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Abstract: Silicon is known to be an effective salt stress attenuator for crops, and evaluating its
application effectiveness in combination with other salt stress attenuators is essential for crops
and soils. This work aimed to assess whether applying organic matter (OM) and Trichoderma
(T) potentiates silicon (Si) in mitigating soil salinization and promoting quinoa growth under salt
stress. Quinoa plants were grown in pots under saline irrigation (3.12 dS m−1) and subjected
to the following treatments: quinoa only; quinoa + Si; quinoa + Si + OM; quinoa + Si + T; and
quinoa + Si + OM + T, at two levels of soil moisture—30 and 80% of the available water content
(AWC). Sixty days after transplanting, soil and quinoa plants were collected from the pots. At 80%
AWC, Si + OM and Si + OM + T promoted the highest fresh mass for quinoa—301.54 and 247.26 g,
respectively. Si + OM + T significantly mitigated saline parameters (EC = 9.82 dS m−1; ESP = 32.27%).
Si combined with OM and T was the most effective way to attenuate salt stress in quinoa and soil
salinization and promote a more sustainable way to manage saline irrigation in semiarid regions.

Keywords: sustainable agriculture; saline irrigation; salt stress

1. Introduction

Indications that the global population will exceed 9.5 billion people by 2050 [1] imply
a significant increase in the demands for water and food [2]. This represents a substantial
challenge for agricultural production in semiarid regions with serious limiting factors for
food production, among which water scarcity and salinity are the main ones [3].

In the Brazilian semiarid region, groundwater is commonly used in irrigation to
meet the water demand of crops due to the scarcity of good-quality water for irrigation.
The drawback is that the vast majority of these waters have high salt contents, mainly
high sodium and chlorine concentrations, and represent low-quality water for irrigated
agriculture [4]. Consequently, the inadequate management of these waters has been the
leading cause of secondary salinization, degrading and decertifying Brazilian semiarid
soils [5]. Therefore, to ensure the sustainability of agriculture in several semiarid regions
worldwide, it is necessary to find ways to grow crops and minimize the negative impacts
of using saline irrigation.

In addition to soil degradation, saline irrigation negatively affects crop growth, pro-
duction, and quality through several means: a reduction in the net photosynthesis rate [6];
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morphological and anatomical changes decreasing fresh and dry matter of plants [7]; nu-
tritional imbalance; osmotic inhibition; and specific saline ion toxicity [1]. Adding salt
stress attenuators—nutrients and growth regulators—has received significant attention for
attenuating the adverse effects of salt stress in plants [8]. In this sense, silicon (Si) has stood
out for being considered a low-cost and easy-to-apply nutrient, serving as an alternative to
improve the tolerance of crops to salt stress [9].

The exogenous application of Si has been considered an eco-friendly practice [10],
which maintains an optimal K+/Na+ ratio and nutrient balance and regulates the produc-
tion of reactive oxygen species (ROS) [11], as well as increases the activity of H+-ATPase in
the plasma membrane and tonoplast, facilitating the extrusion of Na+ from the cell [12].
Several studies have reported the effectiveness of Si in mitigating salt stress in different
crops [13,14], such as quinoa (Chenopodium quinoa Willd.) [15], which is a promising crop for
semiarid regions because it is known to be tolerant to water and saline stress [16] and is an
important food source due to its high nutritional value [17]. However, most of these studies
have focused on the application of silicon in isolation and have yet to test its effectiveness
in combination with other salt stress attenuators, and information on its effects on soils is
also scarce or non-existent. Thus, evaluating its application effectiveness in combination
with other salt stress attenuators is essential for crops and soils.

In addition to crop damage, salinity and sodicity seriously affect soils’ physical and
chemical properties, such as an increase in clay dispersion, a reduction in hydraulic conduc-
tivity, the water retention capacity, an increase in the percentage of exchangeable sodium,
and electrical conductivity [18]. Strategies to recover soils’ physical and chemical properties
subjected to saline irrigation, such as manure application, are essential to mitigate the
salt accumulation in the root zone and maintain or improve soil attributes to favor crop
growth [19,20].

The salt tolerance of crops can also be improved depending on the root-colonizing
organisms. Among these, fungi of the Trichoderma genus are commonly found in soils
colonizing plant roots [21]. The agricultural use of Trichoderma has demonstrated several
benefits for crops, such as promoting root growth [22]; increasing water and nutrient uptake
and increasing nutrient utilization efficiency by crops [1]; improving soil structure [23];
and improving plant tolerance when subjected to abiotic stresses, such as drought and salt
stress [24].

Studies addressing the production potential of quinoa under abiotic stresses in the
Brazilian semiarid regions are still rare and incipient. However, investigating the applica-
tion of salt stress attenuators, such as silicon alone or in interaction with Trichoderma and
organic matter, can promote a hopeful alternative to alleviate some of the harmful effects of
salts on quinoa cultivation. However, the attenuators’ effectiveness in relieving salinity’s
adverse effects on quinoa must be evaluated under different soil moisture conditions, as
in semiarid soils, moisture contents vary very quickly. It is also essential to monitor the
saline attributes of soils under the application of Si alone or combined with other saline
stress attenuators to verify its effects on the soil’s chemical properties and to guarantee
the sustainability of crop production in semiarid regions as a function of the agricultural
practices adopted.

Thus, we hypothesize that Si applied with organic matter and Trichoderma potentiates
salt stress attenuation on quinoa and is a more effective strategy for attenuating soil
salinization due to saline irrigation. The objectives of the present study were (1) to evaluate
whether applying organic matter and Trichoderma potentiate silicon to attenuate salt stress
in quinoa and favors its growth in different soil moisture contents under saline irrigation
and (2) to verify if the application of Si in combination with organic matter and Trichoderma
is a more effective strategy for mitigating the impacts of saline irrigation on soil chemical
properties. Thus, this study contributes to improving the effectiveness of management
strategies for saline stress attenuators on crops and attenuating soil salinity to promote the
sustainability of irrigated agriculture in semiarid regions.
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2. Materials and Methods
2.1. Experimental Set Up

The present study was carried out in a greenhouse at the Parnamirim Irrigated Agricul-
ture Station—Rural Federal University of Pernambuco (8◦08’379” S; 39◦57’42” W), located
in the municipality of Parnamirim, a semiarid part of the state of Pernambuco, Northeast
Brazil. The climate in the region is semiarid and of the BSwh type, according to the Köppen
classification. During the experiment, the average temperature inside the greenhouse was
34.9 ◦C, and the average relative humidity was 42%.

For the experiment, we used Fluvisol—saline soil, according to Richards [25]. The
saline soil was collected from the 0–20 cm layer, air-dried, homogenized, and sieved (4 mm
sieve) to set up the experiment. Subsequently, the sieved soil was transferred to pots, with
15 kg of soil per pot. The soils’ chemical and physical characteristics are shown in Table 1,
measured according to Richards [25] and Embrapa [26].

Table 1. Chemical properties and textural analysis of the saline soil used in the experiment.

Sorptive Complex Soluble Complex

pH 6.07 EC (dS m−1) 4.88
Ca2+ (cmolc kg−1) 8.80 Ca2+ (mmolc L−1) 45.38
Mg2+ (cmolc kg−1) 5.34 Mg2+ (mmolc L−1) 17.40
Na+ (cmolc kg−1) 0.33 Na+ (mmolc L−1) 7.49
K+ (cmolc kg−1) 0.42 K+ (mmolc L−1) 7.70
CEC (cmolc kg−1) 15.82 SAR (mmolc L−1)0.5 1.34
ESP (%) 2.08
P (mg dm−3) 28.04
OM (%) 2.20
Sand (%) 14.20
Silt (%) 72.12
Clay (%) 13.68

CEC = Cation Exchange Capacity; ESP = Exchangeable Sodium Percentage; OM = Organic Matter; EC = Electrical
Conductivity; SAR = Sodium Adsorption Ratio.

2.2. Treatments and Experimental Design

Quinoa plants (Chenopodium quinoa Willd.)—cultivar BRS Piabiru—were grown in
pots (20 L in volume, 37 cm in height, and 32 cm in diameter) on the collected soil (Table 1).
The transplantation of quinoa plants occurred 15 days after germination. To verify if the
effectiveness of silicon (Si) in attenuating salt stress on quinoa is potentiated, we tested
the use of applied Si alone and in association with Trichoderma (Trichoderma harzianum)
and organic matter, corresponding to the following mixtures of saline stress attenuator:
(A) control (without the application of saline stress attenuator); (B) Si; (C) Si + organic
matter; (D) Si + Trichoderma; and (E) Si + organic matter + Trichoderma. Cultivated quinoa
plants were grown at two levels of soil moisture to verify the efficacy of the tested salt
stress attenuators under low- and high-soil moisture content conditions. In this study, we
induced 30 and 80% of the available water content as low and high soil moisture content,
respectively. Thus, the experiment had a completely randomized design, a 5 × 2 factorial
arrangement, and four replications.

After weighing the pots, quinoa plants were irrigated with saline water sufficient for
maintaining moisture levels at 30% and 80% of the soil field capacity. During the entire
experimental period, the quinoa plants were irrigated with saline water collected from a well,
classified as C4S1 according to Richards [25], every two days, totaling an irrigation interval
of 48 h. The chemical characteristics of the saline water used in the experiment are shown in
Table 2.

The source of Si used in the study was potassium silicate—K2SiO3—at a dose of
10 mL of K2SiO3 L−1. The Si applications were made using soil—at the transplantation
and 20 days after transplanting—and foliar, at intervals of 15 days after transplanting,
in a total of 6 applications. The fungus T. harzianum was obtained from the commercial
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product Trichodermil SC 1306—Strain ESALQ-1306—and was applied to the soil during
transplantion and 20 days after transplanting, at a concentration of 2 × 109 viable conidia
m L−1, at a dose equivalent to 1 L ha−1. The source of organic matter used was bovine
manure (Table 3), applied at 60 t ha−1, representing the dose used in the study region.

Table 2. Chemical characteristics of the saline water used in the experiment.

pH
EC

dS m−1
Ca2+ Mg2+ Na+ K+ Cl− CO32− HCO3− SO42− SAR

____________________________ mmolc L−1 ____________________________ mmolc L−1

7.23 3.12 9.28 9.23 11.73 0.12 26.38 0.00 5.70 0.76 4.78

EC = Electrical Conductivity; SAR = Sodium Adsorption Ratio.

Table 3. Chemical characteristics of the organic matter (goat manure) used in the experiment.

D C N P K+ Na+ Ca2+ Mg2+ pH EC

kg m−3 _________________________ g kg−1 _________________________ - mS cm−1

815.80 119.70 17.90 8.70 4.50 1.10 27.70 10.20 7.87 1.87

D = Density; EC = Electrical Conductivity.

2.3. Quinoa Growth and Shoot Ions Accumulation

The experiment was conducted between August and November 2021. Sixty days after
transplanting, the quinoa plants were collected from the pots, and the fresh mass of the
aerial part was weighed. In our study, salt stress on quinoa was evaluated concerning
the relative biomass of quinoa, which was calculated using the ratio between the biomass
of the plant produced under the applications of Si treatments (alone and in association
with T. harzianum and organic matter) and the biomass of the plant obtained by the control
(without Si alone or in association) at the two moisture levels studied:

RB (%) = [(SFMx/SFMc) × 100] (1)

where RB = relative biomass of quinoa plants; SFMx = shoot fresh matter at x treatment;
and SFMc = shoot fresh matter at control treatment.

Subsequently, the collected quinoa plants were deposited in a forced circulation oven
at 65 ◦C until they reached constant weight for element measurement. The aerial part of
the dried quinoa was ground in a Wiley-type mill, and 0.05 g was weighed to determine
the elements Na+ and K+. We added 10 mL of distilled water and boiled it in a water
bath for one hour. The extracts were filtered, and the Na+ and K+ were measured via
flame emission photometry [27]. An accurate 0.1 g of ground dry matter was weighed to
determine Cl−, and 10 mL of distilled water was added, followed by boiling. After cooling
the extract, we used 5 mL of the extract to determine the Cl− in quinoa plants. We added
1 mL of K2CrO4 solution at 50 g L−1 to the extract and titrated it with AgNO3 solution at
0.0125 mol L−1 [28].

2.4. Soil Chemical Analysis

The collected soil samples were air-dried and passed through a 2 mm mesh sieve for
chemical analyses, which were performed according to Richards [25]. The soil pH was
determined in a soil–water suspension of 1:2.5 directly from the pH meter. Exchangeable
Na+ and K+ were extracted with ammonium acetate solution (1 mol L−1) at pH 7 after
pre-washing the salts and then measured via flame emission photometry. The CEC was
measured through extraction with sodium acetate (1 mol L−1) at pH 8.2 and measured via
flame emission photometry. The percentage of exchangeable sodium (ESP) was calculated
using the ratio of exchangeable Na+ (cmolc kg−1) to CEC (cmolc kg−1), according to the
following equation [25]:

ESP (%) = Na+/CEC × 100. (2)
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We prepared the saturated paste extract to determine electrical conductivity and
soluble elements—Na+, K+, and Cl−. For this, the saturated paste extract was obtained by
adding distilled water to 500 g of soil with the material mixture until complete saturation
was reached. The electrical conductivity of the paste extract (at 25 ◦C) was measured
directly using a conductivity meter (model Digimed DM-32) with a relative precision of
0.05%. Na+ and K+ were measured via flame emission photometry, and Cl− was measured
via titration with AgNO3

−.

2.5. Statistical Analysis

The data were statistically analyzed using SPSS software (SPSS 16.0 for Windows, IBM
Company, Inc., Chicago, IL, USA). We used Kolmogorov–Smirnov and Levene tests to verify
the assumption of normality and homogeneity of the variance regarding the experiment’s
studied parameters. The tests indicated that the variance and normal distribution were
homogeneous for all investigated cases.

Plant and soil parameters responding to the tested treatments were analyzed as
dependent variables, while moisture levels and saline attenuators were fixed factors. A
two-way analysis of variance (ANOVA), at a significance level of p < 0.05 followed by
Tukey’s test for a comparison of the means, was used to evaluate if the plant and soil
parameters were affected by the tested treatments.

3. Results

The two-way ANOVA test examined the effect of the two studied factors (salt stress
attenuators and available water content) on plant and soil parameters (Table 4). According
to the obtained data, it was notable that the interactive effect between salt stress attenuators
and the available water content significantly influenced the plant and soil parameters,
indicating significant differences (p < 0.05) for all studied variables. Thus, in this study,
we emphasized the results obtained based on the interactive effect. This finding implies
that the effectiveness of Si, when applied alone or in combination with other salt stress
attenuators, is strongly influenced by the available water content.

Table 4. Summary of the two-way variance analysis of the studied plant and soil parameters.

Source of
Variation

Mean Square

Plant Parameters Soil Parameters

SFM SRB Na+ K+ Cl− K+ (s) Na+ (s) Cl− (s) K+ (e) Na+ (e) pH EC ESP

SSA 20.45 ** 41 * 0.01 ** 0.09 * 0.54 ** 2.40 ** 8390.7 * 103ns 0.04 ** 1.41 * 0.15 ns 1.82 * 47.67 *
AWC 1196.78 * 286 * 0.05 ns 0.16 * 10.65 ns 6.06 *** 376.8 ns 433 * 0.01 ns 27.2 *** 0.64 * 4.81 ** 44.48 *

SSA*AWC 24.80 *** 44 * 0.01 ** 0.13 * 0.56 ** 0.66 ** 308.1 * 62.9 * 0.03 * 0.34 * 0.03 ** 2.90 * 16.36 *
Residue 5.32 168 0.01 0.03 0.19 0.14 15.48 56.1 0.02 0.22 0.09 1.55 5.46
CV (%) 11.4 12.6 12.1 12.7 22.6 13.9 10.8 14.6 8.6 7.2 1.3 12.8 5.9

SFM = shoot fresh matter; SRB = shoot relative biomass; (s) = soluble; (e) = exchangeable; EC = electrical
conductivity; ESP = exchangeable sodium percent; SSA = salt stress attenuator; AWC = available water content;
CV = coefficient of variation; *, **, and *** = significant at 5, 1, and 0.1%, respectively, according to Tukey’s test;
ns = non-significant.

3.1. Quinoa Growth and Shoot Ion Accumulation

The interactive effect between saline stress attenuators and available water content
on quinoa plant growth is shown in Figure 1. Applying salt stress attenuators at 80%
AWC promoted significant increases (p < 0.05) in the growth of quinoa, as observed by
the increases in shoot fresh matter and relative biomass concerning the control (Figure 1).
Saline stress attenuators were ineffective at low soil available water contents (30% AWC).

At 80% AWC, the Si + OM attenuators obtained the highest fresh mass values with a
production of 301.54 g, followed by Si + OM + T (247.26 g) and Si + T (235.68 g) (Figure 1A).
Regarding the relative biomass, the attenuator Si + OM was superior to the others, promot-
ing an increase of 37.81% in the biomass of quinoa and an increase of 13.11% when applied
Si + OM + T, at 80% AWC (Figure 1B).
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Figure 1. Interactive effects of salt stress attenuators and available water content on quinoa growth 
parameters—shoot fresh matter (A) and shoot relative biomass (B). Capital letters indicate the 
growth plant parameters between the available water content for each salt stress attenuator. 
Lowercase letters indicate the plant growth parameters between the salt stress attenuators for each 
amount of available water content (AWC). Different letters represent significant differences among 
treatments based on the Tukey test (p < 0.05). Si = Silicon; OM = Organic Matter; T = Trichoderma. 
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Figure 1. Interactive effects of salt stress attenuators and available water content on quinoa growth
parameters—shoot fresh matter (A) and shoot relative biomass (B). Capital letters indicate the growth
plant parameters between the available water content for each salt stress attenuator. Lowercase letters
indicate the plant growth parameters between the salt stress attenuators for each amount of available
water content (AWC). Different letters represent significant differences among treatments based on
the Tukey test (p < 0.05). Si = Silicon; OM = Organic Matter; T = Trichoderma.

Soil water content had a significant effect on quinoa growth, promoting an increase in
fresh mass from 138.93 g (30% AWC) to 218.97 g (80% AWC) for the control, while with
the application of Si + OM, the fresh mass gain went from 133.64 g (30% AWC) to 301.54 g
(80% AWC) (Figure 1A). Still, in comparing the water availability, it was evidenced that
in the highest water availability (80% AWC), where organic matter was applied (Si + OM,
Si + OM + T), the relative biomass yield increased (Figure 1B).
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Element content in the plant was significantly influenced (p < 0.05) by the interaction
of salt stress attenuators with different available soil water contents. A higher available
water content in the soil promoted a greater absorption of the elements Na+, K+, and Cl−,
concerning the lower available water content—30% (Figure 2). Na+ content gains in quinoa
shoots ranged from 35.62 mg to 58.03 mg when Si + OM was applied and from 70.29 mg
to 107.55 mg in the control. Using Si + T and Si + OM + T did not promote increased Na+

content with increased soil water availability (Figure 2A). For K+, the gains were from
52.93 mg to 66.62 mg (control) and 83.31 mg to 118.36 mg (Si + OM) (Figure 2B). Regarding
Cl−, the increases ranged from 13.64 mg to 20.90 mg (Si + OM) and from 18.81 mg to
34.49 mg (control) (Figure 2C).
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At 30% AWC, all saline stress attenuators had a significant effect on reducing the
quinoa’s Na+ absorption (Si + OM—35.62 mg, Si—39.59 mg, Si + OM + T—39.69 mg, Si
+ T—46.98 mg) when compared to the control (70.29 mg). At 80% AWC, except for Si,
the other saline stress attenuators had a significant effect on reducing the quinoa′s Na+

absorption (Si + OM + T—45.68 mg, Si + T—56.82 mg, Si + OM—58.03 mg) when compared
to the control (107.55 mg) (Figure 2A).

For K+, at 30% AWC, the attenuators Si + T and Si + OM promoted greater element
absorption, presenting a content of 101.08 and 83.31 mg, respectively, compared to the
control (52.93 mg). At 80% AWC, the Si + OM and Si attenuators promoted a greater
K+ absorption—118.36 and 89.14 mg, respectively—compared to the control (66.62 mg)
(Figure 2B).

Regarding Cl− in both conditions of soil moisture, all stress attenuators significantly
reduced the quinoa’s absorption of the element compared to the control (Figure 2C). At 30%
AWC, the control quinoa plants obtained a content of 18.81 mg of Cl−, while the quinoa
plants cultivated with Si + OM + T, Si, Si + T, and Si + OM obtained 11.55, 12.39, 12.39,
and 13.64 mg of Cl−, respectively. At 80% AWC, the Cl− content was as follows—control
(34.49 mg), Si (25.80 mg), Si + T (25.00 mg), Si + OM + T (22.18 mg), and Si + OM (20.90 mg).

3.2. Soluble and Exchangeable Ions

The concentrations of soluble and exchangeable elements for soil available water
content and the saline stress attenuators are in Table 5. We verified that the soluble K+ was
higher (p < 0.05) at 30% AWC compared to 80% AWC. In contrast, the concentration of
soluble Na+ showed the opposite behavior to that of K+—higher at 80% AWC. For Cl−,
it was observed that the available water content in the soil effectively differentiated the
concentrations of the ion in solution only in the control, being greater than 80% AWC.
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Table 5. Interactive effects of salt stress attenuators vs. soil available water content on soil exchange-
able and soluble element contents.

Available Water Content Salt Stress Attenuators K+ Na+ Cl−

Soluble elements (mmolc L−1)

30%

Control 1.47 Ac 98.25 Ba 47.01 Ba
Si 2.58 Ab 90.35 Ba 47.33 Aa
Si + OM 4.21 Aa 103.73 Ba 47.83 Aa
Si + T 2.69 Ab 102.51 Ba 49.33 Aa
Si + OM + T 4.11 Aa 97.04 Aa 46.30 Aa

80%

Control 1.20 Bd 139.00 Aa 61.00 Aa
Si 2.14 Bc 137.17 Aa 54.17 Aa
Si + OM 2.47 Bb 135.35 Aa 55.50 Aa
Si + T 2.49 Bb 140.82 Aa 61.50 Aa
Si + OM + T 3.83 Ba 106.77 Ab 43.33 Ab

Exchangeable elements (cmolc kg−1)

30

Control 0.12 Ac 6.21 Ba -
Si 0.15 Ab 5.67 Bb -
Si + OM 0.17 Aa 5.45 Bb -
Si + T 0.15 Ab 5.07 Bc -
Si + OM + T 0.18 Aa 5.36 Bbc -

80

Control 0.11 Ac 7.97 Aa -
Si 0.15 Ab 7.82 Aa -
Si + OM 0.18 Aa 7.94 Aa -
Si + T 0.14 Ab 7.02 Ab -
Si + OM + T 0.18 Aa 6.56 Ac -

Si = Silicon; OM = Organic Matter; T = Trichoderma. Capital letters in the column indicate the concentrations of
the elements between the available water content for each salt stress attenuator. Lowercase letters in the column
indicate the concentrations of the elements between the salt stress attenuators for each available water content.
Different letters represent significant differences among treatments based on the Tukey test (p < 0.05).

At 30% AWC, the amendments with organic matter (Si + OM and Si + OM + T) had
the highest concentrations of soluble K+, followed by the Trichoderma application (Si + T)
and isolated silicon (Si). At 80% AWC, the joint application of Si + OM + T resulted in a
higher soluble K+.

In conditions of low soil moisture (30% AWC), the saline stress attenuators did not
result in significant differences (p < 0.05) in the concentrations of soluble Na+ and Cl−. In
contrast, at 80% AWC, only the Si + OM + T application reduced the concentrations of these
soluble elements compared to the control (Table 5).

For the soil exchange complex, soil water content resulted in a significant source of
variation (p < 0.05) for Na+ concentrations but not for K+. Na+ concentrations increased
when more saline water was added to the soil (80% AWC) (Table 5).

Regarding saline stress attenuators, they were effective in promoting changes in the
Na+ and K+ concentrations (p < 0.05). For K+, the behavior was the same regardless of the
water content in the soil. Organic matter application (Si + OM + T and Si + OM) resulted
in high element concentrations on the soil exchange complex, followed by Si + T and Si.
The application of Si + T caused the lower concentration of Na+, followed by Si + OM + T,
Si + OM, and Si at 30% AWC. At 80% AWC, only the Si + OM + T and Si + T applications
had lower Na+ concentrations than the control (Table 5).

3.3. Soil Salinity and Sodicity Parameters

The parameters referring to soil salinity and sodicity (pH, EC, ESP) were significantly
influenced (p < 0.05) by the interaction of saline stress attenuators in different contents of
available water in the soil (Figure 3).
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Figure 3. Interactive effects of salt stress attenuators and available water content on soil salinity
parameters—pH (A), electrical conductivity (B), and exchangeable sodium percentage (C). Capital
letters indicate the soil salinity parameters between the available water content for each salt stress
attenuator. Lowercase letters indicate the soil salinity parameters between the salt stress attenuators
for each available water content (AWC). Different letters represent significant differences among
treatments based on the Tukey test (p < 0.05). Si = Silicon; OM = Organic Matter; T = Trichoderma.
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An 80% AWC promoted an increase in all variables compared to 30% AWC. The pH
increased from 6.79 to 7.1 in the control and from 7.14 to 7.45 for Si + OM + T. For EC, this
increase ranged from 8.38 to 9.57 dS m−1 due to the Si + OM + T application and from
8.87 to 11.54 dS m−1 for the control treatment, which had the most significant increase for
EC. The increases in ESP ranged from 34.08 to 38.52% for Si + T, and the most significant
increase occurred in the control, ranging from 39.32 to 51.08%. Only the application of
Si + OM + T did not promote an increase in ESP with the rise in the soil’s water content.

In comparing salt stress attenuators vs. the control, it was observed that the Si + OM
and Si + OM + T applications had gains in pH values at both humidities (30% AWC—7.18
and 7.14; 80% AWC—7.45 and 7.45, respectively) (Figure 3A). Under low water contents
(30% AWC), the Si + OM application increased soil EC values (10.17 dS m−1) concerning the
control treatment (8.87 dS m−1). The results of other attenuators did not differ significantly
from each other. At 80% AWC, the Si and Si + OM + T applications promoted the lowest
average values for soil EC, 9.57 and 9.82 dS m−1, respectively, compared to the control
treatment (11.54 dS m−1) (Figure 3B).

Regarding ESP, at 30% AWC, the Si + OM + T, Si + T, and Si + OM attenuators promoted
the lowest mean values (32.09, 34.08, and 35.35%, respectively), and the control, the highest
(39.32%). At 80% AWC, the Si + OM + T, Si + T, and Si attenuators had the lowest ESP
values (32.27, 38.52, and 46.38%) compared to the control (51.08%) (Figure 3C).

4. Discussion
4.1. Quinoa Growth and Nutritional Status

Water stress harms quinoa, decreasing plant biomass. Maestro-Gaitán et al. [29] studied
four quinoa cultivars, and they found that when quinoa was cultivated with 75% soil water
available, fresh mass production was more significant than when grown with 35% soil water
available, where the reductions in leaf biomass, stems, and seeds, also demonstrated this effect.
Manaa et al. [30] also found reduced quinoa growth under water stress.

Losses in quinoa growth occur due to water stress, which promotes decreases in
chlorophyll content, leaf osmotic, and water potential and induces significant changes in
the chloroplast organization. The stress decreases the growth of the quinoa mainly by
reducing leaf expansion and net photosynthesis. However, it is noteworthy that when
subjected to stress recovery irrigation, the loss of structural integrity and chloroplast
arrangement disorder are quickly recovered, suggesting that quinoa can withstand drought
conditions well [30].

Under adequate soil moisture conditions (80% AWC), saline stress attenuators in-
creased the fresh mass production in quinoa, mainly with the organic matter application
(Si + OM). Rekaby et al. [31] studied organic compost and humic acid application in quinoa,
and they also observed that plant growth variables increased. The authors justify that the
organic matter addition mitigates the harm of salts as a direct effect and that these com-
pounds help the plant to tolerate salts through metabolic changes. The organic compounds
added to salt-affected soils reduce salt stress and improve plant growth by increasing
nutrient availability, water retention, soil structure, and microorganism bioactivity [32,33].
The Trichoderma applicationd (Si + T and Si + OM + T) increased fresh mass, which may
be associated with the fungus’s ability to improve soil nutrient availability by secreting
organic acids into the rhizosphere [34].

The toxic ion accumulation in the tissues under salt stress can affect the total plant
biomass. What can be observed in this work is that the treatments that promoted a more
significant production of fresh mass (Si + OM, Si + T, and Si + OM + T) are the same ones
that favored a lower toxic ions absorption—Na+ and Cl−. At the same time, the lower
fresh mass production (control) is due to higher absorptions of Na+ and Cl− instead of
K+. It is essential to realize that in quinoa grown at 80% AWC, there was a higher salt
entry into the soil, mainly Na+ and Cl−, due to the irrigation water being rich in these
ions and having the capacity to salinize the soil. In addition, even with a higher soil salt
concentration, the salinity attenuators effectively controlled the salt effect stress, decreasing
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the plants absorption of Na+ and Cl−. In other research, Silva et al. [35], by testing the same
attenuators and combinations as this study in sorghum (Si + OM, Si + T, and Si + OM + T),
showed that the Si combinations reduced toxic ion absorption (Na+ and Cl−) and favored
nutrient ion absorption (K+), resulting in significant gains in biomass.

Potassium is a many-cytoplasmic enzyme activator necessary for photosynthesis and
respiration. Still, as Na+ and K+ ions have similar physicochemical properties, they compete
for the primary binding sites in these essential metabolic processes in the cytoplasm [36].
Therefore, K+ deficiency suppresses photosynthesis and reduces plant growth. Increasing
K+ uptake alleviates the harmful effects of salinity [37]. In addition, K+ is an essential ion
for maintaining and creating turgor pressure and adjusting the plant’s water balance [36].
Even when quinoa is cultivated with low soil available water content (30% AWC), salt
stress attenuators effectively decreased the Na+ and Cl− absorption and increased the K+

absorption of the quinoa plants, with a low fresh mass production associated with multiple
stress occurrences (water + salt).

Silicon (Si) and organic matter (Si + OM) applications promoted significant K+ absorp-
tion. The Si source was potassium silicate, which may explain this increase in K+ absorption.
However, Si applied in isolation did not reduce the plant Na+ absorption, requiring further
studies with different doses or other Si sources. Regarding OM, as previously discussed,
OM is a nutrient source, increasing its availability and promoting other soil improvements
that may justify the better absorption of this element by quinoa.

Terletskaya et al. [38] evaluated the influence of osmotic and saline stress on quinoa
growth and found that a saline level between 100 and 200 mM NaCl was not crucial for
its development. Still, with increasing salinity (300 mM NaCl), biomass was reduced
due to higher Na+ absorption in the aerial part of the plant. This corroborates the results
found in this work, as quinoa cultivated without adding salt stress attenuator (control)
absorbed more Na+ and reduced its fresh mass production. The Na+ abundance in a saline
environment results in its greater root uptake, increasing its concentration and reducing
the other ions concentration, mainly K+, in the plant [36].

4.2. Soil Properties

Regarding elements’ content in the soil (soluble and exchangeable), the reduction
in soluble K+ in the highest available water content occurred as a consequence of the
increase in soluble Na+, which presented higher levels for the highest available water
content (80% AWC), due to the water quality used in the experiment, which had a high
range of this element (Table 2). As these elements present antagonistic interactions on
soil [39], increasing soluble Na+ reduces soluble K+. Although no differences were verified
for Cl−, according to the data obtained in our study, it was evident that greater amounts
of this saline water tend to increase Cl− accumulation. As there was no drainage in the
experiment, this contributed to the fact that the application of this water in more significant
amounts resulted in higher contents of soluble Na+ and Cl−.

In this study, we verified that the exchangeable Na+ content also increased significantly
for the highest available soil water content (80%) due to the application of higher saline
irrigation depths. Na+ in saline water passes to the soil solution, increasing its levels.
Increasing the concentration of this element in the soil solution promotes its passage to the
exchangeable phase of the soil, thus increasing the levels of exchangeable Na+ [40].

The highest levels of elements verified for the highest available water content in the soil
(80%) increased the soil pH values, electrical conductivity, and percentage of exchangeable
sodium. According to Black and Campbell [41], more ions in the soil solution increase the
soil solution’s ionic strength and thus its electrical conductivity values—soil salinization.
On the other hand, as exchangeable Na+ is directly related to the percentage of exchangeable
sodium [42], increasing its exchangeable levels, promoted by 80% AWC, resulted in higher
ESP values. Increases in soil pH through saline irrigation occur because of the imbalance in
the ionic composition due to sodium addition [43], and the predominance of carbonate and
bicarbonate ions and hydroxide compounds, contributing to the increase in the soil pH [44].



Sustainability 2024, 16, 2825 13 of 16

Thus, the increase in pH observed at 80% AWC also occurred due to a greater contribution
of HCO3

2− ions, which is present in the composition of saline water used for irrigation
(Table 2).

In the Brazilian semiarid region, saline waters with high levels of Na+ and Cl− are
commonly used to irrigate crops grown in soils without drainage systems [5]. As a conse-
quence, increasing soil pH and electrical conductivity values and increasing exchangeable
Na+ and ESP tend to deteriorate soil physical properties, such as its structure and perme-
ability [18]. This represents the need for studies that assess plant growth and the effects
on soil properties by using saline water for irrigation to find sustainable management
strategies for using these waters.

Applying saline stress attenuators effectively increased the soluble and exchangeable
K+ levels compared to the control, where no source of K+ was used. As there was a
combined application of potassium silicate through the soil and application of organic
matter, which were both sources of K+, this contributed to the increases in its soluble
and exchangeable contents. In addition, Trichoderma is efficient in solubilizing nutrients
and improving soil fertility and nutrient utilization efficiency of plants [45]. Significant
reductions verified for the exchangeable Na+ contents indicate that Si, organic matter,
and Trichoderma applications tend to regulate the Na+ balance in the soil, attenuating its
adsorption in the exchange complex in higher available water contents (80% AWC), and
consequently reducing the ESP values.

Our results show, notably, that where saline stress attenuators—isolated or combined
with silicon—were applied, soil pH increased, and significant reductions in electrical
conductivity and the percentage of exchangeable sodium occurred. Some studies have
shown increases in soil pH values due to silicon source applications [46–49]. According to
Haynes [50], OH− ions are released during the dissolution of silicate fertilizers, contributing
to the increase in soil pH.

The most significant differences for the variable electrical conductivity, verified with a
higher content of available water in the soil (80% AWC), indicate a greater effectiveness
of the saline stress attenuators in reducing soil salinity under conditions of a higher soil
moisture content. The results verified in our study for EC values also suggest that saline
stress attenuators are ineffective in promoting reductions in soil salinity at low soil available
water content (30% AWC). Khan et al. [51] stated that exogenous silicon regulates electrical
conductivity. In the present study, the salt stress attenuators were applied with silicon,
alone or in combination. Thus, our findings are in agreement with those of previous
studies [52,53], which have also found that exogenous silicon application reduces soil
electrical conductivity and favors crop growth.

5. Conclusions

The data obtained in the present study allow us to conclude that although the increase
in the available water content in the soil increased the electrical conductivity, the Na+

content (exchangeable and soluble), and the exchangeable Na+ percentage, 80% of the
available water content is the moisture content that provides the most significant growth of
quinoa under saline irrigation.

In the future, additional field-scale investigations that verify the effectiveness of these
salt stress attenuators under quinoa growth and yield using drainage systems are essential
for a better assessment of the use of these waters on soil properties and thus for establishing
sustainable soil and saline water management strategies.

The tested saline stress attenuators’ application favored quinoa growth subjected to
saline irrigation only in conditions of higher soil moisture contents (80% AWC). However,
their applications should be recommended due to their effectiveness in reducing the
absorption of elements (Na+ and Cl−) by quinoa plants under low and high soil water
content conditions.

The present study’s results reveal that the application of silicon combined with organic
matter and Trichoderma Harzianum is more effective in mitigating salinity’s harmful effects
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on quinoa by reducing Na+ and Cl− contents in soils and attenuating soil salinization
and sodification through the use of saline irrigation. Our study suggests that applying
silicon combinations promotes a more sustainable way of managing saline irrigation in
semiarid regions.
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