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Abstract

The growing reliance on unconventional water sources requires effective strategies for for-
age production, particularly in semiarid regions. The objective of this study was to evaluate
evapotranspiration, phytomass accumulation, and salt inputs to the soil in millet crops
irrigated with wastewater under different soil water levels, both with and without organic
fertilizer. We conducted the experiment in a protected environment using a randomized
block design in a 4 × 2 + 1 (control) factorial scheme with three replicates. We applied
four irrigation levels with wastewater (25, 50, 75, and 100% of available soil water) with
or without organic fertilizer. The control treatment was watering with the public supply
submitted to 100% of the available water from the soil without fertilization. Wastewater
did not affect biomass without fertilization, but irrigation levels significantly influenced
productivity under fertilization. Additionally, applying 50% of available soil water proved
the most efficient system in terms of yield per unit of water consumed. Although irrigation
improved productivity, water use efficiency in millet showed limited enhancement. The
millet did not exhibit any symptoms of salt stress. Finally, we emphasize caution when
using wastewater (graywater) for irrigation, as continuous application can lead to salt
accumulation and subsequent soil salinization.

Keywords: water use efficiency; Pennisetum glaucum; graywater; sustainability

1. Introduction
Amidst the persistent challenges of drought and water scarcity in arid and semiarid

regions, the potential of recycled water for agriculture represents a beacon of hope. These re-
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gions, often characterized by industrial underdevelopment, experience minimal discharges
of industrial sewage, resulting in water sources primarily composed of domestic with
low pollution levels. This unique characteristic enables the safe recycling of wastewater,
offering substantial opportunities for its utilization. However, it is imperative to stress
the importance of adopting safe practices with recycled water in these regions, ensuring
rigorous water quality monitoring and adherence to high-quality standards for effluents
from sewage treatment plants. This context addresses global water scarcity and promotes
sustainable development, substantially contributing to the water security and sustainability
of communities in these regions [1].

Using domestic sewage water for irrigation represents a management alternative that
provides immediate benefits in the face of water scarcity. On one hand, it increases the water
available for agriculture and supplies nutrients to plants due to its high nutrient content [2].
On the other hand, it typically contains high levels of dissolved salts, which can reduce
agricultural yields and cause environmental impacts on the soil [3]. Therefore, it is necessary
to monitor the salinity of soils irrigated with wastewater, with soil electrical conductivity
serving as the most used method. Soil electrical conductivity offers an effective, low-cost,
and easy-to-implement way to monitor salinity, while providing accurate measurements
under field conditions [4].

One way to reduce the impacts of wastewater salinization in agriculture is to limit
crop water supply [5]. The lower the applied supervision depth, the lower the contribution
of salts to the soil. However, restricting water supplies can significantly reduce crop yields.
Water stress promotes damage to plant metabolism, reducing photosynthesis and cell
division, increasing energy expenditure, and releasing reactive oxygen in cells [6]. These
biochemical and physiological responses directly influence the reduction in crop evapotran-
spiration, which represents the amount of water used by a plant to offset the losses through
soil evaporation and plant transpiration under field conditions. Evapotranspiration is a key
parameter for estimating water use efficiency (i.e., the relationship between productivity
and water consumption), and a plant can tolerate water and salt stress only when it can
enhance this efficiency [5].

People generally oppose the use of wastewater because of its association with sewage
recycling and concerns that exposure to this water may be unsafe [7]. This inclusion
decreased significantly in regions with low water availability, such as the Brazilian semiarid
region; however, concerns about food contamination persist [8]. The use of graywater
(referring to water that has been used in domestic processes, excluding toilet flushes)
appears as one of the safest options for irrigated agriculture, as it is generated in showers,
sinks, washing machines, and other domestic processes, except toilet flushes, contributing
to a significant reduction in the contaminant load [9,10]. This type of water contains fewer
pathogens and usually goes through a filtration system to capture fat and organic matter in
suspension before irrigation. Therefore, this technology offers low-cost implementation
and is easily adopted by communities, making it a viable option, especially in developing
countries [11].

In summary, using recycled water for irrigation in arid and semiarid regions provides
a promising solution to water scarcity, offering a sustainable approach to agricultural
water management. However, its use necessitates careful water quality monitoring to
ensure the safety of crops, soil, and the environment. Strategies such as monitoring
soil salinity, adjusting irrigation depths, and implementing effective filtration systems
for graywater can help mitigate potential risks associated with recycled water use. In
this context, the objective of this study was to evaluate the effect of different irrigation
depths using graywater on evapotranspiration and salt input in pearl millet, with and
without cattle manure fertilization. We hypothesized that increasing irrigation depths with
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graywater would result in higher evapotranspiration and salt input, and that cattle manure
fertilization would partially mitigate these effects.

2. Materials and Methods
We meticulously conducted this study in a controlled environment at the Rural Federal

University of Pernambuco, Serra Talhada Academic Unit, from September to November
2017. The site, situated in the Brazilian semiarid (altitude: 429 m, latitude: 7◦56′15′′ S
and longitude: 38◦18′45′′ W), features a semiarid BSh climate (characterized as hot and
dry) according to the Köppen classification. Throughout the experimental period, we
carefully monitored the meteorological conditions, recording the average temperature
(30.09 ± 1.57 ◦C) and relative humidity (44.02 ± 5.48%) of the air were accurately recorded.

We carefully designed the experiment using a randomized block design in a 4 × 2 + 1
(control) factorial scheme with three replicates. The first factor represented the precise
amount of wastewater watering (25, 50, 75, and 100% of available soil water), and the
second factor represented the presence or absence of organic fertilization (with and without
application of bovine manure). The control treatment received irrigated with water from
the public supply (Table 1) and subjected to 100% available water without fertilization,
maintaining the control conditions of the experiment.

Table 1. Chemical analysis of urban water supply (UW) and wastewater (WW) used for millet irrigation.

Element UW WW Element UW WW

Calcium (mmol L−1) 0.64 2.20 Chlorides (mmol L−1) 0.60 9.60
Magnesium (mmol L−1) 0.48 0.68 Copper (mg L−1) 0.04 0.06
Sodium (mmol L−1) 0.32 17.04 Iron (mg L−1) 0.08 0.08
Potassium (mmol L−1) 0.07 0.46 Manganese (mg L−1) 0.03 0.05
Carbonate (mmol L−1) 0.00 0.24 Zinc (mg L−1) 0.05 0.05
Bicarbonate (mmol L−1) 0.40 4.00 Power of hydrogen (pH) 7.20 7.75
Sulfates (mmol L−1) 0.04 0.17 Electric conductivity (dS m−1) 0.20 0.98
SAR 0.27 8.69 † Water classification C1S1 C3S2

SAR—sodium adsorption ratio. † Classification regarding the risk of salinization and sodification.

The system used to collect wastewater consists of two phases. In the first phase, the
wastewater flows through a fat retention box and in the second phase for a filtration tank
(formed by a superficial layer of charcoal, followed by layers of coarse gravel, coarse sand,
fine sand, and fine crushed). After going through this process, the water is stored in a tank
and used for irrigation. It is worth noting that the toilet water does not enter this system,
so the water collected can be classified as graywater (Figure 1).

Plastic pots with a capacity for 18 dm3 have been grown with soil (Haplic Cam-
bisol) collected in a pasture area from the first 0.20 m layer of soil. After collecting,
the soil was sieved in a 4 mm mesh and then added to the vessels until it reached a
density of 1.30 g cm−3. The chemical and physical characteristics of the soil used are:
7.1 pH; 0.68 cmolc dm−3 potassium; 40.0 mg dm−3 phosphorus; 1.30 cmolc dm−3 calcium;
43 mg dm−3 iron; 1.0 cmolc dm−3 hydrogen + aluminum; 0.27 cmolc dm−3 sodium; 0.88%
of organic matter; 10.5% of clay; 17.2% of silt and 72.2% of sand.

The fertilized treatments with bovine manure received 640 g (with 70% water), the
equivalent of 34 Mg ha−1 of bovine manure. According to Nicolau Sobrinho et al. [12],
this amount of manure is enough for the total growth of the millet. The bovine manure
used had the following chemical characteristics: 10.44 g kg−1 of nitrogen; 10.50 g kg−1 of
potassium; 5.28 g kg−1 of phosphorus; 6.85 g kg−1 of magnesium; 11.20 g kg−1 of calcium;
113.29 g kg−1 of carbon and 11 of carbon/nitrogen ratio.
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Figure 1. Illustration of the wastewater (graywater) filtration system installed by the Non-Governmental
Organization Diaconia in rural residential areas in the semiarid region of Pernambuco, Brazil.

We determined the available water content (AWC) of the soil by calculating the differ-
ence between the moisture at field capacity (FC) and the moisture at the permanent wilting
point (PWP). The FC was obtained following the methodology proposed by Casaroli and
Jong van Lier [13]. We determined PWP from undisturbed soil samples by applying a
pressure of 15 atm in the Richards pressure chamber. The procedures described for the
determination of AWC were performed in the soil in the pots with and without manure,
obtaining the following results for soil without manure: 0.18 g g−1 and 0.03 g g−1 respec-
tively for FC and PWP; for soil with manure, these values were 0.20 g g−1 and 0.05 g g−1

for FC and PWP, respectively.
In this study, we used the millet [Pennisetum glaucum (L.) R. Br.] cultivar IPA-bulck-1

BF was used. From seedling emergence until the fifteenth day of growth, we irrigated the
plants daily with high-quality water without restriction. After this period, we performed
thinning, leaving one plant per pot, and began applying the different wastewater irrigation
depths based on fractions of the soil’s available water content—AWC (25, 50, 75, and 100%
of AWC). We irrigated the pots daily, replacing the water lost through evapotranspiration
by weighing the pots at dawn to determine the required water mass.

After applying the treatments, we evaluated the experiment for 60 days. During this
period, we identified two phenological phases: vegetative growth (from germination to
panicle emergence) and reproductive growth (from panicle emergence to harvest). This
information enabled us to determine evapotranspiration for these two phenological phases.

At the end of the experiment, we harvested the plants and dried them at 65 ◦C until
they reached a constant weight (~48 h) for later determination of plant dry matter (DM) [14].
After removing the plants, we carefully disaggregated and homogenized the entire soil
from each pot to obtain a representative sample. We then collected a subsample of this soil
to determine the electrical conductivity of the soil saturation extract (ECse), following the
methodology described by Freire et al. [15]. Using the soil saturation extract, we measured
soluble sodium (Na+) with a flame photometer [15].

We first subjected the results to the Shapiro–Wilk normality test and Bartlett’s ho-
moscedasticity test. Once we verified these assumptions, we performed analysis of vari-
ance (F-test at 5%) and conducted regression analysis when we observed a significant
difference. We used the R statistical software (version 4.4.3) [16] for all statistical analyses
and graphical representations.



Appl. Sci. 2025, 15, 9612 5 of 13

3. Results and Discussion
3.1. Millet Phytomass Accumulation

According to Figure 2, when the plants did not receive fertilization, the model describ-
ing the accumulation was not significant at the 5% level, indicating that reduced irrigation
depths did not affect biomass production (Figure 2b). In contrast, under fertilization,
the reduction in irrigation depth significantly influenced biomass accumulation, and the
quadratic model provided the best fit to the data. The model derivative indicated that
the maximum millet yield under fertilization occurred at 80% of the available soil water
(Figure 2a).

Figure 2. Dry matter phytomass production of millet with organic fertilization of 34 mg ha−1 with
(a) and without (b) 34 Mg ha−1 organic fertilization as a function of available soil water. Dots
represent the mean values of three replicates; vertical bars indicate the standard deviation.

Independent of the level of water available in the soil, fertilization increased millet
biomass yield by more than 100% compared to unfertilized plants. Fertilized millet showed
greater leaf area expansion and, consequently, higher yield; however, it also required more
water due to increased transpiration, which made the plants more susceptible to water
stress [17]. In addition, millet tolerance to limited irrigation also depends on factors such
as plant metabolism [18] and irrigation frequency [19].

Phytomass production in the control treatment (15.35 g DM plant−1) was statistically
like that of unfertilized plants, regardless of soil water availability. The low nutrient content
in graywater generally reflects its source [20]. In addition, despite developing well in sandy
soils with low fertility, it responds positively to fertilization due to its high capacity for
nutrient translocation [21].

3.2. Analysis of Millet Evapotranspiration

Accumulated evapotranspiration (ET) in fertilized treatments irrigated at 50, 75, and
100% of AWC exceeded all unfertilized treatments and the fertilized treatment irrigated
at 25% AWC (Figure 3a). Fertilization increased leaf number and size in millet, which
enhanced stomatal density and transpiring surface area [22]. At 15 DAT, treatments with
lower soil water availability showed reduced ET values (Figure 3a).

The control showed ET values 15% higher than the unfertilized treatment irrigated
with 100% wastewater, indicating that wastewater irrigation restricted ET. These restrictions
likely resulted from reduced transpiration in millet plants, caused by cumulative salt uptake
since wastewater contained higher salinity than the urban water supply (Table 1). The
resulting salt accumulation in the soil also reduced soil water evaporation.
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Figure 3. Dynamics of accumulated (a) and development phase (b) evapotranspiration in irrigated
millet with varying soil water levels and fertilization (without and with 34 Mg ha−1 of bovine
manure). Treatments: T1—100% AWC without manure; T2—75% AWC without manure; T3—50%
AWC without manure; T4—25% AWC without manure; T5—100% AWC with manure; T6—75%
AWC with manure; T7—50% AWC with manure; T8—25% AWC with manure; T9—control. The
error bars represent the standard deviation. DAT—days after treatment. Means followed by the same
letter do not differ by the Tukey test at 5%.

According to Duarte and Souza [23], an increase in soil salinity promotes changes
in soil osmotic potential, decreasing the loss of water from the soil to the atmosphere.
Furthermore, the high concentration of suspended solids in wastewater intensifies solute–
water interactions, decreasing the tendency of water molecules to transition to the gaseous
state and thus lowering soil evaporation [24].

Fertilized millet plants under higher irrigation levels (100% and 75% AWC) exhibited
the greatest evapotranspiration (Figure 3b). Regardless of fertilization, there was a decrease
in evapotranspiration (ET) with a reduction in the available water in the soil. However, in
unfertilized pots, phytomass production remained statistically unchanged across irrigation
levels (Figure 2b). In contrast, fertilized plants only showed reduced biomass under the
25% AWC treatment. This finding highlights that reducing irrigation depth can improve
water use efficiency, if crop yield does not decrease proportionally to the reduction in water
supply [25].

A reduction in soil water availability (AWC) decreased the proportion of evapotran-
spiration (ET) occurring during the vegetative phase (Figure 3b). When the millet was
fertilized and irrigated with 75, 50, and 25% AWC of the soil, the ET in the reproductive
phase surpassed that of the vegetative phase (Figure 3b). Furthermore, phytomass accumu-
lation correlated more strongly with ET in the reproductive phase (r = 0.83) than with total
ET (r = 0.70) or ET during the vegetative phase (r = 0.51).

Differences in water absorption dynamics are critical for sustaining yield under
drought conditions, as plants generally increase water uptake during the reproductive
phase [26]. Millet varieties that are more tolerant to water deficits tend to allocate greater
water use to this stage, thereby ensuring higher water availability for grain filling [27].

3.3. Millet Water Use Efficiency (WUE)

Water use efficiency (WUE) showed significant differences depending on irrigation
depths. The significantly enhanced water use efficiency, despite the higher evapotranspira-
tion observed in these treatments (Figure 3). In fertilized conditions, each liter of applied
water resulted in an additional 1.0 g of dry matter, whereas in the absence of fertilization,
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the yield ranged from 0.36 to 0.42 g of dry matter per liter of applied water. Although
WUE remains relatively stable under conditions of low water availability, regardless of
fertilization, forage quality tends to decline due to the accumulation of dead material and
the deterioration of bromatological traits [22]. Treatments with lower irrigation depths
showed significant increases in water use efficiency, mainly because pearl millet is a species
capable of regulating stomatal conductance and reducing water loss under limiting water
conditions [21].

The control treatment exhibited the lowest water use efficiency among all treatments
studied (Figure 4), despite producing phytomass statistically like that of the unfertilized
wastewater irrigation treatments. However, it showed higher evapotranspiration compared
to these irrigation treatments (Figure 3). Using 25% of AWC as the reference for lower
ET and dry matter production (DMP), we analyzed the proportion of ET and DMP with
increasing soil water availability (Figure 5). In unfertilized millet, ET increased proportion-
ally to DMP at 50% and 75% AWC (Figure 5a); however, at 100% AWC, the increase in ET
was twice that of DMP.

 
Figure 4. Water use efficiency (WUE) of millet irrigated with wastewater, varying soil available
water content (AWC), and fertilization (without and with 34 mg ha−1 of bovine manure). Treatments:
T1—100% AWC without manure; T2—75% AWC without manure; T3—50% AWC without manure;
T4—25% AWC without manure; T5—100% AWC with manure; T6—75% AWC with manure; T7—
50% AWC with manure; T8—25% AWC with manure; T9—control. Vertical bars indicate standard
deviation. Means followed by the same letter do not differ by the Tukey test at 5%.

For fertilized millet irrigated at 50% AWC, DMP increased 22% more than ET. At 75%
and 100% AWC, DMP increased proportionally to ET (Figure 5b). Thus, increases in dry
matter production must exceed the rise in evapotranspiration for higher irrigation depths
to be considered efficient for the producer. Fertilization enhances both evapotranspiration
and millet production, even under water deficit conditions.
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Figure 5. Increase in evapotranspiration and plant dry matter of pearl millet irrigated with wastewater,
without (a) and with (b) the application of 34 Mg ha−1 of cattle manure, using 25% of the available
soil water as the reference level. Means followed by the same uppercase letter do not differ for
evapotranspiration increase according to Tukey’s test at a 5% significance level; means followed by
the same lowercase letter do not differ for plant dry matter increase. The error bars represent the
standard deviation.

3.4. Soil Salts Inputs

Soils in fertilized treatments exhibited higher electrical conductivity of the saturation
extract (ECse) due to the larger volumes of wastewater applied (Figure 3). Soils irrigated
with 75% and 100% AWC reached ECse values above 4.0 dS m−1 (Figure 6a), classifying
them as saline [28]. Despite this substantial increase in soil salinity, millet showed no signs
of salt stress, likely because salt accumulation occurred gradually throughout the crop cycle
and due to millet’s inherent tolerance, as it is one of the forage species least affected in yield
by salinity [29]. Cultivating salt-tolerant plants can constitute a sustainable management
strategy, provided sufficient rainfall occurs to leach accumulated salts from the soil [3].

ECse did not differ significantly across soil water availability levels in millet grown
without manure fertilization (Figure 6a). Although these ECse values remained lower than
those in fertilized treatments, they were still higher than in control, which was irrigated
with public supply water and had lower salinization potential (Table 1). As a result, the
control treatment caused the smallest increase in soil salinity compared to the initial soil
ECse of 0.55 dS m−1.

Therefore, special attention is required when using wastewater (graywater) for irri-
gation, as its long-term use can promote soil salinization. Considering soil moisture, the
actual electrical conductivity in the root zone can be 2–3 times higher than the conductivity
measured in the saturation extract, which amplifies the effects of saline stress under deficit
irrigation [30]. Soil salinization from wastewater irrigation has also been reported in Israel,
where authorities consider effluent desalination to mitigate this problem [31]. As soil
osmotic potential increases, plants expend more energy to absorb water and adjust their
water potential relative to the soil [32].

Beyond its toxic effects on plants, increased soil salinity directly alters soil osmotic
potential, shifting it from negligible to highly influential in soil water dynamics for the
plant [23]. As soil osmotic potential rises, plants expend more energy to absorb water and
adjust their water potential relative to the soil [32].
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Figure 6. Electrical conductivity of soil saturation extract (ECse) (a) and soil soluble sodium (b) in
millet-grown soil irrigated with wastewater at different soil available water content (AWC) levels,
without and with 34 Mg ha−1 bovine manure fertilization. Treatments: T1—100% AWC without
manure; T2—75% AWC without manure; T3—50% AWC without manure; T4—25% AWC without
manure; T5—100% AWC with manure; T6—75% AWC with manure; T7—50% AWC with manure;
T8—25% AWC with manure; T9—control. Vertical bars indicate the mean standard deviation. Means
with the same letter do not differ by LSD test at 5% significance.

Figure 6b shows the response of exchangeable sodium (Na+) to the treatments. Like
ECse, the highest Na+ content occurred in fertilized treatments with greater irrigation
depth, while the control treatment exhibited the lowest Na+ content. Increased soil sodium
promotes clay dispersion, destabilizes soil aggregates, reduces water movement in the
soil profile, and causes aeration problems [3]. Therefore, applying risk management and
interim strategies is necessary to prevent negative impacts from wastewater irrigation, as
its continued use can degrade the soil.

The relationship between ECse and ET (Figure 7a) and between Na+ and ET (Figure 7b)
stands out due to the higher angular coefficient of the linear regression line (β1 = 0.767) and
coefficient of determination (R2 = 0.70) of Na+. This more considerable angular coefficient
results from the more pronounced differences in Na+ depending on the water levels avail-
able in the soil compared to the ECse (Figure 6). Therefore, Na+ increases significantly more
than ECse when graywater from wastewater is used for irrigation. Despite the linear trend
of increasing ECse as evapotranspiration increased, the coefficient of determination was rel-
atively low (R2 = 0.51; Figure 7). Because soil samples were collected only at the end of the
experiment, the ECse value reflects the cumulative effect of several processes that occurred
throughout the crop cycle, such as the progressive salt accumulation due to the absence of
drainage and the ionic uptake by the plants. The increase in evapotranspiration promoted
soil salinization because the irrigation management relied on saline water (Table 1) and no
drainage occurred. Under these conditions, the salt input becomes cumulative throughout
the crop cycle, and higher irrigation depths result in a greater amount of salt being added
to the soil. Similar results were reported by Duarte and Souza [23], Ben-Gal et al. [30] and
Silva et al. [5].
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Figure 7. Regression between evapotranspiration and electrical conductivity of soil saturation
extract—ECse (a), and regression between evapotranspiration and soil soluble sodium (b). Treatments:
T1—100% AWC without manure; T2—75% AWC without manure; T3—50% AWC without manure;
T4—25% AWC without manure; T5—100% AWC with manure; T6—75% AWC with manure; T7—50%
AWC with manure; T8—25% AWC with manure; T9—control. AWC—available water content of
the soil.

The progression of soil salinization and sodification depends on the salt concentra-
tion in irrigation water, the initial salinity of the receiving soils, climatic conditions, and,
most importantly, the physical properties of the soils [33]. Because ECse and exchange-
able sodium increase linearly with evapotranspiration (which varies according to soil
water availability), adopting lower irrigation depths is essential—especially when using
wastewater with a high risk of salinization. This practice not only conserves water but
also substantially reduces salt inputs to the soil. Higher soil salt concentrations impair
plant physiological processes—causing specific ion toxicity, reducing transpiration and
photosynthetic activity, and altering biochemical pathways—and deteriorate soil physical
conditions by promoting clay dispersion, decreasing water percolation, and increasing
the osmotic potential of the soil solution [23,34]. A significant increase in soil salinity and
deterioration of soil properties were also reported by Uppal et al. [21], when wastewater
was used for irrigation [35].

Irrigating with graywater increased soil salt content but did not reduce pearl millet
biomass. Continuous use should include practices that promote salt leaching to pre-
vent long-term salinization or sodification. As this study used single plants in pots un-
der controlled conditions, some variables—such as biomass, salt accumulation, and soil
evaporation—may have been overestimated. Field studies are needed to confirm the trends
observed here.

4. Conclusions
Cultivating millet with 50% of the available water combined with organic fertilization

proved to be the most efficient system. This treatment minimized evapotranspiration,
reduced salt accumulation in the soil, and maintained high millet phytomass. Our results
demonstrate that controlled irrigation with graywater can support sustainable forage
production if soil salinity is closely monitored.

These findings offer practical guidance for water management in semiarid regions,
particularly where conventional water resources are limited. However, this study was
conducted under controlled pot conditions with a single plant per pot, which may overes-
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timate some variables such as evapotranspiration and salt accumulation. Future studies
should validate these results under field conditions and evaluate the long-term effects of
graywater irrigation on soil salinization and crop performance.
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Abbreviations

AWC available water content
DM dry matter
DMP dry matter production
ET evapotranspiration
ECse electrical conductivity of the soil saturation extract
FC field capacity
Na+ soluble sodium
PWP permanent wilting point
T1 100% available water content without manure
T2 75% available water content without manure
T3 50% available water content without manure
T4 25% available water content without manure
T5 100% available water content with manure
T6 75% available water content with manure
T7 50% available water content with manure
T8 25% available water content with manure
WUE water use efficiency
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