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Abstract The use of non-conventional water resources can help to mitigate water
stress and can support the agricultural sector. Treated municipal wastewater is one of
the most readily available alternative water resources, and its use in agriculture has
been adopted to reduce fresh water usage in several countries, under their respective
water quality regulations. This chapter reviews the results of past and current
research on the reuse of treated wastewater (municipal and agro-industrial) for
irrigation and the corresponding effects on soil and plant systems. Particular atten-
tion has been given to research efforts highlighting the effects of chemical-physical
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wastewater characteristics (e.g. nitrogen, phosphorus, potassium, sodium, and heavy
metals) and the corresponding microbiological indicators (e.g. Escherichia coli and
Salmonella) on irrigated crops and soils. The selection of irrigation methods is
another topic discussed in this chapter. Drip and subsurface irrigation methods are
considered the more suitable irrigation techniques to be used with treated wastewa-
ter; they minimise toxicity hazards for plants, reduce the contamination of edible
crop products, and mitigate human health risks by minimising direct contact between
wastewater and plant.

Keywords Agro-industrial wastewater, Crop irrigation, Microbiological risks,
Municipal wastewater, Wastewater reuse

1 Introduction

Wastewater reuse has potential benefits for agriculture and water resources manage-
ment but can also determine substantial risks to public health. Moreover, chemical
risks for plant and environment could occur due to soil and groundwater pollution.
Indeed, the main problems related to wastewater reuse can be linked to the possible
environmental dispersion of macro- and micronutrients, soil and plant accumulation
of heavy metals and the contamination due to microbial pathogens.

Once crops are exposed to chemicals, the potential uptake and accumulation in
the edible parts (fruits and vegetables) need to be controlled in order to assess their
introduction into the food chain.

Water quality criteria and guidelines for effluent reuse in irrigation have been
implemented and can act as protecting measures to farmers health as well as to public
health; moreover, the quality criteria can prevent problems such as soil salinity and
toxicity and other phenomena that can generate issues for soil and crop production.

This chapter does not address the effects of the emerging pollutants
(i.e. contaminants of emerging concern, CECs) detected in wastewater sources on
the soil-plant system. This research topic is reported in detail in other chapters.

1.1 Legislative Framework

The use of reclaimed wastewater for crop irrigation could play a strategic role in
mitigating the problems of decreasing water availability for the agricultural sector
and competition with civil and industrial water uses. The use of reclaimed waste-
water in agriculture may also increase the environmental sustainability of crop
production. However, reuse of wastewater in this sector is constrained by relevant
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legislative frameworks, which can in turn represent an important driving force in its
adoption.

In 2006, the World Health Organization (WHO) released the guidelines for the
safe use of wastewater in order to improve its use in agriculture and provide clear
guidance for local decision-makers. The purpose of the WHO’s guidelines was to
support the definition of specific government regulations related to wastewater use
and management, in consideration of each country governance [1].

In 2012, based on global data, the United States Environmental Protection
Agency (US-EPA) completed the “Guidelines for Wastewater Reuse” that includes
an updated overview of water reuse regulations adopted in the USA, current
advancements in wastewater treatment technology, international water reuse prac-
tices, and other factors supporting the safe and sustainable expansion of wastewater
reuse.

The treated wastewater reuse guidelines mentioned above (WHO, FAO, and
US-EPA) constitute the basis for the formulation of local regulations in other
countries [2].

In the European Union (EU), there currently are no guidelines for wastewater
reuse, but according to UE Directives (91/271/EEC, 2000/60/EC) and other inter-
national guidelines, several Member States have produced legislative regulations for
water reuse applications. Standards differ among and within the Member States, in
response to different socio-economic conditions at the regional and local levels.

The Spanish legislation (RD 1620/2007 — The legal framework for the reuse of
treated wastewater) includes the following different uses of reclaimed water: urban,
agricultural, industrial, recreational and environmental. As for the Portuguese guide-
lines (NP 4434 2005 — Reuse of reclaimed urban water for irrigation), they only
refer to urban areas irrigation, and the main applications are for agricultural and
landscape purpose (e.g. golf courses irrigation).

The French standards on wastewater reuse (JORF no. 0153, 4 July 2014) define
water reuse for the irrigation of agricultural lands and green areas and exclude
industrial and urban uses and aquifer recharging, while Cypriot regulation (Law
106 (1) 2002 — Water and Soil pollution control and associated regulations) does not
allow any industrial or urban use of reclaimed water (Water Reuse in Europe,
UE 2014).

The Cyprus, Greece and Spain wastewater guidelines include also aquifer
recharging with reclaimed water by percolation or direct injection, with the aim to
reduce the depletion of groundwater and to mitigate the impacts of saline intrusion in
coastal zones.

In Italy, the agricultural reuse of municipal and agro-industrial reclaimed waste-
water is regulated by Legislative Decree no. 152/2006 of the Ministry for the
Environment, which presents restrictive limits for microbiological parameters
(e.g. Escherichia coli) [6, 7], but does not define different limits according to the
risk associated with different destinations for reuse (e.g. irrigation of food or no-food
crops).

To maximise the benefits and minimise the risks related to the use of treated
wastewater, uniform legislative frameworks should be adopted [3]. To this regard, a
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new proposal for European regulation of minimum requirements for water reuse
[4, 5] is currently pending approval by the European Parliament and the European
Council. This new proposal defines, for the first time, the minimum water quality
acceptable for reclaimed water destined for crop irrigation in European Countries.

1.2 Characteristics of the Municipal and Agro-Industrial
Wastewaters

Wastewater effluents can originate as by-products from the civil, industrial, and
agricultural sectors. Following purification, treated wastewater represents an impor-
tant and readily available water source to meet the increasing demands of crop
irrigation, particularly in water-scarce countries. Indeed, wastewater recycling in
agriculture has gained importance as a component of the agricultural water supply in
some regions (e.g. Mediterranean area) [8].

Wastewater reuse provides significant amounts of irrigation water and helps
reduce the environmental impacts related to the discharge of municipal and/or
agro-industrial effluents into water bodies [8, 9]. Municipal and agro-industrial
wastewater contains approximately 0.1% solid substances, represented by organic
and inorganic solids and microorganisms [10]. The chemical-physical characteristics
of the wastewater effluent depend on its origin and vary with climate, social and
economic situation and with the habits of the population of origin.

Organic substances can include carbohydrates, lignin, fats, proteins and their
decomposition products, as well as various organic chemicals of natural and syn-
thetic origin derived from industrial processes [11].

Inorganic substances include potentially hazardous compounds and heavy metals,
which may be present in wastewater at phytotoxic levels and cause health risks
[11, 12]. In particular, municipal wastewater can contain wastes from domestic,
small-scale craft and livestock activities.

The quality of agro-industrial wastewater is closely related to the type of vege-
table products and to the processing systems adopted; such wastewater typically
contains organic substances that are suspended and partly dissolved (sugars, pro-
teins, fats, and residues of plant and animal products).

Agro-industrial wastewaters can contain heavy metals, although the concentra-
tions are unlikely to reach levels dangerous for crops and consumers [13]. Health
risks associated with the use of wastewater for crop irrigation are primarily due to
microbial pathogens (bacteria, viruses, and protozoa) [14, 15]. To mitigate hazards
and damage to human and environment health, wastewater should be adequately
treated before use in irrigation.

The positive or negative effects of treated wastewater application on the soil and
on plants are primarily dependent upon the quality and quantity of the organic and
mineral chemical substances (in particular plant nutrients, such as N, P, K, heavy
metals, and salts) in the solution.
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2 Main Advantages and Risks of Treated Wastewater
Reuse in Agriculture

2.1 Supply of Mineral Nutrients for Crop Growth

The quantity of crop nutrients supplied to the soil by wastewater (municipal or agro-
industrial) in irrigation must be carefully considered. The concentrations of the
primary mineral nutrients necessary for plant growth (such as N, P and K) in
municipal and agro-industrial wastewater vary significantly according to the quality
of the wastewater. Generally, nitrogen concentrations vary from 20 to 35 mg L™,
phosphorus concentrations from 3 to 10 mg L' [10, 16-19], and potassium
concentrations from 10 to 25 mg L' 18, 20].

Wastewater effluents can also contain high levels of micro-nutrients (e.g., boron,
iron, copper, zinc, manganese, and molybdenum), which are essential for the growth
and development of crops. The effects of macro- and micronutrients supplied with
wastewaters can change in relation to the crop cycle (i.e., vegetable annual crop vs
tree crops) and to different intake rate of nutrients.

As for vegetable crops, in a study carried out on a succession of processing
tomato (Lycopersicon esculentum Mill.) and broccoli (Brassica oleracea L. var.
italica) crops, secondary and tertiary treated agro-industrial wastewaters were com-
pared with groundwater irrigation. The findings indicated that treated agro-industrial
effluents supplied greater amounts of mineral nutrients (N-NHy, N-NO3, and K¥) to
the crops [20]. The authors suggested that the use of treated agro-industrial effluents
as irrigation water could reduce the need for supplementary mineral compounds
through chemical fertilisation.

Other research has shown that treated wastewater irrigation of vegetable crops
(lettuce) could successfully increase the availability of irrigation water and increase
the concentration of some soil nutrients (K, Ca, H, Al, and S) [21].

In a study of the effects of secondary and tertiary treated wastewater irrigation on
globe artichoke crop performance, Gatta et al. [19] reported that the total inorganic
nitrogen (i.e. N-NH,4, N-NOj3) supplied to the crops through treated irrigation water
was on average 95 kg ha™' and 66 kg ha™"' for the secondary and tertiary wastewa-
ters, respectively, representing approximately 25% to 17% of the nitrogen require-
ments of the artichoke crop.

As for tree crops, Vivaldi et al. [22] reported the effects of irrigation by treated
wastewater and the deficit irrigation strategy on almond trees (Prunus dulcis L.). The
results of this study showed that the nutritional contribution of treated wastewater to
irrigated soil was 35.8 kg ha™' of NO; ™, 4.41 kg ha~' of PO,*", and 149.9 kg ha™'
of K*. Other similar studies on tree crops irrigated by reclaimed water have reported
that high concentrations of macro- and meso-nutrients supplied to soil through
wastewater could facilitate a significant reduction in fertiliser application [23-25].

The supply of mineral nutrients by wastewater application to cultivated species
represents a significant agronomic value of this water resource. However, this benefit
must be assessed with particular attention to the possibility of plant nutritional
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imbalances and phytotoxicity [26]. Each cultivated species is characterised by
specific nutrient requirements depending on the phenological phase. Excesses or
deficiencies in some mineral elements can significantly affect crop production, both
in quantitative and qualitative terms [27].

2.2  Heavy Metal Accumulation in Soil and Crops

Another possible outcome of wastewater reuse for cultivated species is the accumu-
lation of heavy metals in the irrigated soil. The presence of heavy metals in the soil at
very low concentrations is necessary for the growth plants, but at high concentra-
tions, they can be toxic and harmful [12, 28]. Although the heavy metal content in
wastewater used for irrigation is subject to legal limits, continuous use of wastewater
can lead to their buildup in the soil [29]; this can cause stress to plants due to
interference with the metabolic activities and physiological functions in the
plants [30].

Excessive levels of metals can also degrade soil quality, reduce marketable crop
yields, and reduce the quality of marketable agricultural products; these effects can
also pose significant hazards to the health of humans and the surrounding ecosystem
[12, 31].

The leaves and vegetative tissues of cultivated plants tend to accumulate higher
amounts of heavy metals than the fruits [32]. Studies have shown that heavy metals
taken up through plant roots can be transported to the shoots through the xylem
vessels [33] but have poor mobility in the phloem [34]. Crop storage organs
(primarily fruits and seeds) are characterised by low transpiration rates and do not
accumulate heavy metals because they are largely phloem-loaded. Harmful effects
on human health from soil and vegetables contaminated with heavy metals have,
however, been widely reported [12, 35].

Heavy metal activity in the soil is highly influenced by chemical and physical soil
characteristics (pH, texture, and organic matter content) and the effect of heavy
metals on plants varies by crop. It is therefore challenging to set precise limits and
thresholds of tolerance and/or hazard deriving from the presence of heavy metals.

The risk to human health related to the uptake of heavy metals by food crops
depends more on the increase in their available fraction than on their total concen-
tration in the soil [36]; moreover, it is dependent on the heavy metal speciation and
solubility and on the crops cultivated in contaminated soil [37].

High contents of heavy metals are normally found in industrial wastewater,
whereas the concentrations of these metals in domestic wastewater are generally
low due to the settling of solids during treatment [29, 38].

Generally speaking, the use of treated municipal wastewater in agriculture may
result in heavy metal accumulation in the surface layers of the soil [1, 39, 40]
following very long periods (decades) of application, after which concentrations
that can cause adverse effects on crop growth are possible [41-43]. However,
regardless of the heavy metal content of the wastewater, the metals are only taken



Wastewater Reuse in Agriculture: Effects on Soil-Plant System Properties 85

up by the crop at certain concentration thresholds, and uptake can only occur if the
metals are in the mobile phase. Additionally, the concentration of heavy metals in the
soil solution is influenced by soil characteristics.

Heavy metals are less available at soil pH over 6.5, due to precipitation phenom-
ena and the presence of higher amounts of organic substances. On the contrary, at
lower pH values, heavy metals become mobile in the soil and can be absorbed by
crops [44]. Not all heavy metals are easily absorbed by plants; lead, chromium, and
mercury, for example, are bound by soil particles and very slowly absorbed by crops,
even when accumulated in the soil. Copper, boron, and zinc are more easily
absorbed by plants, sometime reaching levels of accumulation ten times higher in
a plant than in its originating soil [45]. In this regard, cadmium and nickel represent
the highest risk to human health. The impact of heavy metals on crops is complex,
because antagonistic reactions can occur the influence their absorption [46].

Table 1 shows the heavy metal concentrations in wastewater-irrigated soils
reported by several authors, considering the irrigation length period (short and
long term), type of wastewater, and the effects on soil and plant. The concentration
of some heavy metals exceeds the international threshold values, especially in long-
term experimental trials, with consequently accumulation in plants.

Table 2 shows a classification of heavy metals added to the soil with wastewater
when used for crop irrigation, according to risk characteristics and classes relative to
their effect on plant nutrition and human health.

2.3 Microbiological Risks

One of the primary obstacles to the widespread use of reclaimed wastewater for
irrigation of agricultural crops is the possible persistence of pathogenic microorgan-
isms through treatments and their potential contamination of vegetable crops, caus-
ing outbreaks of foodborne illness. The risk of biological contamination is primarily
related to the spread of bacteria, viruses, helminths, and protozoa that are harmful to
humans through the soil environment and onto crops which are then ingested.

Bacterial pathogens like Salmonella spp., Shigella spp. enterohaemorrhagic
E. coli serotypes, and Vibrio cholerae are of major concern for public health systems
worldwide. The helminths Ascaris and Tenia spp. and the protozoans intestinal
Giardia and Crysptospridium are also of public health concern. The waterborne
viruses HAV, HEV, rotavirus, and adenovirus are reported to have the greatest risk
of transmission through reused wastewater [1]. The direct detection of such a wide
array of pathogen microorganisms (whose levels are generally low and fluctuating)
by laboratory methods is not an efficient monitoring strategy in terms of monetary
cost and time required for the microbial methods of isolation and confirmation. The
use of microbial indicators of faecal contamination has therefore been considered for
decades by health and environmental authorities worldwide to be the most reliable
method of monitoring water quality and the performance of water treatment systems
[47, 48].
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Table 1 Heavy metal concentrations of wastewater irrigated-soils detected in several field studies,
considering the irrigation length period (short and long term), type of wastewater (source), and the
effects on soil and plant

Soil guidelines
(mg kg™ Effect on
Metal | EUs* IR® Case study (mg kg™") | Source Period | Soil | Plant
cd 3.0 3.0° 90.2 [41] PTE effluent |L-T |+
3.8 [42] UE L-T +|
5-13 [39] TE S-T +
90.037 [40] STE S-T -
Cr 150 100° 112.8 [42] UE L-T +|
936.5 [43] UE LT |+ -
Cu 140 100° 435.0 [41] PTE L-T +
75.0 [42] UE L-T +|
8-16 [39] TE S-T +
91.25 [40] STE S-T -
994 .4 [43] UE LT |+ |+
Ni 75 50° 9576 [41] PTE LT |+
703.2 [42] UE L-T +|
90.80 [40] STE S-T
55.6 [43] UE LT |+ |+
Pb 300 100° 912.8 [41] PTE L-T
135.6 [42] UE L-T +|
126 [39] TE S-T -
92.0 [40] STE S-T
94 [43] UE L-T + +7
Zn 300 300° 78.2 [42] UE L-T +|
70-80 [39] TE S-T -
91.25 [40] STE S-T —
285.37 [43] UE LT |+ |+
Mn 2,000 5.0 [40] STE S-T +
77.5 [43] UE LT |+ |+

PTE primary treated effluent, UE untreated effluent, TE treated wastewater, STE secondary treated
effluent, L-T long-time trial, S-7 short-time trial

+, the concentration increases compared to control; +], the concentration increase than control,
below guideline thresholds [96]; +7, the concentration increase than control, above guideline
thresholds [96]; —, the concentration does not increase compared to control

#EUs European union standards (EU 2002) [93]

®IR international references [94, 95]

°195]

9Extractable content (DTPA method)

194]

Rapid and sensitive molecular methods (mostly PCR based) introduced in the
1990s to detect pathogens in water [49] are still facing issues related to sampling
DNA preparation, standardising protocols, and assessing only viable. Consequently,
the use of indicators is still necessary for the assessment of both water quality and
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Table 2 Risk characteristics and classes of heavy metals present in urban wastewater used for crop
irrigation [97, 98]

Risk characteristics and classes Metals

Low risk Mn, Fe, Zn, Cu, Se, Sb
High risk Cr, As, Pb, Hg, Ni, Al, Cd
Essential micronutrients for plants Cu, Fe, Mn, Mo, Zn, Ni
Important elements for some crops Co, Na, Si

Can accumulate in crops at toxic levels for consumers Cd, Cu, Mo

No toxicological threshold established for irrigation reuse Hg

Thresholds high enough for irrigation reuse Cu, Fe, Mn, Zn

Low absorption by plants Co, Cu, Mn, Zn

water management [50]. The most important and widely used microbial indicator for
faecal contamination of water and wastewater is the species Escherichia coli,
supported by the previously more frequently considered indicator groups of faecal
coliforms and enterococci.

In many countries, the legislation of microbial parameters for wastewater reuse is
affected by different interpretations of the concept of microbiological risk; such
legislation frequently constitutes a simplification that is inadequate to exploit the full
potential of wastewater reuse in agriculture [S1].

Table 3 details the dissimilarities of limits for wastewater reuse for various
regions, including consideration of different microbial indicators and threshold
levels, different methods of detection, inclusion of nematode eggs, and consideration
for different types of crops as restricted or unrestricted (herbaceous vs arboreous,
food vs feed, etc.).

Ideally, wastewater treatment could effectively and reliably reduce the microbial
risk through relatively simple and inexpensive means, justifying the use of reclaimed
water as an alternative to higher quality water and securing that supply for conser-
vation or other uses. Wastewater from different sources generally differs to a great
extent in its physicochemical and biological characteristics, and any evaluation of
possible sustainable reuse must therefore rely on the determination of the specific
chemical and biological qualities of the water and their interactions with the field
environment and with irrigated crops.

Urban wastewater tends to harbour a higher number of microorganisms of faecal
origin and, therefore, to represent a major potential source of human pathogens.
Industrial wastewater possesses an intrinsically higher variability due to the different
processes for which it is used. In the last 20 years, many studies have focused on the
evaluation of microbiological safety in the reuse of treated wastewater for crop
irrigation. Assessments of the microbiological quality of agricultural crops irrigated
through different methods and by different types of wastewater have frequently
reported that possible health risks due to E. coli and helminth eggs were not directly
correlated with the use of wastewater for irrigation [15].

In some reported cases, crops irrigated with wastewater from various depuration
technologies were microbiologically equivalent to the crops irrigated with well
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Table 3 Microbial limits for wastewater reuse in different countries

Country or Total coliform Faecal coliform E. coli Nematode
organism (CFU 100 mL) (CFU/100 mL) (CFU/100 mL) | eggs (no./L)
US-EPA |UR Absent

R 2 x 10?
WHO UR 10° <
(2006) R - <1
Ttaly ND 10
France UR 42 2.5 x 107

R 2-32 10*-10°
Spain UR 10 0.1

R 10°-10* 0.1
Portugal UR 10%

R 2 x 10*-10*
Australia UR |10 10°-10*

R |10%-10*
Israel ND 10
Saudi UR |2.2° 1
Arabia R |10%® 1
China UR 2 x 10*

R 4 x 10*
Mexico UR 240°

R 10°°®

Adapted from Becerra-Castro et al. [51]

UR unrestricted, U restricted, ND no distinction
“Log reduction

®MPN/100 mL

water, as assessed by faecal indicators (E. coli, faecal coliforms, and enterococci)
and pathogens like Salmonella spp. E. coli O157:H7 and Listeria spp. [52, 53].

Orlofsky et al. [54] carried out field experiments to monitor the human pathogenic
bacteria, protozoa, and viruses in parallel trials of tomatoes watered with treated
wastewater or with fresh water using a combination of microscopic, cultivation-
based, and molecular techniques. The results revealed that microbial contamination
on the surface of the tomatoes was not associated with the source of the irrigation
water. In the specific case of greywater (domestic wastewater that excludes waste-
water from toilets), contradicting results regarding increasing levels of faecal coli-
forms in soils following long-term greywater irrigation have been reported [55].

Efficacy of removal of pathogens and indicators is strictly dependent on the type
of treatment conducted prior to irrigation reuse of wastewater: engineered systems
that may include membrane filtration and UV disinfection units typically achieve the
highest performance but also have higher installation and upkeep costs. Conversely,
constructed wetlands and phytodepuration systems are considerably less technolog-
ically and energetically demanding, but their performance is consequently more
variable [56].
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In addition to the efficacy of the water treatment prior to reuse, it must be
considered that the survival rate of potential pathogenic microorganisms in the
treated water is highly variable, depending on the type of microorganism, water
stocking and distribution system, environmental conditions, and other variables.
Moreover, irrigation water is only one of the potential sources of contamination
for cultivated crops, and the safe reuse of wastewater alone is not sufficient to
eliminate risks related to other sources of potential contamination [57]. Therefore,
an integrative approach aiming to assess and evaluate risks through microbiological
laboratory tests, epidemiological studies, and quantitative microbiological risk
assessment (QMRA) is necessary to elaborate novel safety rules for wastewater
reuse in agriculture [2]. A balance must be struck between excessive restrictions that
hamper the reuse of wastewater reuse and a lack of safety procedures that could lead
to foodborne outbreaks; balanced legislation should therefore be a priority on the
agenda of national and international regulation agencies. For example, a scientific
study aiming at modelling the impact of recent FDA rules on the microbial safety of
lettuce production illustrated how less stringent microbial parameters could maintain
safety levels suitable for consumption [58].

3 Agronomic Practices Related to Treated Wastewater
Reuse: The Role of Irrigation Methods

The use of treated wastewater for crop irrigation requires proper management of
these resources at the farm and at the district level. The irrigation strategies for crops
should consider the characteristics of the available water sources. Irrigation variables
such as irrigation interval, irrigation volume, and seasonal irrigation volume should
be established according to the adopted irrigation method and regime (full irrigation
or deficit irrigation), temporal availability of the water source, climatic trends, and
crop phenological stage.

In the use of treated municipal and agro-industrial wastewater, the definition of
irrigation variables is based on the same principles and criteria used for conventional
water [59]. For this reason, the irrigation scheduling strategies adopted for conven-
tional water use are also considered valid for wastewater irrigation reuse. Regardless,
the selection of adequate irrigation techniques for wastewater use plays an important
role in the qualitative and quantitative increase of yields, water resource preserva-
tion, and environment protection.

The choice of irrigation system is related to factors including the socio-economic
condition and the orographic characteristics of the agricultural area, the adopted crop
system, the level of agricultural mechanisation of the farm, and the availability and
qualitative properties of the irrigation water resource.

For irrigation with treated wastewater, the most suitable methods are drip and
subsurface irrigation systems. These methods offer several advantages. First, the
irrigation water efficiency of drip irrigation systems is very high, achieving
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efficiencies of 90-95% and allowing up to 30-40% water saving as compared to
sprinkler and surface irrigation systems. Localised irrigation systems save water
through mitigation of water loss through evaporation from the soil.

Drip irrigation systems are characterised by more frequent applications of smaller
water volumes, thus ensuring a low and nearly constant soil water tension in the root
zone (about —0.1/—0.2 MPa). These aspects mitigate the problems of salt concen-
tration in the root zone due to possible salt addition from wastewater application.

Finally, drip irrigation is considered the more suitable irrigation method to use
with treated wastewater because it minimises toxicity hazards for plants, reduces the
contamination risk for edible crop products, and mitigates hazards to human health
by minimising direct contact with the wastewater. These latter advantages can also
be achieved by adopting the sub-irrigation method, with the concurrent benefits of
lower water loss to evaporation (15-30%), maximum irrigation efficiency, and lower
visual/environmental impact of wastewater distribution.

Experimental trials comparing wastewater application by drip and subsurface
irrigation methods did not show significant differences in the irrigated crop yields or
for the microbiological contamination levels of the soil and the marketable crop
[3, 19, 60].

Drip irrigation methods for crop irrigation with wastewater present a suitable and
useful technical solution applicable to all types of soil and crops. However, waste-
water containing high total dissolved solids (TDS) can cause nozzle clogging in drip
irrigation systems and require the adoption of appropriate filtering systems and
treatment of the irrigation water with acid and/or chlorine [61].

Table 4 details the factors influencing the choice of irrigation method, the safety
measures that farmers must adopt for treated wastewater, and recommendations for
use relative to crop type.

4 Effects of Wastewater on Soil-Plant System

4.1 Effects on Physical and Chemical Characteristics
of the Soil

Many studies have been carried out to determine the effects of wastewater use on
various soil characteristics. Particular emphasis has been placed by some authors on
long-term variations in soil physical and chemical properties [62, 63].

The physical and mechanical properties of the soil (such as porosity, stability of
aggregates, water retention, infiltration, and permeability) are very sensitive to
organic matter and exchangeable ion types present in the irrigation water [64, 65].

The organic materials added by wastewater irrigation can accumulate in the soil
fraction where intense microbial degradation and transformation of these substances
occur, leading to the formation of humic compounds and the release of mineral
elements. The mineral elements released in the soil following organic substance
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Table 4 Suitability of irrigation methods for applying wastewater

Factors influencing the

Safety measures to

Irrigation choice of the irrigation | adopt for irrigation Suitable crops to irrigate
method method wastewater reuse with wastewater
Submersion | Low irrigation water | » Maximum protection | ¢ Use on non-food crops is
efficiency for field workers and recommended
* Low cost consumers
* No soil preparation
Furrow * Low cost * Maximum protection | * Use on non-food crops is

infiltration

* Required soil surface
levelling

for field workers and
consumers

recommended

Sprinkler * Good irrigation water | * Requires protection for | ¢ Non-food crops
irrigation efficiency workers * Irrigation of golf courses
* No soil preparation * Distance of filed from |« Irrigation of parks and
the houses is needed gardens
Subsurface | ¢ High irrigation water | * No precaution Waste- | * Irrigation of all the food
irrigation efficiency water can be used in all | and non-food herbaceous
* High plant cost cases and tree crops
» Difficult control of
irrigation lines
Drip * High irrigation water | * No precaution Waste- | * Irrigation of the food and
irrigation efficiency water can used in all non-food herbaceous and

* High plant cost

cases

tree crops

* No soil preparation

degradation enrich the soil with elements useful for plant nutrition, while the humic
compounds improve the soil structure and increase its stability, facilitating the
movement of water and air along the soil profile.

The integration of the organic substances into soil aggregates guarantees the
physical protection of organic substances, limiting their mineralisation by microor-
ganisms and enzymes [66]. This increase in structural stability is due to the
cementing action of substances originating from the decomposition of the organic
fraction of wastewater and primarily consists of organic polymers (polysaccharides),
which form bonds between the soil particles.

In Mediterranean agricultural areas, the soils are frequently characterised by low
organic matter contents due to intensive cropping systems and high temperatures that
facilitate organic matter mineralisation. In these agricultural contexts, the use of
wastewater for crop irrigation could reduce the depletion of soil organic matter.

Once applied to the soil, soluble and insoluble compounds contained in waste-
water are involved in numerous physicochemical and microbiological processes that
influence their mobility and biodegradability [67].

Field research carried out in the Apulia region of Italy aimed to verify the effect of
secondary and tertiary treated municipal wastewater on artichoke crops in compar-
ison with conventional groundwater. No significant differences were found for
several chemical parameters (pH, EC, NO3-N, NH,4-N, and organic matter content)
in the upper 30 cm layer of the soil irrigated with the three different water sources
[68]. On the contrary, Vergine et al. [20] and Libutti et al. [60] compared the use of
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groundwater with secondary and tertiary treated municipal wastewater to irrigate a
succession of tomato and broccoli crops and found that the soil irrigated with
secondary treated wastewater resulted in a significant increase of pH and NH4-N,
as well as of Na*, SAR, and EC, although these were below the threshold value used
to define the soil as saline. According to the authors, the EC increase due to salt
accumulation was particularly evident during the cultivation of tomatoes, while this
condition changed completely during the cultivation of the broccoli due to the
leaching effect of the autumn and winter rains.

However, other researchers have noted that use of low-quality irrigation water
requires the addition of a leaching fraction to avoid salt accumulation in the root
zone. Basic recommendations to appropriately manage low-quality water and avoid
salinity hazards and soil degradation have been provided by Ayers and Westcot [69]
and Rhoades and Loveday [70]. Moreover, numerous studies reported the impacts of
salinity control measures in irrigated agriculture [60, 71-73].

In terms of the accumulation of heavy metals in soil, Campi et al. [74] carried out
a 3-year field study within the In.Te.R.R.A. project in which annual energy crops
were irrigated with secondary and tertiary treated municipal wastewater and com-
pared with crops irrigated with conventional water. The results showed that the
concentrations of heavy metals in the soil were characterised by negligible mean
variations and no significant differences were found among the experimental
treatments.

These results confirm those reported by other authors in studies conducted over
middle-term time scales. Surdyk et al. [75] in the European FP6 SAFIR project
examined heavy metal comportment in soils irrigated by treated wastewater over
3 years in Serbia, Crete, Italy, and China. The authors reported that, when properly
treated, wastewater influent with higher heavy metal contents can be used over the
middle-term (about 3 years) without visible degradation of the soil, even if long-term
cumulative effects cannot be excluded. To this note, some long-term studies have
reported significant increases in heavy metal concentrations in soil surface layers,
although these were below the critical thresholds established by the international
guidelines [62, 76, 77].

Other authors define the effect of wastewater in the long term. Dere et al. [78] and
Lucho-Constantino et al. [79] evaluated the effects of heavy metal concentrations in
soils irrigated over several decades (up to 100 years) with the low-quality wastewa-
ters (raw sewage) of two cities (Paris and Mexico City). They found significant
heavy metal accumulation, especially in wastewater-irrigated soil zone.

Similar research conducted in three different areas of Zimbabwe [34] has dem-
onstrated that the concentrations of the analysed heavy metals (i.e. Cu, Zn, Cd, Cr,
Pb, and Ni) in the wastewater-irrigated soils were significantly higher respect to the
concentrations found in the non-irrigated soils. These results highlighted that the
application of wastewater had enriched the soils with heavy metals, and the authors
concluded that soil contamination by wastewater use presents long-term environ-
mental and health risks.

The effect of wastewater on the accumulation of heavy metals in soil profiles and
groundwater was examined by monitoring zones irrigated with wastewater for
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different years (20, 30, and 40 years) in China [80]. The authors reported that long-
term wastewaters irrigation does not constitute heavy metals pollution in soil and
groundwater; however, they suggested that the monitoring of Hg, Pb, and Cu
concentrations should be evaluated in areas that use treated wastewater irrigation
to avoid health risks.

4.2 Effects on Soil Microbiological Characteristics

The soil microbiota is an essential component of the soil system, interacting with
inorganic components, the atmosphere, soil organic matter, and with other organ-
isms of the soil ecosystem, including plant crops. Microorganisms provide many
functions in the soil ecosystems that are essential for the quality and productivity of
agricultural products, including plant growth promotion, organic matter turnover,
availability of nutrients, and plant pathogen suppression. The application of treated
wastewater to agricultural soil can affect the structure and functions of the soil
microbiome in two primary ways: first, through the introduction of exogenous
microorganisms (with repeated events following each irrigation treatment) leading
to changes in microbial diversity and dynamics; and second, through changes in the
physicochemical properties of soil due to the composition of the wastewater and the
consequent intake of salts, inorganic nitrogen and phosphorous, metals, and micro-
pollutants, with unavoidable impacts on the properties of the soil and on cultivated
crops.

There is still a lack of information regarding the stability of exogenous microbial
communities from wastewater. One study [3] found that short-term applications of
treated industrial wastewater could cause a shift in soil microbial communities
during a single tomato crop season. More recently, Dang et al. [81] found that
irrigation with treated industrial wastewater had a greater impact on microbial
community structures than domestic wastewater; irrigation significantly affected
the composition of indigenous soil microbial communities at different soil depths
and might therefore introduce exogenous microbes into the soil environment.

The composition of wastewater can effect of the degree to which its application
modifies the physicochemical properties of the soil; generally, any deviation from
the native soil structure and composition (pH, salinity, etc.) tends to reduce microbial
diversity, and bacteria are particularly sensitive to soil perturbations. However, an
increase in microbial diversity does not necessarily imply an increase in functional
diversity, in terms of microbial metabolic activity within the soil. As an example,
Cheng et al. [82] found that aquaculture wastewater irrigation of agricultural soil
reduced the functional activity of microbial communities (primarily due to increased
salinity) but induced a higher richness of microbial taxa.
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4.3 Quantitative and Qualitative Response of Crops
to Irrigation with Wastewater

The quality of water used for crop irrigation can impose a major constraint to
agricultural productivity because of its influence on soil fertility and crop yields.
Therefore, the knowledge of the effects of the water quality used for irrigation on
crop yield response is critical to the understanding of necessary management criteria
for long-term productivity as well as to develop the most suitable irrigation schedule
to get the optimum plant yield and the desired profit from irrigation. These aspects
are of particular importance if considering that the continuous decrease in water
resources in the world in general, and in arid and semi-arid regions in particular, is
continuously forcing farmers to use wastewaters and modify the conventional
irrigation practices.

The plant responses in terms of yield and quality of agricultural products to
wastewater are often contrasting; generally, either positive or negative and some-
times even neutral effects have been reported for crops. Positive effects of treated
wastewaters reuse on the growth and production of cultivated crop, as well as on the
chemical and microbiological characteristics of crop products, were observed within
the experimental trials of the already mentioned In.Te.R.R.A project.

Field experiments were carried out in different pedoclimatic conditions of the
Apulia region (Southern Italy) with the aim to evaluate the quali-quantitative
response of several horticultural and vegetable crops to the irrigation with municipal
and agro-industrial-treated wastewaters [3, 17, 18, 60]. At the same time, the
hygienic traits of crop products, such as the presence of Coliforms, Escherichia
coli and Salmonella, and the risks for human and environmental health related to the
reuse of this irrigation source, were verified. Horticultural crops, such as processing
tomato (Lycopersicon esculentum Mill.), artichoke (Cynara cardunculus L. subsp.
scolymus Hayek), broccoli (Brassica oleracea L. var. italica), and vegetable crops
for fresh consumption, such as lettuce (Lactuca sativa L.), fennel (Foeniculum
vulgare Mill.), melon (Cucumis melo L.) and cucumber (Cucumis sativus L.),
were examined. The results obtained indicated that the qualitative traits of crop
products (e.g. dry matter content, diameter, soluble solid content, titratable acidity,
pH) were similar to those obtained when the crops were irrigated with conventional
water.

In some cases, when the amounts of nutrient elements (N, P, K) supplied to the
crops by wastewater were higher than those supplied by conventional water, also the
productive response of the crops, in terms of both total and marketable yield, was
positive. During the considered crop cycles, a sporadic presence of pathogenic
microorganisms was observed in the soil and, only in rare cases, on the aerial part
of the plants. However, in no case the presence of pathogenic microorganism was
possible related to the wastewaters microbiological quality, because other potential
contamination factors, such as vector insects, aerosols, wild animals, birds,
processing and harvesting personnel, endogenous environmental factors, can likely
have played a role in microbial contamination of soil and plants [83]. As
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consequence of irrigation with wastewater, a reduction of the crop cycles, ranging
from 7 to 10 days, was also observed within these experimental trials, but without
compromising crop qualitative and quantitative performances. This was due to the
high amount of nutrients, especially nitrogen, not removed by depuration processes
in the considered treated wastewaters that were frequently applied to the plants
(2-3 days interval), up to a few days before harvesting.

In this regard, it is well known that treated municipal wastes, if not undergone to
denitrification treatment, contain high quantities of nitrates, ammonia salts, mineral
perphosphates, and macro-elements than conventional water. High nitrogen supply
to the plants, especially close to product harvest, affects crop cycle duration,
delaying the reproductive phase and reducing the vegetative phase. Therefore, the
plants whose crop cycle ends with the reproductive phase (seed production), under
the irrigation with wastewater, tend to lengthen the crop cycle; on the contrary,
species that are harvested before the production of seeds (horticultural crops whose
product is intended for cooked and/or raw consumption), such as fennel, lettuce,
chicory, cucumber, and barter, can reduce their crop cycle [84]. All the quali-
quantitative crop response observed within the In.Te.R.R.A research activities
confirm the results of previous studies aimed at evaluating the agricultural reuse of
municipal wastewaters as alternative irrigation water source, carried out in Apulia
region (Southern Italy) [85, 86].

A field experiment carried out by Qaryouti et al. [87] showed the increase of some
cucumber and tomato crop parameters when wastewater from industry rich in
organic matter and nutrients, particularly K, was reused for irrigation. Especially
in cucumber plant the height, fruit yield and average fruit weight, as well as the
tomato leaf area and plant dry weight were even significantly increased due to the
replacement of K-chemical fertilizer by the wastewater. Also Al-Lahham et al. [88]
reported an increase in tomato fruit size and weight when irrigated with reclaimed
domestic wastewater. Any adverse effect on chemical quality of several vegetable
crop fruits, such as okra (Abelmoschus esculentus L.), bean (Phaseolus vulgaris L.),
corn (Zea Mays L.) and sunflower (Helianthus annuus L.) was observed when grey
treated wastewater, characterized by high BOD and COD values, was used for
irrigation [89].

In addition to plant nutrients, wastewaters may contain various potentially toxic
mineral elements (see Sect. 2.2) with harmful effects on human and animal health
[90]. The transfer of heavy metals to plants irrigated with wastewater may cause
accumulation in plant tissues, and in some cases, the content of these metals may
reach phytotoxicity thresholds. Particularly, high concentration of heavy metals can
result in the reduction in marketable crop yield and/or poor quality of marketable
agricultural products [12]. To this regard, Gatta et al. [29] observed heavy metal
contents (Al, Cd, Co, Cr, Cu, Fe, Ni, Pb, Zn, and Mn) of artichoke heads, harvested
after irrigation with secondary and tertiary treated wastewaters, lower than the
international threshold values. They also found low bioaccumulation factors for
the edible part of the artichoke crop and not significant health risks (hazard index
<1.0) to adults and children after the consumption of the artichoke heads.
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On the contrary, other authors [13] found concentrations of Ni, Pb, Cd, and Cr in
the edible portions of okra vegetable crop grown on a soil irrigated with treated
wastewater well above the safe limit and a Health Risk Index (HRI) higher than
1, indicating a potential health risk. Similarly, heavy metal concentrations (Zn, Pb
and Cd) several times higher than the WHO prescribed permissible limits were
observed by Uddin et al. [91] in edible portions of red amaranth (Amaranthus
cruentus L.) and tomato irrigated with industrial wastewater.

The results of several research activities on wastewaters (untreated and treated)
clearly highlight that these irrigation sources are a rich source of nutrients and most
crops give higher than hypothesized yields with the adoption of a wastewater
irrigation system, diminishing the requirement for synthetic fertilizers and bringing
about reduction of investment cost to farmers. Nevertheless, if the estimated nitrogen
provided for harvesting by the wastewater system exceeds the required dosage for
the ideal yields, it may reinforce vegetative development, but it may delay growth
and cause adverse effect on crop yield [92]. The presence of toxic elements in
wastewater must be also considered since they are hazardous and might be poison-
ous to plants in high amounts and to human health. Therefore, evaluating the impacts
of wastewater irrigation sources on characteristics of crop yield in the different
agronomic situations is fundamental in a perspective of wastewater irrigation system
development, under the best agronomic and water management practices.

5 Final Considerations

In this chapter, the possibility of recovery of wastewater for irrigation purposes was
illustrated and discussed, highlighting the advantages, disadvantages, and possible
risks of the practice. Interest in wastewater reuse is continuously developing and
derives from the growing worldwide demand for water resources, particularly for
food crop irrigation, and not restricted to countries characterised by water scarcity.

The primary results of past and recent research on irrigation reuse of treated
wastewater, both of municipal and agro-industrial origin, can be summarised as
follows:

* The reuse of treated municipal and agro-industrial wastewater in agriculture can
mitigate the increasing scarcity of conventional water resources for a particularly
water-demanding sector such as agriculture; agricultural wastewater use could
improve the chemical fertility of the irrigated soils; treated wastewater could
represent a resource of strategic importance in terms of nutrient availability
(e.g. N, P, and K) for the irrigated plants. However, this benefit must be assessed
with particular attention because can cause plant nutritional imbalance and
phytotoxicity.

e The use of treated wastewater in agriculture (with particular reference to indus-
trial or agro-industrial wastewaters) can lead to heavy metal accumulation in the
soil following long periods of application. Therefore, the monitoring of heavy
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metals in wastewater-irrigated soils and crops is very important for the prevention
of potential environmental and human health risks.

The application of treated wastewater to agricultural soil can affect the structure
and functions of the soil microbiome, mainly owing to the introduction of
exogenous microorganisms, with effects on some physical-chemical properties
of the soil.

Soil salinization can become a problem in the long term, particularly if wastewa-
ter irrigation takes place in soils already affected by salinity problems.

Finally, the assessment of the suitability of treated wastewater in the agricultural

sector cannot be separated from specific scientific studies on the effects of emerging
micro-pollutants (e.g. contaminants of emerging concern, CECs) both on the soil-
plant system and on human health.
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