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Abstract
Irrigation using treated wastewater (TWW) could provoke land degradation and heavy metals’ accumulation. The current study

selected two irrigated areas with treated wastewater along Bahr El-Baqar drain in Egypt. The first area (zone A) has been receiving
treated wastewater for a period between 10 - 15 years. The second area (zone B) has been receiving treated wastewater for more
than 20 years. Vegetation behavior was monitored using Enhanced Vegetation Index. TWW was of grade “C” according to the Egyptian

Code (ECP 501-2015). Zone B suffered from significant loss in fertility and noticeable decrease in vegetation compared to zone A.

Crops in zone B had lower heavy metal contents in shoots and roots compared to those of zone A probably due to soil alkalinity.
Nevertheless, heavy metal concentrations in rice grains were higher in zone B than in zone A reflecting potential hazard on human

health. In conclusion, irrigation using low-quality water negatively affected vegetation performance, soil quality and threaten human
health. Alfalfa and sugar beet do not tend to uptake heavy metals from contaminated soils. Rice is not recommended for cultivation
in heavy metals contaminated soils.
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Introduction
Water is the main limiting factor for agricultural production especially in arid and semi-arid regions. Nile River is the main water

resource in Egypt with its fixed annual supply of 55.5 billion cubic meters (BCM). Total water resources in Egypt is about 59.5 billion m3

including 1.3 BCM from rainfall in Sinai and Northern Coast and about 2.4 BCM from nonrenewable groundwater [1]. The total water
demand in Egypt to satisfy urban, industrial, and agricultural production sectors is about 80 BCM per year. The obvious upsurge of the

Egyptian population from 76.5 million in 2006 to 92.1 million in 2016 [2] has resulted in a serious decrease of the per capita annual share
of available water from 850m3 in 2006 to 630m3 in 2015 [1] and it is anticipated to drop to 500m3 by 2030 [3]. This makes treated waste-

water (TWW) an essential source to fill the existed annual gap of ~20 BCM to be directed to satisfy the agricultural sector. The agricultural

sector consumes about 70% of world freshwater [4]. In Egypt, it consumes ~85% of available water resources [5]. The reuse of treated
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wastewater for irrigation is recently seen as an essential conservation strategy contributing to the Egyptian agricultural sector [6]. This is
mainly because of the obvious reduction in fresh water of the Nile River that is expected to be negatively affected by increasing population
and the construction of the Grand Ethiopian Renaissance Dam.

Despite this fact, illegal application of low quality treated wastewater for irrigation could have its negative impact on the land sustain-

ability. About four BCM per annum of water in Egypt have been saved through the mounted water reuse projects in Nile Delta and ElFayoum Governorate [7]. Illegal reuse of drainage water is found to be practised for irrigation by local farmers along Bahr El-Baqar, Bahr

Hadus, Edko, El-Gharbia, and El-Umoum drains [8-10]. The exact amount of the unofficial drainage water reuse is unknown yet. The main
reason for this unofficial application of drainage water is water shortage and its irregular availability during crop seasons.

Therefore, the decreed laws and legislation for the application of TWW in agriculture focus mainly on three relevant aspects [11,12]:

i) conserving natural resources and maintaining sustainable water balance, ii) to protect the environment from potential pollution risks
that could be derived from applying this water type, and iii) public safety and protection against certain health risks. The Egyptian law

48/1982 strictly prohibits direct application of TWW from the drains or even mixed with conventional water for any purpose unless its

quality is within the permissible limits. The Egyptian code for TWW reuse in agriculture (ECP 51-2015) indicates: i) TWW characteristics
for agricultural application, ii) TWW quality classification, iii) determination of restricted and permitted crops for irrigation under each

grade, iv) indication of the adequate irrigation system that should be used for each TWW quality grade and v) measurements of health
protection and controls against potential risks of applying TWW for agricultural exploitation [12].

Bahr El-Baqar drain is one of the biggest drains in Egypt. It receives about 300 million m3 year-1 of treated and untreated wastewater

(~25% of its total inflow) [13]. This drain is used after being mixed with freshwater for irrigation to reduce the gap between available

water resources and requirements in the agricultural sector [9,10]. However, the long-term application of treated wastewater from ag-

ricultural, industrial, or municipal drainage sources is known to contribute significantly to the accumulation of trace elements such as

cadmium (Cd), lead (Pb), chromium (Cr), nickel (Ni), cobalt (Co), iron (Fe), zinc (Zn), manganese (Mn) and copper (Cu) at the upper soil
horizons [14]. The heavy metals such as Cd, Pb, Cr, Ni and Co are of great concern in agriculture. Excessive accumulation of these elements

in agricultural soils may not only result in soil contamination but also affect food quality and human safety. Despite Zn, Mn and Cu are
considered as micro essential nutrients, they may become very toxic for plant when largely accumulate in soil or water [15-17]. In addition, elements such as Ni, Pb, Cd, Cr and arsenic (As) are toxic to both plants and human [18-20]. However, nutrients uptake by plants are
relatively low with respect to the precipitated fractions in soil [21]. Therefore, the long-term use of drainage water with excessive toxic

concentration of heavy metals should receive more attention by monitoring their accumulation in soil and their transfer to plants and

other environmental aspects that entirely affect human health. In addition to heavy metals, the issues, such as soil salinity and alkalinity,

may result in great concerns of water quality for impaired water reuse [22]. These potential concerns of water quality should be essential
for quantifying the environmental impacts of wastewater reuse in the agriculture sector [23].

In this study, various environmental quality criteria such as heavy metals’ accumulation in soil and plants were experimentally deter-

mined for the first time in the studied areas under long-term application of TWW in agriculture.

Aim of the Study

The presented research aims to assess the impact of long-term agricultural irrigation with TWW from Bahr El-Baqar drain (El-Sharkia

Governorate, Nile Delta, Egypt) on heavy metals’ accumulation in soil and crop in addition to the vegetation performance as indicators
to land degradation and sustainability.

Materials and Methods
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Site description

Two locations along Bahr El-Baqar drain that feed them with irrigation water were selected for the presented research study. Study

area location, digital elevation model (DEM) and slope are presented in figure 1. The study area is placed in El-Hosainia region near to
Bahr El-Baqar drain (El-Sharkia Governorate, Egypt) at 32°6’17”E and 30°55’22”N. The drain is about 170 km long, with an average width

of 50m and 1 - 3m depth. It receives wastewater starting from East of Cairo, at the discharge point of El-Gabal El-Asfar and then joined by
the Belbeis drain; down to the confluence with the Qalubiya drain [24-26]. The study area is bordered by Ismailia City from the East and

El-Qantara West from the North. It is highly related to the depositional environment, which can be distinguished as the properly deltaic
morphology created by river discharge behind the High Aswan Dam. According to the DEM and slope (Figure 1), the area elevation ranges
from 0 - 15m with total area 111.7 km2.

Figure 1: Selected study area location, digital elevation model and slope.

Bahr El-Baqar drain discharges about three BCM per year into Manzala Lake. About 58% of the discharged water is agricultural drain-

age water, 40% is derived from domestic discharge of the surrounding rural areas along the drain and 2% is derived from industrial

activities [27]. The industrial activities in the area are mainly metals production, food processing, detergents’ manufacturing, textile, and
paper production [13].

The climate data have been generated using the Global Land Data Assimilation System (GLDAS). The data were extracted for Fakous

City (~ 40 km far from the study area). The total annual precipitation was 41.1 mm with high peaks in April (13 mm). The minimum temperatures (12 ± 2.1°C) were recorded in January-February and the maximum (41 ± 1.3°C) were noted during July-August.

Agricultural land within the study area is mostly irrigated from Bahr El-Baqar drain. However, in winter, it may be irrigated by applying

water from small canals of the Nile River to compensate the noticeable shortage in water supply generally occur at this time of the year.
According to locals, the study area is divided into two main agricultural sites. The first site (73.3 km2) was irrigated for 10 - 15 years (here-

inafter will be named as “zone A”) and the second site (38.4 km2) was irrigated for more than 20 years (hereinafter will be mentioned as
“zone B”) with TWW. A total of 11 sampling locations were selected for water, soil, and plant samples collection according to the duration
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of irrigation process (surface irrigation). Sampling sites were chosen based on the history of irrigation using Bahr El-Baqar Drain water.

Figure 2 shows the delimited location of each area, irrigation canals and the sampling sites. Table 1 represents sampling sites, irrigation
periods, and cultivated crops.

Figure 2: Delimited location, irrigation canals and sampling sites of Zone A
(area irrigated for 10 - 15 years) and Zone B (area irrigated for > 20 years) with treated wastewater.

Coordinates

Sample
site*

Latitude

S1

31°59’39.42”E

S4

32° 3’51.07”E

S2

S3

S5

S6

S7
S8

S9

S10

S11

32° 2’40.35”E
32° 4’2.46”E

32° 3’1.82”E

32° 0’19.34”E

32° 5’24.98”E
32° 6’17.02”E

32° 2’42.82”E

31°58’43.02”E
32° 0’51.96”E

Longitude
30°52’2.00”N

30°53’21.65”N
30°52’46.75”N
30°52’1.19”N

30°52’12.76”N

30°50’44.22”N
30°53’2.05”N

30°53’22.88”N

30°54’43.46”N

30°53’36.99”N

30°55’22.26”N

Irrigation
period
(year)

Cultivated crops
1st visit

10 - 15

10 - 15
> 20

Rice

Rice
Rice

> 20

Pepper

> 20

Rice

> 20

> 20

> 20

10 - 15

10 - 15

10 - 15

Rice

Maize
Rice
NA

Rice

Rice

2nd visit
Alfalfa

Alfalfa

Alfalfa
Bean

Bean

Sugar beat
Alfalfa

Alfalfa

Alfalfa

Sugar beat

Sugar beat

Table 1: Sampling sites, irrigation period and cultivated crops investigated during the two visits.
*: S1-S11 = sampling sites numbered in sequential order from one to eleven.
Vegetation performance
Enhanced vegetation index (EVI) was generated at a high spatial resolution of 250m by the NASA Moderate Resolution Imaging Spec-

troradiometer (MODIS), hereinafter called MODIS-EVI. The seasonal and annual spatial distribution of MODIS-EVI along the time series
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from 2000 to 2015 at a three-year time intervals were generated for both irrigated areas. Moreover, the temporal variation of seasonal
and annual EVI values was developed for both studied zones.
Water, soil and plant sampling

Two field trips were scheduled at the beginning of the reproductive stages of two cropping seasons, the first field visit was in summer

and the second was in winter. Soil samples were collected in triplicates from A-horizon of typical Vertisol classified as Vertic Torrifluvents.
At the same sampling sites, irrigation water and plants were also sampled in triplicates. Plant samples were collected giving a representative sample of all vegetation at the study area. The most common plants were rice in summer, alfalfa and sugar beet in winter. Edible parts

for food and forage consumption were sampled in the two seasons to measure their content of heavy metals and toxicity level. In winter,
the whole-plant of alfalfa and the sugar beet (beetroot) were tested against the concentration of heavy metals in the tissues. In summer
season, rice plants were separated into root, stem and rice grains and prepared for the analysis as well.
Experimental analyses
Water analyses
The collected TWW samples from Bahr El-Baqar drain were analyzed in situ to determine dissolved oxygen (DO), pH, electrical con-

ductivity (EC), total dissolved salts (TDS), and temperature. In the laboratory, total suspended solids (TSS), soluble cations, and available

nitrogen and contents were determined. Chemical oxygen demand (COD) was measured as an indicator to the amount of oxygen in water
consumed for chemical oxidation of pollutants. In addition, biological oxygen demand (BOD) was also determined. The BOD is a chemical

procedure for determining the amount of dissolved oxygen needed by aerobic organisms to decompose organic materials at certain tem-

perature (20ºC) over a specific period of time (5 days). Biological parameters such as total viable count and both total and faecal coliform

were also measured. Concentrations of heavy metals such as Cd, Pb, Cr, Ni and Co were also measured. Micronutrients content such as
Fe, Zn, Mn and Cu were evaluated. Heavy metals and micronutrients measurements were carried out using the Agilent 4100 Microwave

Plasma-Atomic Emission Spectrometer (MP-AES, USA) after wet-oxidation using mixture of HNO3-HClO4-H2SO4. The obtained results from
TWW analysis of Bahr El-Baqar drain were used to classify treated wastewater quality grade for agricultural irrigation practices according
to the Egyptian code for using treated wastewater in agriculture (ECP 501-2015).
Soil analyses

All soil analyses were carried out following [28]. A part of fresh soil samples was separated for available nitrogen and determinations.

The major soil portion was air-dried, grinded, and sieved through a 2 mm sieve. Soil pH was measured in soil suspension (1:2.5 w/v).

The electrical conductivity (EC) determined in soil aqueous extract 1:1 (w/v) and soluble cations and anions such as Na+, Ca2+, K+, Mg2+,
HCO3- and Cl- were also measured. Cation exchange capacity (CEC) was measured using sodium acetate method. Total nitrogen (TN) was
determined by Kjeldahl method. Soil organic carbon (SOC) was determined by Walkley-Black method [29].

Available K+ (KAV) was extracted by 1N ammonium acetate solution and measured by the flame photometer. Available phosphorus (PAV)

was extracted with 0.5N NaHCO3 and detected spectrophotometrically. Soil micronutrients such as Fe, Zn, Mn and Cu and heavy metals

including Cd, Pb, Cr, Ni and Co were extracted by 5 mM DTPA (Diethylenetriaminepentaacetic acid) solution and then measured by an
Agilent 4100 Microwave Plasma-Atomic Emission Spectrometer (MP-AES-USA) [28,30].
Plant analyses

Plant samples were oven-dried at 65°C for 24h and then blended. Total nitrogen (TN) was measured using Kjeldahl method. Total P

and K were determined by Atomic spectrometer [28]. Determination of micronutrients and heavy metals in plant samples were carried
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out by acid digestion of 3g of oven-dry plant samples [28] and detected by an Agilent 4100 Microwave Plasma-Atomic Emission Spectrometer (MP-AES-USA).
Statistical analysis

Descriptive statistical analysis was conducted to obtain mean and standard error of the mean (SE) values for the analyzed water, soil

and crop parameters. Paired samples t-test was conducted using SPSS 15.0 (SPSS Inc. IBM, US) as well to check the significant differences
in water, soil, and plant parameters between the two areas irrigated with TWW (zone A and zone B). Data were checked at the significant
level α ≤ 0.05.

Results and Discussion
Vegetation analysis
Seasonal spatial and temporal distribution of MODIS-EVI
The seasonal spatial resolution of MODIS-EVI along the years of 2000, 2003, 2006, 2009, 2012 and 2015 for the two irrigated zones

with TWW from Bahr El-Baqar drain is presented in figure 3. The obtained results revealed spatial differences with pronounced decrease

in vegetation reflectance during autumn and spring. This coincides with the harvesting period of summer and winter crops, respectively,
which could explain the observed low EVI values during autumn and spring, respectively. This was in agreement with [31] in their study

on the sensitivity of vegetation indices for monitoring rice in India. They found that EVI values reached their maximum just before harvesting and the lowest values were observed at the beginning of the season. The EVI values in zone B were considerably lower than in

zone A. This indicates that vegetation cover was negatively affected in areas that were irrigated by low-water quality for longer time. The

observed decrease in vegetation cover in areas irrigated for more than 20 years with TWW may be due to reduction in soil fertility in these
areas. The Temporal variation of seasonal and annual enhanced vegetation values for the selected study area along the period from 2000
to 2015 for the selected study area is presented in figure 4.

Figure 3: Study area’s seasonal spatial distribution for the enhanced vegetation index along the period from 2000 to 2015.
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Figure 4: Temporal variation of (A) seasonal and (B) annual enhanced vegetation values for the
selected study area along the period from 2000 to 2015.

The temporal evolution of MODIS-EVI (Figure 4) is also presented seasonally for the two areas irrigated for 10 - 15 years and over 20

years. Significant decrease from winter, summer, spring to autumn (α < 0.05) in the vegetation index along the three-year time intervals

in the two irrigated areas was found. Seasonal EVI averages were higher in zone A (0.32 in winter, 0.34 in summer, 0.40 in spring and 0.50
in autumn) than in zone B (0.30 in winter, 0.32 in summer, 0.36 in spring and 0.49 in autumn) with high significant differences between
the vegetation behaviours in the two areas. The area under 10 - 15 years of irrigation with TWW showed higher vegetation activity values
than areas irrigated for over 20 years with TWW.

Annual spatial and temporal distribution of MODIS-EVI
The spatial distribution of the annual mean of MODIS-EVI values along the years of 2000, 2003, 2006, 2009, 2012 and 2015 for the two

irrigated zones with TWW from Bahr El-Baqar drain in figure 5.

Figure 5: Study area’s annual spatial distribution for the enhanced vegetation index along the
period from 2000 to 2015 at three years’ time interval.
Differences in the annual EVI values have been observed, which indicated variation in the vegetation biomass across the different ir-

rigated areas. The EVI values in zone B (annual average 0.37) were considerably lower than those in zone A (annual average 0.39) with
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no significant differences between the two zones. It could be seen that areas under 10 - 15 years of irrigation with TWW have higher EVI
values reflecting higher biomass and agricultural activity. Figure 4B represents the annual MODIS-EVI values for the two irrigated areas

on time series (three years). The annual EVI averages in the two irrigated areas were higher in those areas irrigated for short-time periods
(0.39) than long-time periods (0.37).

Applied treated wastewater quality
Mean and standard error (± SE) of the selected water quality parameters for the collected samples from different sites during the first

and second field trips are presented in table 2. The p-value for the two-tailed t-test for the collected TWW sample during the first and

second field trips was checked α ≤ 0.05 significant level. A significant improvement (α ≤ 0.05) in TWW-TSS, pH, Na, Cl, SO4, N-NO3, BOD

and COD has been observed during the second field visit (Table 2). According to the local farmers, drains are used to be mixed with more

amount of fresh water from the Nile River when its surface level is elevated. As a result, the contaminants in drain water were diluted
and the water quality was improved as observed during the second field trip in winter. The analytical indicators for the four TWW grades

(Grades A, B, C and D) according to the Egyptian code for the application of TWW in agriculture (ECP 501-2015) classified the investigated

TWW as grade “C” based on the qualified parameters presented in table 2. TWW quality of grade “C” is generally produced from secondary
wastewater treatment plants [12]. Principally, the mean values of soil salinity (0.7 to 1.9 dS m-1) during the two field visits in summer and
winter were observed within the permissible limit (0.75 dS m-1 > EC > 2.0 dS m-1) for well-drained soil conditions.
Parameters

Unit

TSS

mg l-1

pH
EC

dS m

TDS

mg l

DO

Ca++

Mg

-1

-1

++

Na+

2nd visit

60 ± 4.6*

35 ± 6.9*

7.6 ± 0.1*
0.7 ± 0.3

--

270 ± 68

355 ± 56*

4.5 ± 1.2*
35 ± 4.5*

N-NH4
BOD

Faecal coliform

Total coliform
Total viable
count

cfu

100
ml-1

42 ± 6.0*

16.1 ± 0.6*

675 ± 280

27 ± 6.2

2.6 ± 0.6

+

3.7 ± 0.8*

14.2 ± 0.9*

4.1 ± 0.6

N-NO3

1.9 ± 0.1

932 ± 145*

207 ± 126*

-

7.4 ± 0.1*

448 ± 112

*

214 ± 56*

Cl -

COD

1st visit

*

K+

SO4

Means ± standard error

786 ± 78*

114 ± 1.5*

4.8 × 103 ± 692*
4.6 × 104 ±
2293

2.2 × 108 ± 8.6
× 106*

186 ± 56*
161 ± 40*
0.8 ± 1.2
0.7 ± 0.1

115 ± 0.2*
758 ± 76*

5.3 × 103 ±
1180*

5.5 × 104 ±
1095*

2.2 × 108 ± 1.0
× 107*

Table 2: Some water quality parameters of the collected water samples during the two field visits.
TSS: Total Suspended Solids; EC: Electrical Conductivity; TDS: Total Dissolved Salts; DO: Dissolved Oxygen;
COD: Chemical Oxygen Demand; BOD:
Biochemical Oxygen Demand.
*

The p-value is less than the significance level (α ≤ 0.05).
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Different heavy metal concentrations found in the applied water used for irrigation may indicate different contamination sources.

These sources can be from municipal, industrial and agricultural drains enter the main drain of Bahr El-Baqar. The minimum values of

heavy metal and micronutrient concentrations in the TWW of Bahr El-Baqar drain were higher than the maximum permissible limits
indicated by FAO Irrigation and Drainage Paper 29 [32], except for Zn and Pb. The permissible limits were 5, 2, 0.2, 0.2, 0.01, 5, 0.1, 0.2,
and 0.05 mg l-1 for Fe, Zn, Mn, Cu, Cd, Pb, Cr, Ni and Co respectively. The noticed increase in mean concentrations of heavy metals and micronutrients can be attributed to the low TWW quality.
Soil characteristics and quality

General soil characteristics and macronutrients content
Mean values of the selected soil quality parameter together with soil micronutrients and heavy metals (mg kg-1) for zone A and zone B

irrigated with TWW are presented in table 3. The significant p-values at α ≤ 0.05 checked by the two-tailed t-test results between the two
zones marked with asterisk. Soil pH values in the two studied zones were within the suitable range (6.0 ≥ pH ≤ 8.2) for the growth of most

crops. Soil pH was moderately alkaline ranged from (pH 7.4 - 8.4) as indicated by Emran M., et al. [30] and [33] Horneck DA., et al [33].

Slight salinity risk expressed by EC was observed in all soils at the two areas from the minimum (1.2 mS cm-1) to the maximum (2.1 mS

cm-1) EC values ranged within (1.3 - 2.4 mS cm-1) as indicated by Emran M., et al [30]. Soil characteristics and tested parameter concentra-

tions were significantly lower (α ≤ 0.05) in zone B than their concentrations in zone A except for soil organic carbon (SOC) and chlorine
(Cl-) (Table 3). Soil organic carbon has significantly increased from 7.07 g kg-1 in zone A to 8.09 g kg-1 in zone B. Chlorine concentration

increased significantly as well from 79.67 mg kg-1 to 82.24 mg kg-1 in areas irrigated for over 20 years with TWW (zone B).
Parameters†
pH

Unit

Means ± standard error

EC

mS cm

Pav

mg kg

SOC

g kg

TN
Kav

NH4 -N
+

-1

-1

Cl

Fe

Zn

Mn
Cu

Cd
Pb
Cr
Ni

Co

0.49 ± 0.04*

-

meq 100g
mg kg-1

8.09 ± 0.90*

20.59 ± 3.23*

68.37 ± 7.86*

53.28 ± 6.03*

210 ± 19.46*

70.01 ± 4.05*

64.17 ± 4.58*

53.33 ± 3.92*

82.61 ± 4.59*

67.91 ± 6.91*

26.24 ± 2.37*

-1

1.54 ± 0.09*

24.59 ± 2.90*

138.97 ± 7.33*

HCO3
CEC

0.53 ± 0.06*

89.16 ± 11.93*

+

-

7.92 ± 0.08*

230 ± 20.23*

++

K+

7.96 ± 0.07*

7.07 ± 1.00*

Ca++
Na

Zone B

1.62 ± 0.09*

-1

NO3--N
Mg

Zone A

79.67 ± 10.09*
138.91 ± 8.15*
9.14 ± 0.23*

21.23 ± 7.91*
2.31 ± 0.53*

21.03 ± 2.47*
114.52 ±
11.76*

82.24 ± 9.82*
77.34 ± 7.01*
7.65 ± 0.30*

26.43 ± 6.95*
4.02 ± 0.59*

16.28 ± 1.89*

22.22 ± 4.47*

2.95 ± 0.83

3.56 ± 1.04

6.15 ± 1.01*
0.03 ± 0.00*

0.02 ± 0.001*
0.66 ± 0.14*
0.15 ± 0.04*

5.24 ± 1.13*
0.03 ± 0.00*

0.05 ± 0.02*
0.64 ± 0.13*
0.17 ± 0.05*

Table 3: Means ± SE of some soil parameters for zone A and zone B irrigated with TWW.
EC: Electrical conductivity; SOC: Soil organic carbon; TN: Total nitrogen; Pav: Available phosphorus; Kav: Available potassium;
NH4+-N: Available N in NH4+ forms; NO3—N: Available N in NO3- forms; CEC: Cation exchange capacity. *:
The p-value is less than the significant level (α ≤ 0.05).
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The observed significant decrease in soil nutrient’s content and cation exchange capacity (CEC) in irrigated lands for over 20 years

indicates significant loss in soil fertility. This may be attributed to soil alkalinity conditions that encouraged the precipitation and adsorption of soil micro- and macro-nutrients in different forms of oxides, hydroxides, carbonates and silicates [34,35].

The precipitation or adsorption of soil nutrients can be probably depending on the differences in heavy metals’ chemistry and the

biochemical characteristics of soil organic compounds [20,30]. However, the observed significant decrease in soil nutrients is acceptable

for achieving a good soil quality conditions in these agricultural soils according to the soil nutrients evaluation proposed by Loganathan
P [36]. This rating or evaluation of soil nutrients was mainly based on soil nitrogen and available phosphorus contents and exchangeable

cations, mainly K+, Ca++ and Mg++. The soils either being irrigated for 10 - 15 years (zone A) or over 20 years (zone B) with TWW presented

moderate content of exchangeable calcium (64.17 mg kg-1 in zone A and 53.33 mg kg-1 in zone B) and magnesium (26.24 mg kg-1 in zone A

and 21.03 in zone B), high phosphorus contents (24.59 mg kg-1 in zone A and 20.59 mg kg-1 in zone B) and very high potassium contents

(82.61 mg kg-1 in zone A and 67.90 mg kg-1 in zone B), but low contents of soil nitrogen (0.53 ± 0.06 g kg-1 in zone A and 0.45 ± 0.04 g kg-1

in zone B).

Variation in soil micronutrients’ and heavy metals’ content
In table 3, a significant increase in soil micronutrient contents in zone B was observed compared to zone A except for Cu. Copper was

significantly lower in zone B (5.24 mg kg-1) than in zone A (6.15 mg kg-1). Nevertheless, according to Horneck DA., et al. [33], 1.5 mg kg-1
for Zn, 0.6 mg kg-1 for Cu and 1 - 5 mg kg-1 for Mn are suitable for most crops. The available Fe concentrations in soil are suitable for crops

development; nonetheless, the observed soil alkalinity conditions expose the soil to obvious Fe deficiency [9] and may need foliar fertil-

ization to overcome this problem. The obtained soil analysis revealed that both irrigated lands are still rich in micronutrients content and

need no fertilization practice. Soil heavy metals content in areas irrigated for over 20 years with TWW (zone B) was significantly higher
than those irrigated for 10 - 15 years (zone A) with the same water type except for Ni that was lower in zone B (0.64 mg kg-1) than in zone

A (0.66 mg kg-1). This falls within what has been observed by Aboulroos SA., et al. [37] who found that DTPA extractable Pb concentration

in compiled soil samples from different locations in Egypt ranged from 0.15 to 2.88 mg kg-1 regardless the applied irrigation water type.

Cr concentration was higher in zone B than in zone A.

Assessment of heavy metal and micronutrient concentrations in plant
Micronutrients’ and heavy metals’ concentration mean values (mg kg-1) in the analyzed parts of rice plant during the first visit in zone

A and zone B are presented in table 4. The significant variation at α ≤ 0.05 tested by the two-tailed t-test. Results showed significant differences for all micronutrients’ and heavy metals’ contents in all investigated plant parts. The highest heavy metals’ accumulation was
recorded in the roots of rice collected from zone A except for Cd. However, in the shoot parts the highest values were recorded from plants

of zone B except for Cu, Cd, Pb and Co. Consequently, rice grains showed higher values of toxic metals in zone B than in zone A indicating
high potential risk of heavy metals accumulation in areas irrigated for long-term periods.

On the other hands, no significant difference has been observed in alfalfa and sugar beet content of heavy metals and micronutrients

at α ≤ 0.05. However, mean concentrations of heavy metals and micronutrients in alfalfa and sugar beet were considerably lower in zone
B than in zone A. The permissible limits of some heavy metals such as Zn, Cu, Cd, Pb, Ni and Cr in plants are found to be 0.6, 10, 0.02, 2, 10
and 1.3 mg kg-1 respectively as declared by WHO [38] and Ogundele DT., et al [39]. The mean concentration of some investigated heavy

metals was considerably reduced to be within the permissible limits, announced by WHO [38], in crop leaves such as Cu, Ni in Alfalfa and
Ni in sugar beet (Table 4).
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First visit†
Heavy
metals
Fe

Zn

Mn

Rice root

Zone A

Zone B

Zone A

Zone B

Zone A

Zone B

Zone A

Zone B

1577 ±
694*

1425 ±
380*

237 ± 83*

316 ±
155*

85 ± 20*

133 ±
37*

367 ±
18

295 ± 195

110 ± 24

160.4

91.51 ±
37.24*

73.87 ±
19.48*

42.78 ±
3.62*

45.12 ±
3.51*

14.29 ±
0.61*

22.35 ±
3.45*

16.70 ±
1.60

13.50 ±
6.23

4.18 ±
2.03

13.37

0.06 ±
0.03*

0.17 ±
0.11*

0.03 ±
0.02*

0.02 ±
0.00*

0.003 ±
0.003*

0.02 ±
0.004*

0.08 ±
0.00

0.07 ±
0.03

2.95 ±
1.16

2.73 ±
0.48*

4.51 ±
1.11*

11.52 ±
5.55*

Pb

1.92 ±
1.05

Ni

Co

Beetroot of
sugar beet

Zone B

10.75 ±
5.69*

Cr

Rice grains

Zone A

Cu

Cd

Rice stem

Second visit
Whole-plant of
Alfalfa

6.66 ±
3.29*

4.73 ±
2.08*

1.65 ±
0.60

9.74 ±
1.12*

5.15 ±
0.44*

8.47 ±
0.76*

3.33 ±
0.55*

1.27 ±
0.33

0.39 ±
0.03*

5.38 ±
1.00*

2.63 ±
0.50

4.35 ±
0.80*

1.48 ±
0.34

1.42 ±
0.40

0.18 ±
0.05*

5.90 ±
1.26*

3.18 ±
0.45*

0.30 ±
0.08*

1.76 ±
0.67

0.16 ±
0.04*

4.93 ±
1.50*

2.42 ±
0.70*

0.13 ±
0.07*

1.35 ±
0.56*

0.08 ±
0.01*

8.74 ±
1.97*

16.37 ±
2.65

3.43 ±
0.65*

12.90 ±
1.64

0.24 ±
0.06*

0.54 ±
0.16

2.55 ±
0.89*

0.11 ±
0.04*

9.26 ±
3.82

7.12

7.40 ±
2.18

13.23 ±
3.77

18.25

0.76 ±
0.14

1.19 ±
0.82

0.63

18.16 ±
5.16

11.28 ±
2.89

0.34 ±
0.41

0.23 ±
0.09

17.47 ±
7.34

12.31 ±
8.73

4.42 ±
0.71

Table 4: Micronutrient and heavy metal concentrations (mg kg-1) in rice plant for zone

0.08 ±
0.05

7.19 ±
2.56

59.62 ±
57.35
0.12 ±
0.07

0.06

9.31

3.85

0.11

A and zone B during the two visits.
*: The p-value is less than the significant level (α ≤ 0.05).
Generally, the observed mean concentrations of Zn, Cu, Cr and Ni were above the permissible limits in plants [38] in zone A. Lead

concentration was within the permissible limits (2 mg kg-1) for the studied plants in both lands irrigated with TWW in zone A and zone
B. Despite Zn is essential element for the functionality of plant biological system, its elevated concentration could provoke human health
problems i.e. stomach cramps, skin irritation, nausea, anaemia and vomiting. Cd is known as a toxic element even at low concentrations
and could cause severe health problems for human health. Knowing this, FAO/WHO set a provisional limit for its daily intake by human.

The European Union has also introduced legislation indicating the maximum permissible concentration of Cd in a range of foodstuffs [40].
In addition, excess concentration of Ni in plants highlighted the chances of cancer development in lung, nose and larynx in addition to
respiratory failure and birth defects [40].

The observed low concentration of heavy metals and micronutrients in irrigated lands with TWW for over 20 years is mainly attrib-

uted to the soil alkalinity (7.92 < pH < 7.96). Soil alkalinity affects directly and indirectly on heavy metals and micronutrients availability
for plants. Alkaline soil conditions assist to adsorb and precipitate metal ions on the outer surface of soil clay minerals [30,41].

Conclusion

Irrigation using TWW has negative impacts on soil quality and human health due to not only the accumulation of heavy metals in soil

and plants but the sanitary risks as well with long term use. In addition, long term application of TWW on soil will need many corrective
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actions in the future in order to restore to the clean agroecosystem. It is recommended to conduct a detailed monitoring for areas irrigated
with TWW and apply suitable remediation processes if heavy metals’ concentrations exceeded the permissible limits. It is also encour-

aged to set up campaigns to farmers and stakeholders in these areas to know the best agricultural practice when irrigating with TWW to
reduce sanitary risks and to choose proper non-edible crops suitable for the applied TWW quality.
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