher than that obtained under saline stress
(62.58 g L−1). Analysis of NSV levels within ECw × NSC combination revealed that, for
both non-saline and saline stress conditions, the higher means were obtained at 2 L plant−1

NSV than at 1 L plant−1 NSV for both 50% NSC (36.47 and 42.24 g L−1, respectively) and
100% NSC (48.62 and 53.62 g L−1, respectively). Whereas the mean was higher at 50% NSC
under saline stress within 2 L plant−1 NSV, in the other treatment combinations, WPFM

was higher at 100% NSC.
WPDM at 20 DAT (Figure 6e) and 25 DAT (Figure 6f) exhibited the same behavior

in the analysis of the ECw × NSC × NSV interaction. In the analysis of ECw levels
within NSC × NSV combination, the mean was higher under saline stress than under
non-saline conditions at 50% NSC within 2 L plant−1 NSV; however, in the other treatment
combinations, WPDM means did not differ significantly across ECw levels. Similarly, in the
analysis of NSV levels within ECw × NSC combination, only within 50% NSC under saline
stress, the mean was higher at 2 L plant−1 NSV than at 1 L plant−1 NSV. This behavior
was also observed in the analysis of NSC levels within ECw × NSV combination, where
the WPDM mean was higher at 50% NSC than at 100% NSC under saline stress within 2 L
plant−1 NSV.

Principal component analysis (PCA) successfully discriminated the behavioral re-
sponses of lettuce plants to ECw × NSC × NSV treatment combination at 20 (Figure 7a)
and 25 DAT (Figure 7b). At 20 DAT, the first two principal components accounted for
82.95% of the total variance, with PC1 and PC2 explaining 64.00 and 18.95%, respectively.
PC1 showed positive loadings for PH, NL, LA, LFM, SFM, LDM, SDM, and WCL, as-
sociating these traits with non-saline cultivation conditions, with the exception of the
0.3 dS m−1 ECw × 1 L plant−1 NSV × 50% NSC combination. In contrast, PC2 revealed a
positive association for WPDM under saline stress, but this occurred only in the 5.0 dS m−1

ECw × 2 L plant−1 NSV × 50% NSC combination. At 25 DAT, the first two principal com-
ponents accounted for 86.80% of the total variance, with PC1 and PC2 explaining 57.89 and
28.91%, respectively. Similar behavior was observed for the variables at 20 DAT; however,
the traits PH, NL, LA, LFM, SFM, LDM, and WCL showed positive loadings on PC1 and
were associated with the 0.3 dS m−1 ECw × 2 L plant−1 NSC × 100% NSV combination.

The Pearson correlation matrix revealed positive correlations with coefficients r ≥ 0.76
between growth traits (PH, NL, and LA) and production variables (LFM, SFM, and LDM)
(Figure 8), indicating a strong interdependency among these characteristics. Additionally,
WCL correlated with NL, LA, and LFM, while WPFM and WPDM were correlated with
each other.
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Figure 7. Principal component analysis between the treatments and analysis of lettuce variables
grown in an NFT hydroponic system at 20 (a) and 25 (b) days after transplanting (DAT). PH: plant
height; SD: stem diameter; NL: number of leaves; LA: leaf area; LFM: leaf fresh matter; SFM: stem
fresh matter; LDM: leaf dry matter; SDM: stem dry matter; WCL: water content in leaf; WPFM: water
productivity based on fresh matter; WPDM: water productivity based on dry matter.
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Figure 8. Pearson correlation matrix for the evaluated variables on lettuce grown in an NFT hydro-
ponic system. Data represent two joint assessments conducted at 20 and 25 days after transplanting
(DAT). PH: plant height; SD: stem diameter; NL: number of leaves; LA: leaf area; LFM: leaf fresh
matter; SFM: stem fresh matter; LDM: leaf dry matter; SDM: stem dry matter; WCL: water content
in leaf; WPFM: water productivity based on fresh matter; WPDM: water productivity based on dry
matter. *, **, and ***: significant correlations at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively, by
Student’s t-test.

4. Discussion
Under salt stress, various negative effects have been observed in plants. Excessive

salt concentrations in the soil solution and/or irrigation water induce osmotic stress (i.e.,
lowering of the external water potential), which prevents water and nutrient uptake by
plants [104,105,122,123], leading to cellular dehydration, reduced turgor, and inhibited
cell division and elongation [124–127]. A second phase of saline stress relates to ionic
stress, characterized by the accumulation of toxic ions (sodium—Na+ and chloride—Cl−)
in plant tissues, leading to ionic imbalance [16,60,126,128]. As a consequence, it induces
various morphological and physiological changes, thereby restricting growth, yield, and
quality [102]. Both osmotic and ionic stresses induce oxidative stress by promoting the exces-
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sive accumulation of reactive oxygen species (ROS) [24]. This overproduction overwhelms
the antioxidant defense system, leading to cellular damage, including lipid peroxidation,
protein oxidation, and DNA fragmentation [23–27]. In general, abiotic stress induces
stomatal closure, which reduces carbon dioxide availability, hinders carbon fixation, and
promotes the successive reduction in molecular oxygen. This yields excess ROS and impairs
chloroplast function, thereby disturbing photosynthetic processes [129,130]. ROS play a
dual role, acting as signaling molecules at optimum concentrations and as toxic molecules
at higher concentrations [131]. Therefore, when an imbalance occurs between ROS pro-
duction and elimination, it is counteracted by enzymatic and non-enzymatic antioxidant
responses [132], which contribute to maintaining cellular osmotic adjustment through
cell turgidity, protecting internal cell components, and reducing ionic toxicity [133]. Each
cellular compartment maintains its own ROS homeostasis control, and ROS signaling varies
depending on cell type, developmental stage, and stress level. Under adverse conditions
such as salinity stress, the production of ROS molecules is detected by various ROS sensors,
which generate stress-specific signals that trigger acclimation responses [134,135].

Therefore, plants develop different adaptive mechanisms to mitigate the deleterious
impacts of salt stress. These include the regulation of ion uptake by roots and subsequent
ion transport to leaves, the selective accumulation or exclusion of salt ions, and ion com-
partmentalization [130,132]. Tolerance requires the compartmentalization of Na+ at both
cellular and intracellular levels to prevent toxic concentrations from accumulating in the
cytoplasm. To remove excess salt from the cytosol, it is sequestered either in older plant
tissues or transferred into the vacuole [130,136–139]. Salt-tolerant plants adjust osmotically
by maintaining an enhanced ability to regulate the ratio between potassium (K+) and Na+,
i.e., an elevated K+/Na+ ratio achieved by limiting Na+ absorption and enhancing K+

assimilation [16,21,30,31]. K+ is indispensable for several plant processes, playing a crucial
role in maintaining cell homeostasis [140]; therefore, a higher K+/Na+ ratio serves as a
hallmark of effective ion management, reducing the influx of harmful ions while promoting
the retention of essential nutrients [28,141,142].

To adjust osmotically, the plant’s energy demand increases dramatically to sustain
Na+ exclusion and ion compartmentalization [133,143–145]. Therefore, plants actively
suppress growth in favor of survival [146,147]. Consequently, over time, toxicity develops
as Na+ concentrations increase to high levels in older leaves [130], which serve as a sink for
toxic ions—a sacrificial strategy to protect younger tissues—eventually causing necrosis
that begins at the tips and then extends toward the leaf base [148–150]. In the case of
leafy vegetables, necrotic leaves make commercial exploitation impossible. The plants
produced in the present study, even under high salinity (water electrical conductivity—
ECw of 5.0 dS m−1), maintained their leaf quality without any evidence of Na+ toxicity
based on visual quality assessment, which further indicates lettuce tolerance under the
conditions in which it was grown (Figure 2). In addition to visual quality, saline stress has
been used to assess key properties of fresh vegetables, with particular emphasis on quality
attributes such as physical characteristics (color, texture, visual appearance, and firmness),
flavor and nutritional value (aroma and taste), as well as health-promoting properties
(antioxidants and bioactive compounds) [22,40,151–156]. Among the leafy vegetables,
lettuce (Lactuca sativa L.) is a species widely used in studies involving saline stress. The
highest phenolic compound concentrations and antioxidant activity were obtained under
moderate salt stress (50 mM NaCl), which did not affect photosynthetic activity or biomass
production. In contrast, severe salt stress (150 and 200 mM NaCl) also increased phenolic
compounds, but this was accompanied by a significant reduction in both antioxidant
activity and biomass production [155]. Under higher salinity (120 mM NaCl), chlorophyll
levels were maintained, whereas total soluble solids content increased [156]. β-carotene
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and total carotenoid contents were either maintained or increased at 100 mM NaCl salinity,
depending on the genotype evaluated [157]. Therefore, the maintenance or increase in these
compounds under salinity stress indicates that the plants were protected from oxidative
stress through the neutralization of ROS [114,158]. ROS generation greatly varies with
plant species, genotypes, stress tolerance level, and duration of stress exposure [159].

Therefore, the survival conditions of plants cultivated under saline stress involve
complex interactions with the growing environment. In open-field conditions, in addition to
saline stress, plants are often exposed to multiple abiotic stresses simultaneously [160,161].
For instance, under soil cultivation conditions, water consumption by plants decreases
soil matric potential (making it more negative) and reduces moisture; consequently, roots
expend more energy to extract water, a situation that is exacerbated by saline stress as the
osmotic pressure in the soil solution increases [162,163]. In hydroponic systems, cultivating
plants directly in nutrient solutions eliminates the matric potential, thereby increasing the
free energy of water and facilitating its uptake. This results in greater plant tolerance to
saline stress [74–76,102]. Despite these improved plants’ response to saline stress under
hydroponic conditions, adding nutrient salts to brackish water during preparation of the
nutrient solution further reduces the osmotic potential (making it more negative) [164],
and less water is available for plants, which then need to expend more energy to absorb it.
For this reason, slower growth is still expected depending on the level of stress applied;
consequently, nutrient consumption is lower [56,86,87,102,165]. In this sense, it may be
strategic to use a less concentrated nutrient solution formulation; consequently, the effect
of osmotic potential is less on the plants [89,166,167]. The nutrient solution volume (NSV)
available to the plants, in turn, influences water uptake and, consequently, the nutrient
depletion rate, which affects the nutrient solution’s buffering capacity (i.e., its ability to
resist pH changes) [168,169].

The NSV influences root respiration by depleting the available dissolved oxygen, and
this effect shows an inverse relationship with temperature [76,106]. In the present study,
minimum differences in nutrient solution temperatures were observed as a function of
the NSV (Table 1). For instance, at an NSV of 2 L plant−1, temperatures ranged from a
minimum of 25.83 ± 0.79 ◦C to a maximum of 27.05 ± 0.77 ◦C during cultivation under
saline stress at 50% nutrient solution concentration (NSC) and non-saline conditions at
100% NSC, respectively. In fact, temperatures had no detrimental effects on dissolved
oxygen (DO) concentrations, which remained relatively constant throughout the growing
cycle (Figure 3a,b). This behavior can be attributed to the season in which the experiment
was conducted, e.g., autumn. This favored root development, in addition to quality (white
coloring) (Figure 2). Well-developed roots improve the plant’s ability to cope with possible
nutrient shortages or other adverse stresses, enhance stress resistance, reduce disease
occurrence, and thereby increase lettuce yield and quality [170,171]. In a study conducted
under the same conditions in autumn/winter [56], ambient solution temperature values
were 23.91 ± 0.91 ◦C without saline stress and 24.48 ± 0.84 ◦C with saline stress. In that
study, lettuce was grown in an NFT system using an 8.33 L plant−1 NSV. This seasonal
effect is clearly illustrated in a study by Yang et al. [172] with lettuce grown in NFT and
deep water culture (DWC) systems, where lower DO concentrations in the nutrient solution
were observed in summer than in autumn, due to the negative relationship between DO
and solution temperature.

In the present study, to assess the degree of salt stress according to the evaluation
period, harvests were carried out at 20 and 25 days after transplanting (DAT). Growth
variables, including plant height (PH) (Figure 4a,b) and stem diameter (SD) (Figure 4c,d),
remained largely unchanged during the five-day period from 20 to 25 DAT. For instance,
for SD at 20 DAT (Figure 4c), saline stress did not impair stem development compared to
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cultivation without saline stress at 100% NSC, as well as under both NSV levels of 1 and
2 L plant−1. However, at a lower NSC (50%), saline stress led to a greater SD. This effect
remained evident at 25 DAT (under 1 L plant−1 NSV) and was also observed under both
NSV levels (at 100% NSC) (Figure 4d). In contrast to these results, lettuce SD was smaller
under saline stress at ECw of 3.5 dS m−1 [42] and 2.0 dS m−1 [118], induced by NaCl in a
soilless system using coconut fiber substrate as the growth medium.

Still referring to growth variables, the number of leaves (NL) (Figure 4e) and leaf area
(LA) (Figure 4f) showed different responses to saline stress throughout the assessment
periods. At 20 DAT, lettuce plants grown under salt stress produced two fewer leaves than
those under non-salt stress conditions. Consequently, LA was lower by approximately 20%.
Over the 5-day period, plants under saline stress produced a similar NL as those without
saline stress when half-strength NSC (50%) was used; consequently, LA also remained
similar. Under full-strength NSC (100%), the effect of saline stress was pronounced, and
even more drastic on LA. For instance, lettuce plants grown under salt stress produced
three fewer leaves than those under non-salt stress conditions, whereas LA was lower by
approximately 34%. Therefore, even under saline stress, the plants continued to produce
new leaves, despite these leaves being increasingly smaller, thus reducing the plant’s LA. It
is worth highlighting that, when analyzing only the cultivation under saline stress, both
the NL and LA remained at similar magnitudes under both NSC levels. In this sense, a
half-strength solution can be used when brackish water is used for cultivation. Similarly
to the present study, lettuce NL under hydroponic conditions did not undergo significant
changes during the assessments performed at 5-day intervals (from 5 to 25 days) under
saline stress (40 mM NaCl), with differences manifesting only at the end of the cycle (30
and 35 days), where non-stressed plants produced more leaves than stressed plants, on
mean, four and seven leaves, respectively [58]. In addition, this effect can be more or
less pronounced depending on the level of saline stress. For instance, in both evaluation
periods (11 and 19 days) under hydroponic lettuce cultivation, stressed plants at 150
mM NaCl (EC of 12–16 dS m−1) produced, on average, four leaves less than the control,
whereas at 100 mM NaCl (10–12 dS m−1), the difference did not exceed two leaves [57].
In other studies under hydroponic conditions, NL was not affected by salt stress during a
25-day period [78], whereas in others, the effect was less pronounced on NL than on LA at
30 days [118] and at 35 days [42].

As already discussed for lettuce growth variables, our hypothesis regarding how much
the nutrient solution concentration can be reduced to mitigate saline stress is confirmed
based on the evaluation of production variables. For instance, based on LFM at 20 DAT
(Figure 5a), no difference was observed among NSC levels under saline stress. At 25 DAT
(Figure 5b), the ECw × NSC interaction evolved into a three-way interaction, indicating
that the NSV supplied to the plants also contributed to mitigating saline stress. In this case,
under cultivation using 50% NSC, LFM production under saline stress was similar to that
obtained under non-saline conditions at both NSV levels. However, under cultivation at
100% NSC, LFM was lower under saline stress, and more drastically so at the highest NSV
(2 L plant−1). Considering only cultivation under saline stress, the means are statistically
equal across NSV levels. Therefore, as a strategy to improve lettuce production when grown
using brackish water, a half-strength nutrient solution (50% NSC) can be used, providing
2 L plant−1 NSV. This behavior at the highest NSV of 2 L plant−1 can be explained by
the greater buffering capacity provided, which ensures stable water and nutrient uptake,
corroborating the results obtained under cultivation without saline stress. Meanwhile,
full-strength NSC (100%) combined with a smaller one (1 L plant−1) leads to an excessive
total ionic concentration, which negatively affects plant growth. It is worth highlighting
that, at the end of the 25-day period (the stage at which the plants are ready for harvest),
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the present results suggest that the use of 50% NSC does not compromise the visual
quality of the lettuce plants (Figure 2). However, these results may vary depending on
the hydroponic system type (e.g., NFT, DWC, and the deep flow technique—DFT—or
the floating, aeroponics, or substrate-based system) as well as the lettuce cultivar used,
due to differences in root morphology, transpiration rates, and salt tolerance thresholds.
Therefore, further research is needed to confirm this hypothesis across multiple hydroponic
configurations and lettuce cultivars.

This behavior observed under non-saline conditions at 25 DAT is evident in the
principal component analysis (Figure 7b), where lettuce growth and production variables
were associated with higher NSC and NSV levels. This is justified by the fact that plants
require greater nutrient availability to support their growth, a demand that is intensified
by competition among plants. This demand is directly associated with the availability
of nutrient solutions, as evidenced by the pronounced decline in electrical conductivity
(ECsol) values at the end of the cultivation period (Figure 3c). There are many studies in the
literature on lettuce that evaluate NSC and, consequently, ECsol levels. For instance, two
lettuce cultivars (‘Cinderela’ and ‘Rubinela’) were grown in NFT and floating systems (with
4.3 and 6.0 L plant−1 NSV, respectively) at 50% half-strength and 100% full-strength nutrient
solutions based on the formulation of Furlani et al. [116] (corresponding to ECsol values
of 1.60 and 2.90 dS m−1, respectively). The half-strength solution (50% NSC) provided
the highest values for most growth and quality variables in both lettuce cultivars and
hydroponic systems [96]. In a floating hydroponic system, lettuce was grown using an NSV
of approximately 3 L plant−1 [173–175]. In the first study, lettuce yield at 40, 60, and 80%
NSC levels was only 12% lower than at the higher NSC level (100%). In the second study,
lettuce yield was approximately 30% lower at the lowest NSC (50%) compared to the higher
NSC (100%). In the third study, lettuce yield was approximately 54% lower at 20% NSC
compared to 100% NSC, whereas at 40, 60, and 80% NSC levels, the yield was 20% lower
compared to the higher NSC. In these studies, the ECsol levels in the 100% full-strength
nutrient solution were 1.8, 2.4, and 2.2 dS m−1, respectively. In the present study, these
differences were even greater. Under non-saline conditions at 25 DAT, LFM accumulation
was approximately 61 and 65% lower under 50% NSC compared to 100% NSC at 1 and 2 L
plant−1 NSV levels, respectively (Figure 5b).

Therefore, in addition to NSC, these results may also be associated with the volume of
solution available to the plants. In this regard, Subedi et al. [169] showed that the highest
NSV (4 L plant−1) did not favor greater accumulation of shoot fresh matter (SFM) compared
to the lowest NSV (2 L plant−1), using an ECsol of 1.80 dS m−1. In summer, the highest
mean was obtained in the lowest NSV, while in autumn, the means were statistically equal.
This highlights the effect of the growing season.

Our results are supported by the accumulation of dry biomass in the leaves (LDM),
which showed that reducing NSC to half-strength (50%) mitigated the saline stress. At
25 DAT, a significant effect on LDM was observed only for the ECw × NSC interaction
(Figure 5e); in other words, the absence of an effect from NSV may be related to water
accumulation in the leaves (WCL), despite a minimal significant difference within the
2 L plant−1 NSV (Figure 6b). Because of WCL, LDM production under saline stress at
50% NSC was similar to that obtained under non-saline conditions. At 100% NSC, LDM
was reduced by approximately 30% under saline stress, whereas LFM was reduced by
approximately 45%. It is worth highlighting that brackish water (ECw of 5.0 dS m−1)
was used both to prepare the nutrient solution and to replenish plant water consumption.
Consequently, ECsol gradually increased throughout the growing cycle (Figure 3d). In
hydroponic conditions, the use of brackish water with high ECw has been shown to be
feasible, including with the same ‘Jade’ lettuce cultivar [64,78,115] used in the present
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study. In the first study using the NFT system, SFM varied depending on the growing
season, decreasing by approximately 43 and 53% at an ECw of 4.0 dS m−1 in spring and
autumn, respectively. In the second study, conducted during winter, SFM was reduced
by approximately 34 and 47% when grown under NFT and floating hydroponic systems,
respectively, at an ECw of 5.1 dS m−1 relative to non-saline conditions. In the third study,
which used only the floating system, SFM decreased by approximately 85% under a 100 mM
NaCl concentration (ECw ~ 10 dS m−1). These studies were conducted under the same
climatic conditions as the present study, with the same water supply (ECw of 0.3 dS m−1),
and brackish water was used only for preparing the nutrient solution. In addition to all these
factors—such as ECw level, water replenishment strategy, hydroponic growing system, and
growing season—the plant material used is also affected by saline stress. For instance, in a
study by Silva et al. [56] conducted under the same climatic conditions in autumn/winter,
the SFM of ‘Rubinela’ lettuce decreased by approximately 52% under an ECw level of 6.5 dS
m−1 compared to cultivation under non-saline conditions (ECw of 0.25 dS m−1), whereas
that of ‘Veneranda’ lettuce decreased by approximately 32%. It is noteworthy that, in this
study, the use of brackish water was exclusive—that is, it was applied both for preparing
the nutrient solution and for replenishing plant water consumption.

In summary, our results are supported by the plants’ water consumption patterns,
indicating better water use efficiency under saline stress conditions. In other words,
plants subjected to saline stress consumed less water [64,77,78], and in this case, the water
consumed was more efficiently converted into biomass accumulation [78,84]. In the present
study, the reduction in NSC to 50% combined with the use of 2 L plant−1 of NSV favored
lettuce cultivation under saline stress, which confirms what was previously stated. Under
these conditions, the WPFM at 25 DAT was approximately 45% higher than that observed
under non-saline conditions. At harvest five days earlier (20 DAT), higher WPFM was
also obtained under saline stress, specifically at 50% NSC (ECw × NSC interaction) or 2 L
plant−1 NSV (ECw × NSV interaction). Based on WPDM, at 50% NSC combined with 2 L
plant−1 NSV, the values were approximately 71 and 44% higher under saline stress at 20
and 25 DAT, respectively.

5. Conclusions
In the present study, we hypothesize that simultaneous regulation of nutrient concen-

tration (NSC) and solution volume per plant (NSV) can mitigate saline stress in ‘Jade’ lettuce
plants grown in an NFT hydroponic system using brackish water (electrical conductivity—
ECw of 5.0 dS m−1). To validate this hypothesis, growth, production, and water produc-
tivity variables were evaluated at 20 and 25 days after treatment imposition. Our results
show that the impact of brackish water use depended on the evaluation period and the
variable analyzed, as modulated by NSC and NSV levels. At the end of the 25-day cycle,
lettuce cultivation using brackish water can successfully be managed by reducing the
NSC to 50% and applying an NSV of 2 L plant−1. These findings confirm our hypoth-
esis that nutrient solution concentration can be reduced under saline stress conditions.
Thus, this combination offers an effective, resource-efficient strategy for lettuce production
under saline stress. Our research also showed that, under non-saline conditions (ECw
of 0.3 dS m−1), using full-strength NSC (100%) combined with a 2 L plant−1 NSV led
to higher lettuce growth and production attributes. These findings open a new line of
research focused on the integrated management of solution concentration and volume as a
resource-efficient strategy for mitigating saline stress in soilless systems. Therefore, further
research is needed to evaluate different plant species, hydroponic cultivation systems, and
additional environmental or management factors.
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Abbreviations

CV Coefficient of variation
DAS Days after sowing
DAT Days after transplanting
DFT Deep flow technique
DO Dissolved oxygen
DF Degree of freedom
DWC Deep water culture
EC Electrical conductivity
ECsol Nutrient solution electrical conductivity
ECw Water electrical conductivity
ECwps Water electrical conductivity of public supply
LA Leaf area
LDM Leaf dry matter
LDMD Leaf dry matter of disk
LFM Leaf fresh matter
NFT Nutrient film technique
NL Number of leaves
NSC Nutrient solution concentration
NSV Nutrient solution volume
PC1 Principal component 1
PC2 Principal component 2
PCA Principal component analysis
PH Plant height
ROS Reactive oxygen species
SD Stem diameter
SDM Stem dry matter
SFM Stem fresh matter
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SV Source of variation
Tsol Nutrient solution temperature
UFRB Federal University of Recôncavo da Bahia
WCL Water content in leaf
WPDM Water productivity based on dry matter
WPFM Water productivity based on fresh matter
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