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• Irrigation with treated wastewater
increased organic matter, enhanced soil
ertility, and increased potato and corn
yield.

• Heavy metals concentrations in TWW-
irrigated soils remained within sae
limits.

• Potato eld with secondary-treated
wastewater showed some contamina-
tion with total coliorm.

• Sodium level in soils irrigated with
tertiary-treated wastewater require
monitoring and management.

• With monitoring, tertiary-treated
wastewater could be better option than
secondary-treated wastewater or
irrigation.
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A B S T R A C T

Water scarcity is a growing challenge in semi-arid regions. Many armers have resorted to treated wastewater
(TWW) as an available and low-cost water source. This study investigated the impact o irrigating potato (So-
lanum Tuberosum) and corn (Zea mays) with tertiary-treated (TW) and secondary-treated (SW) wastewater
compared to reshwater, over two years. We studied the impact o TWW reuse on soil properties, soil microbes,
crop yield, and potato tuber health. Irrigation o both corn and potato with TW signicantly increased organic
matter (OM) content; on average across both years and crops OM increased by about 35 % under SW and 42 %
under TW. TWW irrigation also increased cation exchange capacity (CEC) by the second year under SW and TW
in potato (average 67 %), and by the second year under TW in corn (average 13 %). TWW also enhanced soil
ertility with no heavy metals contamination. However, potato eld irrigated with SW showed high levels o total
and thermotolerant coliorms in soil, exceeding predened thresholds, in the second season. No microbial
contamination was recorded in TW-irrigated elds, however, it raised salinity concerns compared to control with
935 mg Na /kg in TW soil compared to 465 mg/kg in control soil during the rst season in potato soil. Signicant
increases in potato tillers, number o tubers (average 6 tubers/plant in TW vs 3 tubers/plant in the control), and
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tuber weight were recorded in season two under TW irrigation. Both SW and TW increased corn biomass during
both seasons. In conclusion, TW is a sustainable alternative water source that enhances crop yields and improves
soil quality. This study highlighted the critical role o TWW management and monitoring to address challenges
such as salinity and microbial contamination. Further research is required to optimize TWW long-term reuse
sustainable agriculture, balancing crop benets while saeguarding human health.

1. Introduction

With water scarcity being a concerning global issue, caused by a
population exponential increase and climate change, treated wastewater
(TWW) reuse serves as a promising alternative resource or irrigation
(Contreras et al., 2017). The agricultural sector consumes a total o 70 %
o water worldwide (Hoekstra and Mekonnen, 2012; Waughray, 2011;
Clemmens et al., 2008; Tanji and Kielen, 2002). Treated wastewater is a
source o both water and nutrients such as phosphorus, nitrogen, po-
tassium, and many micronutrients, making it highly desirable or agri-
cultural use (Contreras et al., 2017). Moreover, a substantial portion o
the nitrogen and phosphorous available in the TWW can be directly
utilized by plants because it is in a more readily available orm or
mineralized orm (Sengupta et al., 2015; Poustie et al., 2020). Being rich
in nutrients, it decreases the reliance on ertilizers, subsequently
decreasing crop production costs, and help enhancing crop productivity
and soil ertility (Chen et al., 2015). Thus, TWW has been shown to
enhance yields (Sato et al., 2013), encouraging increased adoption
globally (Aziz and Farissi, 2014).

Despite its benets, TWW can cause health risks when used or crop
irrigation (Ungureanu et al., 2020) due to the presence o heavy metals
and pathogenic organisms (Mahooz et al., 2020), which can be absor-
bed by the plant roots and interere with the ood cycle (Mahmood and
Malik, 2014). TWW reuse has expanded in the absence o strict and long-
term monitoring o both soil and crop quality. Potato is an important
crop globally and has strategic importance or some Mediterranean
countries including Lebanon, both in terms o ood security being a
staple crop and in terms o economics being a cash crop. Lebanon pro-
duces around 300,000 tons o potato per year (Choueiri et al., 2017)
with the Bekaa valley accounting or >70 % o the total potato culti-
vation area (Dal et al., 2021). Corn is another crop that is grown in the
Bekaa valley or silage and along with potato production are big water
consumers leading Lebanese armers to use TWW as an alternative to the
scare reshwater resources in the country. Irrigation with TWW is
important to be monitored with all crops and especially potato because
the edible portion is the underground tuber. Serious public health and
environmental risks could ensue, which are addressed in this study.
Previous studies have primarily examined the use o SW or drip irri-
gation o potatoes, observing some microbial contamination on potato
tubers, notably with total Coliorms (Alkhaza’leh et al., 2023). This
Study evaluates the use o TWW which are available to some armers in
the Bekaa region at two levels o treatment in terms o the eects on soil
and crop quality and potential heavy metal contamination hazards.
Additionally, assessment o the impact on microbial contamination o
potato tubers was conducted. A previous study in Jordan reported a
remarkable increase in biomass and grain yield o vetch and barley
irrigated with secondary-treated municipal wastewater (Mcheik et al.,
2017). And in Cyprus, Economou et al. (2023) suggests the use o TWW
or nutrient recovery or potato production as well as reduction o the
impact o wastewater discharge into surace water. Thereore, our study
aimed to assess and compare the reuse o TWW on two dierent crop
types, potato which is a tuber crop eaten cooked and eld corn whose
edible parts are above the ground and not in direct contact with the
irrigation water. We also aim to investigate the potential negative im-
pacts which can aect soil with TWW reuse such as salinity and trace
metal contamination to provide additional knowledge and data or soil
managers and policy makers.

The overall aim o the study is to investigate the impact o TWW on

soil properties and on the yield and quality o potato and corn under
semi-arid conditions. Specically, the objectives are to:

1. Assess the impact o irrigation with treated wastewater over a two
year period on the physical, chemical and microbial properties o
soils

2. Evaluate the eects o irrigation with TWW on potato yield and
quality and on the yield o eld corn.

2. Methodology

2.1. Study area, experimental design

An experiment was carried out during two growing seasons, 2022
and 2023 at the Advancing Research Enabling Communities Center,
AREC – American University o Beirut AUB, Lebanon (33.9253 N lat.,
36.07549E long.) in the Bekaa Valley. The average air temperature was
13.1 ◦C, higher than that in the second season with 11.5 ◦C. In contrast,
the total precipitation was higher in the second season with 475 mm, as
compared to 422 mm in the rst season. The eld experiment site,
previously cultivated with barley, ollowed a complete randomized
design in a drip-irrigation systemwith three replicates (n= 3) or each o
the three treatments, a control (reshwater sourced rom a well), a sec-
ondary treated wastewater (SW) and a tertiary treated wastewater (TW).
SW and TWwere transported rom a tertiary treatment plant, situated in
the nearby city o Zahle, which collects and treats domestic, industrial
and rainwater. Soil samples were collected beore the initiation o the
experiment on the 4th o November 2021 as a baseline.

Both Solanum tuberosum (potato) and Zea mays (corn) crops were
sown in rows within 4.5 m × 6 m plots in a silty clay loam, with 6 plots
per treatment, including control, SW and TW, adding up to 18 plots. The
planting dates were April 21st, 2022, or both potato and corn in season
one, and April 3rd and June 5th, 2023, or corn and potato, respectively,
in season two. Harvesting took place on September 1st, 2022, or both
potato and corn in the rst season, and on August 25th and September
20th, 2023, or corn and potato, respectively, in the second season. The
seeding rate was 200 kg per dunum or potato, and 4 kg per dunum or
corn adhering to the standard arming practices in the Bekaa Valley. It is
worth mentioning that potato yields are infuenced by climatic condi-
tions, impacting the crop cycle, crop yield and aecting pest and disease
spread and water requirements. Subtropical regions, located between 23
and 30◦ latitude, include the dry ‘Mediterranean’ and ‘warm temperate’
climates. These regions oer longer growing seasons, increasing pro-
ductivity, but high temperatures also stress crops and raise water needs
(Economou et al., 2023). As or the corn, it is a warm-season crop that
thrives in soil temperatures o 29–32 ◦C or optimal germination and
emergence. In light soils, nighttime temperatures below 10 ◦C can
urther hinder emergence (Ennen and Jeschke, 2019).

Based on the reerence evapotranspiration (ET0) or the Bekaa area
between April and August, the water requirements o potato and corn
were calculated to be 560 mm and 420 mm, respectively. The potato
crop had the greater water requirement at peak demand in summer; 6.5
m3 are needed per treatment during both stage III (tuber initiation) and
stage IV (tuber bulking). Each o these stages span a duration o two
weeks, which is equivalent to 54mm o precipitation. Thereore, to meet
this demand, two HDPE tanks with a 4 m3 capacity each were installed
or each treatment (TW and SW) and replenished twice a week with the
respective type o wastewater. The tanks were tted onto a drip tape
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irrigation system tted with a screen and a disk lter (1.5″ lters) and a
centriugal pump o 1.5 HP. Freshwater was sourced directly rom
AREC’s well water network. All treatments were irrigated 4 times a
week, with each treatment receiving 1 h per day in both corn and potato
elds throughout June. In July, August and September, irrigation hours
were extended gradually based on ET0 and eld conditions. A starter 50
kg o NPK (20–20–20) ertilizer was evenly distributed across all plots at
the beginning o each season. An additional 100 kg o urea was applied
to the potato eld, along with 1 l o tebuconazole and 250 ml o 2,4 D +
MCPA herbicide during mid-season.

2.2. Soil sampling

Soil samples were taken, to a depth o 15 cm depth using a shovel, in
a randomized manner in each replicate plot, to ensure representative-
ness and eliminate bias, and pooled to create one soil sample per
replicate plot. Soil sampling was conducted beore the initiation o the
experiment or baseline analysis, and ater harvesting the potato and
corn at the end o both seasons which allowed or the comparison o pre-
and post-cultivation soil conditions. Soil samples were dried at 40 ◦C, to
reduce moisture content and prevent microbial activity that could alter
the sample composition, then sieved to pass through a 2 mm sieve.
Particle size analysis, using the Bouyoucos hydrometer method (Bashour
and Sayegh, 2007), indicated that the soil texture o the study area was
silty clay loam in the rst and second seasons noting that the same elds
were used in both seasons.

2.3. Chemical characterization o TWW, control soils and amended soils

Soil samples were characterized or their physico-chemical proper-
ties as described in Bashour and Sayegh (2007) which details soil
analysis or semi-arid soils. pH and electrical conductivity (EC) were
determined in 1:2.5 soil:water suspension using HQ40d multi-meter
with PHC 101 probe (HACH, Colorado, US) and Thermo-Fisher Scien-
tic EU TECH handheld meter (Eutech Instruments Pte Ltd., Ayer Rajah
Crescent, Singapore), respectively. Organic matter (OM) was measured
by theWalkley – Black combustion method (Nelson and Sommers, 1982)
and OC calculated by multiplying the organic matter by a actor o 1.72.
The cation exchange capacity (CEC), which relies on the exchange o
sodium (Na+) using ammonium acetate, was measured using a fame
photometer (BWB Technologies). Available heavy metals concentrations
(cadmium (Cd), chromium (Cr), nickel (Ni), lead (Pb), copper (Cu) and
zinc (Zn)) in soil were quantied using an Atomic Absorption Spectro-
photometer (AA – 6300 Shimadzu) ater soil extraction with DTPA.

Available phosphorus (PO43-P) was measured using a spectropho-
tometer (Optima SP-300 model, Tokyo, Japan) at a wavelength o 882
nm according to the “Olsen method” (Olsen, 1954). Extractable potas-
sium (K+), sodium (Na+), calcium (Ca2+) and magnesium (Mg2+) were
measured according to Bashour and Sayegh (2007), ater extracting the
soil with 1 N ammonium acetate. The concentrations o K+ and Na+
were measured by a fame photometer (BWB Technologies), while Ca2+
and Mg2+ were measured on an atomic absorption spectrophotometer
(AA – 6300 Shimadzu). Soil chemical values were reported as mean
values, with corresponding ± standard deviation based on n = 3.

Treated wastewater samples were monitored at the outlet o the
Zahle treatment plant each month, simultaneously with the experi-
mental period. These samples underwent physio-chemical and microbial
(total and thermotolerant (ecal) coliorms) analyses by the service lab
o the Lebanese Agricultural Research Institute (LARI) according to the
standard methods that are used or ocial monitoring o water by the
relevant Lebanese ministries.

2.4. Microbial analysis o soil and potato tubers

Microbial contamination o the soil that was irrigated with the
control irrigation (well water) and treated water (SW and TW) was

assessed through various parameters, including total viable count, total
coliorms, thermotolerant coliorms, E. coli, Salmonella sp., Pseudomonas
aeruginosa, Enterococci spp., Listeria monocytogenes, Bacillus spp., sulte-
reducing bacteria, yeast, and molds. The microbiological limits or soil
samples which are presented in Tables 4 and 5 are based on FAO
guidelines (FAO, 2010b) as ollows: Total viable count ranges rom 10^8
to 10^10 CFU/g. Total coliorms should not exceed 5000 CFU/g, and
thermotolerant coliorms should be less than 1000 CFU/g. E. coli pres-
ence is limited to a maximum o 1000 CFU/g. Salmonella sp. counts
should be between 1000 and 1,000,000 CFU/g, while Pseudomonas
aeruginosa and Enterococci spp. are allowed in the range o 1000 to
1,000,000 CFU/g. Listeria monocytogenes should be absent in a 25 g
sample, while Bacillus spp. counts should all between 10^3 and 10^5
CFU/g. Sulte-reducing bacteria should be in the range o 10 to 100
CFU/g, and Yeast and molds are limited to between 10^3 and 10^5 CFU/
g. Given that potatoes are tubers that grow in direct contact with irri-
gation water, microbial analysis was conducted to assess the impact o
the TWW on their saety or consumption. Post-peeling, the tubers were
analyzed or various microorganisms, including total coliorms, E. coli,
Staphylococcus aureus, Sulate reducing bacteria, Clostridium perringens,
Listeria monocytogenes, Pseudomonas aeruginosa, Salmonella sp. All mi-
crobial analyses were carried out at LARI, using standard methods or
the examination o soils and vegetables (Compost Quality Standards,
Organic Ag Advisors and BBC Laboratories, Inc.). Soil and potatoes
microbial values were reported as mean values, ± corresponding stan-
dard deviation.

2.5. Plant sampling and analysis

Plants were harvested by collecting 5 plants per replicate plot at the
time o plant maturity when each o the crops were ready or harvesting;
this amounted to 45 samples o potato plants and 45 samples o corn,
making up the three replicates rom each o the three treatments. The
harvesting process involved careully extracting the plants rom the soil
while minimizing root damage. At the time o harvest, various growth
parameters were assessed to evaluate plant development and produc-
tivity. For each plant, the ollowing were measured and presented in the
gures as averages rom the ve sampled plants:

• Plant length (cm): The height o the plant was measured rom the
base to the highest point o the plant to assess overall growth.

• Plant weight (g): The entire plant (including roots and stems minus
the cob or tuber) was weighed using an analytical balance to deter-
mine total biomass.

• Corn and potato weight (g): The corn cobs and tubers o potato were
careully separated rom the plants and weighed individually to
determine the yield per plant. This was done using a high-precision
analytical balance to ensure accurate measurements.

• Number o tubers (or potato): The number o tubers produced per
plant was counted. This provided insights into the productivity o the
potato plants.

• Number o potato tillers: The number o tillers was counted to assess
the vegetative growth and branching, which is an indicator o the
plant’s ability to produce multiple tubers.

• Number o leaves: The number o leaves per plant was recorded or
both corn and potato to understand lea development and the plant’s
capacity or photosynthesis.

The analysis results were reported as replicate mean values ± stan-
dard deviation o the mean, to provide an overall representation o the
plant growth and yield while accounting or variability within the
samples.

2.6. Statistical analysis o data

Soil and plant analyses were carried out on independent triplicate
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samples (eld replicates) rom each treatment. The collected data,
including all soil and plant parameters, were subjected to one-way
analysis o variance (ANOVA) using Minitab 17 sotware. ANOVA was
used to determine i there were any statistically signicant dierences
among the mean values o the treatments. A signicance level o P <

0.05 was used to assess whether the dierences observed were statisti-
cally signicant, providing a threshold or rejecting the null hypothesis
o no dierence between groups.

To urther investigate specic dierences between treatment means,
Fisher’s Least Signicant Dierence (LSD) test was employed as a post-
hoc analysis. This test is particularly useul or comparing pairwise
dierences between the treatments ater nding a signicant overall
eect in the ANOVA. A P-value <0.05 was considered to indicate sta-
tistically signicant dierences between individual treatments. Values
are means o three replicates ± the standard deviation o the mean.
Within each table, mean values ollowed by dierent letters denote
statistically signicant dierences according to the Fisher’s Least Sig-
nicant Dierence (LSD) test (P< 0.05) with soil treatment values being
compared to the control, i.e., dierentiating means between treatments
within a season.

3. Results and discussion

3.1. Baseline characterization o TWW

Wastewater SW and TW samples were screened during the rst
season only to assess their saety or reuse as per the FAO guidelines or
physicochemical properties and heavy metals drated or Lebanon
(Table 1). Microbial parameters were also examined but only or TW
being the only type o wastewater that undergoes treatment or micro-
bial contaminants. The results showed that pH and EC or both SW and
TW, were around 7 and 800 μS/cm, respectively. Given that irrigating
with TWW is considered a signicant nutrient source, macronutrients
analyses are presented in Table 1. The two types o TWWare comparable
with some exceptions, mainly in COD and nitrate which were on average
greater in the TW than the SW. Orthophosphates (PO43—P) showed
similar values in SW and TW (0.1 mg/l). Ammonium (NH4-N) was
higher in SW, 1.5 mg/l, compared to TW with 1.1 mg/l, which could be
linked to the additional treatment at the tertiary level (Kesari et al.,
2021). Both K+ and Ca2+ concentrations were slightly higher in TW than

in SW in both seasons, while Na+ showed higher values in SW. All the
assessed physical and chemical properties o TWW were within FAO
limits, arming its potential as a viable substitute or resh water in
irrigation due to avorable physicochemical and element characteristics.
Nonetheless, the pathogen analysis revealed that SW and TW had
pathogenic bacteria, particularly ecal coliorms (thermotolerant co-
liorms), exceeding FAO’s thresholds (Table 1).

3.2. Soil physicochemical properties: post-harvest

3.2.1. pH and EC fuctuations
The soil analysis at the end o the experiment indicated a slight but

insignicant increase in pH in TW and SW compared to the control in
both seasons in potato eld (Tables 2 and 3).

In both elds there was an inconsistent increase in EC between the
treated soils and the control during both seasons, with a signicant in-
crease in EC under TW irrigated in both elds in rst seasons (Tables 2
and 3). Moreover, a signicant EC increase was observed in SW potato
eld during the 2nd season as compared to the control. Several studies
arm that irrigation with SW or TW leads to a signicant increase in EC
(Shakir et al., 2017; Kallel et al., 2012), linked to an increase in dissolved
salts or ions in treated waters (Mishra et al., 2023). This increase in soil
salinity has a negative impact on crops (Ibekwe et al., 2018; Levy and
Tai, 2013; Ngara et al., 2012), aecting their physiology and anatomy,
and reducing their productivity. Osmotic stress brought on by high
salinity can reduce the water potential o plants by causing it in their
root zone (Mishra et al., 2023; Djanaguiraman and Prasad, 2013).
However, our study did not show salinity issues, except visual symptoms
o burnt lea tips and yellowish leaves on corn plants, over the two
seasons and the EC levels and signicance was not problematic as per
Bashour and Sayegh (2007) and the FAO limits (Table 1).

3.2.2. Organic matter, organic carbon, and moisture content
Treated wastewater contains organic matter derived rom various

sources, including plant residues, domestic wastewater, and industrial
efuents. This was refected in our results, where both potato and corn
elds, showed a signicant increase in % OM and % OC in SW and TW
irrigated soils as compared to the control in both seasons (Tables 2 and
3). There was an increase in the rst season which was sustained in the
second year; or example, OM increased rom 1.6 % to 2.2 % and 2.6 %
in the SW and TW, respectively, compared to the control in the second
year. These ndings align with several studies including Becerra-Castro
et al. (2015) and Farhadkhani et al. (2018), who showed that soil irri-
gated with wastewater had a higher OM content than soil irrigated with
resh water. Irrigating with TWW contributes to an increase in soil OM
content (Sdiri et al., 2023; Ibekwe et al., 2018; Minz et al., 2011), which
stimulates microbial activity in the soil. This enhanced microbial ac-
tivity can lead to the decomposition o organic matter and the ormation
o humic substances, contributing to the more stable pool o organic
carbon in the soil, and enhancing carbon cycling thus, higher soil
ertility (Gans et al., 2005). Moreover, microbial activity help in the
ormation o soil aggregates which improve soil structure and protect
soil OM rom rapid decomposition. Nutrient cycling and rhizosphere
interactions are two other actors that may have contributed to OM
ormation in our study. However, it takes several years to build soil OM
and two seasons o using TWW might not be enough to judge whether
the increase in OM will be permanent or temporary. Continued inputs o
plant residue or other organic inputs, including presence o active crop
roots, is necessary or maintaining and enhancing soil OM content.
Further monitoring on the long-term is recommended to study the
impact o TWW on soil OM.

It is expected that with an improvement in OM content the soil would
be able to retain more water. This was observed in the second year in
both crops irrigated with TW where the soil moisture content was ound
to be on average about 6 % (in SW and TW treated soils) compared to
4.8 % in the control at the time o soil sampling at the end o the season.

Table 1
Baseline physicochemical and microbial characteristics o the treated waste-
water (SW and TW) compared to FAO 2010 (b) limits. Values are averages o
three months ± the standard deviation o the mean (n = 3). Allowable limits are
given according to the FAO (2010b).
Chemical and microbial parameters FAO

limits
SW TW

pH 6.5–8.4 7.1 ± 0.2 7.0 ± 0.2

EC (μS/cm) 3000
798.4 ±
66.4 806 ± 65

TDS (ppm) 2000
445.1 ±
37.1

448.5 ±
44

NH4-N (mg/L) 5 1.5 ± 0.6 1.1 ± 0.8
NO3-N (mg/L) 30 0.7 ± 0.7 2.5 ± 2.1
PO43-P (mg/L) 2 0.1 ± 0.1 0.1 ± 0.1

Na+ (mg/L) 920
52.8 ±
17.9

49.5 ±
16.5

K+ (mg/L) 12 12.6 ± 6.9
13.1 ±
5.2

Ca2+ (mg/L) 400 68.7 ± 6.9
75.8 ±
5.3

COD (mg/L) 250 203 ± 4.2
249 ±
14.1

Total coliorms (CFU/100 ml 37 ◦C) 1000 <1000 <1000
Fecal (thermotolerant) coliorms (CFU/
100 ml 44 ◦C) 100 <1000 <1000
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Soil moisture was only statistically greater than the control in control
elds under TW in the second season. It should be noted that the soil
water content is normally low at the end o the season even under irri-
gation due to the high temperature and evaporation under the dry
conditions in this semi-arid region during August and September. Soil
moisture retention will take longer to develop, mainly because it is
correlated with soil OM that requires time, multiple application and
avorable weather conditions to accumulate in the soil. Thus, TW, being
higher in OM (Tables 2 and 3), likely enhanced the soil’s water holding
capacity in both elds ater two seasons o consecutive TWW application
as explained by Han et al. (2023). The increase in soil moisture improves
the soil humus content and mitigates the long-term risk o erosion,
noting that this is a crucial geo-environmental concern in Lebanon (Bou
Kheir et al., 2006).

3.2.3. Chemical properties o the TWW irrigated soils
Similar to moisture trends, statistically signicant increase in CEC

was recorded only in the second season in both SW and TW irrigated
potato plots (both measuring 72 meq/100 g), and in TW irrigated corn
plot (51 meq/100 g), in comparison with the control which was at 43
meq/100 g and 39 meq/100 g in potato and corn elds, respectively. In
summary, irrigating with TWW, particularly with TW, signicantly
infuenced the soil’s CEC over two years on the same plots. These
ndings align with Albalasmeh et al. (2022) who demonstrated that soil
irrigated with TWWhad signicantly higher EC, OM, and CEC compared
to a control. Moreover, the increase in CEC is associated with increased
OM, a crucial indicator o soil ertility (Xue et al., 2022; Hashem and Qi,
2021; Antolín et al., 2005). Additionally, higher CEC increases the soil’s
capacity to orm complexes with minerals and binds heavy metals thus

Table 3
Physicochemical and heavy metal analysis rom the corn eld irrigated with SW and TW during the rst and second season. Values are means o three replicates ± the
standard deviation o the mean. Mean values ollowed by dierent letters denote statistically signicant dierences according to the Fisher’s Least Signicant Di-
erence (LSD) test (P < 0.05) with soil treatment values being compared to the control, i.e., dierentiating means between treatments within a season.
Corn soil Control soil Soil irrigated with SW Soil irrigated with TW

Parameter First season Second season First season Second season First season Second season

Physico-chemical
pH 8.1 ± 0.1 a 7.5 ± 0.1 a 8.2 ± 0.05 a 7.5 ± 0.04 a 8.2 ± 0.04 a 7.6 ± 0.06 a
ECa (μS/cm) 184 ± 13.8 a 177 ± 0.4 195.3 ± 13.6 a 177.4 ± 0.4 285.3 ± 59 b 177.9 ± 0.2
PO43-P (mg/kg) 2128 ± 100.2 a 409.4 ± 52 a 3330 ± 185.1 b 782.4 ± 38.1 b 2382 ± 191.3 a 849 ± 32.7 b
K+ (mg/kg) 565 ± 8.9 a 591 ± 81.6 a 612 ± 13.3 a 661 ± 92.6 a 690 ± 16.8 a 894 ± 127.7 b
Na+ (mg/kg) 465 ± 27 a 614 ± 66 a 661 ± 81 b 812 ± 30 b 935 ± 21 c 803 ± 115 b
Ca2+ (mg/kg) 5327 ± 30.6 a 2578 ± 128.4 a 5364 ± 33.6 a 2662 ± 128.4 ab 5333 ± 22.6 a 2866 ± 130 b
Mg2+ (mg/kg) 249 ± 14.6 a 263 ± 35 a 270 ± 11.1 a 297 ± 42.3 a 281 ± 34.6 a 511 ± 85.1 b
Soil moisture (%) 6.2 ± 1.3 a 4.8 ± 0.5 a 6.8 ± 1.3 a 4.8 ± 0.2 a 6.7 ± 1.1 a 6.0 ± 1.4 b
OC (%) 1 ± 0.2 a 1 ± 0.1 a 1.4 ± 0.1 b 1.2 ± 0.1 b 1.4 ± 0.2 b 1.2 ± 0.05 b
OM (%) 1.6 ± 0.4 a 1.7 ± 0.3 a 2.4 ± 0.1 b 2.1 ± 0.2 b 2.4 ± 0.3 b 2.3 ± 0.1 b
CEC (meq/100 g) 42 ± 2.2 a 38 ± 1.4 a 45 ± 7.1 a 39 ± 2.3 a 48 ± 3.8 a 51 ± 8.6 b

Heavy metals (mg/kg)
Cr 0.04 ± 0.03 a 0.04 ± 0.01 a 0.10 ± 0.03 b 0.07 ± 0.02 b 0.06 ± 0.02 ab 0.07 ± 0.01 ab
Cd 0.16 ± 0.0 a 0.24 ± 0.07 a 0.16 ± 0.03 a 0.16 ± 0.13 a 0.17 ± 0.01 a 0.16 ± 0.066 a
Pb 0.8 ± 0.1 b 0.8 ± 0.2 ab 0.7 ± 0.03 b 0.7 ± 0.1 a 0.5 ± 0.2 a 0.9 ± 0.02 b
Ni 1.8 ± 0.2 a 1.1 ± 0.4 a 1.6 ± 0.1 a 0.9 ± 0.2 a 1.5 ± 0.02 a 1 ± 0.1 a
Zn 1.6 ± 0.03 b 1.7 ± 0.1 a 1.4 ± 0.03 a 1.6 ± 0.05 a 1.4 ± 0.2 a 1.6 ± 0.02 a
Cu 2.9 ± 0.1 b 2.9 ± 0.3 b 2.8 ± 0.02 b 2.6 ± 0.3 ab 2.5 ± 0.1 a 2.1 ± 0.1 a
a Corn EC data during the second season was not normally distributed and no statistics were done.

Table 2
Physicochemical and heavy metal analysis rom the potato irrigated with SW and TW during the rst and second season. Values are means o three replicates ± the
standard deviation o the mean. Mean values ollowed by dierent letters denote statistically signicant dierences according to the Fisher’s Least Signicant Di-
erence (LSD) test (P < 0.05) with soil treatment values being compared to the control, i.e., dierentiating means between treatments within a season.
Potato soil Control soil Soil irrigated with SW Soil irrigated with TW

Parameter First season Second season First season Second season First year Second season

Physico-chemical
pH 8.2 ± 0.1 a 7.5 ± 0.01 a 8.3 ± 0.1 a 7.5 ± 0.01 a 8.3 ± 0.02 a 7.5 ± 0.04 a
EC (μS/cm) 214.5 ± 7.6 a 141.6 ± 4.8 a 206 ± 23.1 a 166 ± 4.4 b 306.3 ± 27.2 b 183.9 ± 8.02 c
PO43-P (mg/kg) 2141 ± 38.2 a 562 ± 69.2 a 2357 ± 132.6 a 824.8 ± 16.3 b 2952 ± 357.4 b 832.1 ± 72.9 b
K+ (mg/kg) 502 ± 14.7 a 422 ± 73.3 a 535 ± 17.8 a 728 ± 151.2 a 498 ± 21.6 a 816 ± 93.5 b
Na+ (mg/kg) 374 ± 67 a 542 ± 79 a 633 ± 34 b 1030 ± 200 b 689 ± 74 b 1026 ± 102 b
Ca2+ (mg/kg) 5391 ± 82.4 a 2505 ± 407.6 a 5393 ± 74.1 a 2596 ± 629.1 a 5478 ± 97.9 a 2809 ± 457.2 a
Mg2+ (mg/kg) 262 ± 12 a 554 ± 68.8 a 323 ± 8.2 b 732 ± 255.3 ab 272 ± 22.9 a 964 ± 129.9 b
Soil moisture (%) 6.4 ± 1.6 a 4.6 ± 0.2 a 6.5 ± 1.5 a 4.7 ± 0.03 a 7.4 ± 1.0 a 5.9 ± 0.05 b
OC (%) 1 ± 0.2 a 1 ± 0.2 a 1.3 ± 0.1 b 1.3 ± 0.1 b 1.2 ± 0.3 ab 1.3 ± 0.1 b
OM (%) 1.7 ± 0.3 a 1.6 ± 0.3 a 2.2 ± 0.1 b 2.2 ± 0.2 b 2.1 ± 0.5 ab 2.6 ± 0.1 b
CEC (meq/100 g) 41 ± 2.9 a 43 ± 6.4 a 42 ± 6.9 a 72 ± 10 b 46 ± 6.2 a 72 ± 6 b

Heavy metals (mg/kg)
Cr 0.08 ± 0.05 a 0.03 ± 0.02 a 0.02 ± 0.01 a 0.03 ± 0.01 a 0.6 ± 0.02 a 0.07 ± 0.05 a
Cd 0.06 ± 0.08 a 0.07 ± 0.01 a 0.17 ± 0.01 b 0.07 ± 0.01 a 0.17 ± 0.01 b 0.06 ± 0.0 a
Pb 0.4 ± 0.4 a 1 ± 0.2 a 0.7 ± 0.05 a 0.9 ± 0.05 a 0.7 ± 0.1 a 0.9 ± 0.1 a
Ni 1.9 ± 0.4 a 1.6 ± 0.2 b 1.5 ± 0.1 a 1.4 ± 0.3 ab 1.9 ± 0.3 a 1 ± 0.1 a
Zn 1.8 ± 0.1 a 2 ± 0.02 b 1.7 ± 0.1 a 1.8 ± 0.06 a 1.7 ± 0.03 a 1.9 ± 0.1 ab
Cu 2.9 ± 0.1 a 2.5 ± 0.1 b 2.7 ± 0.2 a 2 ± 0.04 a 1.9 ± 1.7 a 2.3 ± 0.2 b
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reducing their availability or crop uptake, aiding in nutrient retention
and mitigating the impact o toxic elements (Abou Jaoude et al., 2020;
Antolín et al., 2005).

Furthermore, irrigation with TWW led to signicant increase in nu-
trients (Tables 2 and 3). For instance, orthophosphates (PO43-P) levels
in the soil were higher in both potato and corn plots with SW and TW
irrigation compared to the control in the second season (Tables 2 and 3).
Although similar increase in P was observed in the rst season, it was
only signicant in TW (2952 mg/kg) in potato and SW (3330 mg/kg) in
corn. This has to do with the initial high levels o P in SW and TW and the
variation in water quality between seasons. This nding was aligned
with a study conducted by Bedbabis et al. (2014) who reported an in-
crease in P content due to the ertilization eect o the TWW. Struvite
(MgNH4PO4⋅6H2O) recovery rom wastewater during treatment is a
well-known technology that provides a means to recover and upcycle
phosphorous or reuse as a ertilizer or otherwise. Re-using TWW or
irrigation rom which struvite was not removed, orms another way o
recycling this valuable but non-renewable supply nutrient, demon-
strating the role o water reuse in circular economy (Krisht et al., 2024).

Sodium (Na+) was aected by the application o TWWwhere SW and
TW caused an increase in Na+ compared to control in both elds and
both seasons (Tables 2 and 3). These results are compatible with Mavi
et al. (2012) and Oori et al. (2021) who showed that irrigating with
TWW elevates the Na+ content o the soil. This increase is attributed to
the residual Na+ in TWW, which, even ater purication, retains sig-
nicant amounts rom various sources, such as domestic sewage, in-
dustrial efuents, and agricultural drainage (Kesari et al., 2021).
Consequently, it is essential to test and monitor the content o Na+ in the
TWW, especially on the long term, beore it starts impacting crops and
soil quality. Elevated Na+ levels can lead to soil salinity or sodicity,
aecting soil structure and reducing water inltration rates, which then
leads to the reduction o plant growth and productivity (Shrivastava and
Kumar, 2015), at which point it would be costly to recover the soil.
Moreover, as noted by Khalid et al. (2018, 2017), ensuring that there are
no negative impacts o salinity which come rom a high load o sodium
ions is important to ensure that the benets o TWW are gained instead
o negative soil impacts that refect on crop yield. A wide range o ad-
aptations and mitigation strategies are required to cope with such im-
pacts including ecient resource management and crop tolerance,
which can help to overcome salinity stress.

The changes observed in Mg2+ and K+ were similar to other pa-
rameters like CEC where a signicant increase was ound in TW irrigated
soils, both in potato and corn elds, in the second season. Most o the
changes in these two elements in the rst season were not signicant,
except or ew occasions such as Mg2+ in TW-irrigated plot in potato
(Table 2) that was signicantly dierent rom the control. As or Ca2+,
no signicant dierences were observed within both elds during both
seasons except or TW within the corn eld in season two. The current
ndings are consistent with prior research by Poustie et al. (2020) and
Sengupta et al. (2015). These studies indicate that TWW, containing
diverse nutrients including essential macronutrients like Mg, P, and K, is
a supplemental source o essential nutrients and contributes to enhanced
crop growth. Additionally, micronutrients, as highlighted by Oori et al.
(2021), and Jones and Olson-Rutz (2016), serve as enzyme activators
and catalysts, playing crucial roles in chlorophyll synthesis, nitrogen
xation, and metabolic regulation, thus improving nutrient absorption
by making them readily available.

3.3. Heavy metals soil analysis: post-harvest

High amount ometals in water and soil poses serious environmental
concerns (Walter et al., 2006). In this study, all the tested metals in both
irrigated soils (soils irrigated with SW and TW) were below FAO’s
(2010a) permissible agricultural soil limits as shown in Table 1. The
results indicate that most o the metal concentrations analyzed in soils

irrigated with SW and TW were not signicantly dierent rom the
control, but there were some instances where the concentrations
changed. The Zn and Cu levels, or example, were signicantly lower in
corn irrigated with TW and SW as compared to the control in the rst
year. A similar trend or Zn and Ni was detected in the potato plots in
season two (Tables 2 and 3), noting that the signicance in a season and
not the other may be infuenced by the initial contamination level in the
TWW. These observations align with Basta and McGowen (2004), where
the addition o organic amendments to the soil (e.g. TWW, sludge,
compost and biochar) reduced the bioavailability o contaminants
through immobilization based on adsorption and/or precipitation re-
actions (Abou Jaoude et al., 2022; Castaldi et al., 2009, 2005; Garau
et al., 2014; Mele et al., 2015). However, although the availability oOM
in soils irrigated with TWW reduces the mobility o heavy metals as
shown with some metals rom this study, some researchers reported an
increase in heavy metals solubility (Beesley and Dickinson, 2009) and
extractability (Pardo et al., 2011) which was not observed in our study
within the tested elements.

3.4. Soil and potato tubers microbial analysis

Results rom the soil in the potato eld irrigated with TWW did not
show any total coliorms in season one (Table 4). However, season two
had some total coliorms in the control soils as well as those irrigated
with TWW; there was a higher level o total coliorms in soils irrigated
with SW compared to TW and reshwater irrigation. As or the ther-
motolerant coliorms, it was not detected in the control and TW soils
during both seasons but thermotolerant coliorms was measured in SW
soils in both seasons within the potato eld and was exceeding the ad-
missible levels allowed in soils (Table 4).

As or the corn eld, total coliorm (TC) levels did not show fuctu-
ation in soils irrigated with reshwater, TW and SW water in the rst
season. Despite soils irrigated with SW showing TC levels at 50 CFU/g,
in contrast to 0 CFU/g or both the control and TW, this contamination
remains below the threshold limits set by FAO (FAO, 2010b). However,
there was 5.5 and 6.5 times more TC detected at the end o season two in
SW and TW soils, respectively compared to the control in the corn eld
(Table 5). As or the thermotolerant coliorms, no contamination was
detected, neither in SW and TW, nor in the control in the corn eld.

Similarly, Bacillus spp. did not show statistically signicant dier-
ences between treatments and control in potato and corn elds in the
two seasons. However, there were numerically (not statistically signi-
icant) more Bacillus CFU’s in the SW (in potato soil) and SW and TW (in
corn soil) compared to the control during both years. Based on Wang
et al. (2021) the Bacillus spp. present within treatments is a benecial
bacterium, producing antimicrobial compounds, while inhibiting the
growth o harmul bacteria, including E. coli. Enterococci spp. is a ecal
indicator bacterium (ecal indicator bacteria include total coliorms,
Escherichia coli, and Enterococcus spp.) capable o growing, multiplying,
and becoming established in environments outside the gastrointestinal
tract. Enterococcus species, in particular, are more resilient in the envi-
ronment compared to E. coli and are known or their ability to survive
various environmental stressors, however, these bacteria are typically
harmless and live in the human gut (Zaheer et al., 2020). Results showed
that it increased signicantly within both elds during the rst season in
SW, measuring 7000 CFU/g in potato eld compared to 333 CFU/g in
control soil, and measuring 6667 CFU/g compared to 0 CFU/g in control
soil in corn eld (Tables 4 and 5). Other species did not show signicant
variation in both seasons (Tables 4 and 5).

Regarding the peeled potato tubers, total coliorms, E. coli, Staphy-
lococcus aureus, Sulate reducing bacteria, Clostridium perringens, Listeria
monocytogenes, Pseudomonas aeruginosa, and Salmonella sp. Were either
within the FAO limits or not detected (Table 6). These results align with
Urbano et al. (2017) who showed that lettuce irrigated with TWW was
not contaminated with pathogens, specically that lettuce is eaten raw,
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and not peeled. In our study, the lack o total coliorms in the potato
tubers could be attributed to the proper irrigation techniques, speci-
ically drip irrigation.

Our results indicated some bacterial species occurring more so in the
SW than in the TW irrigated soils suggesting that using tertiary TWW is
more suitable rom a microbial perspective as the tertiary treatment
adds a treatment step or the removal o pathogens and coliorms
(Kolekar et al., 2023). Kesari et al. (2021) explains that this is due to the
application o UV light which acts as a disinectant and kills the path-
ogens. Furthermore, these ndings align with the observations o
Urbano et al. (2017) that irrigation with TWW did not increase total
coliorms levels in soil on lettuce cultivation who urther indicated the
absence o thermotolerant coliorms, particularly E. coli, in the soil
throughout the experiment. This is a signicant outcome, because E. coli
is oten used as a ecal contamination indicator. Another study by

Garcia-Valverde et al. (2023), determined that consuming ruits rom
plants irrigated long-term with reclaimed water poses no health risk,
supporting the potential or a circular water economy.

In summary, tertiary TWW emerged as an eective option rom a
microbiological standpoint. This can be attributed to the disinectant
properties o UV treatment, which is implemented as the nal step in the
treatment process. The thorough UV treatment likely eradicated any
remaining pathogens in the water, thus highlighting its ecacy when
utilized or soil irrigation.

Despite its merits, it is generally important to implement strict hy-
giene measures when using TWW due to the pathogens it might be
carrying. The results have shown potential or some total and thermo-
tolerant coliorms contamination, which can fuctuate over time rom
year/season to year/season, and which can be harmul or all users along
the value chain o these crops starting with armers and TWW operators

Table 4
Soil microbial results rom the potato eld, irrigated with reshwater, SW and TW, across the rst and second seasons. Values are means o three replicates ± the
standard deviation o the mean. Mean values ollowed by dierent letters denote statistically signicant dierences according to the Fisher’s Least Signicant Di-
erence (LSD) test (P < 0.05) with soil treatment values being compared to the control, i.e., dierentiating means between treatments within a season.
Potato soil Control soil Soil irrigated with SW Soil irrigated with TW

Soil microbial analysis (CFU/g) Season 1 Season 2 Season 1 Season 2 Season 1 Season 2

Total viable count 33,333 ± 5774 a 41,000 ± 44,531 a 36,666 ± 25,166 a 233,333 ± 152,753 a 50,000 ± 30,000 a 120,000 ± 72,111 a
Total coliorms 0 2533* ± 1747 a 0 10333* ± 9504 a 0 2000* a
Thermotolerant coliorms 0 0 3333 ± 5774 b 35,000 ± 21,213 b 0 0
E. coli 0 0 0 0 0 0
Salmonella sp. 0 0 0 0 Abs 0
Pseudomonas aeruginosa 0 0 0 0 0 0
Enterococci spp. 333.3 ± 577 a 0 7000* ± 5196 b 0 1000 ± 1000 a 0
Listeria monocytogenes 0 0 0 0 0 0
Bacillus spp. 11,500 ± 12,021 a 5667 ± 4509 a 6667 ± 3512 a 36,667 ± 30,551 a 14,667 ± 9238 a 19,000 ± 26,963 a
Sulte-reducing bacteria 0 0 0 0 0 0
Yeast and molds 20,000 ± 10,000 a 7333 ± 4619 a 18,000 ± 10,583 a 30,667 ± 35,233 a 10,333 ± 9074 a 9000 ± 9539 a

Value exceeding the thresholds (FAO, 2010b; Table 1) were marked with an asterisk (*).

Table 5
Soil microbial results rom the corn eld irrigated with reshwater, SW and TW during the rst and second seasons. Values are means o three replicates± the standard
deviation o the mean. Mean values ollowed by dierent letters denote statistically signicant dierences according to the Fisher’s Least Signicant Dierence (LSD)
test (P < 0.05) with soil treatment values being compared to the control, i.e., dierentiating means between treatments within a season.
Corn soil Control soil Soil irrigated with SW Soil irrigated with TW

Soil microbial analysis (CFU/g) Season 1 Season 2 Season 1 Season 2 Season 1 Season 2

Total viable count 33,333 ± 32,146 a 96,667 ± 90,738 a 672,667 ± 1,149,505 a 73,333 ± 46,188 a 269,000 ± 247,958 a 306,667 ± 427,356 a
Total coliorms 0 1000 a 50 a 5500* ± 6364 a 0 6500* ± 4950 a
Thermotolerant coliorms 0 0 0 0 0 0
E. coli 0 0 0 0 0 00
Salmonella sp. 0 0 0 0 0 0
Pseudomonas aeruginosa 0 0 0 0 0 0
Enterococci spp. 0 0 6667* ± 4163 b 0 1667 ± 1528 ab 0
Listeria monocytogenes 0 0 0 0 0 0
Bacillus spp. 16,333 ± 13,051 a 2667 ± 1155 a 30,000 ± 10,000 a 4000 ± 1732 a 29,333 ± 28,746 a 11,333 ± 8083 a
Sulte-reducing bacteria 0 0 0 0 0 0
Yeast and molds 50,000 ± 10,000 b 2000 ± 1000 a 10,333 ± 7234 a 7000 ± 5196 a 16,333 ± 20,793 a 7333 ± 3055 a

Value exceeding the thresholds (FAO, 2010b; Table 1) were marked with an asterisk (*).

Table 6
Results o the potato microbial characteristics (ater peeling) o the control soil and soils irrigated with SW and TW during the rst and second seasons.

Control soil Soil irrigated with SW Soil irrigated with TW

Potato tuber microbial analysis CFU/g FAO limits Season 1 Season 2 Season 1 Season 2 Season 1 Season 2

Total coliorms <10 <10 <10 <10 <10 <10 <10
E. coli <10 <10 <10 <10 <10 <10 <10
Staphylococcus aureus <10 <10 <10 <10 <10 <10 <10
Sulate reducing bacteria 0 0 0 0 0 0 0
Clostridium perringens 0 0 0 0 0 0 0
Listeria monocytogenes 0 (not isolated) 0 0 0 0 0 0
Pseudomonas aeruginosa <10 <10 <10 <10 <10 <10 <10
Salmonella 0 (not isolated) 0 0 0 0 0 0
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and ending on the consumer’s table. Aside rom being a threat to the
soil’s ecosystem, pathogens contained in TWW are the greatest health
concern when using this water or irrigation (Mechri et al., 2008). Some
pathogens are not eectively destroyed or eliminated in the water
treatment process, depending on the available technologies, such as
total coliorms and thermotolerant coliorms contamination observed in
SW irrigated soils. Undestroyed pathogens that remain in the TWWmay
accumulate in the soil and translocate to edible plant parts, and conse-
quently reach the ood chain (Domenech et al., 2018; Adegoke et al.,
2018). Thereore, to reduce exposure and public health risks, certain
guidelines need to be considered. It is important to track the population
o pathogenic microorganisms in humans and soil through requent
examinations (Farhadkhani et al., 2018). Studying the correlations be-
tween multiple soil actors (soil water content, pH, temperature, hu-
midity) and pathogenic organisms is required (Becerra-Castro et al.,
2015; Bichai et al., 2012) and is something that was not conducted in our
experiments. Moreover, the impact o dierent management practices
(irrigation system, post-harvest practices) on the ate o pathogenic
microorganisms is also important to understand (Hashem and Qi, 2021).
Several studies reported no signicant microbial eect on crops, con-
sumers or the environment (Urbano et al., 2017; Orlosky et al., 2016;
Christou et al., 2016). Nonetheless soils irrigated with secondary TWW
were ound to be highly contaminated by thermotolerant coliorms and
E. coli (Petousi et al., 2019). Some eective in-eld and post-harvest
control measures demonstrated by Farhadkhani et al. (2018) included
using surace drip irrigation or subsurace drip irrigation, disinection,
washing, cooking at proper temperature and peeling o crops eaten raw.
Besides adhering to water quality guidelines, such as WHO guidelines
and to Sanitation Saety Plans (SSPs), a combination o active measures
at the source o water, good agricultural practices at the arm level and
additional preventive measures is needed to reduce possible risks and
protect public health (Hashem and Qi, 2021).

3.5. Potato and corn: biomass and growth parameters

Several studies demonstrated the positive impact o utilizing TWW
on biomass production compared to crop cultivation with well or resh
surace water. For example, this was noted in studies by Zidan et al.

(2024) who studied the impact o TWW on maize, and Maro et al.
(2012) who studied the impact o raw and TWW on potatoes. In this
study, the biomass production in year one and two, was assessed by
counting the number o tillers, leaves and tubers, plant and tuber weight
and plant height or the potato, and plant and corn weight, number o
leaves and plant height were assessed or the corn. All parameters,
except or plant height, did not show any signicant dierences between
the control and the soils irrigated with TWW in potato (Fig. 1) in season
one. In the second season under TW, the number o tillers was increased
(12 tillers per plant compared to 8 in the control), there were more tu-
bers and greater weight o tubers (Fig. 1).

As or corn, in the rst season there was a greater plant weight (total
biomass including roots minus the cob) in elds irrigated with TW,
measuring 0.6 kg compared to those irrigated with resh water or SW,
both weighing 0.5 g/m2 (Fig. 2). Corn plant height and weight were
negatively impacted by TWWwhere elds irrigated with reshwater had
greater values than TW and SW in the rst season. Similar to potato in
the second season which showed improvements under TWW, corn plant
weight and height as well as corn cob weight was greater under SW and
TW compared to the control (Fig. 2). This could be attributed to the
cumulative eect o TW on the soil over two years, enriching it with
nutrients and consequently boosting the yield. Moreover, seasonal var-
iations may have signicantly infuenced the tillering. A study con-
ducted by Scott Tilley et al. (2019), conrms that variations in
temperature and timing o tillers initiation aect tiller development.
Similar to potato, no signicant change in the number o leaves was
observed in corn during both seasons (Fig. 2). These results are consis-
tent with Rezapour et al. (2021), that reported a notable increase in corn
yield over a 15-year period o TWW irrigation.

The eect on plant height was observed or corn, but not or po-
tatoes. These results are compatible with dierent studies mentioning a
positive impact o TWW irrigation on corn. For instance, Zidan et al.
(2024) observed that corn adapted well to TWW, beneting rom its
nutrient content, and signicantly enhancing plant growth compared to
the relatively limited growth associated with reshwater water. And
similar ndings o TWW irrigation were observed by Rezapour et al.
(2021) with an increase rom 12.5 % to 28.1 % in corn yields.

Based on our results that show potential benets on potato and corn

Fig. 1. Bar graphs or the potato plants (averaged rom 5 sampled plants) during the rst and second seasons, representing the averages (n = 3 replicates) o number
o tillers, number o tubers, plant weight (kg), weight o tubers (kg), number o leaves and plant height (cm). Letter connotations indicate statistical signicance
between treatments within a season.
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production, irrigation with TWW in this semi-arid region can provide
resiliency during drought and water scarcity. Additionally, there are
benets to transitioning rom a linear (Korhonen et al., 2018) to circular
economy in water use that can have impacts beyond soil and crop
benets to the reduction o production and transportation costs o
agricultural inputs, water pumping costs, environmental avoidance
costs, carbon ootprint and other impacts (Mannina et al., 2022; Econ-
omou et al., 2023). Reuse o TWW or irrigation as an example o cir-
cular economy is a closed-loop system where crop nutrients are recycled
and reused eciently especially or elements with nite natural supplies
such as phosphorous. The long-term implementation o TWW reuse in
agricultural practices holds signicant potential to reshape water man-
agement strategies and promote sustainable ood production worldwide.
A lie cycle assessment (LCA) by Economou et al. (2023) reported on
potato production in a Mediterranean climate and ound that seasonal
variability and yield output has environmental eects and carbon
ootprints. Thereore, including TWW reuse in potato and other crop
production system, which adds to the variability, will have an eect on
the lie cycle o similar projects and warrants urther research.

4. Study recommendations

• Based on the ndings, it is recommended to prioritize TW irrigation
over SW irrigation or water reuse in agriculture due to the potential
microbial contamination present in SW treated water unless
continued monitoring o SW shows consistent good quality water
combined with strict hygiene practices and reduced exposure
guidelines.

• Continuous monitoring o sodium levels, microbial activity, and crop
health is crucial to avoid negative impacts on soil (salinity, sodicity,
poor structure) and plants (toxicity, physiological stress) on the long-
term.

• Enhance public awareness and education regarding the importance
o responsible wastewater management and its impact on agricul-
tural practices and public health.

• Evaluate synergies and tradeos between the eects o TWW on soil
and yield improvement, and the environmental and health risks,
along with its water-saving potential.

5. Conclusions

Irrigating potato and corn with TW showed promising results or
crop yield and soil quality. The use o TW signicantly increased soil OM
and nutrients leading to higher potato and corn yields ater the second
year. Importantly, heavy metal levels remained within sae limits.
However, raised sodium concentrations in the soils under TWW espe-
cially under TW could lead to concerns on salinity which need to be
careully monitored.

As or SW soils, it exhibited some microbial contamination exceeding
sae thresholds recommended by FAO. Thereore, TW appears preer-
able, yet continuous monitoring o salinity and microbial activity is
recommended, particularly with the potential variability in the TWW
quality.

Despite promising results rom TW reuse, ongoing research is
important to ully assess the long-term eects on soil microbiology, soil
quality, and crop quality. This understanding is vital or sustainable
agriculture and inormed decision-making on sae and sustainable irri-
gation practices. By prioritizing TW reuse, securing proper wastewater
treatment at the wastewater treatment plant level, and conducting
urther research on crop irrigation, we nd that there is good potential o
TWW reuse or sustainable ood production while saeguarding soil and
human health.

In addition to eld testing and research, it is essential to conduct
economic and environmental studies to evaluate the long-term sus-
tainability o utilizing TW or other TWW or irrigation. These studies
would consider actors such as initial setup costs, maintenance expenses,

Fig. 2. Bar graphs or corn plants (averaged rom 5 sampled plants) during rst and second seasons, representing the average (n = 3 replicates), o the number o
leaves, plant weight (kg), plant height (cm) and weight o corn cobs (kg). Letter connotations indicate statistical signicance between treatments within a season.
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and potential savings while using TW or irrigation. Moreover, TWW
reuse or irrigation can be a viable circular economy practice which can
as well support sustainable agricultural production systems. Future
research on TWW reuse to assess the long-term social, economical, and
agro- and eco-system implications will be critical to ensure that TWW is
a viable solution or addressing global water scarcity and climate
change.
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