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A B S T R A C T

The use of untreated or partially treated wastewater reuse for urban and peri-urban agricultural irrigation is a
common practice in developing countries like Ethiopia. Such practices, however, pose significant environmental
and public health risks. The objective of this study was to evaluate the irrigation suitability of anaerobic digestion
brewery effluent (ADBE) and two-stage horizontal subsurface constructed wetland post-treated ADBE (CWPBE). A
series of pot experiments were conducted in a plastic - greenhouse system arranged in three sets of irrigation
schemes: Treatment Group1 (TG1): municipal pipe tap water (MPTW) irrigated pots; Treatment Group2 (TG2):
ADBE irrigated pots, and Treatment Group3 (TG3): CWPBE irrigated pots. Pots packed with the same amount of
sandy clay loam soil and local tomato seeds sown were irrigated following an updated tomato irrigation schedule
derived from the FAO CROPWAT stimulation model for 120 days. The findings from key irrigation water quality
parameters showed that the CWPBE achieved the prescribed irrigation water standards with values of pH (7.4 �
0.15), electrical conductivity (1.9 � 0.11 dS.m�1), total suspended solids (25 � 4.17 mgL-1), chemical oxygen
demand (185.1 � 1.66 mgL-1), total nitrogen (17.4 � 0.7 mgL-1), total phosphorous (8.8 � 0.26 mgkg-1), calcium
(10.5 � 3.6 mgkg-1), magnesium (4.9 � 0.98 mgkg-1), sodium (4.4 � 1.51 mgkg-1), potassium (2.3 � 1.15 mgkg-
1), sodium adsorption ratio (1.6 � 0.34), and total coliform (8 � 0.16�10�5 CFU/100 mL). Moreover, tomato
plants grown in TG3 attained higher growth such as number of leaves (85.6 � 4.68), plant height (92.2 � 1.29
cm), stem diameter (13.1 � 2.35 cm) and leaf area (35.5 � 1.03 cm2) as well as higher biomass (61.2 � 1.33
kgm�2) and fruit (46.4 � 3.51 kgm�2) yields over other treatment groups. The results revealed that irrigation
waters significantly improved both growth and yield parameters of tomato plants with the ascending order of TG1
< TG2 < TG3. Moreover, CWPBE showed minima short-term residual effect on soil physicochemical properties as
compared to ADBE, and thus, it has potential suitability for agricultural irrigation reuse.
1. Introduction

The increasing scarcity of freshwater resources in developing coun-
tries and dry eco-regions have prompted communities to recycle waste-
water for agriculture and other domestic purposes especially in urban
and peri-urban settings (Gatta et al., 2015; Jones and Power, 2016;
Balkhair, 2016). Recent research reports indicated that 40% of the
population will face water scarcity problems, especially half of them will
be under high stress around the world, including Ethiopia by 2030
(Almuktar et al., 2018). Under these situations, the reuse of large quan-
tities of wastewater generated from different agro-process industries such
as brewery factories can complement the use of freshwater resources and
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mitigate local irrigation water deficits. Breweries generate a huge volume
of wastewater, approximately 3–10 liters of wastewater is produced per
liter of beer production (Simate et al., 2011), which can be reused with
proper treatment practices. In Ethiopia, there are over twelve breweries
that use between 9 and 22 m3 of water per m3 of beer produced. This
accounts for 70% of the water used as effluent discharge putting
considerable strain on the water supply and wastewater management
systems (Worku et al., 2018). These brewery industries are concentrated
in urban and rural areas; all discharge their untreated or partially treated
wastewaters into the environment and cause severe environmental
pollution (Oljira et al., 2018; Kitaw et al., 2018). A safe way of recycling
wastewater from these brewery industries is essential to overcome water
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Figure 1. Map of experimental location.
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scarcity problem and for sustainable reuse to improve physicochemical
characteristics, fertility, and soil microbial communities of the soil (Singh
and Agrawal, 2012; Tarantino et al., 2017) as well as increased plant
growth and crop yield (Kumar et al., 2010). Although, reuse of waste-
water for irrigation offers many advantages; its reuse without proper
treatment practices may impair soil functions by changing soil physico-
chemical properties, reducing the crop production, and overall result in
both human and environmental health threat problems worldwide
including Ethiopia (Zinabu et al., 2010; Abegunrin et al., 2016; Shakir et
al., 2017).

Research findings have also shown that reuse of poor quality brewery
effluent for irrigation raises some harmful effects like inhibition of seed
germination, plant growth, and yield reduction (Bahri et al., 2015) and
low soil quality (Abd-Elwahed, 2019) due to the presence of high
chemical oxygen demand (COD), pH, salts, pathogens (Masto et al., 2009;
Bahri et al., 2015), protein, fat, fiber, carbohydrates, yeast and hop res-
idues, ethanol, volatile fatty acids, and total suspended solids (TSS)
(Simate et al., 2011; Eyvaz, 2016; Bakare et al., 2017). Besides, its higher
suspended solids can affect soil porosity and hydrological properties
(Ghanem et al., 2017). Similarly, high loads of nutrients have also major
effects on soil physicochemical and biological properties (Jueschke et al.,
2008). High concentrations of salts increase soil electrical conductivity
(EC) and soil salinity, which causes soil dispersion, decreases soil hy-
draulic conductivity (Muyen et al., 2011). In addition, it causes soil
nutrient andmicrobial community imbalance (Sousa et al., 2012), reduce
plant growth and crop productivity (Oo et al., 2015), and potential
threats to animals and human beings (Gatta et al., 2015; Eyvaz, 2016).
Hence, quality irrigation water is needed for safe reuse (Jeong et al.,
2016). In Ethiopia, urban and peri-urban agriculture is commonly prac-
ticed with the use of river water receiving untreated and or partially
treated wastewaters. Hence, reusing agro-process industrial wastewater
is a plausible strategy to mitigate water stress and expand urban agri-
culture. In the Kombolcha areas (Northern Ethiopia), the study site,
wastewater from the Kombolcha brewery factory is routinely used as one
of the potential alternative irrigationwater sources, though, local farmers
raise complaints about its quality. To reduce this problem, the factory
treat its wastewater using an up-flow anaerobic sludge blanket (UASB)
reactor, a common biological wastewater treatment technology aiming at
reducing organics and production of biogas (methane), but the resultant
effluent often does not meet irrigation standards and or environmental
discharge requirements (EEPA, 2003). Though many researchers have
also indicated that several aspects of brewery wastewater treatment op-
tions are available (Simate et al., 2011; Worku et al., 2018), most
developing countries are unable to treat their wastewaters to the required
level due to high operation and maintenance costs (Almuktar et al.,
2018).

Integrating constructed wetland (CW) system with an anaerobic
treatment system is reported as a viable wastewater treatment option for
sustainable reuse at low maintenance and operation costs. Anaerobic
reactors are efficient in the removal of organic matter from different
types of wastewater (Yasar and Tabinda, 2010; Caliskan et al., 2014),
and convert it into a high-grade biogas energy source (Karina et al.,
2017). While, the CW system provides many benefits through holding
and treating variable volumes of wastewater (Tazkiaturrizki et al.,
2018) and recommended as a sound-polishing choice for anaerobic
reactor effluents to meet the irrigation reuse standards (El-Khateeb and
El-Bahrawy, 2013; Almuktar et al., 2018). Among the CW systems, the
horizontal subsurface flow constructed wetland (HSSFCW) system is
commonly used for the tertiary level treatment of various types of
wastewater (de la Varga et al., 2013; Zeb et al., 2013). Similarly, in
Ethiopia, the HSSFCW was tested for the treatment of different types of
agro-process industrial wastewater and showed good output efficiency
(Kenatu, 2011; Terfie and Asfaw, 2015). But its performance is affected
by local climatic conditions, macrophytes and substrate media used,
wetland design, and other operations. Similarly, Vymazal (2005) re-
ported that treatment of high-strength agro-process industrial
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wastewater using a single macrophyte planted HSSFCW system is
difficult. So, for effective treatment and sustainable reuse, Merino-solís
et al. (2015) and Cheng et al. (2010) recommended various series
connected HSSFCW systems planted with different macrophytes to
regulate pollutant load variations and consistently met the irrigation
water quality standards (Alemu et al., 2019). Reuse of treated waste-
water for irrigation is an “end of pipe” solution to managing irrigation
water supplies. However, its use sometimes cause a substantial impact
on soil properties (Jaramillo and Restrepo, 2017). Similarly, use of
untreated or partially treated wastewater reuse for urban and peri-urban
agricultural irrigation is a common practice in developing countries like
Ethiopia. Such practices, however, pose a significant environmental and
public health risks. In general, lack of proper wastewater management
in Ethiopia, wastewater application for crop production becomes a
critical problem (Zinabu et al., 2010). Therefore, this study assessed the
suitability of low-cost CW post-treated anaerobic digestion reactor
brewery effluent for irrigation potential in urban and peri-urban setting.

2. Materials and methods

2.1. Experimental location and treatment plant description

A horizontal subsurface flow constructed wetland (HSSFCW) pilot
plant was connected with the existing up-flow anaerobic sludge blanket
(UASB) treatment plant in an industrial zone of Kombolcha town,
Northern Ethiopia, located at 11� 04042.43ʺN 39� 43034.45ʺ E and 1833
m above sea level (Figure 1) for effluent reuse, an area with annual
average minimum and maximum temperatures varying between
6.1–15.2 �C and 24.7–30.4 �C, respectively, and mean annual rainfall of
255.7 mm.

The design and construction of the HSSFCW system (Figure 2) was
done as described in detail in our previous published work (Alayu and
Leta, 2021). Substratemedia used in the system include a clay rockmedia
with a scale of 15–25 mm that contains 13.69% w/w Al2O3, 4.24% w/w
Fe2O3, and 1.52% w/w CaO. Two selected macrophytes, as indicated in
Figure 2, Umbrella Grass (Cyperus alternifolius) was planted in the first
cell because of its high pH resistance (Miyazaki et al., 2004), high pro-
ductivity, relatively strong root system, ease of adaptation to organic load
changes, salinity tolerance, and high nutrient absorption potential (Bilgin
et al., 2014) followed by cattail (Typha latifolia) due to its short root
length (Bonanno and Cirelli, 2017), less salinity tolerance, and ability to
mitigate nutrient-rich wastewater (Mollard et al., 2013). The macro-
phytes were continuously acclimatized using diluted wastewater.
Following acclimatization, the two-stage HSSFCW system was operated



Figure 2. Schematic diagram of the experimental setup of the two-stage HSSFCW system.
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by continuously feeding ADBE from the distribution tank, which was
monitored by a 2-inch gate valve at the CW's inlet.

The main characteristics of the HSSFCW system is provided in Table
1.

2.2. HSSFCW water budget

The HSSFCW water budget or change in storage in the form of hy-
draulic loading (HLR) was 0.2373 md�1 which was determined by the
following Eq. (1) (Ayub et al., 2010):

HSSFCW water budget
�
md�1�¼ P þ Qi � ET � Qo (1)

But, the rate of evapotranspiration (ET) is 0.2492 md�1, which was
determined based on the Eq. (2) (Leto et al., 2013):

Qo ¼ Qi þ ðP � ETÞAs (2)

where Qi (0.698 m3d-1) and Qo (0.549 m3d-1) are the inflow and outflow
rates respectively, P is the rate of precipitation (0.2557 md�1), and As is
the HSSFCW surface area (22.98 m2).

2.3. Experimental design for effluent irrigation suitability assessment

Pot (volume and length of 0.678 m3 and 0.6 m) experiments were
conducted under plastic – greenhouse systems to evaluate the two-stage
Table 1. Design characteristics and operating parameters of each series-
connected HSSFCW unit.

Design parameters Values of each
series individual unit

Number of series-connected HSSFCW units 2

Length (m) 7.56

Width (m) 1.52

Unit surface area (m2) 11.49

Volume (m3) 5.17

Gravel depth (m) 0.45

the porosity of the media 0.27

Macrophyte types Umbrella
Grass and cattail

Operational parameters

Hydraulic loading rate (md�1) 0.06

Daily hydraulic flow rate (m3d�1) 0.698

HRT (day) 2
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constructed wetland post-treated ADBE effluent (CWPBE) irrigation
suitability compared to anaerobic digestion brewery effluent (ADBE),
and Municipal Pipe Tap Water (MPTW). Figure 3 shows the three sets of
irrigation schemes (i.e., Treatment Group 1 (TG1): MPTW irrigated pots
as control, Treatment Group 2 (TG2): ADBE-irrigated pots, and Treat-
ment Group 3 (TG3): CWPBE irrigated pots.

2.4. Description of the CROPWAT Window 8.0 model

The FAO created CROPWAT Window 8.0 is a computer program that
calculates the reference evapotranspiration (ET0) and climate data. This
software makes it simple to measure crop water needs in irrigated fields
(FAO, 2009). In a greenhouse system, effective irrigation scheduling is
needed to save irrigation water and increase crop yield and quality
(Nikolaou et al., 2019). As a result, tomato crop water requirement
(CWR) and irrigation schedule were estimated following FAO CROPWAT
8.0 simulation software and the CLIMWAT 2.0 tool attached to it (FAO,
2009).

2.4.1. Input data requirement for CROPWAT modeling
Rainfall, climatic, soil, and crop data are the four types of data

required to use the CROPWAT program (FAO, 1998). Climatic data for
the study area (Figure 4) were collected from the CLIMWAT 2.0 database,
which can be used to estimate the irrigation water requirement for
various crops. CLIMWAT includes thirty years of monthly climatic pa-
rameters as well as the location's coordinates and altitude. Monthly
Figure 3. The layout of the experimental irrigation system.
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maximum and minimum temperatures (degrees Celsius), wind speed
(kilometers per hour), mean relative humidity (percentage), sunshine
hours (h), rainfall data (mm), and efficient rainfall (mm) are the variables
used in CLIMWAT (FAO 2009).

2.4.2. Reference evapotranspiration
Transpiration (water loss from the plant surface) and evaporation

(water loss from the soil surface) both occur at the same time are referred
to as evapotranspiration (ET). The rate of ET obtained from a full ground
cover of grass is called the reference evapotranspiration. Based on FAO
irrigation and drainage paper 56, the ET0 was determined using the FAO
Penman-Monteith method and the Windows CROPWAT model (FAO,
1998). The computed solar radiation and reference evapotranspiration
(ET0) are shown in Figure 4.

2.4.3. Crop water requirement and irrigation schedule
For crop water requirement (CWR) computation, the FAO CROPWAT

software (FAO 2009) was used. A dimensionless Kc is the ratio of crop
evapotranspiration (ETc) to reference crop evapotranspiration (ET0), and
it reflects an aggregation of the effects of four important qualities that
distinguish the crop from the reference grass, including crop soil surface
reflectance, crop height, canopy resistance, and soil evapotranspiration.
The Kc for the crop will vary over the growing period due to ETc varia-
tions during the growth stages (FAO, 1998). Irrigation scheduling de-
termines the required amount of water to irrigate a crop and when to
water it (Allen et al., 2005). The crop data for tomatoes were collected
from the CLIMWAT 2.0 database and entered into the CROPWAT pro-
gram for ET0 computation. The crop coefficient (Kc), computed ET0, zero
rainfall data, planting date, 80% irrigation efficiency, initial background
soil particle size indicated in Table 2, and its corresponding sandy clay
loam (classified according to USDA textural triangle) were updated as a
set in the CROPWAT 8.0 window software for CWR computation. The
CWR is the amount of water needed to replace the water lost by evapo-
transpiration (ETc) from a cultivated field, expressed in millimeters per
day. CWR or ETc can be determined using the flowing Eq. (3) (FAO
1998):

CWR ¼ ETc ¼ Kc ET0 (3)

Before beginning the experiment, the physico-chemical characteris-
tics of the experimental soil was determined, as shown in Table 2.
2.5. Experimental operation

The initial experimental soil sample was collected from the uncon-
taminated area of 20 cm layer depth, and a 20-kg soil was filled into nine
pots and allowed for 15 days for settling time. Local tomato variety,
Lycopersicon esculentum mill was selected, and each pot was seeded with
nine tomato seeds on September 14, 2019. Initially, 17% of the total CWR
or 33.4 liter of irrigation water at transplant was used to moisten each
potting soil before seed germination. After this initial distribution, each
treatment group was irrigated using a spray bucket following the tomato
crop irrigation schedule (Table 3) from 8:00 a.m. to 9:00 a.m. throughout
the study periods. The harvesting date was extended up to January 16,
2019. After germination, three healthy tomato plants out of the nine were
later retained in every pot. Normal tomato crop agronomic practices such
as watering, pruning, nipping, trimming leaves, tying up or staking to-
mato plants with wood stakes, and weed control were performed during
the cropping period.
2.6. Water, soil, and fruit sample collection and analysis

2.6.1. Irrigation water quality analysis
Irrigation waters were collected during the cropping cycle from the

anaerobic digestion reactor outlet (influent of the two-stage HSSFCW
unit), the outlet of the two-stage HSSFCW unit, and household municipal
4

pipe using a 1-liter sterile glass bottle and transported to the laboratory
for immediate analysis in refrigerated bags. Irrigation water pH and EC
were measured on-site using a handheld IntelliCAL™ pH/temperature
digital probe (HACH® HD30d Flexi, Loveland, USA), and a conductivity
meter (Cyberscan 100/LFA/78, EUTECH, USA), respectively. Whereas,
TSS, COD, TN, and total coliform (TC) were measured offsite using oven-
dry method, closed reflux method, persulfate digestion method, and
membrane filter technique, respectively (APHA, 1998). TP and
exchangeable cations such as Naþ, Kþ, Ca2þ, and Mg2þ were determined
using inductively coupled plasma (ICP - OES, Arcos spectrophotometer,
Germany) following the APHA method (1985). SAR was computed using
Eq. (4) (Richards, 1954).

SAR ¼ ½Naþ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½Ca2þ�þ½Mg2þ�

2

q (4)

2.6.2. Measurement of tomato biomass and yield biometric parameters
The tomato agronomic parameters such as the number of leaves, plant

height, biomass, and the number of fruits were determined following
standard methods; the height of the tomato plant (PH) was measured in
centimeter (cm) starting from the base to top, while the tomato plant
stem diameter (SD) was measured in centimeter (cm) at the base. The
number of leaves (NL) per plant for each pot was also counted. The to-
mato leaf area (LA) was calculated using Eq. (5) (Blanco and Folegatti,
2003), its length is the distance between the insertions of the first leaflet
to the distal end; and the maximum width was measured with a ruler.

LA
�
cm2� ¼ 0:85ðL x WÞ (5)

where L stands for leaf length (cm) and W stands for the leaf's widest
middle portion (cm) with the width corrected to 0.85.

At the end of the experiment, the tomato biomass yield (BY) of the
three treatment groups was determined in kilograms per square meter
(kgm�2) by harvesting the above-ground parts and drying them in an
oven at 70 �C for 3 days (Ismail et al., 2007). Similarly, the healthy and
matured tomato fruit yield (FY) on each of the three treatment groups
was measured in kilograms per square meter (kgm�2). Tomato fruit was
collected using UV - sterile plastic bags and taken to the laboratory for
immediate TC analysis following a serial dilution method (Shenge et al.,
2015).
2.7. Soil sample collection and analysis

The initial background soil sample before the experiment and irri-
gated pot soils after harvest were collected, air-dried, and powdered into
<2 mm size using an electric grinder and stored in plastic bottles for
laboratory analysis. The background soil particle size distribution was
measured using the hydrometer method (Gee and Bauder, 1986). Next,
both background and irrigated soils pH and EC were measured in a 1:5
(soil: water) suspension using pH meter (HACH® HQ440d, Loveland,
USA) and conductivity meter (Orion, EA 940 USA) respectively (Pawar
and Shah, 2009). Soil OC was determined using Walkely and Black
method (Nelson and Sommers, 1996), and OM was also estimated from
OC by multiplying with a 1.724 conversion factor. Whereas, TN was
measured using the Kjeldahl method (Bremner and Mulvaney, 1982).
Soil TP and exchangeable cations (Naþ, Kþ, Ca2þ, and Mg2þ) were
determined by the Mehlich-3 extraction method (Mehlich, 1978) using
inductively coupled plasma (ICP - OES, Arcos spectrophotometer, Ger-
many). The soil SAR was computed using Eq. (5) suggested by Richards
(1954).
2.8. Statistical analyses

One-way ANOVA was performed with Shapiro-Wilk normalized data
at p¼ 0.05, followed by post hoc analysis to look for differences between



Figure 4. Representative climatic conditions of Kombolcha town.
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Table 2. Initial Physico-chemical characteristics of experimental soil.

Parameters Mean � SD

Soil texture

Sandy 51.2 � 4.15%

Silt 15 � 6.93%

Clay 33.8 � 4.15%

pH 7.87 � 0.12

EC (dS.m�1) 0.8 � 0.03

Sodium adsorption ratio (SAR) 3.95 � 0.29

Organic carbon (OC) (%) 5.6 � 0.1

Organic matter (OM) (%) 9.65 � 0.17

Total Nitrogen (TN) (%) 1.55 � 0.11

Total phosphorous (TP) (mgkg�1) 7.93 � 0.93

Calcium (Ca2þ) (mgkg�1) 363.4 � 41.97

Magnesium (Mg2þ) (mgkg�1) 162.64 � 12.29

Potassium (Kþ) (mgkg�1) 112.79 � 1.61

Sodium (Naþ) (mgkg�1) 63.84 � 1.24
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means compared using a Turkey's test at a 5% level of significance using
Origin® Pro 2017 software (OriginLab Cooperation, Northampton, MA,
USA). Principal components analysis (PCA) was conducted using PAST
software version 4.0) (Hammer et al., 2001) to understand the data
structure and minimize the number of variables to a manageable number
of independent principal components). To avoid misclassification due to
large differences in data dimensionality, data was normalized (log x; x ¼
mean value) in PCA. After applying the Scree test and considering prin-
cipal components with eigenvalues >1, the principal components were
maintained. The factor loadings were graded as “strong”, “moderate,”
and “weak,” corresponding to absolute loading values of >0.75,
0.75–0.50, and 0.50–0.30, respectively (Tomaz et al., 2020). The results
were expressed in terms of mean and standard deviation values. Results
were presented using graphs and tables.

3. Results and discussion

3.1. Characteristics of irrigation waters

The mean � SD values of the physicochemical and biological char-
acteristics of the ADBE, CWPBE, and MPTW are summarized in Table 4.
The pH of the three-irrigation water showed significant (p < 0.05) var-
iations with lower values found in the ADBE followed by CWPBE. This is
due to certain pH adjustments taken in the anaerobic reactor
Table 3. Tomato CWR and irrigation schedule of each pot.

Month Decade Stage Kc
coeff

Sep 2 Init 0.4

Sep 3 Init 0.4

Oct 1 Deve 0.46

Oct 2 Deve 0.67

Oct 3 Deve 0.9

Nov 1 Mid 1.05

Nov 2 Mid 1.05

Nov 3 Mid 1.05

Dec 1 Mid 1.05

Dec 2 Late 1

Dec 3 Late 0.87

Jan 1 Late 0.74

Jan 2 Late 0.64

Total CWR for one-pot during the entire monitoring period

Where Init: initial stage; Dev: developmental stage; Mid: middle stage.
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pretreatment stage for the proper function of microbial communities in
the anaerobic reactor and phytoremediation of ionic substances in the
constructed wetland unit. The mean pH values of ADBE, CWPBE, and
MPTW provided in Table 4 met the Food and Agriculture Organization of
the United Nations (FAO) standard (i.e., 6.5 to 8.4) for the agricultural
reuse of treated water; pH values outside of this range indicate that the
water is of poor quality (Ayers and Westcot, 1985). Research findings
showed that irrigation water pH < 6.5 promotes leaching of exchange-
able cations. Whereas pH > 11, causes soil microorganism's death and
inactive movement of ions. Overall, irrigation water pH values outside
the standard range cause a nutritional imbalance and plant growth re-
striction (Mutengu et al., 2007). Similarly, analysis of the three irrigation
water EC values showed significant variation with maximum value
occurred in ADBE (Table 4), which might be due to the presence of
mineral ions. But its value falls within FAO standard limits 0–3 dS.m�1

(Ayers andWestcot, 1985). EC of the ADBE showed a 34.5% decline after
its further treatment with a two-stage HSSFCW system planted with
Umbrella Grass and cattail due to direct macrophytes uptake or sedi-
mentation and precipitation in the wetland sludge (Zurita and White,
2014). Whereas the MPTW mean EC content was found below the un-
restricted reuse (EC < 0.7 dS.m�1) (Ayers and Westcot, 1985). The FAO
guidelines focused on Ayers andWestcot (1985) quality principles, which
consider a "potential issue" approach with three levels of restriction on
uses: none (EC < 0.7 dS.m�1), mild to moderate (0.7 < EC < 3 dS.m�1),
and severe (>3 dS.m�1). The effect of EC on tomato plant growth, water
transport, and nutrient uptake potential was studied by Heinen et al.
(2001). The authors concluded that higher EC (>4 dS.m�1) resulted in
reduced tomato plant growth due to less water uptake or low osmotic
capacity. Additionally, higher irrigation water EC may cause soil struc-
ture clump and reduce the absorptivity of irrigated soil (Abd-Elwahed,
2019), and may also result in soil and plant toxicity; depending on the
irrigation period and soil nature (Mutengu et al., 2007; Samia et al.,
2013). Generally, both ADBE and CWPBE EC values were fall within the
slight to moderate degree of reuse restriction due to the accumulation of
total dissolved salts, but its gradual increase, particularly ADBE may
reduce the yield content of a crop, and hence, care should be taken in the
selection of crop and management if full yield potential is to be achieved
(Ayers and Westcot, 1985).

Analyses of irrigation water TSS and COD content also showed sig-
nificant variations (p < 0.05) with the maximum value recorded in the
ADBE followed by CWPBE, and MPTW (Table 4). Among the irrigation
waters, the ADBE TSS value exceeded the FAO treated effluent irrigation
quality standards of <30 mgL-1, while there are no standards for COD in
WHO (Jeong et al., 2016), and thus, the most strict water quality
ETc
(Ld�1)

ETc (Ld�1) for 2 days
irrigation interval

Total ETc
(Ld�1)

0.98 1.95 5.85

0.84 1.68 8.38

0.98 1.95 9.75

1.43 2.85 14.25

2.04 4.08 20.38

2.09 4.18 20.88

2.01 4.03 20.13

1.99 3.98 19.88

1.96 3.93 19.63

1.85 3.7 18.5

1.78 3.55 17.75

1.39 2.78 13.88

1.81 3.63 7.25

196.48



Table 4. The physicochemical and biological characteristics of irrigation waters.

Characteristics Irrigation water type

MPTW ADBE CWPBE *p-value

pH 8.4 � 0.1 7.7 � 0.08 7.4 � 0.15 1.4E-4

EC (ds.m�1) 0.6 � 0.01 2.9 � 0.1 1.9 � 0.11 1.6E-7

TSS (mgL�1) 6.2 � 0.12 189.3 � 10.1 25 � 4.17 7.2E-8

COD (mgL�1) 9.2 � 0.45 381.4 � 11.3 185.1 � 1.66 1.9E-9

TN (mgL�1) 4.2 � 0.25 51.2 � 1.87 17.4 � 0.7 1.2E-8

TP (mgkg�1) 0.29 � 0.01 22.5 � 0.21 8.8 � 0.26 2.7E-11

Ca2þ (mgkg�1) 50 � 0.42 21.6 � 3.8 10.5 � 3.6 1.0E-5

Mg2þ(mgkg�1) 21.9 � 0.08 15 � 1.8 4.9 � 0.98 6.9–6

Naþ (mgkg�1) 13.4 � 0.72 21.3 � 2.1 4.4 � 1.51 3.3E-5

Kþ (mgkg�1) 0.12 � 0.01 6.3 � 2.0 2.3 � 1.15 0.003

SAR 2.2 � 0.15 5 � 0.1 1.6 � 0.34 3.0E-6

TC (CFU/100 mL) 0 1.4 � 0.2�10�4 8 � 0.16�10�5 4.0E-5

* Significant test at α ¼ 0.05 significant level.
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standards of Alberta Environment (2000) have been used; with treated
effluent irrigation quality standards of 150 mgL-1. These variations are
due to the relatively higher fraction of solids and organic matter mainly
associated with the presence of greatly variable pollutants such as car-
bohydrates, alcohols, suspended solids, and yeast (Mohan et al., 2018);
proteins, ethanol, and volatile fatty acids (Raposo et al., 2010). Yasar and
Tabinda (2010) have also indicated that anaerobically treated effluents
had high levels of residual organics and nutrients. Whereas further
treatment of ADBE with two–stage phytoremediation process showed a
promising reduction of these pollutants below the above-mentioned
standards. Because the restricted TSS and promising COD removal of
anaerobic digestion reactor could be compensated by high efficiency in
the two-stage HSSFCW system; Umbrella Grass planted bed removed
68%TSS and 74%COD. Further treatment with cattail planted bed
removed 67%TSS and 70%COD (Alayu and Leta, 2021). Studies on the
individual evaluation of treatment efficiency of Umbrella Grass and
cattail in wastewater treatment revealed high organic matter and
nutrient removals. For example, Umbrella Grass planted HSSFCW
removed 93% TSS and 95% COD (Sa'at et al., 2017), while cattail
removed 92% TSS, and 79% COD (Ciria et al., 2005). But, the use of both
macrophytes in a two-stage HSSFCW system removed 89% TSS and 92%
COD (Alayu and Leta, 2021). According to Carballeira et al. (2016),
macrophytes play a significant role in TSS and COD removal efficiencies.
Likewise, in this study, the enhanced TSS and COD removal efficiencies
could be due to better contact of anaerobic digestion reactor effluent with
a network of aerobic, anoxic, and anaerobic zones of the two-stage
HSSFCW macrophytes that leak oxygen to the media, and removed pol-
lutants by the synergies of the physical, chemical, and biological pro-
cesses in the CW system (UN-HABITAT, 2008). Since macrophytes root
mat enhances more solid particles adhering, filtration, and sedimenta-
tion; and organic matters biodegradation, and consumption by attached
anaerobic-aerobic bacteria (Theophile et al., 2011; Aziz et al., 2015). A
high level of suspended solids can affect the performance of the irrigation
facility and can lower the hydraulic conductivity of the soil, and in turn
pollute the soil surface through surface flow.

Concerning the TN and TP content, a relatively high nutrient content
was found in the ADBE compared to the CWPBE and MPTW irrigation
waters. The ADBE showed almost triple increases in TN and TP compared
to the CWPBE TN and TP concentrations (Table 4), which may be due to
the high nutrient content of ADBE, primarily derived from malts, yeast
cells, and sanitizing chemical agents used in the cleaning in place (Worku
et al., 2018), and further mineralization of nutrients in the anaerobic
reactor from complex organic matters (Moawad et al., 2009). However,
in our previous report, further treatment of nutrient-rich ADBE with a
two-stage HSSFCW system showed promising TN and TP removal effi-
ciencies across the treatment stages; i.e., Umbrella Grass planted bed
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removed 56%TN and 41%TP, while treatment with the cattail planted
bed resulted in mean removal efficiencies of 63%TN and 58%TP (Alayu
and Leta, 2021). A previous study by Leto et al. (2013) and El-Khateeb
and El-Bahrawy (2013) also showed that 65%TN and 75%TN removal
efficiencies, respectively, using Umbrella Grass and cattail from raw and
anaerobically treated domestic wastewater. Whereas, Da Motta Marques
et al. (2001) and Cheng et al. (2010) reported 93%TP and 75%TP of
phosphorous removal, respectively, using a Z. bonorriensis; and T. sub-
alata and P. australis and P. stratiotes planted HSSFCW units from
anaerobic reactor municipal wastewater and a mixture of sewage and
swine wastewater. Analogously, in this study, treatment of anaerobic
digestion reactor brewery effluent with two-stage HSSFCW system
removed 66%TN and 61%TP with residual concentrations indicated in
Table 4. This better achievement is due to the good nutrient uptake po-
tential of both macrophytes (Alayu and Leta, 2021), and the combined
effect of macrophytes through physicochemical and biological processes
(Vymazal, 2007) and via media absorption, as well as plant uptake and
absorption (Badejo et al., 2014).

The presence of nutrients (N and P) in the effluent is most likely to be
used by plants. Plant nutrients in wastewater, on the other hand, are
available in large quantities that aren't always suitable for direct crop
production, and these proportions are difficult to adjust to meet crop
nutrient requirements. When one nutrient requirement is met, it is
common for another nutrient level to become unbalanced. As a result,
nutrient deficiency or oversupply can cause toxicity and have negative
effects on crop yield; additionally, depending on the crop, excess nutri-
ents can reduce productivity. To avoid crop yield loss due to excess nu-
trients in wastewater, careful nutrient management is required (Hanjra et
al., 2012). Similarly, the high nutrient content of ADBE can provide an
essential source of soil fertility, plant growth, and yield (Gatta et al.,
2015). Furthermore, organic nitrogen nutrition can affect the quality of
the plant product as well as the plant's metabolism (Jaramillo and
Restrepo, 2017). For example, sensitive crops like beets can be influenced
by excess nitrogen exceeding 5 mgL-1, while almost all other crops are
comparatively unaffected until its concentration exceeds 30 mgL-1.
Hence, nitrogen concentration level in the treated effluent wastewater
should not go beyond 30 mgL-1 to alkaline soils (Mutengu et al., 2007).
However, if total nitrogen delivered by wastewater irrigation exceeds the
recommended dose for the crop, it can stimulate vegetative growth but
delay ripening and maturity, possibly resulting in yield losses (Hanjra et
al., 2012). Furthermore, excessive nitrogen application can cause vege-
tables to accumulate high levels of nitrate, which, may cause serious
health problems when consumed by living things and impede soil carbon
biodegradation (Jaramillo and Restrepo, 2017). Comparing to the above
limits, the ADBE nitrogen concentration exceeded (51.2 � 1.87), and
may cause the above effects. Phosphorous is also an essential nutrient for
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an organism's metabolic processes and plant health by resisting certain
diseases (Mutengu et al., 2007). The concentrations of phosphorus in the
effluent are usually about 10 mgL-1, which is beneficial to plant devel-
opment (Hanjra et al., 2012). In contrast, its continuous application for
irrigation can change soil phosphorous behavior and become another
environmental concern from agricultural runoff (Liu et al., 2017).
Additionally, phosphorus can cause eutrophication or toxicity in other
habitats (Jaramillo and Restrepo, 2017).

The three irrigation waters also contain exchangeable cations such as
Ca2þ, Mg2þ, Naþ, and Kþ. The presence of these higher exchangeable
cations Ca2þ, Mg2þ, and Kþ in treated wastewater is also very interesting
from an agronomic point of view since they represent important nutrients
for improving soil fertility, plant growth, and crop yield (Gatta et al.,
2015). Whereas, the presence of Naþ in irrigated wastewater can pro-
mote soil salinization or sodification, which is easily concentrated in the
root zone, and causing osmotic stress of plants to absorb water and nu-
trients (Jaramillo and Restrepo, 2017). In this study, the exchangeable
cations (Ca2þ, Mg2þ, Naþ, and Kþ) concentration in the ADBE, CWBE,
and MPTW are provided in Table 4. In the CWPBE, the Ca2þ and Kþ

showed a two-fold decrease while Mg2þ and Naþ decreased threefold and
five-fold from the ADBE, respectively (Table 4). However, the Ca2þ and
Mg2þ were relatively higher in the MPTW. Whereas, the ADBE effluent
Naþ concentration was 4.8 and 1.6 times higher than the CWPBE and
MPTW, respectively (Table 4). The European Catchment Management
Agencies have the strictest quality standards for exchangeable cations in
wastewater for agricultural reuse. Hence, the concentration of the
exchangeable cations determined in this study were compared with these
standards. The values of exchangeable cations concentrations in this
study were below the European Catchment Management Agencies rec-
ommended standards of 150 mgL-1, 12 mgL-1, 50 mgL-1, and 50 mgL-1,
respectively, for Naþ, Kþ, Mg2þ, and Ca2þ, which don't cause substantial
effects on both soil physicochemical properties and crop production
(Abd-Elwahed, 2019). But, measures should be taken for long-term
application of Naþ, since it adversely affects the soil structure and re-
duces the permeability of irrigated soil and crop production restriction
(Leal et al., 2009).

Excess Naþ accumulation is linked to SAR, which is a useful indicator
for predicting the negative effect of excess Naþon soil physical properties
(Ayers and Westcot, 1985). In this analysis, SAR measurements were
found to be higher in the ADBE (5 � 0.1) (Table 4), which met the FAO
threshold limit of 3–9, which is considered a potential problem due to its
usage restrictions. Further treatment of ADBE with a two-stage HSSFCW
system, on the other hand, reduced the SAR value (1.6 � 0.34) to levels
below the FAOguidelines for non-restricted reuse; i.e., SAR< 3 (Ayers and
Westcot, 1985). Long-term use of sodium-rich wastewater can cause soil
sodicity, destroy soil structure, reduce water penetration, increase
compaction, and alter soil microbial community structure and activity.
Soil sodicity can be caused by irrigation water with a SAR of 3. When
irrigation water has a SAR of more than 6, it can cause permeability and
aeration issues. Wastewater-mediated salinity can decrease crop produc-
tion through nutritional imbalance, and growth inhibition by toxic ions.
Cucumbers, for example, are more sensitive than tomatoes. Hence, for
efficient and long-lasting effluent irrigation, periodic monitoring of soil
salt concentration is needed for adequate management using leaching or
green manure or gypsum application (Hanjra et al., 2012). Table 4 shows
themicrobiological properties of the three irrigationwater sources (ADBE,
CWBE, and MPTW). TC content differed significantly among the three
irrigation waters, with the ADBE having the highest level (1.4 � 0.2 �
10�4), followed by the CWPBE (8 � 0.16 � 10�5) (Table 4). TC content
was higher in ADBE than in CWPBE, but it was still below theWHO (2006)
recommended guideline of 103 CFU/100 mL, even for the strictest stan-
dards for unrestricted irrigation. This may be due to the thermalization of
untreated brewery wastewater. Its subsequent treatment with two-stage
HSSFCW units resulted in a significantly lower TC concentration, which
may be attributed to natural die-off in two-stage HSSFCW units.
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3.2. Effect of irrigation waters on tomato growth, biomass and fruit yields

Data reported in Table 5 shows the average quantitative changes of
tomato plant growth component parameters (NL, PH, SD, and LA)
characteristics observed over the entire growing season under the three
different treatment groups. As indicated in Table 5, TG3 attained the
higher tomato growth component. Results from the study showed sig-
nificant (p < 0.05) differences in NL, PH, and LA between the treatment
groups grown in three studied irrigation waters. But, post hoc analysis
between the means of TG2 and TG3 for SD showed insignificant (p ¼
0.931) variation. Tomato plants grown in TG3 with the application of
CWPBE increased the NL, PH, and SD by 13.3%, 9%, and 4.8%, respec-
tively, over tomato plants grown in TG2 with applications of ADBE; and it
also increased the NL, PH, and SD by 30%, 25.3%, and 46.1% over to
tomato plants grown in TG1 with MPTW (Table 5). These findings
correspond with the results of Khan et al. (2011) who reported that the
application wastewater increased the growth component parameters of
tomato plants. A similar finding was reported by El-Tohamy et al. (2006),
an increase in plant height could be attributed to the better availability of
soil nutrients that enhance the growth of plants by increasing cell divi-
sion and elongation in the growing area. Another study reported by
Omotade (2019), reported a significantly higher NL and SD of the tomato
plants under CW treated wastewater irrigation practice due to the re-
movals of toxic nutrients, which could have limited the plant growth.
Likewise, the good performance response of tomato plants NL, PH, and
SD in TG3 is associated with the sufficient supply of nutrients, and
reduced contents of soluble salts in the CWPBE (Table 4), which may
enhance the growth of the local tomato variety used to grow tomatoes in
the study. Rhoades et al. (1992) identified possible tomato yield re-
ductions at levels of water EC greater than 2.5 dS.m�1. The local tomato
plant variety is sensitive, hence, the observed relative growth component
parameters reduction in TG2 may be linked to its higher salinity limit
greater than 2.5 dS.m�1 Because of the slight shift in irrigation waters
physicochemical properties (Table 4), causes less essential nutrient
supply and water stress (Heinen et al., 2001), which can impede the local
tomato plant growth development and yield production via causing crop
physiological disorders (Ahmed et al., 2017). The irrigation waters also
showed a significant impact on the LA of the tomato plant (Table 5). The
CWPBE treated pot raised the LA by 32.7% and 61.4% respectively, as
compared to the ADBE and MPIW treated pots. In consistent with the
current study, Omotade (2019) also found that hot pepper plants irri-
gated with treated wastewater treatment had substantially higher LA due
to enhancement of photosynthesis thereby leading to a high yield of
plants (Liu et al., 2008). Whereas, the decline in LA under ADBE treated
pot may be due to the exhaustion of required nutrients for plant growth.
Similarly, Vieira et al. (2016) reported irrigation water excess ions to
trigger nutritional imbalance decreases stomatal conductance, transpi-
ration, and photosynthesis, and thus tends to inhibit plant growth. da
Silva et al. (2008) also found that increasing irrigation water salinity
caused the reduction of plant growth due to excess salts concentrations
around the plant root zone. Another study found that increasing irriga-
tion water salinity from 0.5 to 6.0 dS.m�1 in EC causes a decrease in plant
LA, which could be linked to reducing water availability and absorption,
which affects cell division and elongation (Vieira et al., 2016), decrease
in the root's osmotic potential, and thus contributes to a decrease in the
number of cells, depletion of leaf nutrient content, and decreased leaf
elongation (Ouansafi et al., 2019).

Similarly, as indicated in Table 5, the measurement of the yield
component parameters (BY (dry weight) and FY (fresh weight) showed
relatively higher in TG3 (61.2 � 1.33 kgm�2 for BY, and 46.4 � 3.51
kgm�2) followed by TG2 (52.4 � 1.72 kgm�2 for BY, and 28.1 � 6.38
kgm�2) and TG1 (41 � 3 kgm�2 for BY, and 17.3 � 4.13 kgm�2),
respectively, with respective irrigation waters of CWPBE, ADBE, and
MPTW. The irrigation waters property difference produced higher vari-
ability in tomato BY and FY due to the significant (p< 0.05) difference in



Table 5. Effect of irrigation waters on growth and yield component of tomato.

Treatment groups Tomato growth component parameters Tomato yield components

NL PH (cm) SD (cm) LA (cm2) BY (kgm�2) FY (kgm�2)

TG1 59.9 � 2.05 68.9 � 2.97 7.1 � 2.57 13.7 � 1.51 41 � 3 17.3 � 4.13

TG2 74.2 � 2.36 83.9 � 1.87 12.5 � 1.25 23.1 � 3.11 52.4 � 1.72 28.1 � 6.38

TG3 85.6 � 4.68 92.2 � 1.98 13.1 � 2.35 35.6 � 1.03 61.2 � 1.33 46.4 � 3.51

*p-value 2.1E-4 5.2E-5 0.025 0.001 7.8E-5 9.2E-4

* Significant test at α ¼ 0.05 significant level.
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nutrient composition indicated in Table 4. In TG3, the BY was increased
significantly by 33% over TG1 and 14.4% over TG2 While, FY was
increased significantly by 62.7% over TG1 and 39.2% over TG2 (Table
5). The post hoc analysis between the means of TG1 and TG2 showed
insignificant variation (p¼ 0.075), which may be due to the sensitivity of
the local tomato variety to the relatively higher salinity of ADBE, which
may affect its productivity through inhibiting nutrient absorption ca-
pacity. The higher variability in tomato biomass found in this study has
concurred with Khan et al. (2011), who found a substantially higher
biomass yield under plots receiving wastewater than tap water treated
due to the addition of an important plant nutrient (both macro and
micronutrients). Segura et al. (2004) studied wastewater reuse in arid
and semiarid regions around the world. They found that irrigating
greenhouse crops with effluents resulted in significantly higher tomato
yields due to the significantly higher levels of N, P, and K in the effluents.
Another study carried out by Khan Jadoon et al. (2013) also argued that
the irrigation of different vegetables with different industrial effluents
improved the seeding and root lengths of various vegetables, but, the
high concentration of numerous effluents decreased the seed germina-
tion and growth of vegetables. Recent studies have also indicated that
irrigation with treated wastewater enhanced the yield of lettuce by 50%
(Vergine et al., 2017). Tomato is a moderately salt-tolerant crop, but
higher EC of ADBE in TG2 may influence the tomato plant yield com-
ponents which may be due to its salinity tolerance limit is ranged from 2
to 3 dS.m�1 (FAO Regional Office for the Near East Cairo, 2003). The
tomato PH was significantly influenced by the irrigation water's salinity;
i.e., a decreased PH was observed under the increasing level of salinity
due to the change of soil physicochemical properties, which hinder plant
growth and yield production (Ahmed et al., 2017). Another study report
conducted by Castro et al. (2011) indicated that treated wastewater reuse
for irrigation significantly increased the vegetative weight and yield, but,
numerous crops may be affected by wastewater irrigation because of the
higher Naþ content. In addition, wastewater reuse may raise biological
traits to crops. However, in this study, assessment of such threats to to-
mato fruit was not observed due to the very low TC contents of the
irrigation waters that meet the unrestricted reuse for irrigation. In the
same regard, research findings reported by Vergine et al. (2017) showed
that agro-industrial effluents may be considered for reuse due to limited
microbiological contamination.

3.3. Short – term residual effect of irrigation waters on soil properties

The physicochemical characteristics of the soil before and after
treating with irrigation waters are indicated in Figure 5 For each treat-
ment group, the background soil pH was 7.87. After, the application of
the ADBE, soil pH was increased to 9.23 in TG2. Whereas, the application
of MPTW and CWPBE raises this background pH value to 8.15 and 8.03,
respectively, in TG1 and TG3 treatments (Figure 5 (a)). Among the
treatment groups, only TG2 soil irrigated with ADBE recorded a signifi-
cant increment to alkaline conditions as compared to the background,
TG1, and TG3 treatments, which may be associated with the relatively
higher mineral contents found in ADBE. In agreement with this result,
Disciglio et al. (2015) observed an increased soil pH under wastewater
irrigation due to the accumulation of high content of exchangeable
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cations (La Bella et al., 2016), and release OHþ ions through ligand ex-
change from high organic matters exist in wastewater (Abd-Elwahed,
2019). According to Libutti et al. (2018), the presence of high content of
exchangeable cations in the irrigation wastewater raised soil pH due to
reservation of basic cations in the soil particle. Irrigation with ADBE
caused a 1.13 and 1.15 unit rise in soil pH over CWPBE and MPTW ir-
rigations. In the literature, a 0.8 unit increase in soil pH was observed
under irrigation with treated wastewater (Libutti et al. (2018).

Similarly, in treatment groups, soil EC was also influenced by irri-
gation waters. EC of the background soil was 0.8 dS.m�1, but after irri-
gation with ADBE and CWPBE, its average value was shifted to be 4.75
and 2.31 dS.m�1, respectively, for TG2 and TG3; whereas, in TG1, it was
found to be 0.94 dS.m�1 (Figure 5 (a)). In TG2, application of ADBE
significantly increased the soil EC value by fivefold over TG1 and twofold
over TG3, which increase can be assigned to high suspended solids and
salt quantities dissolved in ADBE as shown in water EC values in Table 4.
The soil EC difference values in the three wastewater irrigated pots
(Figure 5 (a)) indicate a radical soil EC increase in TG2 is the most
influenced pot followed by TG3. In argument to this study, Singh and
Agrawal (2012) also reported that the addition of wastewater increases
the EC of soil due to a higher concentration of total dissolved solids.
According to Libutti et al. (2018), the rise in EC in wastewater-irrigated
soil was primarily attributed to the higher initial concentration of cations
such as Naþ and Kþ. However, application of further treated ADBE in TG3
showed minimal shifts from the background and other treatment group
soil EC values due to the removal of solids and salts. Morugan-Coronado
et al. (2013) have also reported that two years of treated wastewater
application does not affect soil EC. Compared to the recommended
threshold EC value of 4 dS.m�1 (Abegunrin, 2013), the MPTW and
CWPBE treated pot soils EC value was classified as not posing any threat.
Whereas, the ADBE irrigated pot soil EC value was exceeded the above
salinity threshold limit. This indicates that ADBE application does not
only influence the soil-EC but also affects soil structure, organic matter
content, and permeability (Libutti et al., 2018). In addition, it also affects
the activity of soil microorganisms, plant growth, and soil productivity
due to high salt accumulation (Castro et al., 2011).

Soil OM is essential for the formation and stabilization of soil struc-
ture, and increase soil water-holding capacity. It is also a reservoir of
nutrients such as nitrogen, phosphorous, and sulfur, all are important for
plant growth, and maintain soil fertility (Becerra-Castro et al., 2015).
Analyses of soil OC and OM contents showed considerable increases from
the background value in TG2 followed by TG3. Background soil OC and
OM contents were 5.6% and 9.65%, but after irrigation with ADBE and
CWPBE, these mineral contents were raised to 24.63% and 42.47% for
TG2, and 9.9% and 17.07% for TG3, respectively, for OC and OM.
Whereas in TG1, both OC and OM values were found to be 6.27% and
10.8%, respectively (Figure 5 (b)). ADBE application showed a 4.4 fold
significant shift in OC and OM from background value, while CWPBE
increased the background soil OC and OM by 1.8 fold. But, a minimal
change of 1.2 fold increment in OC and OM from the background was
observed in TG1. The increase of soil OC and OM can be assigned to the
high suspended solids and organic matter contents particularly in ADBE
and CWPBE application as shown in water OC and OM values indicated
in Table 4. Similarly, several studies reported results to indicate that the



Figure 5. Effect of irrigation water on background soil (a) pH, EC, SAR, (b) OC and OM, (c) TKN and TP and (d) exchangeable cations (Ca2þ, Mg2þ, Naþ, and Kþ);
different letters in each graph indicate significant difference at p < 0.05.
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use of wastewater for irrigation improves soil OM content due to its high
biodegradable substances (Abd-Elwahed, 2019; Ahmad et al., 2019).
Another study report conducted by Singh and Agrawal (2012) also
showed a 2.5 times increase in soil OM in an untreated sewage
wastewater-irrigated plot. The presence of OC and OM in irrigation
waters contributed to an improved soil organic matter increment and
microbial activity (Abegunrin et al., 2016). Moreover, the soil OM con-
tent was also significantly enhanced through irrigation with wastewater
and can be considered a positive change in soil quality (Abd-Elwahed,
2019). However, the addition of organic matter by wastewater irrigation
will affect soil microbial activity, soil biomass carbon, and enzymatic
processes (Lal et al., 2015). Regarding soil TN and TP contents, the
background soil TN and TP were 1.55% and 7.93 mgkg-1. However, after
irrigation, an encouraging shift was observed in ADBE application fol-
lowed by CWPBE treated pot soils with respective average values of
10.4% and 37.48 mgkg-1 in TG2; 4.95% and 23.48 mgkg-1 respectively
for TN and TP in TG3. Whereas in TG1, these values were found to be
2.47% and 8.61 mgkg-1, respectively, for TN and TP (Figure 5 (c)).
Substantial increments of TN and TP were observed in TG2 followed by
TG3 soil samples compared to TG1. Application of ADBE showed 6.7 and
4.7 fold shifts in TN and TP respectively, from background values for
TG2, while 3.2 and 2.9 fold increments in TN and TP, respectively was
observed in TG3, respectively, due to their relatively high nutrient con-
tent loads. But, minimal change of TN (i.e., 1.6 fold increase) and TP (i.e.,
1.1-fold increase) from the background was observed in TG1. In general,
the application of both ADBE and CWPBE for agricultural irrigation
boosts essential nutrients (i.e., nitrogen and phosphorous) in the soil and
are more important for crop growth and productivity (Abegunrin et al.,
2016). In agreement with this study, Onweremadu (2008) reported that
TN ad TP increment under wastewater-irrigated soil compared with pure
water-irrigated soil. Likewise, Masto et al. (2009) have also reported that
18.2% Total Kjeldahl Nitrogen (TKN) and 240.67%PO4

3- increases in the
soil irrigated by treated sewage wastewater (Singh and Agrawal, 2012).

Wastewater reuse can also have another benefit in contributing
macro-nutrient (i.e., Ca2þ and Mg2þ) and micronutrients (i.e., Kþ)
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(Becerra-Castro et al., 2015). Analysis of soil exchangeable cations such
as Ca2þ Mg2þ, Kþ, and Naþ concentrations between treatment groups
indicated a significant variation. TG1 had considerably higher levels of
Ca2þ and Mg2þ concentration followed by TG2 and TG3, which is asso-
ciated with the high content of Ca2þ and Mg2þ concentrations of MPTW
(Table 4). Whereas, relatively higher concentrations of Naþ and Kþ

occurred in TG2. As indicated in Figure 5 (d), the maximum Ca2þ and
Mg2þ contents in the background soil were 363.4 mgkg-1 and 162.64
mgkg-1, respectively, but after irrigation with MPTW, these cation con-
centrations were increased from 363.4 to 892.41 mgkg-1 and 162.64 to
401.25 mgkg-1, respectively, followed by ADBE irrigated TG2 pot soil,
which increased from 363.4 to 734.91 mgkg-1, and 162.64 to 345.65
mgkg-1 for Ca2þ and Mg2þ, respectively. The minimum concentration
changes in Ca2þ and Mg2þ ranged from 363.4 to 565.62 mgkg-1 and
162.64 to 277.1 mgkg-1 was found in TG3, respectively. For Kþ and Naþ,
relatively higher change in Kþ (268.6 mgkg-1) and Naþ (231.78 mgkg-1)
was found in TG2. Whereas, the lower change of 203.87 mgkg-1 and
161.03 mgkg-1 for Kþ and 124.9 mgkg-1 and 201.6 mgkg-1 for Naþ were
found in TG3 and TG1, respectively (Figure 5 (d)). The substantial
decrease in exchangeable cations concentration in TG3 is due to their
removals in CW. Research investigation has also indicated that lower
concentrations of exchangeable Ca2þ and Kþwere found in treated textile
mill wastewater (Singh and Agrawal, 2012). The application of Naþ rich
wastewater in the soil can prevent the absorption of essential elements in
plant growth, reduce the nutritional imbalance in the soil, affects the
availability of crop water, and causes soil physicochemical changes,
particularly decrease to soil water holding capacity, and adversely affect
the plant growth (Leal et al., 2009; Castro et al., 2011).

It must be noted that the study soils, because of the alkaline condition
of the soil, higher values for exchangeable cations were found in each
treatment group soil, despite the higher irrigation waters cations supply
(Table 4). Wastewater reuse for irrigation caused a notable increase in
SAR. An increase of two-fold from a background in TG2 was found in SAR
values, which can cause a threat on the soil that needs more consider-
ation before it affects the other soil properties (e.g., pH and permeability)
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and soil suffer sodicity problems (Libutti et al., 2018). A high increase in
SAR was found under ADBE irrigation compared to TG1 and TG3.
Salinity hazard is linked with SAR; hence, the evaluation of irrigation soil
SAR value indicates that the application of ADBE brought a higher SAR
value of 9.97 in TG2 followed by T'G1 with SAR value of 7.93 in MPTW
irrigated pot soil. Soil irrigated with CWPBE gave the minimum SAR
value of 6.09 (Figure 5a). This irrigation water application showed a
significant change from background values with 2, 2.5, and 1.5 folds
increment, respectively, for TG1, TG2, and TG3. Globally, SAR 6 is
accepted as a level above which soil permeability and structural stability
may be affected, while SAR 8 was suggested as the higher limit for
Figure 6. (a) PCA of irrigation water and irrigated soil physicochemical parameters, (
indicates water and soil parameter.
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irrigation of non – tolerant plants (Al-Hamaiedeh and Bino, 2010). A
comparison of this study's SAR value with the above-recommended
threshold limits, the TG3 soil SAR meets the accepted standard of 6,
whereas TG1 SAR meet the higher limit of 8. But, the TG2 SAR exceeded
both limits. Compared to CWPBE and MPTW, the higher Naþ concen-
tration in ADBE resulted in a slightly higher Naþ concentration in SAR
soil, most likely due to its accumulation in the root zone. High levels of
Naþ in ADBE may cause other cations in the soil to be substituted. This
substitution leads to decrease soil hydraulic conductivity, increased soil
compressibility, decrease crop growth and productivity due to toxic and
osmotic effects cause (Becerra-Castro et al., 2015). According to Ayers
b) loading plot of the variables and PCA scores, and (c) correlation plot;��w'�and��s'�
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and Westcot (1985), when SAR exceeds 15, arise serious problems, such
as the soil being hard and crusting badly, leading to plants having trouble
absorbing water. In addition, damage to the physical characteristics of
the soil can occur when SAR is in the 12–15 range (Libutti et al., 2018).

3.4. PCA and Pearson's correlation of irrigation water and irrigated soil
parameters

Overall, the PCA produced a strong correlation in two dimensions,
one with ADBE and soil physicochemical parameters considered in TG2
in the PC1 dimension and the other with MPTW and TG1 soil physico-
chemical parameters in the PC2 dimension (Figure 6a). As indicated in
Figure 6a, Eigen-values, and percentage of total variation accounted for
the PC1 dimension were 15.3 and 69.63%, respectively with positive
loading of all parameters except water pH, Ca2þ Mg2þ, and soil Ca2þ, and
Mg2þ in TG2 observation. Whereas, PC2 showed major positive loading
of water pH, Ca2þ, Mg2þ, Naþ, and SAR along with soil Ca2þ, Mg2þ, Naþ,
and SAR. But, irrigation water TSS and soil OC and OM showed minor
positive loading in TG1 with an Eigen-value of 6.68 and a total per-
centage variance of 30.37% (Figure 6a). In the PC2 direction, a strong
correlation was observed between MPTW pH with soil exchangeable
cations of Ca2þ (r ¼ 0.974) and Mg2þ(r ¼ 0.965), but weak correlation
was found between MPTW and soil Naþ (r¼ 0.498) and SAR (r¼ 0.284);
Ca2þ of MPTW with soil exchangeable cations of Ca2þ (r ¼ 0.964) and
Mg2þ (r¼ 0.953), moderately correlated with MPTW and soil Naþ cation
with Pearson r-value of 0.547. Similarly, MPTW Mg2þ is strongly corre-
lated with soil Mg2þ content of soil (r ¼ 0.999), but moderately corre-
lated with a MPTW and soil Naþ content with respective Pearson r values
of 0.619 and 0.771; while it showed a weakly correlation with MPTW
TSS (r ¼ 0.017) and soil pH (r ¼ 0.019) and soil SAR (r ¼ 0.238) (Figure
6c). Analogously, in the PC1 direction, a strong linear correlation was
observed between ADBE irrigation water and its pot soil parameters.
Among these, the ADBE EC, COD, TN, TSS, Kþ, Naþ, and TP contents
were linearly correlated with soil pH, EC, OC, OM, TN, TP, and Kþ with r
� 0.9. While ADBE Naþ and SAR were linearly correlated with soil Naþ

and SAR 0.5 � r � 0.9. But, ADBE Ca2þ and Mg2þ were negatively
correlated with soil Ca2þ and Mg2þ. Overall, major positive loading was
observed in TG2 with a strong positive correlation between ADBE and
soil parameters (Figure 6c).

Similarly, Mandal et al. (2008) used PCA to examine the effect of
irrigation water quality on soil and found that the fifteen variables
resulted in relationships in three principal axes with an 81% cumulative
variance. Positive loading was observed in PCA1 for stability ration (SR),
exchangeable potassium, TN, available phosphorous, hydraulic conduc-
tivity, fluorescein dilacerate enzymatic activity (FDA), organic carbon,
and pH. For PCA2 and PCA3, however, only boron had a positive loading
effect. FDA had the highest factor loading for the minimum data collec-
tion, according to Pearson correlation analysis for each strongly weighted
variable in PC1 (MDS). With an r ¼ 0.94, exchangeable sodium had the
next highest association with MDS. The least correlated variables were
EC and hydraulic conductivity (Mandal et al., 2008). Another study by
Tomaz et al. (2020) explained 73.9% of the total variance in three PCA
axes. In PCA1, salinity showed the highest correlation while nutrient
contents were highly associated with PCA2. Sodium and magnesium
showed the most influence cations in the Alqueva water sample and in-
crease the salinity parameters of SAR and EC. Liu et al. (2003) explained
44.6% of the total variance, which strongly correlated with Naþ, Mg2þ,
EC, and SAR and moderately correlated with Ca2þ, SO4

2-, Kþ, pH and Cl�1

with 17% of the total variance.

4. Conclusion

The findings from the present study indicated that further treatment
of ADBE with two-stage horizontal subsurface flow constructed wetland
produced quality effluent, which can be reused as a potential source of
irrigation water for tomatoes grown in a pot experimental system. The
12
laboratory-scale and short-term experiment indicated that the CWPBE
application significantly enhanced the growth and yield biometric pa-
rameters of tomato crop plants. This may be due to its sufficient micro
– and macro-nutrient characteristics and reduced content of suspended
solids, pathogens, and salts, which improved the nutrient uptake po-
tential of tomato plants. On the other hand, the ADBE application for
pot tomato irrigation showed a reduced growth and yield of tomato
which may be due to the relatively increased salt content, which
reduced the nutrient uptake and water stress of the tomato plant. PCA
of irrigation water and soil physicochemical association indicated that
the majority (68.68%) of the parameters showed a positive response to
the ADBE-treated group (TG2). While 28.32% of the parameters (i.e.,
pH, Ca2þ, and Mg2þ) showed a positive correlation with an MPTW
group (TG1). The short – term residual effect analysis of the irrigation
waters on the background soil also indicated that a relatively higher
pH, EC, SAR, TN, TP, OC, OM, and exchangeable cations (Ca2þ, Mg2þ,
Kþ, and Naþ) changes were observed in TG2 pot soil with ADBE
application. ADBE application also significantly increased soil EC, SAR,
and Naþ concentrations compared to the background and other treat-
ment group soils, and thus, attempts should be made to identify the
sensitive crop species and soil indicators under its irrigation reuse. On
the other hand, CWPBE in TG3 contributed a minimum residual effect
on soil basic properties as compared to ADBE, and thus, its irrigation
application is promising for enhancing soil physicochemical properties
and increasing crop productivity. However, comprehensive long-term
monitoring of the effect of both treatment effluents should be investi-
gated to avoid the development of soil salinity beyond the prescribed
limit to effectively address future irrigation challenges.
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