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Abstract: Water scarcity and changing rainfall distribution have caused uncertainties in relation to
agricultural production in semiarid areas. In this context, water reuse for irrigation is a promising
alternative, although requiring irrigation and agricultural management. Production of forage plants
is strategic for semiarid areas due to their high tolerance to stresses and use as animal fodder. The
objective of this work was to evaluate the combined performance of treated wastewater irrigation
and mulching on forage sorghum and on soil attributes in Northeast Brazil. Sorghum was cropped
in November 2018, three months before the beginning of the hydrologic year, and cultivated over
three cycles until April 2019. The experiment was designed with five irrigation depths (60%, 80%,
100%, 120%, and 140% of crop evapotranspiration), and with four soil cover conditions (0% (witness),
soil covered with native vegetation, with coconut coir, and with macerated moringa seeds), adopting
four replications. Irrigation with treated wastewater promoted linear increases in forage sorghum
yield at irrigation depths of up to 140% of crop evapotranspiration. Mulch promoted a 24% increase
in productivity in relation to the area where conservation was not practiced, being able to control
salinity while also contributing to the higher incorporation of organic matter. Irrigation with treated
wastewater had no negative agronomic impacts on soil, once natural rainfall events typical of the
Brazilian semiarid region allowed effective salt leaching from shallow sandy soils.

Keywords: Sorghum sudanense (Piper) Stapf; water reuse; mulching; rainwater harvesting

1. Introduction

The Brazilian semiarid region has great potential for agricultural production, with
high solar radiation throughout the year [1]. Rainfall is remarkably irregular in time,
however, usually occurring in high-intensity spells followed by long dry periods [2]. Water
resources are very limited, and trends in reductions in the number of rainy days and rainfall
amounts due to climate change have been reported [3]. Climate change in the region could
severely impact water resources’ availability, recharge, and soil moisture [4]. Despite such
limitations, total annual mean rainfall is usually greater than 600 mm year−1 [5], which is
relevant for coping with water scarcity in a region where high evaporation is a challenge
and where rainwater harvesting practices and wastewater reuse could play an important
role [6–8].

In Brazil, about 93% of the urban population has access to treated water, but only
60.2% benefit from sewage collection and only 46% of the collected sewage is treated.
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Thus, the country presents a lack of adequate basic sanitation, generating several social
and environmental problems [9]. Furthermore, political and ecological factors should
be considered in water resources management, as is highlighted by [10], where research
was conducted on crop production in Brazil, combining the economy of scale and the
hydropolitics and geographic approaches. Using wastewater for irrigation is a promising
alternative to improving food production in semiarid zones, as widely reported in the
literature [11–16], although it requires soil management practices [8] and precise estimation
of crop demands [17,18]. Of the various environmental and health hazards, salinity is
one of the main threats of using wastewater for agriculture [19,20], particularly when
deficit irrigation is adopted [21]. Long-term wastewater irrigation might cause salinization
processes [22], and management practices such as leaching depths [23], drainage [20] are
essential, as well as choosing crops that tolerate salinity [24]. Of the crops tolerant to
salinity and water stress, Sorghum sudanense is one that has been widely adopted [8,14,25],
particularly in the Brazilian semiarid region [14,26].

Moreover, selecting planting times to match periods of lower crop demand and agri-
cultural practices such as mulching might play an important role in this, too [14]. Mulching
significantly increases irrigation efficiency by enhancing soil moisture and reducing salt
concentration in the root zone [27,28]. In addition, mulching helps to reduce irrigation
amounts and hence could increase water use efficiency, particularly when deficit irriga-
tion is adopted [29]. The effect of mulching on the temporal stability of soil moisture in
an irrigated carrot field in the Brazilian semiarid region and verified that mulch signifi-
cantly enhanced soil moisture throughout the crop cycle was evaluated [30]. The impact
of different mulch densities on the infiltration of high-intensity rainfall associated with
high return periods was investigated by [28]. Mulch successfully reduced runoff and soil
erosion under severe rainfall scenarios for different hydrological rainfall patterns, thus
contributing to rainwater harvesting. Similar findings were also observed by [31] in rainfed
corn cultivation in the Brazilian semiarid region and by [2], considering cactus rows and
coconut mulch as agricultural practices to enhance rainwater harvesting.

Water management based on in situ rainwater harvesting is always challenging [32],
especially for crop cultivation in semiarid areas. Agricultural strategies based solely on
rainwater are highly risky as several days may elapse between consecutive events, even
in the rainy season [33]. Irrigation is thus required to meet crop demands and secure
proper crop productivity. Rainwater harvesting is a promising alternative for agricultural
irrigation, particularly when associated with conservation practices [7]. Although highly
uncertain, monthly total rainfall could be estimated with reasonable precision, depending
upon the desired return period [6].

The Brazilian semiarid region is the wettest semiarid region on Earth, with an area of
almost 983,000 km2 [34]. These authors studied the rainfall patterns over the region and
applied cluster analysis to identify homogenous zones in terms of total annual rainfall and
the number of rainy days. Pernambuco State (Brazil) semiarid was classified as one of the
driest zones, with an accumulated annual rainfall of 571 mm. The occurrence probability of
monthly rainfall distribution in Pesqueira municipality (Pernambuco State; the same region
adopted in this study), based on an observed time series from 1920 to 2010 [35]. The mean
rainfall from February to July was 84.60 mm month−1 (hydrological year in the region).
Exponential models presented the best fit for February and March total rainfall, while the
gamma function was the best model for the total rainfall in April. For instance, for a 75%
probability of exceedance, a total of 72 mm could be expected, while for a 70% probability,
a total of 89 mm would occur from February to April. Such amounts could be highly
beneficial to partially meet crop demands and also for salt leaching processes, especially
when agricultural conservation practices are adopted. Field measurements and applied
numerical modeling to simulate water and salt dynamics in a carrot plot was adopted
by [14,36]. They used moderated saline irrigation water and confirmed that rainfall events
were essential to supplement salt leaching from the soil profile. Despite this research,
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water management studies addressing the combined use of wastewater and rainwater are
still rare.

Timing the planting date prior to the start of the rainy season is strategic as it allows
the accumulated salts to be washed during the irrigation period, using lower quality water.
Moreover, the time lag allows harvesting before the wetter months when waterlogging
might occur, which would jeopardize crop productivity. Salt leaching due to rainfall
depends on various factors, including rainfall patterns, soil properties, groundwater levels,
and drainage efficiency. The ability of annual rainfall to leach salts originating from
irrigation with brackish water has been investigated by [13,37], adopting columns filled
with silt-loam soil in a Mediterranean climate. It was found that annual rainfall alone
would not control salt build-up, and some additional leaching depths would be required.
The efficacy of monsoon rainfall in salt leaching in a silt loam associated with sandy loam
soil for different qualities of irrigation water was analyzed [38]. They concluded that water
electrical conductivity higher than 4 dS m−1 caused salt accumulation, and washing with
monsoon rains was not enough to control salinization in the irrigated fields. Investigating
different soil textures, reference [39] highlighted the significant potential of sandy loam
soil for salt leaching, particularly for a deep groundwater table. In fact, groundwater
table levels play an important part in the salt distribution along the profile and could be
controlled by subsurface drainage.

In this study, we explored the potential of treated wastewater irrigation and mulching
on forage sorghum and on soil attributes. Our hypothesis was that the deficit irrigation,
as well as leaching depths, associated with mulch can improve sorghum productive per-
formance without affecting the sustainability in time of the agroecosystem irrigated with
wastewater; deficit irrigation associated with soil cover in the production of sorghum in the
semiarid region can increase the efficiency of water use and prevent soil salinization, and
soil salinity in areas irrigated with wastewater can be minimized through management
and by the natural rainfall events.

The present study aims to investigate sorghum productivity in an experimental area
with subsurface drainage in the Brazilian semiarid region, assessing: (1) drip irrigation was
adopted using wastewater from treated domestic effluents; (2) in these real-time experi-
ments, the planting date was before the start of the hydrological year, and mulching was
used as an agricultural management technique; and (3) soil salinity and carbon concentra-
tion analysis were also investigated throughout the cropping cycle.

2. Materials and Methods
2.1. Experimental Site

The study was carried out in the experimental agricultural area of the effluent treat-
ment station (ETS) in the Mutuca District, Pesqueira, Brazilian semiarid region, located
near the Ipojuca River spring (Figure 1a). The climate is classified as As (with dry summer)
according to the Köppen classification [40], with an average annual precipitation of 607 mm.
In relation to the local climatological normal (CN) based on time series from 1981 to 2010
of the national meteorological organization of Brazil (INMET) (I, from November to April
precipitation is 19.3, 20.2, 21.7, 75.8, 98.1, and 100.2 mm, respectively). The maximum
(T—Max), average (T—Med), and minimum (T—Min) temperature showed high thermal
fluctuation, strongly influenced by global radiation (Rg). The average temperature was
26.01 ◦C (Figure 1c).

The soil in the experimental area is classed as Hypereutric Albic Planosol, with a
loamy sand texture of a wide representation of the Brazilian soil [41]. The physical and
chemical characteristics of the soil (extract of the saturated paste) are shown in Table 1.
Topography is very smooth, with slopes of less than 6%.
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Figure 1. Location of the Ipojuca River catchment (a), sewage treatment station (STS), showing the
area cultivated with forage sorghum (b), and agroclimatological information of the cultivation period
over the three conducted cycles (c).

Table 1. Soil physical-chemical characteristics at the experimental area cultivated with forage sorghum,
Pesqueira—PE-Brazil.

Soil Physical Characteristics Layer (0–20 cm) Layer (20–40 cm)

Sand (%) 84.0 84.2
Silt (%) 3.6 3.0

Clay (%) 12.4 12.8
Density (g cm−3) 1.4 1.5

Field Capacity (cm3 cm−3) 0.3 0.3
Wilting Point (cm3 cm−3) 0.2 0.2

Saturated paste extract

pH 8.0 8.2
EC (dS m−1) 6.9 7.2

P (ppm) 264.0 326.0
Na2+ (cmolc dm−3) 0.4 0.9
Ca2+ (cmolc dm−3) 5.0 5.1
Mg2+ (cmolc dm−3) 0.5 1.1

K+ (cmolc dm−3) 0.8 1.0
Aluminum Not present Not present

The wastewater from the district sewage collection network initially passes through
a box with a grid to separate the coarse materials that are carried with the domestic
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effluent. After this stage, they are driven to the UASB reactors, treated and displaced in
stabilization ponds, from where polished effluent is pumped for irrigation. In the area, there
is a subsurface drainage system with a diameter of 65 mm and a space of 2 m between drainage
lines, installed at an average depth of 0.65 m, with a slope higher than 1%. For drainage,
high-density corrugated and perforated polyethylene pipes, with gravel around them and
covered with a thin blanket and coarse sand, were used to enhance subsurface flow (Figure 1b).
The Effluent treatment station (ETS) treats approximately 3 m3 day−1 of domestic effluent.
The characteristics of the wastewater used for irrigation, after treatment at UASB reactors
and polished, are shown in Table 2.

2.2. Agronomic Characteristics of the Sorghum Cultivar

The cultivar used was the IPA SUDAN 4202 (Sorghum sudanense (Piper) Stapf), also
known as Sudan sorghum. It is of African origin and adapted to the semiarid mainly
for its precocity, developed by the Agronomic Institute of Pernambuco State (IPA) with
support from the Brazilian Agricultural Research Corporation (EMBRAPA). These are two
important public companies responsible for the genetic improvement of crop varieties
for Brazilian agriculture. The cultivar developed has high efficiency in water use since
it has been adapted to the conditions of water stress and has considerable potential for
forage production as hay and silage and for grazing. In addition, it has an average height
of 230 cm and a high tillering and regrowth capacity. The harvest time ranges from 45 to
70 days after planting, and the plant is tolerant to salinity (up to 10 dS m−1) [42].

Table 2. Chemical parameters of treated wastewater used for cultivation.

Parameter (Unit) Values

pH 8.3
EC (dS m−1) 5.7

BOD (mg L−1) 30.0
QOD (mg L−1) 125.0
TOC (mg L−1) 12.1
TDS (mg L−1) 2869.0

N-Total (mg L−1) 23.6
P-Total (mg L−1) 2.0

K+ (mg L−1) 85.8
Ca2+ (mg L−1) 34.5
Mg2+ (mg L−1) 50.9
Na+ (mg L−1) 782.0

Nitrate (mg L−1) 42.4
Chloride (mg L−1) 950.0
Sulfate (mg L−1) 103.7

Bicarbonate (mg L−1) 647.2

2.3. Treatments and Experimental Design

The adopted experimental design was in randomized blocks (RBD), with four replica-
tions, in a factorial scheme (5 × 4), with plots designed with 5 irrigation depths (ID) (60%,
80%, 100%, 120%, and 140% of the crop evapotranspiration—ETc), and the subplots with
4 soil cover conditions (0% (witness), soil covered with native vegetation, with coconut
coir, and with macerated moringa seeds). Each subplot had a size of 5 m2 (2.5 × 2 m) of the
total area and 2 m2 (2 × 1 m) of the experimental area. Each plot had 4 planting lines 0.5 m
apart. The plants assessed were those in the central rows (experimental area). The adopted
mulch density was equivalent to 8 Mg ha−1, according to [28].

2.4. Preparing the Area and Planting the Sorghum

Prior to planting, the experimental area was prepared by plowing, delimiting, and separat-
ing the plots with a 15 cm deep and 30 cm-wide furrow to prevent lateral flow between
treatments (Figure 2). Mulch was applied after the sorghum germination.
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Figure 2. Sketch (not to scale) of the experimental plots (a) and images for the coconut coir (b), natural
cover (c), and moringa seeds (d) treatments.

The natural cover consisted of grasses (80%) (Carrapicho grass—Cenchrus echinatus L.; cur-
rent grass—Urochloa mosambicensis Hack. Dandy) and legumes (20%) (Bredo—Amaranthus
deflexus L.; Purslane—Portulaca oleracea L.) spontaneously growing in the study area. The
plants were cut off and air-dried before application. Moringa seeds were crushed before
being applied to the plots.

Coconut coir is an abundant product in the northeast region, resulting from the
industrialization of coconut and is thus an alternative to reusing discarded coconut shells.

Moringa seeds, derived from a leguminous plant, have a high potential for cultivation
in the semiarid region [43], with emphasis on their use in the environmental restoration of
degraded areas [44].

Mulch was replaced at the beginning of each sorghum cycle.
Sorghum was planted in furrows 0.05 m deep, with the seeds arranged in a density

of 12 plants per linear meter. Thinning was carried out in all plots to ensure uniformity
of treatments.

Sowing occurred on 10 November 2018, with the cultivation lasting for 58 days, with
harvesting on 6 January 2019, when the first cycle was completed. The second cycle started
on 28 February 2019 (53 days after the first cycle). The third cycle started on 22 April 2019
(53 days after the second cycle).

2.5. Irrigation and Agricultural Management System

A low-cost drip system was used with 1.6 mm holes at intervals of 0.2 m. The
water application efficiency was 90%, according to Christiansen’s Uniformity Coefficient
(CUC) [45].

For the calculation of reference evapotranspiration (ETo) using the Penman–Monteith
method [46], information from a complete automatic agrometeorological station (Onset
Model—EAC-U30-900) located in the study area was used, providing temperature, relative
air humidity, global solar radiation, atmospheric pressure, wind speed and direction, and
rainfall records.

The cultivation coefficients (Kc) used to determine ETc (ETc = ETo × Kc) were based
on the sorghum phenological phases: phase I—sowing until establishment (0.4); phase
II—vegetative growth (1.1); phase III—flowering and production (1.00); and phase IV—
maturation (0.7) [45]. Irrigation depths were estimated from the water budget between
rainfall and crop evapotranspiration treatment and applied every 2 days, depending on
rainfall events.
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2.6. Biometric, Biomass, and Physiological Index Analyses

Plant height (measured from the stem base until the point of insertion of the highest leaf),
basal stem diameter at 0.10 m in height, and total dry matter production [31,47] were evaluated.

For the dry biomass determination, three plants were collected in each plot, stored in
paper bags, and transferred to a forced circulation oven at 65 ◦C for 72 h or until reaching
constant weight [47].

The photosynthetically active radiation (PAR) determination and the leaf area index
(LAI) were obtained from an Accupar LP-80 model Ceptometer, which allows a non-
destructive estimation of LAI and produces reliable results. Measurements were carried
out under the sorghum canopy, between 11 am and 2 pm, under a clear sky [48], at three
locations within each plot.

2.7. Soil Salinity and Groundwater Assessment and Determination of Soil Total Organic Matter

For the soil electrical conductivity (EC), determined according to [47] the usual
saturation-extract method for evaluating soil salinity at the experimental plots at the
beginning and the end of each cycle. For the water table level and the EC monitoring,
regular readings were carried out in a piezometer over the three cycles.

To assess the soil carbon and organic matter dynamics, the methodology proposed
by [49] was adopted, which is based on the determination of K2Cr2O7- by titration with
ammoniacal ferrous sulfate (0.4 mol L−1) for estimating concentrations of total organic
carbon (TOC).

2.8. Statistical Analysis

Results were subjected to analysis of variance by the F Test for the irrigation depths
and soil cover conditions.

Regression analysis was used to analyse the effects caused by the irrigation depths,
with a linear or quadratic model being adopted. Models were selected after analysis of
the equation parameters by the F Test, with significant effect for p < 0.05 (*) and p < 0.01
(**) of probability, and for the highest value of the coefficient of determination. For the
effects on the variables studied as a function of the source of variation, “mulch”, data were
analyzed considering the significance value given by the F Test at 5% probability. In addition,
the treatments were analyzed using the Tukey test (considering the F test with a p-value < 0.05).

Spearman’s correlation coefficients among electrical conductivity, total organic carbon,
and sorghum productivity were estimated over the 3 cycles. The principal component
multivariate analysis (PCA) was used to identify the most relevant variables related to
soil productivity and quality, including rainfall. All statistical, graphical, and correlation
analyses were performed using the RStudio computational packages [50].

3. Results
3.1. Rainfall and Irrigation Depths during Sorghum Cultivation

The accumulated rainfall amounts over the experimental period were 23.0, 212.1, and
96.9 mm, distributed over 6, 9, and 7 rainy days, with a daily maximum of 12.5, 115.0, and
34.1 mm, during cycles 1, 2, and 3, respectively (Figure 3).

The daily ETo presented the greatest variation during the first cycle, a period in which
the lowest water demand was recorded.

The total irrigation depths for 60%, 80%, 100%, 120%, and 140% of ETc were 104, 139,
174, 209, and 234 mm, 49, 65, 81, 97, and 113 mm, and 79, 105, 132, 158, and 184 mm,
respectively. With the addition of rainfall, the total depths were 127, 162, 197, 232, and
257 mm, 261.1, 277.1, 293.1, 309.1, and 325.1 mm and 175.6, 201.6, 228.6, 254.6, and 280.6 mm, for
cycles 1 (58 days), 2 (53 days), and 3 (53 days), respectively. The accumulated evapotranspiration
(100% of ETc) was 194, 170, and 172 mm, for cycles 1, 2, and 3, respectively.

The total percentages of application of the irrigation depths in relation to ETc were
89.68%, 47.63%, and 76.48% of ETc for cycles 1, 2, and 3, respectively.
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Figure 3. Temporal variation of precipitation, accumulated crop evapotranspiration (ETc) for 60%,
80%, 100%, 120%, and 140% of ETc depths, and daily reference evapotranspiration (ETo) for the
forage sorghum in cycle 1 (a), cycle 2 (b) and cycle 3 (c).

3.2. Growth and Sorghum Production under Different Water Regimes Using Wastewater

Based on the analysis of variance applied to the values of plant height (PH), stem di-
ameter (SD), number of tillers (NT), leaf area index (LAI), dry mass (DM), and productivity
(PRD), there was interaction ID × C (irrigation depth × cover condition) for all variables
in cycle 1. No interaction (ID × C) was observed in PH in cycle 2 and PH, and NT in cycle
3, according to the significance of p < 0.01 and p < 0.05.

Significant effect of the isolated factor Irrigation depths (ID) was obtained for plant
height (PH), stem diameter (SD), dry mass (DM), and productivity (PRD) in cycle 1, of
plant height, stem diameter, number of tillers (NT), dry mass and productivity in cycle 2
and plant height, number of tillers, leaf area index (LAI), number of tillers, dry mass and
productivity in cycle 3 (p < 0.01). Regarding cover condition (C), there was a significant
isolated effect for plant height, number of tillers, dry mass, and productivity for cycles
1 and 2, while for cycle 3, it occurred for plant height, number of tillers, dry mass, and
productivity (p < 0.01).

The maximum plant height estimated for cycle 1 was 175.2 cm for an ETc, correspond-
ing to 110% of the ETc. For cycles 2 and 3, the maximum plant height estimated was
for the depths corresponding to 140% of the ETc, showing values of 227.5 and 300 cm,
corresponding to increases of 8.2% and 11.8% in relation to the 60% ETc, respectively.

Box plots in Figure 4 showed few outliers among the mulching types in all cycles. It is
also possible to verify that the stem diameter was the cover condition that presented the
distributed values closest to the median.

Based on the comparison of averages among soil cover conditions in plant height,
a significant difference was found among treatments in cycle 1, with natural cover (NC)
(169.6 cm) and moringa (MO) (174.2 cm) statistically equal and significantly higher than
bare soil (BS) (158.7 cm). In Section 2, for NC and coconut coir (CC) treatments, mean
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values of 224 and 223.87 cm for plant height (PH) were confirmed, respectively, being
higher than for MO (209.4 cm) (Figure 4b).

The stem diameter (SD) stood out in the third cycle for the irrigation depths (ID) of
140% of the ETc, showing an estimated diameter of 10.3 mm, being significantly higher than
the others. In addition, for the ID of 140% of the ETc, the SD was the highest (uppercase
letters) (p < 0.05) (Figure 4c). The irrigation depths did not influence the SD in cycle 1.
The treatments NC and CC showed higher values for SD during the cycle of the sorghum,
mainly in relation to BS (Figure 4d).

The number of tillers (NT) did not differ significantly among the irrigation depths (ID)
treatments in cycle 1. For cycle 2, the NT for ID of 100% and 140% of ETc were higher than
the others (p < 0.05), and in cycle 3, NT for ID of 120% and 140% (Figure 4e) were higher.
The increasing linear regression model provided for the irrigated plants in Sections 2 and 3
increases by 32.3% (9.4 units of NT) and by 32.7% (10.3 units of NT), estimated for the ETc
of 140% compared to 60%, respectively.

Irrigation depths (ID) of 100%, 120%, and 140% of ETc resulted in LAI values of 7.29,
7.42, and 7.93 m2 m−2, respectively, being higher (p < 0.05) than those of ID of 60% and
80% of ETc (Figure 5a).

Figure 4. Behavior of sorghum plant height (PH), stem diameter (SD), and number of tillers (NT) as
a function of irrigation depths with wastewater (a,c,e). Box plots for PH, SD, NT under different soil
cover conditions (b,d,f), for cycles 1, 2, and 3 of sorghum. Averages were compared using Tukey’s
test (p < 0.05) and are indicated by lowercase letters. The significant regression coefficients are for
p < 0.01 (**) and p < 0.05 (*).

The ID variations resulted in a significant effect on leaf area index (LAI) for the bare
soil (BS), natural cover (NC), and coconut coir (CC) treatments, with a maximum estimated
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LAI of 7.9 m2 m−2, according to the quadratic model for NC, applying an irrigation depth
of 134.2% of the ETc. Regarding BS and CC conditions, they produced LAI of 7.8 m2 m−2,
according to the linear model for a 140% ETc (Figure 5b).

Table 3 shows a statistical difference (p < 0.05) for all soil cover conditions (bare soil
(BS), natural cover (NC), coconut coir (CC), and moringa (MO)) depending on the irrigation
depths of 60%, 80%, and 100% of the ETc. Results indicate that mulch application promotes
a relevant increase in LAI.

For the ID of 60% of ETc, CC stood out in relation to NC and MO, whereas for irrigation
depth of 80% of ETc, LAI values for MO treatment were higher than those for NC and CC.
When irrigation depth corresponding to 100% of ETc is considered, NC treatment produced
higher LAI values than CC. A positive correlation could be observed between LAI and ID
up to 140% of ETc for BS, CC, and MO treatments. Moreover, the IDs of 60% and 80% of
ETc were the ones that promoted the lowest LAI for all soil cover conditions.

Figure 5. Box plot of the sorghum leaf area index (LAI), depending on the soil cover (C), the irrigation
depths (ID) with wastewater (a), and the interaction (C × ID) (b). Averages were compared using
Tukey’s test (p < 0.05) and are indicated by lowercase letters. The significant regression coefficients
are for p < 0.01 (**) and p < 0.05 (*).

An increase in ID produced a quadratic effect on the DM production in Section 1, with
a maximum value of 45 g plant−1, for an ETc of 107.1% (Figure 6a).

Cycles 2 and 3 showed a linear behavior between irrigation depth (ID) and dry mass
DM. The ID of 140% of the ETc resulted in the highest yield for both cycles, with DM
estimated values of 35.5 and 45.7 g plant−1, respectively.

The NC and CC mulch types stood out for DM productivity in relation to the MO and
BS treatments (Figure 6b).
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Table 3. Mean leaf area index (LAI) for sorghum, for bare soil conditions (BS), natural cover (NC),
coconut coir (CC), and moringa (MO), and for irrigation depths of 60%, 80%, 100%, 120%, and 140%
of ETc.

LAI (m2 m−2)

ETc (%)

Cover Types 60 80 100 120 140

BS 5.84 ab BC 5.32 ab C 7.15 ab AB 7.47 A 7.78 A
NC 4.82 b B 4.7 b B 8.09 a A 7.74 A 7.71 A
CC 6.72 a ABC 5.22 b C 6.55 b BC 7.43 AB 8.19 A
MO 5.1 b B 6.71 a A 7.35 ab A 7.01 A 8.03 A

Means in the same columns followed by the same lowercase letters, and in the lines by the upper case letters, did
not differ according to the Tukey’s test (p < 0.05), in relation to the soil use conditions and in the lines, in relation
to irrigation depths applied.

Figure 6. Dry mass (DM) (a) and productivity (PRD) (c) of sorghum as a function of irrigation
depths using wastewater. Box plot for DM (b) and PRD (d) under different soil cover conditions.
Mean values were compared using Tukey’s test (p < 0.05) and are indicated by lowercase letters.
The significant regression coefficients are for p < 0.01 (**).

3.3. Effects of Wastewater Irrigation Depths and Mulch on the Soil Electrical Conductivity and
Organic Matter

There was a significant isolated effect of EC (for the 0–20 cm layer) on soil cover
conditions for cycles 1 and 3 and for total organic carbon (for the 0–20 cm layer) (TOC) in
cycle 3. In relation to interactions between irrigation depths and cover, there was a significant
effect on cycles 1, 2, and 3 in EC, with a significance level of p < 0.01 and p < 0.05.

Soil electrical conductivity (EC) at the beginning of the cultivation period, in relation
to irrigation depths (60%, 80%, 100%, 120%, and 140% of ETc), presented low variation,
as well as proximity between the medians, with magnitudes between 6 and 7 dS m−1. At the
end of cycle 2, increments for soil EC occurred, with averages ranging from 8 to 9 dS m−1

(Figure 7a).
Areas with the BS and MO land-use systems showed higher mean values for EC in

Section 1, being statistically different from both NC and CC (p < 0.05) (Figure 7b). Low
variations among mean values were observed in Section 2, and there was no significant
difference between treatments. However, for cycles 1 and 3, the treatment with coconut
coir (CC) showed low values of EC, being statistically lower than BS, NC, and MO.
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Mean values for EC at the beginning of the cropping period (initial conditions) were
similar (Table 4).

The IDs of 60%, 80%, and 100% of the ETc in the BS treatment, in Section 1, resulted
in higher mean EC values of 10.38, 9.7, and 9.33 dS m−1, respectively. For the MO cover
treatment, the lowest EC was found for the 120% ETc depth. Still regarding cycle 1, the CC
treatment was the one that had the lowest EC mean values, equal to 6.14, 7.02, and 7.26 dS m−1,
for depths of 60%, 80%, and 140% of ETc, respectively.

In cycle 2, with EC values well below cycle 1, a higher EC value was found for the 100%
of ETc treatment (6.93 dS m−1) in BS, being statistically higher than the others. The lowest
EC (2.67 dS m−1) was found for the 60% ETc ID for MO. In relation to cycle 3, there was a
remarkable EC reduction for the CC treatment for depths of 60%, 80%, and 100% of ETc,
with averages of 2.99, 3.92, and 3.73 dS m−1.

Figure 7. Box plot for soil electrical conductivity (EC) as a function of irrigation depths with wastewater
(a) and soil use conditions (b). The means were compared using Tukey’s test (p < 0.05) and are
indicated by lowercase letters.

3.4. Water Table Levels and Salinity Dynamics at the Experimental Area

Water table EC showed values of 9.00, 6.83, 6.40, 6.03, 5.51, and 6.14 dS m−1, while
soil EC values of 6.5, 7.4, 8, 2, 4.2, 4.1, and 4 dS m−1 have been observed monthly, from
November 2018 to April 2019. In the same period, mean monthly values for water table
depths were 1.1, 0.90, 0.88, 0.70, 0.30, and 0.67 m (Figure 8a).

Figure 8b shows the biplot of the principal component analysis (PCA) for the soil
and groundwater electrical conductivity and water level, and their relationships with the
maximum daily precipitation per month (mm day−1), the total rainfall (mm), and the
normal climatological-CN (mm) value monthly, from November 2018 until April 2019,
from the planting date to the experimental period end (cycle 3).
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Table 4. Means of the soil electrical conductivity (EC) for forage sorghum cultivation, for bare soil
conditions (BS), natural cover (NC), coconut coir (CC), and moringa (MO) depending on the irrigation
depths (60%, 80%, 100%, 120%, and 140% of ETc).

Start

ETc (%)

Soil Cover Condition 60 80 100 120 140

BS 6.60 6.60 6.78 6.41 6.62
NC 6.10 6.10 6.48 6.41 6.68
CC 6.36 5.83 5.73 6.59 6.28
MO 6.67 6.19 6.52 6.05 6.94

Cycle 1

BS 10.38 a A 9.70 ab AB 9.33 AB 7.41 BC 6.33 b C
NC 6.99 b A 7.24 b B 8.18 B 8.17 B 11.91 a A
CC 6.14 b 7.02 b 6.81 8.72 7.26 b
MO 8.87 ab AB 10.7 a AB 8.04 AB 7.71 B 10.54 a A

Cycle 2

BS 3.81 B 4.82 AB 6.93 a A 4.41 B 3.48 B
NC 4.21 3.92 4.15 b 3.03 3.49
CC 4.12 4.02 3.68 b 3.56 3.71
MO 2.67 B 5.81 A 4.92 ab AB 4.01 AB 5.04 AB

Cycle 3

BS 4.67 ab AB 3.65 b B 6.12 a A 4.28 AB 3.47 B
NC 5.29 a A 4.26 a B 3.95 b AB 3.00 AB 3.41 B
CC 2.99 b 3.92 ab 3.73 b 4.07 3.68
MO 4.66 ab AB 5.48 a A 4.90 ab AB 2.62 A 3.42 BC

Mean values in the same columns followed by the same lowercase letters and on the lines, capital letters did not
differ according to Tukey’s test (p < 0.05) in relation to the soil cover conditions and in the lines in relation to the
applied irrigation depths.

Figure 8. Groundwater level and electrical conductivity (EC) for the water table and for the soil
(EC–soil (0.2 m)) and daily rainfall (a). Principal components analysis using Dim1 and Dim2 for
groundwater level (Level). Groundwater electrical conductivity (ECG) and soil electrical conductivity
(ECS). Number rainy days (NRD), total rainfall (TR), maximum rainfall (MR), and climatological
normal (CN), and results for the variance of Dim1 and Dim2 (b) for sorghum cultivation.
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Main components Dim1 and Dim2 explained 89.6% of the total variance, with empha-
sis on Dim1, which by itself explained 71.7% of the total data variance. For this component,
the variables related to precipitation (CN, NRD, MR, and TR during the experiment) were
positively grouped and inversely influencing soil and groundwater salinities (ECS and
ECG), as well as the water table level dynamics.

3.5. Soil Electrical Conductivity (EC) and Total Organic Carbon (TOC) Effects on
Sorghum Productivity

Figure 9 shows box plots for the carbon and organic matter concentrations at the
beginning of the experiment and at the end of the third cycle, according to the irrigation
depths and the soil mulching conditions.

Figure 9. Boxplot of total organic carbon concentration (TOC) as a function of irrigation depths
(for 60%, 80%, 100%, 120%, and 140% ETc) with wastewater (a), and as a function of the soil cover
conditions, bare soil (BS), natural cover (NC), coconut coir (CC), and moringa (MO) (b). Mean values
were compared using Tukey’s test (p < 0.05) and are indicated by lowercase letters.

Initial conditions for TOC for all irrigation depths and soil cover conditions were
similar (Figure 9a,b). A progressive increase in TOC can be observed during the course of
the experiment, with significant differences between soil cover conditions. For TOC at the
end of the experiment (cycle 3), there was a significant difference between the mean values
(p < 0.05), with the highest values being observed for the treatments with coconut coir (CC)
and moringa (MO), exhibiting increments of 15.1% and 18.9%, respectively, compared to
the area without mulch application.

To assess the dynamics among EC, TOC, and productivity during sorghum cycles,
Spearman’s correlation coefficients were calculated (Table 5).

It was found that EC exhibited a moderately negative correlation in relation to the
soil condition without mulch, for cycle 1 (ECBS), influencing (0.6) the reduction in TOCBS.
For such treatment, in Sections 2 and 3, no correlation was detected (Table 5).
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Table 5. Spearman correlation matrix. Among soil electrical conductivity (EC), total organic carbon (TOC) and productivity
(PRD), under different soil cover conditions, bare soil (BS), natural cover (NC), coconut coir (CC), and moringa (MO), for
the following combinations: ECBS, ECNC, ECCC, ECMO, TOCBS, TOCNC, TOCCC, MOTMO, TOCMO, PRDBS, PRDNC,
PRDCC, and PRDMO. The significance for the correlation coefficient is based on (p < 0.001 (***); p < 0.01 (**) and p < 0.05 (*)),
for cycle 1 (light gray), 2 (gray) and 3 (dark grey).

ECNC ECCC ECMO TOCBS TOCNC TOCCC TOCMO PRDBS PRDNC PRDCC PRDMO

CEBS
−0.2 −0.1 0.1 −0.6 * −0.2 −0.5 * 0.1 −0.3 0.3 −0.5 * −0.2
0.0 0.0 0.1 0.0 −0.1 −0.4 0.3 −0.2 −0.4 −0.4 * −0.4
0.2 −0.2 0.3 0.2 −0.1 0.2 0.0 −0.3 −0.1 −0.2 −0.1

ECNC
0.2 0.3 0.4 0.2 0.5 * −0.3 0.2 −0.3 0.2 0.4
0.3 −0.1 −0.4 −0.2 −0.2 −0.5* −0.3 −0.4 0.2 −0.1
0.1 0.5 * −0.1 0.2 −0.1 −0.5 * −0.4 −0.5* −0.6 ** −0.7 **

ECCC
0.0 0.4 −0.2 −0.2 −0.4 0.2 0.1 0.4 0.0
−0.1 −0.4 0.0 −0.3 −0.3 0.1 0.1 0.5 * −0.1
−0.2 0.2 0.3 0.0 0.0 0.1 0.2 0.4 0.0

ECMO 0.1 0.0 0.4 0.1 0.2 −0.3 −0.2 −0.5
Cycle 1 0.1 0.0 0.4 0.1 0.2 −0.3 −0.2 −0.5 *
Cycle 2 −0.2 0.1 0.1 0.1 −0.9 *** −0.4 −0.6* −0.5 *
Cycle 3 TOCBS 0.0 0.3 0.0 0.1 −0.1 0.2 0.3

0.3 0.0 0.1 0.5 * 0.5* −0.1 0.1
0.3 −0.2 0.1 0.4 −0.2 0.2 −0.2

TOCNC
0.5 * 0.5 * −0.1 −0.2 0.1 −0.1
0.0 0.3 0.1 0.3 0.0 0.1
0.1 0.1 0.2 −0.1 0.2 −0.3

TOCCC
0.1 0.0 −0.5* 0.1 0.2
0.3 0.2 0.1 −0.1 0.2

0.5 * −0.1 0.3 0.1 0.2

TOCMO
−0.4 * −0.1 −0.4 −0.4
−0.1 −0.3 −0.7 *** 0.1
0.0 0.2 0.3 0.2

PRDBS
0.3 0.4 0.3

0.7*** 0.4 0.0
0.3 0.6 * 0.4

PRDNC
0.1 0.3

0.5 * 0.4
0.8 *** 0.9 ***

PRDCC
0.4
0.1

0.8 ***

Experimental data relationships within the productivity group (PRD) related to soil
salinity (EC) and total organic carbon (TOC) for bare soil (BS), natural cover (NC), coconut
coir (CC), and moringa (MO) conditions were subjected to principal component analysis
(PCA) (Figure 10).

In relation to cycle 2, there is a high association between productivity and mulching
type, PRDNC, PRDBS, and PRDCC, according to the first component (Dim1), which was
close to their respective values of total organic carbon TOC for 120% ETc and 140% ETc
treatments (Figure 10b). For this component, the variables ECNC (95%), ECCC (86%), and
TOCNC (92%) showed a high negative association in the group (Dim1) for the 60% ETc
irrigation depth. Hence, it can be confirmed that the 60% of ETc irrigation depths negatively
affected the sorghum crop productivity.

For cycle 3 (Figure 10c), Dim1 (52.8%) and Dim2 (19%) represented 71.8% of the total
data variance. For Dim1 alone, ECNC (96%) negatively influenced 60% ETc, ECMO (85),
and on the other hand, it had a strong negative influence on the total soil organic carbon,
grouping the 80% ETc and 100% ETc layers.
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Figure 10. Biplots of multivariate analysis using the principal components 1 (Dim1) and 2 (Dim2) for
soil electrical conductivity (EC), total organic carbon (TOC), and productivity (PRD), under different
soil cover conditions: bare soil (BS), natural cover (NC), coconut coir (CC) and moringa (MO), for the
following combinations: ECBS, ECNC, ECCC, ECMO, TOCBS, TOCNC, TOCCC, MOTMO, TOCMO,
PRDBS, PRDNC, PRDCC, and PRDMO, as a function of wastewater irrigation depths (60%, 80%,
100%, 120% and 140% of ETc), and the results of the principal component analysis (PCA) for cycle
1 (a), 2 (b), and 3 (c).

4. Discussion
4.1. Rainfall and Irrigation Depths during Sorghum Cultivation

Heavy rainfall events can occur in the region, as already reported by [51], with a total
of 120 mm in a single day, in February 2015. According to [3], there is a trend of climatic
changes for the rainfall pattern for the Brazilian Northeast, with an increase in the number
of extreme events being expected, as well as a reduction in the number of rainy days, which
could result in a greater number of more intense and concentrated events. The climate
change projections for Northeast Brazil suggest an increase in drought for the region, with
reduced rainfall, higher temperature and water deficit, and longer drought periods, which
are likely to prevail in the second half of the twenty-first century [52].
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In this experiment, it was observed that rainfall could not supply the crop water
demand (Figure 3) for the three cycles, mainly in cycle 1 (November–February), with a
cumulative monthly total rainfall of 0.4, 23.1, and 25.2 mm, respectively, also close to the
climatological normal (Figure 1c). Crop requirements in the aforementioned months were
60, 95, and 81 mm. Additionally, for the same region and analyzing a historical series
from 1962 to 2016, [53] found that irrigation is required in the period from August to May
because of a local water deficit studied a long time series (1963 to 2013) for the entire Agreste
region of the Pernambuco State and noted an average rainfall of 20, 20, 51, 60, 105, and
100 mm [54], while a historical series from 1920 to 2010 found an average rainfall for the
Pesqueira municipality of 23.46, 28.41, 43.98, 65.91, 90.21, and 103.13 mm, for November,
December, January, February, March, and April, respectively [35]. These values are similar
to those recorded at the study site during the experimental period (Figure 1c).

The total mean annual rainfall in the region is 600 mm. Found itself a total of
648.6 mm [54] and values ranging from 698 to 1208.4 mm [35]. Based on such high annual
figures, it is expected that rainfall occurrence could play a significant role in salt leaching,
and hence to land conservation, assuming that soil properties and drainage efficiency favor
salinity control.

In addition to the monthly water deficits, recurrent droughts may occur, resulting in
rainfall below the climatological normal value, particularly for the last two decades, with
severe droughts occurring in the Brazilian Northeast and also in the Ipojuca Catchment [55].
Indeed, for the last two decades in the region, there were several negative impacts on the
agricultural sector, with substantial losses for grains, cereals, legumes, fruit, and vegetable
production. Livestock were also affected, with production losses for milk and its derivatives,
in addition to social impacts, mainly related to rainfall below normal value (469.61 mm)
in the rainy period (February to July) [54]. Hence, irrigation with treated wastewater for
forage sorghum cultivation becomes essential to cope with water shortages and to supply
agricultural production, one of the main income sources for the region.

4.2. Growth and Sorghum Production under Different Water Regimes with Wastewater

A linear increase in behavior for the variables plant height (PH), stem diameter (SD),
and number of tillers (NT) with irrigation depth for the three sorghum sections had been
observed, according to the regression analysis, except for the power pattern shown by
the PH variable in Section 1 (Figure 4a). Such results highlight the sorghum’s potential
response for higher irrigation depths, thus bearing out results reported by [56], who also
found a positive linear response in plant height due to an increase in the irrigation depth
for the sorghum crop to which mulch was applied.

NT was significantly higher for plants in the mulched areas than for those in areas
without mulch application (BS) (Figure 4f). This indicates that plants under mulching were
less susceptible to environmental stresses such as thermal variation of the soil, and so their
productive tillers’ capacity and general productivity increased. According to [28] and [57],
one of the main positive impacts of using mulch is that thermal fluctuation is reduced.

The 140% of ETc depth in sorghum cycle 3 promoted an increase of 23.3% in relation
to the reference literature value (Figure 4a), which is 230 cm [42].

Evaluating the Sorghum sudanense growth under saline conditions, found that there
was usually less growth in the first cycle since sorghum plants show greater sensitivity to
salinity for the early cultivation periods [25].

In our study, better development was found for mulched areas, mainly for the first
cycle when the crop is still getting established and adapting to environmental stresses, such
as soil salinity.

Studies developed by [31] and [2] noted that mulch is a relevant conservation practice
for semiarid regions since it enhances rainfall interception and infiltration and contributes
to crop development.

Regarding the leaf area index (LAI) behavior, it can be seen that the sorghum crop per-
formed better at irrigation depths of 100%, 120%, and 140% of the ETc (Figure 5), resulting
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in better development in terms of crop height (PH) (Table 3), and productivity (PRD) (Figure 6).
High values for sorghum (LAI) reflect an adequate interception of photosynthetically
active solar radiation, thereby promoting greater dry matter productivity [58]. However,
when plants are under stress due to adverse soil, climate, or management conditions,
transpiration and sap flow decrease, and thus a reduction in LAI would occur [59].

Addressing the irrigation depth factor, [60] found an increase in LAI for higher depths
and adopted five values of IDs (60%, 80%, 100%, 120%, and 140% of ETo) for forage
sorghum. The highest index of 4.806 m2 m−2 was reached for ID equal to 120% of ETo,
in the south region of Brazil.

According to [61], the tillering potential (NT) is a highly important indicator for forage
sorghum development, and it is directly related to LAI elevation and consequently to the
plant biomass production. A similar relationship can also be seen in this study, with greater
tillering being observed for the higher irrigation depths IDs (Figure 4e), as well as for areas
where mulch cover was applied (Figure 4f), resulting in higher LAI.

A field investigation points out that high sorghum crop LAI values result from suitable
crop management, where appropriate interception of solar radiation occurs, which reflects
positively on crop productivity [60]. In their study with Sorghum bicolor L. (Moench) in
the Rio Grande do Sul State, Brazil, over the 2014/2015 harvesting period, the authors
obtained LAI of up to 4.8 for an ID of 120% of ETo. In Santa Catarina State, also in South
Brazil, for the 2012/2013 harvesting period of Sorghum bicolor, the authors of [62] found
an LAI of 7.09 m2 m−2 for an irrigation depth ID of 100% of the ETc.

Cycles 2 and 3 were the ones showing better crop performance, with the highest crop
productivity being observed for an ETc of 140%, providing yields of 12.3 and 15.6 Mg ha−1,
which were above production obtained for the ID of 60% of ETc in 15.3% and 24.7%,
respectively (Figure 6c). Increased sorghum productivity for the second cycle was also
observed by [60], working with irrigation depths of 60%, 80%, 100%, 120%, and 140% of
ETo, as already mentioned.

Results for different mulch types (Figure 6d) indicate that the natural mulch NC
yielded higher average productivity values. This effect can be attributed to the lower
degradation of the natural cover over the course of cycles, with no replacement occurring
during these periods, only at crop cutting time.

For cycles 1 and 3, crop productivity in areas under NC treatment was 24% and
8% higher than the BS area, respectively (Figure 6d). The mulch significantly increased
dry matter production for forage sorghum cultivars by 62%, compared to areas without
mulch [63]. This agricultural practice is essential in semiarid regions, according to [31]
and [28], to maintain soil moisture and reduce soil temperature fluctuation, thus favoring
crop development.

4.3. Effects of Irrigation Depths with Wastewater and Mulch on Soil Electrical Conductivity and
Organic Matter

We can say that there was a significant reduction in soil EC for all treatments, for
cycles 2 and 3, with mean reductions of 50% and 49% in relation to cycle 1, for the 0–20 cm
layer (Figure 7a). This behavior is associated with the adopted irrigation management
and is also influenced by the occurrence of intense rainfall events such as the 115 mm
rainfall recorded on 16 February 2019, promoting the leaching of salts. In addition, there is
a drainage system in the area, which also contributed to the soil EC reduction.

A study with saline soil from China’s coastal board, with a shallow water table (1.2 m
deep), demonstrates that drainage is essential to improve crop development and that drains
built with biological materials improve drainage performance [64].

Such reduction observed for soil EC was fundamental for the greater growth and for
higher sorghum productivity in cycles 2 and 3, in response to the higher irrigation depths’
IDs (Figure 6c,d).

It should be mentioned that crops affected by salt stresses would face growth limita-
tions, mainly as a consequence of the lower soil osmotic potential, hence restricting water
availability and inducing excessive ions accumulation in plant tissues, which can also cause
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ionic toxicity and nutritional imbalances [65]. Thus, the lower heights that occurred for the
first sorghum cycle (Figure 4a,b) could be associated with the higher soil conductivity in
the mentioned period (Figure 7a).

Soil electrical conductivity (EC) represents an important variable to describe soil
quality in relation to salts concentration. Regular EC monitoring is highly recommended
to identify possible changes in areas where wastewater is applied [11,19,65]. From an
agricultural point of view, soil quality is related to the soil’s ability to be productive and
resilient in an economically feasible way, with physical, chemical, and biological structures
within natural limits [14,66].

Thus, it can be assumed that irrigation using wastewater for sorghum cultivation
associated with rainwater events can be carried out without affecting soil productivity
capacity, provided that mulching and leaching irrigation depths are adopted as agricultural
practices, wherever there is a subsurface drainage system.

Of the types of covering adopted, the coconut coir treatment showed a high potential
for reducing soil salinity, enhancing salts leaching from the root zone, as observed for
cycles 1 and 3, presenting statistically lower values than bare soil conditions. In semiarid
regions, coconut coir has shown a high potential for aiding agricultural cultivation, also
improving soil water infiltration capacity [31].

Evaluating the spatial variability of soil salinity in the same cultivation area where
forage sorghum is grown, carried out at the end of July 2019, [14] found mean and standard
deviation values for soil electrical conductivity of 2.25 and 1.89 dS m−1, and 0.80 and 0.76,
respectively for 0–20 cm and 20–40 cm layers. No statistical differences were detected
between the electrical conductivity values between the layers, according to Tukey’s test.
Thus, it can be pointed out that the joint effect of agricultural practices, rainfall events, and
the subsurface drainage efficiency properly controlled soil electrical conductivity at the
irrigated field.

This result is reinforced by the fact that the irrigated field has been used for several crop
cultivations since 2009, using wastewater from the local district. [67] presented results for
color cotton cultivation, while [51] developed the cultivation of moringa, investigating soil
and salinity dynamics using drainage lysimeters. Soil retention properties were analyzed,
and similar salinity dynamics were confirmed for the 0–20 cm, 20–40 cm, and 40–60 cm
layers. The mean electrical conductivity values were 3.0, 2.3, and 3.2 dS m−1, for layers
0–20 cm, 20–40 cm, and 40–60 cm, respectively, for the period from February to May
2015 [51]. Higher salinity values were measured for corn cultivation in the area from May
to August 2016, with mean electrical conductivity of 6.72 dS m−1 [14], but similar to the
soil electrical conductivity at the sorghum sowing. Hence, no tendency for soil salinity
to increase has been detected in the experimental area for the ten-year period of irrigated
cultivation with wastewater.

4.4. Water Table Level and Salinity Dynamics in the Experimental Area

Successive rainfall events of 22, 36.2, and 115 mm day−1, which occurred from the
end of January until February 2019 (Figure 8a), led to a significant reduction in the water
table electrical conductivity (−14%). Naturally, intense rainfall plays an important role in
controlling salinity in both the soil profile and the water table. This effect is very beneficial
for soil chemical properties since it prevents the accumulation of salts in the root zone,
which contributes to the irrigated areas’ sustainability [68].

It was found in wheat verified that the soil salt content built up due to saline water
irrigation was almost completely leached from the topsoil layer of 0–20 cm, at the end of
the rainy season, even for irrigation water salinity of 13 dS m−1 [38]. Mean precipitation in
the region reaches 1673 mm.

For our case study, the wastewater showed an electrical conductivity of 5.7 dS m−1,
resulting in 9.33 dS m−1 soil electrical conductivity for the 100% ETc depth. It can be shown
that rainfall events from February to April reduced soil electrical conductivity by 60%.
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According to [39], salt leaching in areas with shallow groundwater may not be efficient.
However, rainfall can play a key role in leaching soil salinity, as highlighted by [37], assess-
ing the potential of rainfall to leach salts from the soil profile in the Mediterranean region.
The authors found that using brackish water for crop irrigation led to salt accumulation in
the soil profile, requiring additional freshwater depths for proper leaching. Ref. [68] also
recommended leaching depths where precipitation is not enough to control salinity.

For our study, rainfall distribution that occurs in the Brazilian semiarid region, mainly
from February to April, has a strong influence on reducing soil salinity from a sandy profile
in a drained area. Intense rainfall is a feature in the Brazilian semiarid region [34].

Mulching is an important agricultural practice that helps to control salinity, attenuate
soil drying, and consequently reduce the capillary rise from a shallow water table [69].
It can be stated that the NC and CC covering types were more efficient for controlling
the aforementioned processes, thanks to their lower degradation over the course of the
sorghum cropping cycles.

In our study, the root zone and the shallow water table salinities did not exceed the
threshold salinity for the IPA sorghum (10 dS m−1). [8] irrigated forage sorghum with
wastewater, and they also found that the soil profile remained appropriate for cultivation,
below the threshold crop salinity (6.8 dS m−1), for two consecutive years. No significant
changes in the EC dynamics occurred, comparing measurements in the area where wastew-
ater was applied to a control area (irrigated with domestic water supply) in a semiarid
region of the United States, where the mean total annual rainfall is 169 mm.

Intense rainfall events meant that there was a strong negative correlation of rainfall
with the water table depth (−0.86), observing its rise, and a decrease in salinity ESD
(−0.81) and ECS (−0.86), mainly for January, February and March, according to the PCA
analysis (Figure 8b), with strong negative correlations between these variables (Dim1).
According to [70], vector angles of 90◦ or wider indicate the absence of correlation or
negative correlation. Thus, the obtained results make it clear that rainfall had a strong
influence on soil and groundwater salinity control.

Irrigation with wastewater caused an increase in TOC for all coverage conditions
(Figure 9a), although such increments were significantly lower for the BS treatment. Accord-
ing to [71], organic carbon losses due to erosion or leaching processes can be significantly
higher in soils without mulch protection than in areas with mulching.

It can be said that high levels of TOC have occurred for plots where OM was applied
(Figure 9b). This result is associated with the high mineralization that occurs for that vegetal
covering material, characterized as a leguminous plant. Such behavior was also observed
by [44], who found that mulching from Leguminosae family species had a remarkable effect
on soil TOC increments compared with coverage materials from Poaceae family plants.

The different irrigation depths increased TOC throughout the cultivation period, but
there was no statistical difference. Although IDs values do not result in differences in
relation to TOC for the experiment, the authors of [72] indicate the important contributions
of wastewater in supplying essential nutrients to the plants development, as well as adding
organic matter to the soil, thus increasing its water retention capacity.

4.5. Impacts of Soil Electrical Conductivity (EC) and of Total Organic Carbon (TOC) on
Sorghum Productivity

Despite the low to moderate negative correlations between EC and PRD, it was verified
that salinity influenced the reduction in sorghum productivity, as shown in Table 5, particu-
larly for the BS condition. For the cropping period in which EC was the highest (cycle 1),
the effect was not very pronounced, as the sorghum has a threshold salinity of 10 dS
m−1 [42]. Productions of 10 sorghum varieties under different irrigation water qualities
(0, 2.5, 5.0, 7.5, 10, and 12.5 dS m−1) found a high correlation between the reduction in
productivity and salinities of 10 and 12.5 dS m−1 [73]. In our study, the reduction in soil
salinity for cycles 2 and 3 resulted in higher correlations with productivity compared to
cycle 1, although still not significant. Values of Spearman’s coefficients close to 1 or −1
indicate strong dependence or high correlation, while those close to 0 represent instability
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or weak dependence [74]. Thus, it can be stated that there is a weak dependence between
EC and PRD of forage sorghum for the three cropping cycles.

For the coconut coir (CC) condition, correlation values between electrical conductivity
and productivity were always of low magnitude for the whole cycle (Table 5). Thus, even
under higher soil EC, sorghum was produced properly with this treatment. Of the likely
positive effects of coconut coir, the higher salt leaching capacity from the root zone should
be noted; it is due to the induced increase in infiltration [30]. In addition, according to [75],
the increase in soil water infiltration is an important effect associated with the use of
coconut coir as a mulch cover on the soil surface. This effect is also consistent with the
results shown in Figure 7b, at the end of the third cycle, when the CC condition had the
lowest electrical conductivity values.

As for the total organic matter, a low correlation was observed between the TOC stock
and productivity.

Regarding the principal components, Dim1 and Dim2 explained 69% of the total variation
in cycle 1 (Figure 10a), 73.5% in cycle 2 (Figure 10b) and 71.8 in cycle 3 (Figure 10c). This high
variance ratio is explained by the first two main components. It means that productivity
and total organic carbon stock are strongly associated, according to the principal compo-
nent analysis (PCA), showing a positive relationship mainly for the 120% and 140% of
ETc irrigation depths. It should be noted that such association was not detected by the
correlation analysis previously discussed.

In PCA graphs, vector angles lower than 90◦ indicate a positive correlation [70]. This
means that significant positive correlations between productivity in CC (PRDCC) for all
cycles indicate that this material performs well at maintaining TOC and PRO. According
to [2], coconut coir mulch is also an important management alternative for maintaining
soil moisture and raising productivity under rainfed conditions in the semiarid region.

5. Conclusions

Yields of forage sorghum irrigated with supplementary wastewater as described in
our study were compatible with yields obtained when irrigation was carried out using
suitable quality water, as reported in the literature. Elevation in the irrigation depths up to
140% of ETc promoted linear increases in sorghum development indexes of plant height,
stem diameter, tiller number, leaf area index, dry mass, and productivity for cycles 2 and 3.
The leaf area index was positively influenced by the increase in irrigation depths, as well
as by the mulch application.

Mulch application led to better sorghum development, which can increase its produc-
tivity by up to 24% in relation to areas where this conservation practice is not employed.
Additionally, of the investigated covering types, coconut coir had the greatest potential
to control salinity in areas irrigated with wastewater while simultaneously facilitating
higher incorporation of organic matter and thus increasing the plants’ capacity to overcome
environmental stresses.

Irrigation with wastewater increased soil and groundwater salinity during the dry
period. However, the occurrence of rainfall events reduced salinity and restored the produc-
tive capacity of the cultivated areas, thereby enabling reasonable cultivation development.
For this washing process promoted by rainfall to be successful, it is highly recommended
that a subsurface drainage system should be implemented. The principal component
analysis clearly showed that precipitation had a strong negative relationship with reducing
soil and groundwater salinity in the rainy months and that the irrigation depths of 120%
and 140% of the ETc were grouped and significantly influenced sorghum productivity and
soil carbon stocks.
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