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Abstract: For centuries, wastewater has been improperly used in agriculture, presenting potential
risks to public health and the environment. In the context of scientific development, and confronted by
an increasing water crisis, wastewater reuse merits consideration because the practice helps decrease
water use pressure and moderates water pollution. Thus, this article presents a literature review that
addresses the effects, both positive and negative, of wastewater use in agriculture, emphasizing the
effects on the soil environment. The literature review reveals that, until the 1990s, research studies
promoted the use of wastewater for irrigation purposes from a treatment approach, while proposing
“end of pipe” conventional solutions. However, more recent research studies (2012–2016) reveal that
agricultural reuse significantly affects soil texture properties, while also causing possible alterations of
the biomass and microbiota. In addition, research in this period has been oriented to the quantitative
evaluation of microbiological risk.

Keywords: water pollution control; agricultural reuse; wastewater reuse; agricultural irrigation;
efficient use of water

1. Introduction

Wastewater reuse in agriculture involves the further use of “treated” wastewater for crop
irrigation [1]. This type of reuse is considered an efficient tool for managing water resources [2],
stemming from the need for a regulated supply that compensates for water shortages caused by
seasonality or the irregular availability of other water sources for crop irrigation throughout the
hydrological year [3]. Although the use of wastewater is an ancient practice, it has not always been
properly managed or met quality standards according to use. Accordingly, the knowledge pertaining
to wastewater use has evolved with the history of mankind [4].

During the Bronze Age (3200–1100 BC), prehistoric civilizations used domestic wastewater in
agriculture to dispose of waste from urban settlements. Soil irrigation with wastewater was the most
common practice and has since undergone different development stages [5]. The first evidence of
wastewater reuse is found among the ancient Greeks, who used public latrines that flushed wastewater
through a sewer system towards a storage chamber. Additionally, Greek and Roman civilizations
used domestic wastewater at the perimeters of major cities (Athens and Rome) [6]. Wastewater was
transported to the agricultural fields to be used as fertilizer for crops and orchards [7].

Between the years 1550 and 1700, the direct use of wastewater on agricultural fields was extended
to farms in Germany, Scotland and England [8,9]. Beginning in 1800, soil irrigation with wastewater
was adopted in many fast-growing cities in Europe and the United States. For example, the practice
was considered legal in cities such as London, Paris and Boston and was considered a solution for the
treatment and disposal of large volumes of wastewater [6,10]. Paris was the first large city to irrigate
peri-urban fields with wastewater. In 1872, the practice in Paris reached its maximum extent, in which
four different peri-urban areas were irrigated with wastewater (Gennevilliers, 900 ha; Achères, 1400 ha;
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Pierrelaye, 2010 ha; and Triel, 950 ha). It was during this same period that the disposal of municipal
wastewater was also implemented in Australia. In 1897, the first field to be irrigated with wastewater
was established in Melbourne [9].

In the 19th century, the transportation and final disposal of untreated wastewater onto open
peri-urban fields triggered catastrophic epidemics of waterborne diseases such as cholera and typhoid
fever [10]. Such epidemics prompted several milestones in sanitation, such as Great Britain’s Public
Health Act, establishing the “discharge of rainwater in the river and of wastewater on the soil” as
the primary principle [11]. Additionally, the international sanitary movement promoted by leading
European powers led to a series of sanitary conferences on hygiene and demography. Furthermore,
the International Office of Public Hygiene was established, with the purpose of performing sanitary
controls along borders [12]. The development of underground sewage systems that emerged in the
mid-19th century is believed to be another response to the unhygienic conditions resulting from the
heavy industrialization and urbanization occurring at that time [4]. However, wastewater disposal
schemes in agricultural fields continued to be widely adopted by major European cities and the United
States until the early 20th century [8,13]. During the 1990s, interest in the use of wastewater for
agricultural purposes (indirect irrigation with raw wastewater) increased in many parts of the world
due to this sector’s high water demands [1,14,15].

During this time, wastewater reuse was a global concern due to the associated risks to public
health and the environment. Thus, in 1973, the World Health Organization (WHO) drafted the
document “Reuse of effluents: methods of wastewater treatment and health safeguards”, with the aim
of protecting public health and facilitating the rational use of wastewater and excreta in agriculture
and aquaculture. This initial guideline was drafted in the absence of epidemiological studies and from
a minimal risk approach [16]. In 1986, a thorough analysis of all available epidemiological studies was
performed, compiling a series of evidence that reflected a need to review the guidelines established in
1973. Based on these considerations, the guidelines were later updated in 1989 and new health evidence
was incorporated, such as risk assessments, along with additional information on the definition of
tolerable risks for society based on the present situation of a particular disease in a country [16]. In the
guidelines, parameters were established on the microbiological quality of wastewater for irrigation.
However, the WHO guidelines [17] did not include surveillance guidelines; therefore, their formulation
was proposed on the basis of objectives and health protection measures [18,19]. Such considerations
were incorporated as part of the wastewater guidelines produced by the WHO in 2006.

The WHO’s 2006 guidelines for the safe use of wastewater, excreta and graywater constitute a
tool for the preventive management of wastewater in agriculture and provide clear guidance for
decision-makers on wastewater application in different local contexts. The guidelines’ primary
purpose is to support the formulation of standards and government regulations regarding the
use and management of wastewater, considering the specific aspects of every country [19–21].
Such guidelines consisted of an essential microbiological analysis for risk assessment that includes data
collection on pathogens present in wastewater, fields and irrigated crops. In addition, the guidelines
include estimations on health risk management and prevention for wastewater use, based on the
disability-adjusted life year and person per year (DALY and PPY, respectively).

The Food and Agriculture Organization of the United Nations (FAO) has also developed several
guidelines relevant to the use of wastewater in agriculture. In 1987, the wastewater quality guidelines
for agricultural use were published. These guidelines related the degree of restriction of water use
to salinity, infiltration and toxicity parameters of specific ions [22]. In 1999, the FAO published the
suggested guidelines for the “agricultural reuse of treated waters and treatment requirements”. In these
guidelines, the type of agricultural reuse was classified on the basis of the type of irrigated crop [23]
(Table 1).
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Table 1. FAO guidelines for the agricultural reuse of treated water.

Type of Agricultural Reuse Type of Treatment Quality Criterion

Agricultural reuse in crops that are
consumed and not processed

commercially.

Secondary
Filtration—Disinfection

pH = 6.5–8.4
BOD < 10 mg/L

<2 UNT
<14 NMP E. coli/100 mL

<1 Egg/L

Agricultural reuse in crops that are
consumed and not processed

commercially.
Secondary—Disinfection

pH = 6.5–8.4
BOD < 30 mg/L

SS < 30 mg/L
<200 NMP E. coli/100 mL

Agricultural reuse in crops that are
not consumed.

Secondary—Disinfection

pH = 6.5–8.4
BOD < 30 mg/L

SS < 30 mg/L
<200 NMP E. coli/100 mL

Source: FAO [23].

In 1992, the Environmental Protection Agency (EPA) confirmed the toxic effects on crops exposed
to certain trace elements present in wastewater used for irrigation. In 2004, the EPA expanded the scope
of indirect potable reuse and industrial reuse issues to include many new and updated case studies,
new information on treatment and disinfection technologies, emerging chemicals and pathogens of
concern, economics, user rates and funding alternatives, public involvement and acceptance, research
activities and sources of information [24].

In 2012, the EPA and the United States Agency for International Development (USAID) updated
the Guidelines for Wastewater Reuse. The main objective of the update was to facilitate the
development of wastewater reuse based on a compilation of global experiences. The 2012 guidelines
included an updated analysis of the regional variations of water reuse, advances in wastewater
treatment technologies, best practices to involve communities in planning projects, international water
reuse practices and factors that support the expansion of safe and sustainable water reuse. More than
300 experts in the wastewater reuse field collaborated in providing technical updates of the guidelines,
technical revisions, information on standards and case studies. On the basis of quality, the EPA and
USAID [25] recommended there be a maximum safe concentration level of trace elements present in
irrigation water. The guidelines of the WHO, FAO and EPA have been the basis for the formulation of
the regulations in different countries in the world.

Between the years 2000 and 2006, more than 3300 wastewater facilities were registered worldwide,
within the framework of the AQUAREC international project. The various wastewater facilities
were characterized by different water treatment quality levels and use types, agriculture being
the primary wastewater user [26]. The countries with the greatest number of reuse facilities were
Japan and the United States (1800 and 800, respectively), followed by Australia and the European
Union with 450 and 230, respectively. In the Mediterranean and Middle East regions, approximately
100 wastewater treatment facilities were identified, whereas Latin America was reported to have
50 facilities, and Sub-Saharan Africa had 20 [26].

The FAO reported that approximately 10% of the total global irrigated land area receives untreated
or partially treated wastewater, encompassing 20 million hectares in 50 countries [27]. However,
Jiménez and Asano [15] reported that the estimated wastewater-irrigated area discriminates by country
and by treated and untreated conditions (Figure 1). Regarding the volume of wastewater used in
agriculture, Bixio and Wintgens [28] reported that the European continent reuses 963 Mm3/year of
untreated wastewater. In Latin America, approximately 400 m3/s of raw wastewater is discharged
and subsequently used to irrigate different crops [29].
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Figure 1. Reuse area in agriculture by country (thousand ha); Source: Jiménez and Asano [15]. 
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Figure 1. Reuse area in agriculture by country (thousand ha); Source: Jiménez and Asano [15].

This article reviews the effects, both positive and negative, of wastewater reuse in agriculture.
This practice is important, especially in the context of developing countries confronted with increased
water shortages due to variability and climate change.

2. Benefits of Agricultural Reuse

The use of treated wastewater in agriculture benefits human health, the environment and the economy.
This use represents an alternative practice that is being adopted in different regions confronted with
water shortages and growing urban populations with increasing water needs [27,30,31], especially
given the decline in surface and groundwater resources caused by climate variability (CV) and climate
change (CC). The availability of water resources is also affected by wastewater-sourced pollution,
as such water is not always treated before reaching surface channels, and by associated aquifer
pollution [27,31,32].

One of the most recognized benefits of wastewater use in agriculture is the associated decrease
in pressure on freshwater sources. Thus, wastewater serves as an alternative irrigation source [27],
especially for agriculture, the greatest global water user, which consumes 70% of available water [33].
Furthermore, wastewater reuse increases agricultural production in regions experiencing water
shortages, thus contributing to food safety [34]. Approximately 805 million people, one-ninth of the
global population, suffer from hunger. However, according to FAO’s latest estimations, a decreasing
trend in hunger supports the possibility of halving the number of undernourished people. However, to
be successful, it is first necessary to adopt a comprehensive approach that includes public and private
investment aimed at increasing agricultural productivity, in addition to increasing and improving the
availability of water resources and protecting vulnerable groups [35].

Depending on the local situation, another benefit associated with agricultural wastewater reuse
could be the avoided cost of extracting groundwater resources. In this regard, it is worth noting that the
energy required to pump groundwater can represent up to 65% of the costs of irrigation activities [36].
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Additionally, the nutrients naturally present in wastewater allow savings on fertilizer expenses to
be realized [8,27,34,37], thus ensuring a closed and environmentally favorable nutrient cycle that
avoids the indirect return of macro- (especially nitrogen and phosphorous) and microelements to water
bodies. Depending on the nutrients, wastewater may be a potential source of macro- (N, P and K)
and micronutrients (Ca, Mg, B, Mg, Fe, Mn or Zn) [38–40]. Indeed, wastewater reuse has been proven
to improve crop yield [37,41–44] and result in the reduced use of fertilizers in agriculture [45–48].
Therefore, eutrophication conditions in water bodies would be reduced, as would the expenses for
agrochemicals used by farmers [3,49].

The prevention of water pollution would be another benefit associated with wastewater reuse in
agriculture. A decrease in wastewater discharge helps improve the source quality of receiving water
bodies [28,47]. Moreover, groundwater reservoirs are preserved, as agricultural wastewater reuse
recharges these sources with higher-quality water [50]. Additionally, an increased use of wastewater
could contribute to the installation and optimization of treatment facilities to produce effluent of a
desired quality for irrigation purposes, representing an economic benefit to sanitation projects [51].
In those areas where climatic and geographic characteristics allow, low-cost wastewater treatment
systems might also be a viable option, achieved using certain technological options that fulfill the
objective of agricultural reuse [27].

Wastewater use in agriculture helps liberate capital resources through the payment of economic
instruments by the actors of different countries [3]. An implicit economic benefit of agricultural
wastewater reuse is the valuation of the treated water discharged for human consumption, as this use
is considered to be of highest priority. In some countries, wastewater reuse contributes to reducing
the municipal cost of searching for water sources using more expensive means [27]. On the basis
of regulatory aspects, agricultural wastewater reuse can contribute to the justification of suitable
investment policies and financing mechanisms for pollution control and prevention [52].

3. Health Risks of Agricultural Wastewater Reuse

The concentration levels and types of pathogens and chemical substances present in wastewater
vary by region, according to the sanitary and socioeconomic conditions of a particular community [53].
The concentration of viruses, protozoan parasites and helminths in wastewater can be 10–1000 times
higher in developing countries than in developed countries [54]. Table 2 presents the primary types
of enteric pathogens and substances of sanitary interest that can be found in wastewater used for
agricultural irrigation.

Table 2. Chemical and biological risks associated with the use of raw wastewater in agriculture.

Type of Risk Pathogen

Biological

Bacteria 1 E. coli, Vibrio cholerae, Salmonella spp., Shigella spp.
Helminths 1 Ascaris, Ancylostoma, Tenia spp.
Protozoans 1 Intestinal Giardia, Crysptospridium, Entamoeba spp.
Virus 1 Hepatitis A and E, Adenovirus, Rotavirus, Norovirus
Schistosoma 2 Blood-flukes

Chemical

Substance of sanitary interest
Heavy Metals 2 Arsenic, Cadmium, Mercury
Hydrocarbons 2 Dioxins, Furans, PCBs
Pesticides 1 Aldrin, DDT

1 Contact and/or consumption; 2 Consumption; Source: WHO [21].

Wastewater-borne diseases can also be chronic or acute [55]. Acute risk corresponds to the
possibility of becoming ill in the short-term when exposed to low infectious doses of a pollutant,
whereas chronic risk refers to the presence of pollutants of a chemical nature that affect human health
after long periods of exposure [56]. Additionally, microbial diseases can be directly or indirectly
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transmitted by water (Table 3). Globally, such diseases have significantly contributed to premature
mortality, especially in developing countries [55].

Table 3. Some water-borne diseases related to wastewater.

Disease Cause

Typhoid fever Salmonella typhi
Paratyphoid fever 2 Salmonella paratyphi

Gastroenteritis 1 Salmonella typhimurium
Cholera 2 Vibrio cholerae

Bacillary dysentery 2 Shigella dysenteriae
Amebiasis 2 Entamoeba histolytica
Giardiasis 1 Giardia duodenalis

Cryptosporidiosis 1 Cryptosporidium
Cyclosporiasis 2 Cyclospora cayetanensis

Infectious hepatitis 1 Hepatitis A
Gastroenteritis 2 Enterovirus, parvovirus, rotavirus

Infantile paralysis Poliovirus
Leptospirosis 1 Leptospira icterohaemorrhagiae
Ear infections Pseudomonas aeruginosa

Scabies Sarcoptes scabiei
Trachoma Chlamydia trachomatis

Schistosomiasis 2 Schistosoma
Malaria Plasmodium

Yellow fever Flavivirus
Dengue Flavivirus

1 Human and/or animal excrement, 2 Human excrement; Sources: Romero [57], Von Sperling [58], Jiménez and
Rose [59], Evans and Mara [60].

Other compounds present in irrigated wastewater that may pose risks to human health are
emerging contaminants (ECs). ECs are molecules with biological activity on different organisms,
and their physicochemical properties determine their persistence in the environment and facilitate
their bioaccumulation. ECs include analgesics, antihypertensive drugs and antibiotics, among others.
Furthermore, some ECs correspond to endocrine disrupters (EDs) [51]. Such substances, of complex
nature, were not considered contaminants in the past, because of a lack of information on their
accumulation in soil, water, air and vegetal and animal tissue. However, since the 1990s, the
concentration of these compounds began to be quantified in water sources [61]. Countries such
as Spain, Italy, Germany, Canada, Brazil, Greece and France have estimated that loads of analgesics
weighing approximately 500 tons have been discharged into superficial water sources, in which
salicylic acid and diclofenac have reached concentrations of 0.22 µg/L and 3.02 µg/L, respectively [62].
ECs are regularly introduced into aquatic media through different anthropogenic sources, which can
consequently result in toxic residues and adverse effects on aquatic organisms and, ultimately, on
humans [63]. The effluents of municipal wastewater treatment plants are classified as one of the
primary EC sources, as conventional treatment processes do not effectively prevent the release of these
compounds into the environment [64]. Additionally, agriculture and farming, as sources of diffuse
pollution from pesticides and antibiotics, respectively, are classified as additional EC sources [65].

Other sources of superficial water contamination by ECs may occur as a result of runoff from soils
that contain animal excreta or sludge digested from wastewater treatment systems used as fertilizers or
fertirrigation. Groundwater contamination by ECs may occur as a result of landfill leachate, the leakage
of manure containers or from spray irrigation with treated or untreated wastewater on agricultural
land [66].

The effects on human health caused by ECs are not yet fully understood [67]. However, many of these
compounds are known to alter the endocrine and immunological systems of aquatic organisms [68].
In general, all compounds that affect the endocrine system are defined as endocrine disrupters (EDs).
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These EDs have been shown to produce hormonal changes in some fish species and amphibians [69];
some changes are associated with the secretion of stimulating hormones of the thyroid gland (TSH), the
luteinizing hormone (LH) and the follicle stimulating hormone (FSH). Other drugs such as clofibrate,
carbamazepine and fluoxetine also modify endocrine activity. Moreover, ED drugs cannot be easily
removed in wastewater treatment facilities. Consequently, EDs enter superficial waters and water
sources intended for human consumption, thus chronically exposing human beings to their toxic
effects [70].

Contamination by ECs can contribute to the formation of resistant microorganisms. The extended
use of antibiotics against pathogenic microorganisms in animals and humans, as well as their use for
food preservation, has increased their production and consumption, thus resulting in high-volume
discharge rates into water bodies with consequences of microbial resistance [61]. Among those
microorganisms that have demonstrated resistance, some are especially notable: Staphylococcus,
Aeromonas, Pseudomonas, Salmonella and Escherichia [71]. Thus, in the context of legal policies and
functionality, the presence of resistant microorganisms in water bodies is an issue of great concern as it
relates to public health and wastewater treatment and reuse systems [61].

4. Limitations Associated with Agricultural Wastewater Reuse

The use of treated or untreated wastewater in agriculture is not exempt from adverse effects
on the environment, especially on soil. The scientific literature includes evidence of alterations in
the physicochemical parameters of soil [30]. Additionally, in recent research, variations have been
observed in the structure and magnitude of microbial biomass in soil, as well as an increase in microbial
activity caused by agricultural wastewater reuse [30]. Altering physicochemical parameters and soil
microbiota can affect fertility and productivity, thus disturbing soil sustainability from inadequate
irrigation with wastewater [30]. A review follows on the effects of wastewater reuse in agriculture
and the impact on physicochemical parameters such as pH, organic matter, nutrients, salinity and
contaminants, as well as on microbial diversity. Table 4 presents different research studies that have
been conducted on the effects of wastewater on soil.

Several research studies have reported variations in soil pH resulting from irrigation with effluents
from municipal wastewater treatment systems at different treatment levels (preliminary, primary and
secondary). Additionally, changes in soil pH are correlated with three factors: (i) type of soil cover;
(ii) soil texture; and (iii) period of irrigation [30]. The changes in soil pH influence the availability of
nutrients and metals [72,73], the cation exchange capacity (CEC) and the mineralization of organic
matter [74].

Additionally, different researchers consider pH incidence to be a decisive factor in determining
the number of species and variety of soil microorganisms, as an increase in free metals is not related to
changes in the soil pH, and the concentration and availability of metals have the potential to affect the
substrate of the microbial communities [75–78].

Moreover, organic matter is critical for nutrient storage and soil structure. Through the formation
and stabilization of aggregates (sand, lime and clay), the organic matter content contributes to the
capacity of the soil to retain water, affecting drainage properties and compaction resistance [79].
Organic matter also constitutes a deposit of important macro- and micronutrients (N, P and S) for
plant growth [79–81], contributing to the cation exchange capacity (CEC) and, consequently, to soil
fertility [82–84]. Depending on the amount of organic matter contributed, different studies (see Table 4)
have reported an increase in total organic carbon (TOC) and nitrogen (N) in those soils irrigated with
domestic wastewater. This phenomenon also causes the availability of organic matter to increase. As a
consequence, the presence of specific bacteria populations may be favored in the soil [85]. Between
40% and 70% of soil bacteria are associated with stable aggregates (clay particles) [86].
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Table 4. The influence of agricultural reuse on the soil’s physicochemical and microbiological
parameters.

Parameter
Associated Effects on the Soil and the Environment

References

Physicochemical Properties Microbiological
Properties

pH
Increases the availability of nutrients and metals Increases the richness

and diversity of the
microbial community

[72,73,75–78,87]Mineralization of organic matter
Improves the cation exchange capacity

Organic matter

Soil structure stabilization

Selection of specific
populations and soil

microhabitats
[73,75,76,78–81,83,84,86–90]

Formation of aggregates
Water retention

Improves nutrient content
Buffer Capacity

Cation exchange capacity
Enzymatic activity

Increase in TOC
Increases the availability of contaminants

Nutrients

Increase in organic soil matter
Perturbation of the

metabolic activity of
microbial soil
communities

[37,39–43,49,91–100]
Water retention

Leaching to groundwater
Improves nutrient content

Risk of eutrophication of aquatic environments

Salinity

Soil salinization or sodification

Changes in soil
microhabitats and

variation in the richness
and diversity of the

microbial community

[22,76,101–113]

Decreased stability of aggregates
Changes in soil structure in the long term
Permeability of soil and water retention

Increased soil compaction
Variation in soil pH

Negative impact on soil fertility
Dynamics in organic and inorganic compounds

Heavy metal leaching

Contaminants

Soil toxicity and leaching
Increased tolerance to

microbial contaminants.
Antimicrobial resistance.
Reduction of microbial
biomass and changes in

its structure

[30,82,91,92,95,96,99,114–135]

Accumulation in soils
Negative impact on soil fertility

Potential contamination of the food chain
Mineralization of organic matter

Changes in enzyme activity
Decomposition of fallen leaves

Limiting soil fertility

The stability of aggregates in the soil and the water retention capacity from the organic matter
contributed by wastewater irrigation depend on the concentration levels, the composition of organic
matter and soil texture. Thus, sandy-clay soils irrigated with wastewater increase the stability of their
aggregates [88]. Conversely, soils with a clayey texture diminish the stability of their aggregates [88].
Additionally, the use of wastewater in prolonged irrigation (more than 20 years) can result in negative
changes in soil structure due to the accumulation of sodium in the exchange complex [89]. A study on
sugarcane irrigated with treated wastewater for 12 months found an increase in the content of organic
matter in the soil that, according to the authors, favored the reuse of wastewater in the areas under
study (Valle del Cauca, Cali, Colombia) [90].

Different research studies (Table 4) have noted an increase in the different forms of nitrogen
(N-NO3, NH4-N or Total N) after irrigation with wastewater for periods ranging from one to 20 years.
However, despite existing benefits in agricultural production and a reduction in chemical agents
(fertilizers) from the increase in N and P contributed by wastewater, soil microbial communities can be
affected, particularly the activities associated with the cycle of these elements

More than ninety percent of the soil’s nitrogen is in organic form. Ammonium and nitrate are
the main forms of absorption by plants, in addition to some organic nitrogen compounds [136]. It is
generally believed that nitrite is an intermediate product in the conversion of Ammonium to Nitrate in
the soil, where the conversion of Nitrite to Nitrate is important, since relatively small amounts may
have toxic effects on plant growth [137]. These intermediate products of complex organic substances
of nitrogen can be absorbed by the plants. Organic nitrogen nutrition can affect the quality of the
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plant product and the metabolism of the plan [136]. Similarly, under excessive application of nitrogen
(by fertilizer, sewage, or other source), vegetables can accumulate high levels of nitrate and, when
consumed by living things, can pose serious health hazards [138].

Another effect is he accumulation of inorganic N in the soil that can affect the biodegradation
of carbon compounds [91,96]. Additionally, the excessive supply of nutrients in the soil may have
adverse effects. Nutrients such as phosphorus and nitrate can be included in the runoff or can be
leached towards groundwater, thus causing the eutrophication or toxicity of other habitats [49,139].

Irrigated wastewater can promote soil salinization (an increase in the concentration of soluble
salts) or sodification (an excess of interchangeable sodium in relation to other cations) [107]. Salinity
problems occur when the soluble salts are concentrated in the root zone [106], thus causing osmotic
stress that limits the capacity of plants to absorb water and nutrients [105].

Sodicity therefore negatively affects the stability of aggregates and soil structure, as high interchangeable
sodium content causes a decrease in permeability [73]. Sodicity is caused by expansive and
dispersive processes on clays as a consequence of the destruction of aggregates due to high Na+

concentrations [109,110]. Different research studies noted that changes in sodicity generate an increase
in soil compaction and reduce the infiltration rate of water [108,109,111].

As a result, soil microbiota is affected by variations in soil salinity or sodicity. The effects on
microbial communities are primarily related to changes in soil structure and decreases in osmotic
potential [102,103,112].

Another study assessed the effects of salinity on the structure, activity and community of
soil microorganisms. Their results suggest that higher salinity content metabolically stresses soil
microbiota [113]. Additionally, the Carbon Nitrogen relation of the biomass tends to be lower in higher
salinity soils, which reflects the predominance of bacteria in the microbial biomass of saline soils.

Furthermore, soil degradation increases due to the disposal of pollutants (metals and pharmaceutical
compounds) through different media such as wastewater, which accumulate in the soil as a result of
irrigation [30]. Typically, metal concentrations in soils not subjected to anthropogenic activities depend
primarily on the parental material (stone) and can be present in the soil at non-toxic levels for living
beings. However, population growth and industrialization have resulted in an increase in the presence
of such polluting agents in wastewater and, consequently, in irrigated soils [126]. Metals such as Fe, Cr,
Zn, Pb, Ni, Cd and Cu, which are abundant in wastewater, lead the list of possible polluting agents that
have accumulated in soil as a result of wastewater irrigation. The presence of these elements in the soil
can limit fertility and/or modify soil microbial communities [30]; they also affect a soil’s phytotoxicity
potential with consequent effects on plant growth and pollution. Other ecosystem functions affected
due to metal pollution include organic matter mineralization, changes in soil enzyme activity, litter
decomposition, microbial biomass reduction and changes in microbial structure [118,124,125,130].

Additionally, the metals accumulated in a soil can interact with pharmaceutical products or other
ECs, exacerbating the potential effects on the soil. Several studies have also noted strong co-occurrence
patterns between the metals in a soil and a resistance to antibiotics in certain environmental
conditions [123,127,129,140]. The fate and effect of these compounds (emerging metals and/or
polluting agents) depend on several factors such as the chemical properties of the pollutant type, the
species and age of the vegetation cover, the composition of the rhizosphere microorganisms and soil
characteristics (temperature, pH of the nutritional environment, soil texture and structure) [128]. Some
researchers have noted that low-mobility compounds accumulate in soils with an irrigation period
ranging from one to 100 years, in contrast with high-mobility compounds [141–144].

Additionally, researchers worldwide have highlighted the risks posed by high-mobility
compounds, given the possible leaching that may pollute groundwater sources [131,132,134,135].
For example, in some amoxicillin-degradation products, it was observed that high-mobility compounds
polluted the groundwater of wastewater-irrigated agricultural fields [133]. Another study concluded,
after discovering low retention rates for ibuprofen in soils, that this compound has a high potential to
percolate through soil and pollute groundwater sources [145].
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5. Assessment of the Risk Associated with the Use of Wastewater in Agriculture

The use of wastewater in agriculture has limitations due to the risks associated with the different
routes of exposure, exposed groups and concentrations of various physicochemical and microbiological
parameters. Thus, soil as a means of receiving wastewater, the irrigation method, the type of irrigated
crop, the products consumed, farmers and their families and final consumers, are exposed throughout
the process chain [146]. With the development of the WHO guidelines of 1989, it was recognized that
human parasites are the main risk to human health and the development of wastewater treatment
systems for risk reduction was proposed as the main strategy. Thus, the concept of “zero risk” could
only be achieved under technological schemes of primary, secondary and disinfection treatment,
technically feasible but not a feasible solution in the practical and economic context of developing
countries [147].

With the development of the WHO guidelines of 2006, the need to know the magnitude of the risk
associated with this type of practice was clearly formulated and the conceptual bases for its estimation
were formulated, recognizing with this that strategies for risk reduction should be flexible and adjusted
to the local context and for the first time suppressed the effluent quality thresholds [147]. Thus, the
concept of “multiple barriers” was introduced. It proposed a series of barriers along the reuse chain,
instead of focusing only on treatment infrastructure for the improvement of wastewater quality to be
reused [148]. The WHO guidelines (2006) [21] raised the health-based goals, which are estimated from
a standard measure of disease selected in relation to the Disability Adjusted Life Year (DALY). DALY
is a quantitative indicator of disease burden, which represents the total amount of healthy life reduced
because of a disability, or the lifetime that is lost due to premature mortality. The objective formulated
corresponded to ≤10−6 DALY per person, which is the estimated disease burden associated with mild
diarrhea [149].

According to the literature, the risk assessment can be performed using three types of studies:
(i) microbiological laboratory tests; (ii) epidemiological studies; and (iii) quantitative microbiological
risk assessment (QMRA). Microbiological studies are considered as a source of information for types
of studies (ii) and (iii) and are only appropriate if health assessments and appropriate protective
measures are taken to avoid a health risk [147]. Epidemiological studies are a direct measure of the
associated risk, but their complexity and target population requirements and high costs may limit the
technique [21]. The QMRA is considered an indirect risk measurement that has been widely used,
but its results are associated with the specific scenarios evaluated [147]. The combined use of the three
types of studies for risk estimation may yield better results in their evaluation, notwithstanding the
costs associated with each type of study, the population size and time required, the required input
information, and the difficulty of modeling, are some of the limitations that determine the prioritization
of the use or the combined use of these tools [21].

Quantitative microbiological risk assessment (QMRA) has been considered an essential component of
risk management [150]. A probabilistic modeling technique to estimate the magnitude of risk under
specific scenarios [151,152] and its implementation is defined in four steps: (i) hazard identification;
(ii) exposure assessment; (iii) dose–response modeling; and (iv) risk characterization. The use of this
technique in relation to the wastewater reuse in agriculture has been focused on the risk assessment in
raw consumer products, especially on varieties of lettuce and some vegetables, and rotavirus infection
as a major cause of diarrheal disease in the world [153].

In 1992, a review of the data accumulated in the period from 1975 to 1989 led to the reformulation
of the quality criteria of wastewater of the state of California (United States). Based on the above, a
comparative study was carried out of the possible risks of enteric virus infection with secondary and
tertiary effluents from treatment systems, as opposed to four exposure scenarios for wastewater use
(irrigation of food crops, golf courses, recreational reservoirs and the recharge of aquifers). The analyzes
of this study showed that the annual risk of exposing a tertiary effluent with chlorine disinfection,
with a viral unit content of 100 L, entails an associated risk in golf courses and recreational reservoirs
in a range of 10−2 to 10−7, while in crop irrigation and aquifer recharge, it may have an associated
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risk between 10−6 and 10−11 [154]. These are determining results for the formulation of mitigation
strategies and the prioritization of the investment.

Quantitative microbiological risk assessments associated with virus in lettuce crops have been
the most commonly evaluated. Petterson et al. [155] evaluated the impact of two risk factors: (i) the
density function associated with the occurrence of human enterovirus in irrigation water; and (ii) the
mortality rates for the virus in lettuce cultivation. Under an application of the Monte Carlo simulation
method, researchers observed that changes in density function had minimal variations in estimated
infection rates. However, the predicted infection rates were more sensitive than the virus decay rates.

Hamilton et al. [150] designed a Decision Support tool called RIRA (Recycled water Irrigation Risk
Analysis). This tool helps water and public health managers to conduct Quantitative Microbiological
Risk Assessments. RIRA was designed to simulate a wide range of scenarios by defining the pathogen
of interest and the exposure scenario, using specific dose–response models. The main advantage of
RIRA is its generic and flexible structure, which can be used to carry out risk assessments in accordance
with the methods recommended in the main guidelines on recycled water and local context scenarios.

Barker et al. [152] developed a QMRA model to estimate the burden of norovirus disease
associated with the consumption of irrigated lettuce with untreated gray water, a practice commonly
performed in Australia and not endorsed by normative guidelines. The estimated annual disease
burden fluctuated over a range of 2 × 10−8 and 5 × 10−4 depending on the source of gray water and
of how thoroughly the consumer washes the product at home. The model predicted disease loads
of 4 × 10−9 and 3 × 10−6 for bath and washing waters respectively. Using these results, the authors
recommended the use of bath water that conforms to normative standards in Australia (threshold
value 10−6 DALY per person). In addition, in Australia, a QMRA model was developed to know the
risk of irrigation with wastewater in other types of vegetables such as lettuce, broccoli, cabbage, Asian
vegetables and cucumber. Norovirus concentration was used, using faecal dumping rates in black
wastewater and the annual norovirus disease burden after irrigation with treated wastewater [151].
The annual estimates of disease burden showed that the primary treatment scenarios evaluated
fluctuated within a range of 10−5 to 10−3 DALY per person, exceeding all mean values suggested
by the WHO and Australian regulations (threshold ≤ 10−6 DALY per person). However, in the
advanced treatment scenarios, most of the cucumber consumption scenarios obtained mean values of
disease burden that met the threshold. In general, lettuce consumption posed the greatest risks, while
cucumber consumption had the lowest risks. This research was relevant because it was the first QMRA
to consider viral accumulation by irrigation using wastewater.

Hamilton and Mok [156] conducted an experiment to determine the volume of water collected in
Asian vegetables and lettuce after irrigation by sprinkling with wastewater. The proposed objective
contributed to the decrease in the knowledge gap, associated with the estimation of rotavirus
microbiological risk in high consumption products in China. Four vegetables were evaluated.
The predicted annual probability of infection was 7 × 10−4 for the consumption of bok choy, 4 × 10−3

for choy and 2 × 10−3 for him gai lan and lettuce. Likewise, the annual average disease burden ranged
between 5 × 10−6 DALY per person and 3 × 10−5 DALY per person for the consumption of bok choy
and suma choy, respectively. The disease burden for gai lan and lettuce was 2 × 10−5 DALY per person.
This was the first presentation of water retention measurements for Asian vegetables, as well as the
first viral risk assessment for the consumption of vegetables from wastewater in China. This research is
significant because China is home to one-fifth of the world’s population, and because of the availability
of data on rotavirus concentrations, documented as the predominant cause of diarrheal disease in
children [153].

Another study was conducted in Ghana to assess the risk associated with water used in the
irrigation of vegetables. Pollution parameters evaluated were fecal coliforms and helminth eggs.
The water quality was monitored during two months and their concentration levels ranged from
3 to 4 log units of fecal coliforms in 100 mL and from 6 to 15 eggs of helminth per L. Regarding
the evaluated product of consumption (lettuce) the concentration of fecal coliforms ranged from
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7 × 102 and 1.8 × 103 in 10 g and the helminth eggs ranged from 6 to 9 per 100 g. The annual risk of
infection was 10−2 for Ascaris and 10−1 for E. coli. This study is relevant for its development in the
risk assessment for possible infections caused by helminths and E. coli [157].

According to Jiménez et al. [158] the lack of scientific knowledge related to the use of wastewater
still resides in the evaluation of the microbiological risk associated with the infection caused by
helminths. The WHO and EPA guidelines were based on limited epidemiological evidence, rather
than the results of a risk assessment. None of these organizations based their recommendations on
dose–response curve results, because methodologies had not been sufficiently developed. At the
moment, only the risk concerning helminths has been evaluated through laboratory analysis and
epidemiological studies. This fact contrasts the development of multiple dose–response models for
bacteria, viruses and protozoa. Despite the fact that the WHO recognized that helminths represent
a real risk of infection due to its resistance and persistence in the environment and to the minimum
infective dose, the development of measurement techniques of this microorganism are in early stages,
which depend on direct observation under the microscope with this subjectivity in the results [148].
In addition, in developing countries, regulations do not commonly associate helminths and protozoa,
because in these countries, intestinal worm diseases are low among the population.

6. Conclusions

Globally, agriculture is a major consumer of wastewater. The search for alternative irrigation
sources is believed to be vital to ensure food safety and to preserve natural water bodies. The safe
use of wastewater, as an alternative source of irrigation, is an acknowledged strategy for the efficient
use and prevention of water pollution that is gaining increasing relevance worldwide, especially in
countries confronted with water shortages. However, there are risks associated with this type of use
that must be assessed against a local framework, considering soil as a receiving environment and
ensuring pollution will not be transferred from one medium to another (water to soil). Country efforts
should be targeted at quantitative risk assessments. This would allow a more optimal and prioritized
management considering that agricultural reuse can cause a very real public health problem if the risk
is not taken into account.

The risks of wastewater reuse in agriculture are extensive, ranging from changes to physicochemical
and microbiological properties of soils to impacts on human health. In unfavorable economic
conditions, the search for alternative irrigation sources irrigation, such as the reuse of raw or
inadequately treated wastewater may result in avoidable risk factors. Thus, it is necessary to
communicate the beneficial aspects of this practice, as well as the negative impacts and different
low-cost strategies that contribute to the decision-making process and favor the adequate use of
wastewater in agriculture.

The lack of quantitative evaluation of microbiological risk, referring to the concentration of
helminths, is the missing piece that is required for the proper implementation of agricultural reuse.
This deficiency has promoted the use of raw sewage water, triggered by the incipient development
of norms and the standards of some countries that do not conform to global guidelines. In addition,
the improvement of the detection technique of helminths should be the next milestone to eliminate
subjectivity and to advance the safe reuse of residual water.
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