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ABSTRACT

This paper analyzed the impact of treated wastewater irrigation on long-term soil water retention.
Irrigation with treated wastewater (TWW) constitutes a strategic opportunity for development of
agriculture in semi-arid regions. For the sustainable management one of the challenges is evalu-
ating its effect on the soil. The results of the current study indicated that TWW-irrigation leads
to increased soil salinity at a depth of 0-0.20 m. In terms of the soil’s ability to retain water, at
the mid-period use (8 y), the TWW retention was reduced by 33% capacity at a depth of 0.10 m
compared to soil irrigated by freshwater. The decrease was less significant (24% of retention)
in the long term. The surface layer of the soil (0-0.10 m) irrigated by TWW retained less water
than when irrigated by fresh water. Regarding the soil water retention curve, the impact of TWW
becomes important at very high suction pressures (i.e., VHP > 1,000 cm) compared to lower suction
pressures (i.e., HP: 10-1,000 cm). The results suggested that the use of TWW decreased the water

retention at field capacity and wilting point values.
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1. Introduction

The use of alternative resources, such as treated waste-
water (TWW) can help to alleviate the global water short-
age problem particularly in arid regions. While this helps
to improve agricultural financial gains, it can also have
negative effects by modifying the soil physical and chemi-
cal properties [1,2]. The reuse of treated wastewater (TWW)
for irrigation is a widespread practice in regions of the world
affected by water shortages, particularly in arid and semi-
arid regions such as Northern Africa.

Currently, treated wastewater (TWW) irrigation is per-
formed on more than 20 million hectares worldwide. This
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amount will significantly increase over the coming decades
as water stress intensifies [3]. In the Mediterranean region,
the practice of TWW-irrigation is particularly pertinent due
a shortage of available freshwater resources [4]. However,
the effects of such practices on soil proprieties needs to be
well understood to prevent not only land degradation, but
also to alleviate environmental and human health impacts.
Recently authors have reported on the consequences of
wastewater quality on irrigated soils under various periods
of application [5,6].

Effective management of water resources is crucial to
be able to deal with water shortages due to climate change
in arid regions such as the Mediterranean especially during
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periods of drought [7]. Understanding the problem is thus
vital. In one specific study, Oliveira et al. [7] deduced that
an increase of exchangeable sodium (Na?) in the soil is a
major problem associated with TWWe-irrigation, since Na*'
is present in high concentrations in wastewater. In the long
term, the increase in percentage of exchangeable sodium
affects soil structure and hydraulic properties, including
water retention and hydraulic conductivity [8,9]. Impacts
of TWW on the latter have been investigated by Sepaskhah
and Sokoot [10] for different soil textures. Results showed
that a reduction in hydraulic conductivity mainly occurred
near the surface at soil depths of 0-50 cm. This effect
was more prominent in clay-loam soil than in loam and
sandy-loam soils. Tarchouna et al. [11] reported a signifi-
cant decrease in hydraulic conductivity in sandy textured
soil under long term TWWe-irrigation. However, conduc-
tivity remained sufficient to reduce soil salinization. Many
researchers have reported that TWW irrigation decreases
soil saturated hydraulic conductivity (Ks) across different
soil types and textures [8-10,12-17].

Bardhan et al. [15] disclosed that TWW affects structural
porosity via narrowing of macro and mesopores (>70 and
30-70 pm) respectively. Physical structure of the soil is not
the only concern of TWW-irrigation. Physicochemical and
microbiological parameters can also be influenced [15,18]
by water retention [19,20]. Tarchitzky et al. [21] demon-
strated that soil irrigated from TWW had an increased water
retention capacity due to organic matter buildup. Specific

factors related to the composition of treated wastewater
(TWW), such as mineral elements (e.g., metallic trace ele-
ments, microorganisms, organic matter) and high concen-
trations of soluble salts can lead to intolerable soil salinity
levels for most plants or landscape crops, particularly in
heavy textured soils [22-25]. Suspended solids and organic
matter also should be considered [1].

The likely risks of adverse changes in soil structural sta-
bility and hydraulic properties following TWW irrigation
can come from high levels of dissolved organic matter, sus-
pended solids, sodium adsorption rates and water salinity
[26]. Paudel et al. [27] have shown that TWW contains high
concentrations of saline components and suspended organic
and inorganic particles compared to fresh water this can lead
to soil structure degradation, increased osmotic potential
and reduced aeration, root growth and hydraulic conduc-
tivity. Furthermore, soil salinity increases from sandy to clay
soil, which has a direct impact on plants. This outcome will
be intensified when using non-conventional water, such as
TWW. It would have an impact on the soil’s water retention
and would play a significant role in a farmer’s irrigation
management decision making.

The aim of this study was to quantify the impact of
treated wastewater on soil proprieties of three semi-arid sites
using as a case study the province of Boumerdes in Algeria.
In addition, the effects of treated wastewater (TWW) and
freshwater irrigation on soil water retention properties in the
mid to long-term were assessed and compared.
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Fig. 1. Experimental site.
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2. Materials and methods

The study was conducted in the province of Boumerdes
(36.76° N, 3.42° E), in northeastern Algeria. This region is
26 m above sea level and has a sub-humid Mediterranean
climate (Fig. 1). The annual rainfall ranged between 500 and
1,300 mm and the annual average temperature was 18°C.
The main cultivated crops were grapes, citrus fruits, and
animal fodder.

The treated wastewater (TWW) employed in this exper-
iment was provided by the wastewater treatment station of
Boumerdes. Monthly monitoring of water quality showed
that the TWW utilized met local and international stan-
dards for agricultural reuse (Table 1). The experimental site
included three agricultural plots: P1, irrigated by TWW for
8 y (mid-term), P2, irrigated by TWW for 13 y (long term)
and control plot (PT) irrigated by fresh water. Physico-
chemical analysis was carried out for each plot (granulome-
try and bulk density) and for each depth (pH water, pH KCl,
total calcium carbonate content and organic matter).

2.1. Soil water retention sampling

For each plot, systematic soil sampling was performed
at 30 cm from the dripper at depths of 0-10 cm, 10-20 cm,
and 20-60 cm. To characterize the water retention curve in
the study site plots, water retention values were obtained
according to the Richard’s method [28] at soil matric
potentials of 1, 4, 7, 10, 30, 70, 100, 500 and 1,500 kPa.

The model of the soil water retention curve (SWRC)
is defined as follows by Eq. (1) [29]:

eS _eY

e(h):ey+(1m€hn)m

@

where & is the matrix potential in (cm). 6, and O, are the
residual and saturated soil water content (cm?/cm?), respec-
tively, and a (cm™) and n are the form factors of the SWR
function. The parameter ‘m’ was calculated by m=1-1/n.

2.2. Statistical study

To determine whether a significant difference between
the different plots existed and, if so, which plot was more
influenced by TWW-irrigation. The values of soil water
retention at soil matric potentials of 1, 4, 7, 10, 30, 70, 100, 500
and 1,500 kPa were used for each plot selected in this study.
Multiple pairwise comparisons were performed following
two-factor ANOVA. This procedure was implemented to

Table 2
Physical characteristics of soil
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separate the averages of the soil water retentions at alpha lev-
els of 0.05%, 0.01% and 0.001% using the Tukey Test (HSD).

3. Results and discussion
3.1. Soil physicochemical characterization

Soil analysis indicated a similar texture for the three
plots, dominated by sand and silt, while the clay propor-
tion was weak. According to USDA triangle [30], texture is
defined as sandy-silty. There was no major difference in bulk
density (i.e., 1.45, 1.45, and 1.40 g/cm?) as a function of depth
for P1, P2, and PT respectively (Table 2).

The result of the soil physiochemical proprieties
(Table 3) showed that the pH (KCI) values had a slight ten-
dency towards soil acidity. Last level of depth for control plot
indicates the lowest value of 6.17 while for P1 and P2, they
are, respectively, 5.80 and 6.50. Regarding the total calcium
carbonate content (CaCO, T), values were very low in the
three levels of depth for all plots and did not exceed 0.17%.
This rate was consistent with the absence of HCI efferves-
cence and indicated the non-calcareous nature of the soils.

3.1.1. Organic matter

The organic matter content (OM) was predominant in
the first depth level for all three soils and the highest value
was reached in plot P1 (Table 3). The OM rate decreased with
depth, except for the control plot (PT) where it appeared very
high in the second level.

These results suggested that TWW-irrigation does not
systematically lead to an accumulation of organic matter in
the soil. Due to their high nutrient and trace element con-
tent, TWW stimulates soil microbiological activity [31,32],
thus promoting soil organic carbon mineralization. When

Table 1
Parameters of TWW used for irrigation

Values Standards
TSS (mg/L) 12.11 30
BOD, (mg/L) 8.34 30
COD, (mg/L) 33.84 90
N-NO, (mg/L) 5.845 30
pH 7.295 6.5-8.5
T (°C) 20.15 -
EC (uS/cm) 1,254.95 3,000

TSS: Total suspended solids; BOD,: Biological oxygen demand for 5
days; COD,: Chemical oxygen demand for 5 days.

Soil origin Granulometry (%) Bulk density
Sand (%) Silt (%) Clay (%) (g/em’)

Plot P1 48 30 16 1.45

Plot P2 50 28 17 1.45

Control plot PT 45 33 17 1.40
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conditions are favorable, this results in a decrease of the
OM level in the soil [33,34].

3.1.2. Soil salinity

For the three plots, electrical conductivity (EC) results
indicated a low salinity so that the measured EC did not
reach the limit of 4 mS/cm for which soils are considered as
moderately saline [35]. Electrical conductivity of TWW-soil
that had been irrigated for 8 y increased by 0.77 mm hos/cm
in the first depth level, while the lowest value was
observed in plot P2 (Fig. 2). At mid-term, TWWe-irrigation
led to a slight increase in salinity at 0-20 cm depth. These
results were in line with Kaboosi [22] who reported that,
in comparison to conventional water, the use of TWW
for 8 y caused a slight rise in soil salinity. The increase in
salinity was mainly due to salt-laden treated wastewater.

3.1.3. Impact of TWW irrigation on soil water retention curve

The ANOVA results matched the water retention curves
profiles (Fig. 3) and indicated a very high significant dif-
ference (p < 0.001) between the three plots in terms of
water retention capacity (Fig. 4a).
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Analysis of the differences between the modalities with a
95% confidence interval of the two-by-two plots determined
by The Tukey Test (HSD) showed a high significant differ-
ence between the control plot (PT) and both P1 (0-10 cm)
and P2 (0-10 cm). However, no significant variation was
recorded between P1(10 cm) and P2 (10 cm).

The 8 y irrigation by TWW caused a 33% reduction
in the soil water retention r at the soil horizon surface
0-10 cm compared to freshwater irrigation. This reduction
was less significant (24%) after 13 y application. These out-
comes can be related to the grapevine’s root system which
was, at this depth, better developed around the wet bulb of
the dripper for the 13-year-old grapevine compared to the
8-year-old one.

Roots play a key role in improving soil structure and
structural stability. Keith [36] suggested that root-influ-
enced soils (i.e., rhizosphere soils) are less porous due to
increased aggregation. Furthermore, the use of TWW can
induce a high accumulation of salts and organic compo-
nents in the 0-20 cm (Fig. 2, Table 3). Indeed, these concen-
trations can have potentially negative effects on soil quality,
such as reducing hydraulic conductivity and stability of the
soil aggregate, particularly in the upper 10 cm layer of silty
soil [37].

P1 P2 PT
Depth (cm)
Fig. 2. Variation of electrical conductivity in plots.
Table 3
Chemical properties of soil
Plots Depth (cm) pH (water) pH (KCI) CaCoO, T(%) OM (%)
0-20 6.70 6.49 0.17 2.17
P1 20-40 6.83 6.60 0.17 0.72
40-60 6.73 6.50 0.17 1.38
0-20 6.66 6.03 0.17 131
P2 20-40 6.50 5.88 00 0.55
40-60 6.38 5.80 00 0.26
0-20 6.92 6.45 0.17 1.29
PT 20-40 6.75 6.25 0.17 1.93
40-60 6.71 6.17 00 0.88

CaCO, T%: total calcium carbonate content; OM (%): organic matter.
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For both plots P1 and P2, the impact of TWW-irrigation
became more significant at very high suction pressures
(VHP > 100 hPa) and high suction pressures (HP: 1-100 hPa)
(Fig. 4b). At mid-term, the most important impact in the
upper layer (0-10 cm) occurred for the pressure range
0-100 hPa, while for the longer term, the reduction in water
retention capacity was much more significant at very high
pressure VHP (Fig. 4b).

The long-term application of TWW-irrigation involved
two impacts on the soil water retention curve (SWRC). The
SWRC for the surface layer (0-10 cm) in TWW-irrigated
plots showed less water retention capacity and indicated
that the upper soil layer retained less water than when it
was irrigated by fresh water. On the other hand, findings
showed that the 0-10 cm layer in plot P2 had a higher water
retention capacity that could be explained by the effect of
TWW irrigation long duration on micro porosity. However,
the results of this study indicated that the use of TWW on
0-10 ecm horizon at mid-term may have opposing effects
compared to long term TWW application. This can be asso-
ciated with an increase in the medium pore radius for the
0-10 cm surface soil horizon for the duration of irrigation
and suggested that additional factors that influence the
properties of soil water retention, such as pore size and
connectivity and pore sealing, could also be affected [38,39].

The TWW from the Boumerdes plant had an accept-
able salinity for agricultural irrigation. However, results
of experimentation showed that TWW-irrigation caused a
slight increase in soil salinity in the surface region. To avoid
the risk of soil salinization, recycling of TWW must be regu-
larly monitored and standards must be respected. Moreover,
application of insecticides or fungicides must be carried
out in a reasonable manner and in accordance with specific
standards and rules to protect the soil. Therefore, additional
studies are recommended to improve site-specific irrigation
water quality and leaching management. This is crucial to
avoid a deterioration in soil quality due to irrigation with
TWW), especially if this practice becomes widespread in the
context of resource scarcity.

3.1.4. Impact of TWW irrigation on saturated water content,
field capacity, wilting point and available water

The field capacity (FC) is defined as the “water con-
tent at which the thermodynamic forces between soil and
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water are much higher than the gravitational forces to a
point where the water flux out of soil medium is negligi-
ble” [39,14]. In the current investigation it was expected
that water retention at field capacity (FC, proposed at
pF 2.5) should have significatively changed after mid and
long term TWW irrigation on surface horizon (0-10 cm).
However, the impact of TWW irrigation at mid-term
decreased FC compared to the 10 cm horizon with long
term use (Fig. 4c). After 13 y application of the TWW), results
suggested that the FC increased compared to 8 y use. That
could be explained by the organic matter accumulation on
the first horizon (0-10 cm) due to irrigation. Additionally,
the soil electric salinity values in this research indicated that
they are more significative after 8 y application than at 13 y.

The wilting point (WP), also called the permanent wilt-
ing point, may be defined as the amount of water per unit
weight or per unit bulk volume in the soil, expressed in
percentage, that is, held so tightly by the soil matrix that
roots cannot absorb this water and a plant will wilt [40].
The results indicated a significant change in P1 and P2 com-
pared to the freshwater application (Fig. 4c). It can be argued
that the decrease in FC and WP for the horizons of 0-10 cm
could have been the consequence of flocculation stemming
from the salinity of the irrigation water. This could have
increased soil aggregate stability with decreased infiltration,
as found by other researchers [41-44].

Finally, available water capacity is the difference
between FC and WP, such that:

AWC =W, -W,, ?

The AWC in Eq. (2) for the horizon 0-10 cm was not sig-
nificantly impacted by TWW irrigation. This result was like
that reported by Loy et al. [14]. A decrease in FC and WP
and the difference between them for the two plots (P1, P2)
suggest that the impact on soil water retention properties
is very similar in horizon 0-10 cm.

4. Conclusions

The increasing demand for conventional water, the lack
of it, and the irregularity of precipitation makes treated
wastewater (TWW) an attractive source of water for irri-
gated agriculture in semi-arid countries, such as Algeria.
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Fig. 3. Soil water retention curves for the three experimental plots (PT, P1 and P2).
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Fig. 4. (a) Analysis of differences between modalities with a 95% confidence interval/Tukey Test analysis (HSD). (b) Variation of
water retention in HP (0-100 hPa) and (c) graphical representation of field capacity, permanent wilting point, and available

water capacity for each horizon (0, 10 m).

According to the current study treated wastewater pro-
duced the best results for the farmer in semi-arid regions,
in terms of profitability. The treated wastewater (TWW) has
an acceptable salinity for agricultural irrigation. However,
its reuse in the long and medium term led to an increase in
salinity in the surface horizons of the soils studied. The soils
of the plots examined were very poor in organic matter. The
higher levels found in the surface suggested an accumulation
of organic matter due to TWW irrigation.

In comparison with the results observed on the plot irri-
gated with drilling water, the water retention capacity of
the plots irrigated by TWW was reduced in the upper lay-
ers (0-10 cm). The application of TWW irrigation after 8 y
caused a reduction of 33% in soil water retention in the soil
surface (0-10 cm). In the long term the reduction impact
was estimated at 24% compared to the control plot (PT).
The capacity to retain water in soil irrigated by conventional
water was strong. Treated wastewater irrigation at mid and
long-term decreased soil water retention at field capacity and
wilting point, and consequently the available water capacity.

Acknowledgements

We would like to acknowledge the staff of the Biosystem
Engineering, Soil-Water-Plant Exchanges of Gembloux
Agro-Bio Tech for providing the necessary resources and for
conducting the experiment.

Conflicts of interest

The authors declare no conflict of interest.

References

[1] J. Abedi-Koupai, B. Mostafazadeh-Fard, M. Afyuni,
M.R. Bagheri, Effect of treated wastewater on soil chemical
and physical properties in an arid region, Plant Soil Environ.,
52 (2006) 335-344.

T.C. Pinkerto, A.T. Assi, V.A. Pappa, E. Kan, RH. Mohtar, Impact
of dairy wastewater irrigation and manure application on soil
structural and water-holding properties, Transact. Am. Soc.
Agric. Biol. Eng., 64 (2021) 857-868.

W. Chen, S. Lu, W. Jiao, M. Wang, A.C. Chang, Reclaimed water:
a safe irrigation water source?, Environ. Dev., 8 (2013) 74-83.

K. Schacht, Y. Chen, ]J. Tarchitzky, L. Lichner, B. Marschner,
Impact of treated wastewater irrigation on water repellency
of Mediterranean soils, Irrig. Sci., 32 (2014) 369-378.

M.A. Alnaimy, S.A. Shahin, Z. Vranayova, M. Zelenakova,
EM.W. Abdel-Hamed, Long-term impact of wastewater
irrigation on soil pollution and degradation: a case study from
Egypt, Water, 13 (2021) 2245, doi: 10.3390/w13162245.

M. Turunen, J. Hyvaluoma, R. Keskinen, J. Kaseva, ]. Nikama,
A.Reunamo, K. Rasa, Pore structure of wastewater sludge chars
and their water retention impacts in different soils, Biosyst.
Eng., 206 (2021) 6-18.

PCP. de Oliveira, T.\V. Gloaguen, R.AB. Gongalves,
D.L. Santos, C.F. Couto, Soil chemistry after irrigation with
treated wastewater in semiarid climate, Rev. Bras. Cienc. Solo,
40 (2016), doi: 10.1590/18069657rbcs20140664.

S. Assouline, K. Narkis, Effects of long-term irrigation with
treated wastewater on the hydraulic properties of a clayey
soil, Water Resour. Res., 47 (2011), doi: 10.1029/2011WR010498.
S. Assouline, K. Narkis, Effect of long-term irrigation with
treated wastewater on the root zone environment, Vadose
Zone J., 12 (2013), doi: 10.2136/vzj2012.0216.

AR. Sepaskhah, M. Sokoot, Effects of wastewater application
on saturated hydraulic conductivity of different soil
textures, J. Plant Nutr. Soil Sci., 173 (2010) 510-516.

L.G. Tarchouna, P. Merdy, M. Raynaud, H.-R. Pfeifer, Y. Lucas,
Effects of long-term irrigation with treated wastewater.

(2]

(3]
(4]

(5]

(6]

(7]

(8]

(%1

(10]

(11]



178

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

S. Touil et al. / Desalination and Water Treatment 255 (2022) 172-178

Part I: evolution of soil physico-chemical properties, Appl.
Geochem., 25 (2010) 1703-1710.

G. Viviani, M. Iovino, Wastewater reuse effects on soil
hydraulic conductivity, J. Irrig. Drain. Eng., 130 (2004) 476-484.
L.G. Tarchouna, P. Merdy, M. Raynaud, H.-R. Pfeifer, Y. Lucas,
Effects of long-term irrigation with treated wastewater.
Part I: evolution of soil physico-chemical properties, Appl.
Geochem., 25 (2010) 1703-1710.

K.S. Balkhair, Impact of treated wastewater on soil hydraulic
properties and vegetable crop under irrigation with treated
wastewater, field study and statistical analysis, ]. Environ. Biol.,
37 (2016) 1143-1152.

G. Bardhan, D. Russo, D. Goldstein, G.J. Levy, Changes in the
hydraulic properties of a clay soil under long-term irrigation
with treated wastewater, Geoderma, 264 (2016) 1-9.

G. Bourazanis, A. Katsileros, C. Kosmas, P. Kerkides, The effect
of treated municipal wastewater and fresh water on saturated
hydraulic conductivity of a clay-loamy soil, Water Resour.
Manage., 30 (2016) 2867-2880.

S. Loy, A.T. Assi, R.H. Mohtar, C. Morgan, A. Jantrania, The
effect of municipal treated wastewater on the water holding
properties of a clayey, calcareous soil, Sci. Total Environ.,
643 (2018) 807-818.

A. Singh, M. Agrawal, Effects of waste water irrigation on
physical and biochemical characteristics of soil and metal
partitioning in Beta vulgaris L., Agric. Res., 1 (2012) 379-391.

R. Aiello, G.L. Cirelli, S. Consoli, Effects of reclaimed wastewater
irrigation on soil and tomato fruits: a case study in Sicily (Italy),
Agric. Water Manage., 93 (2007) 65-72.

S. Taghvaiian, A. Alizadeh, S. Danesh, The effects of wastewater
usage as irrigation water on soil physical and some chemical
properties, Iran Irrig. Drain J., 1 (2008) 49-60.

J. Tarchitzky, Y. Golobati, Y. Chen, R. Keren, Wastewater effects
on montmorillonite suspensions and hydraulic properties of
sandy soils, Soil Sci. Soc. Am. J., 63 (1999) 554-560.

W. Chen, S. Lu, N. Pan, W. Jiao, Impacts of long-term reclaimed
water irrigation on soil salinity accumulation in urban green
land in Beijing, Water Resour. Res., 49 (2013) 7401-7410.

W. Chen, S. Lu, C. Pen, W. Jiao, M. Wang, Accumulation of Cd
in agricultural soil under long-term reclaimed water irrigation,
Environ. Pollut., 178 (2013) 294-299.

S. Lyu, W. Chen, Soil quality assessment of urban green space
under long-term reclaimed water irrigation, Environ. Sci.
Pollut. Res., 23 (2016) 4639-4649.

K. Kaboosi, The assessment of treated wastewater quality and
the effects of mid-term irrigation on soil physical and chemical
properties (case study: bandargaz-treated wastewater), Appl.
Water Sci., 7 (2016) 2385-2396.

GJ. Levy, Impact of long-term irrigation with treated
wastewater on soil-structure stability — The Israeli experience,
Isr. J. Plant Sci., 59 (2011) 95-104.

I. Paudel, S. Cohen, A. Shaviv, A. Bar-Tal, N. Bernstein, B. Heuer,
J. Ephrath, Impact of treated wastewater on growth, respiration
and hydraulic conductivity of citrus root systems in light and
heavy soils, Tree Physiol., 36 (2016) 770-785.

L.A. Richards, Porous plate apparatus for measuring moisture
retention and transmission by soil, Soil Sci., 66 (1948) 105-110.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

M.Th. Van Genuchten, A closed-form equation for predicting
the hydraulic conductivity of unsaturated soils, Soil Sci. Soc.
Am. ]., 44 (1980) 892-898.

FAO, Food and Agriculture Organisation: Guidelines for
Soil Description, 3rd ed., FAO/ISRIC, Rome, 1990.

G.N. Magesan, ].C. Williamson, G.W. Yeates, A. Rh Lloyd-Jones,
Wastewater C:N ratio effects on soil hydraulic conductivity
and potential mechanisms for recovery, Bioresour. Technol.,
71 (2000) 21-27.

E. Ramirez-Fuentes, C. Lucho-Constantino, E. Escamilla-
Silva, L. Dendooven, Characteristics, and carbon and nitrogen
dynamics in soil irrigated with wastewater for different lengths
of time, Bioresour. Technol., 85 (2002) 179-187.

C. Solis, E. Andrade, A. Mireles, L.E. Reyes-Solis, N. Garcia-
Calderén, M.C. Lagunas-Solar, C.U. Pina, R.G. Flocchini,
Distribution of heavy metals in plants cultivated with
wastewater irrigated soils during different periods of time,
Nucl. Instrum. Methods Phys. Res., Sect. B, 241 (2005) 351-355.
AF. da Fonseca, U. Herpin, AM. de Paula, R.L. Victoria,
AlJ. Melfi, Agricultural use of treated sewage effluents:
agronomic and environmental implications and perspectives
for Brazil, Sci. Agricola, 64 (2007) 194-209.

A. Tedeschi, R. Dell’Aquila, Effects of irrigation with saline
waters, at different concentrations, on soil physical and chemical
characteristics, Agric. Water Manage., 77 (2005) 308-322.

D.A. Keith, Assessing and managing risks to ecosystem
biodiversity, Special Issue: Ecosystem Risk Assessment. Guest
Editor: David Keith, Austral Ecol., 40 (2015) 337-346.

K. Schacht, B. Marschner, Treated wastewater irrigation effects
on soil hydraulic conductivity and aggregate stability of loamy
soils in Israel, J. Hydrol. Hydromech., 63 (2015) 47-54.

E. Braudeau, A.T. Assi, R.H. Mohtar, Hydrostructural Pedology,
Londres (GBR); Wiley-ISTE, Hoboken, 2016, 186 p.

A.T. Assi, R.H. Mohtar, E. Braudeau, Soil pedostructure-based
method for calculating the soil-water holding properties,
MethodsX, 5 (2018) 950-958.

M.B. Kirkham, Field Capacity, Wilting Point, Available Water,
and the Non-limiting Water Range, In: Principles of Soil
and Plant Water Relations, 2005, pp. 101-115, doi: 10.1016/
B978-012409751-3/50008-6.

I. Vogeler, Effect of long-term wastewater application on
physical soil properties, Water Air Soil Pollut., 196 (2009)
385-392.

T. Tunc, U. Sahin, The changes in the physical and hydraulic
properties of a loamy soil under irrigation with simpler-
reclaimed wastewaters, Agric. Water Manage., 158 (2015)
213-224.

M.A. Gharaibeh, T.A. Ghezzehei, A.A. Albalasmeh,
M.Z. Alghzawi, Alteration of physical and chemical charac-
teristics of clayey soils by irrigation with treated waste water,
Geoderma, 276 (2016) 33-40.

A.T. Assi, ]. Blake, R.H. Mohtar, E. Braudeau, Soil aggregates
structure-based approach for quantifying the field capacity,
permanent wilting point and available water capacity, Irrig. Sci.,
37 (2019) 511-522.



	_Hlk28602229
	_Hlk8998485
	_Hlk9446893
	_Hlk37771726
	_Hlk28685267
	_Hlk37771829
	_Hlk37771784
	_Hlk37771818
	_Hlk37771887
	_Hlk37771799

