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ABSTRACT: In many studies worldwide the use of treated sewage effluents (TSE) as water and nutrient
sourcesin agricultural irrigation have been introduced as aviable alternative for wastewater destination in
the environment. Considering agronomic and environmental aspects the objectives of thisreview were: (i)
to present an overview of TSE irrigation on different agro-systems (annual crops, orchards, forests and
forages); and (ii) to show the principal changes on chemical, physical and microbiological soil characteristics
after TSE application. Various studies have reveaed that the nutrient supply only by TSE irrigation was
not sufficient to meet plant nutrient requirements resulting in yield decreases. The problem could be
solved by an adapted effluent/fertilizer management. Moreover, TSE could generally substitute efficiently
freshwater for irrigation. Regarding soil quality conditions, TSE irrigation affected mainly: (i) total soil
carbon and nitrogen, and mineral nitrogen in soil solution; (ii) microbial activity, composition of microbial
communities and their function; (iii) exchangeable calcium and magnesium; (iv) salinity, sodicity, clay
dispersion and hydraulic conductivity. Other soil parameters considered in thisreview (e.g. heavy metals)
did not present significant changes over short and medium terms. Due to the often observed accumulation
of sodium and nitrogen losses (leaching, volatilization and denitrification) after TSE irrigation, the
monitoring of these componentsis of crucial importance for a sustainable use. Finaly, further studies on
the technical-economical-environmental viability of TSE irrigation are required to establish reliable
recommendations for TSE use particularly in Brazilian agro-systems.
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USO AGRICOLA DOS EFLUENTES DE TRATAMENTO DE
ESGOTO: IMPLICACOES AGRONOMICO-AMBIENTAISE
PERSPECTIVAS PARA O BRASIL

RESUMO: O uso dosefluentes de tratamento de esgoto (ETES) como fonte d’ &guae nutrientes naagricultura
(viairrigacao) tem sido, em diversoslocais, umaalternativaviavel paraadisposicao das aguas residudrias
no ambiente. Os objetivos dessarevisio foram: (i) enfocar aspectos agrondmicos e ambientai s concernentes
a0 uso de ETEs em diferentes agrossistemas (culturas anuais, fruticultura, florestas eforragens); (i) enfatizar
as principais mudancas nas caracteristicas quimicas, fisicas e microbioldgicas dos solos irrigados com
ETEs. Foram observados que, em diversostrabal hos, airrigagdo com ETEs ndo foi suficiente para atender
ademanda nutricional das plantas, resultando em diminui¢do no rendimento. Esse problema poderia ser
resolvido mediante adequacdo do manejo dafertilizacdo eirrigacdo. Além disso, os ETES poderiam substituir
eficientemente a agua doce normal mente empregada nairrigagcdo. Quanto a qualidade de solo, airrigacdo
com ETEstem alterado principa mente os parametros: (i) carbono tota e nitrogénio total no solo e nitrogénio
mineral na solucdo no solo; (ii) atividade, composicéo e funcéo da comunidade microbiana; (iii) calcio e
magnésio trocaveis; (iv) salinidade, sodicidade, dispersdo de argilas e condutividade hidraulica. Outros
parémetros de qualidade de solo (por exemplo, metai s pesados) néo apresentaram mudancas significativas
em curto e médio prazo. O monitoramento da acumulagéo de sodio e das perdas de nitrogénio (lixiviacéo,
volatilizacdo e denitrificagdo) é crucial para o uso sustentével dos ETESs na irrigacéo. Finalmente, mais
estudos sa0 necessarios para mostrar a viabilidade técnico-econdmico-ambiental, objetivando-se a
recomendacgo segura dos ETES nairrigacdo dos agrossistemas brasileiros.

Palavras-chave: aguaresiduéria, reuso de &gua, fonte de nutrientes, agricultura, impacto ambiental
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INTRODUCTION

The use of treated sewage effluents (TSE) for
agricultura irrigation is an old and popular practice in
agriculture (Feigin et a., 1991). However, in Brazil this
method is still recent (Fonseca et a., 20054). Irriga-
tion with TSE has been used for three purposes: (i)
complementary treatment method for wastewater
(Bouwer & Chaney, 1974); (ii) use of margina water
as an available water source for agriculture (Bouwer
& ldelovitch, 1987; Al-Jaloud et al., 1995; Tanji, 1997)
— a sector demanding ~ 70% of the consumptive wa-
ter use in Brazil (Hespanhol, 2002); (iii) use of TSE
as nutrient source (Bouwer & Chaney, 1974; Vazquez-
Montiel et a., 1996) associated with mineral fertilizer
savings and high crop yields (Smith & Peterson, 1982;
Feigin et al., 1991).

The soil-plant system, if adequately managed,
encourages retention of effluent components mainly
due to the incorporation of elements in the dry matter
(DM) of plants (Bouwer & Chaney, 1974), leading to
decreasing element concentrations in ground and sur-
face waters (Feigin et al., 1978). Harvest and removal
of plant material withdraw the accumulated elements,
which further contribute to prevent leaching of ele-
ments, mainly nitrogen (N) and phosphorus (P) and
enrichments in the subsoil solution and the groundwa-
ter concentrations (Quin & Forsythe, 1978; Hook,
1981). Although irrigation with TSE may mitigate the
damage and utilization of natural water resources and
enables the diversion of nutrients from waterbodies, it
may result in risks that need to be considered in more
detail, particularly in the tropics (Fonseca, 2005).

Focussing on agronomical-environmental as-
pects the objectives of this text were to present an over-
view of the effects of TSE irrigation on yield produc-
tion and plant nutrition (annual crops, orchards, for-
ests and forages) as well as on chemical, physical and
microbiological soil characteristics. Moreover, indica-
tions for further research approaches in Brazil for a
sustainable future use of TSE in agro-systems are
given.

SEWAGE TREATMENT IN STABILIZATION
PONDS AND EFFLUENT DISPOSAL TO THE
SOIL-PLANT SYSTEM

The sewage treatment process using stabiliza-
tion ponds has been widely used in rurad communities
and small to medium-sized cities, in areas with warmer
climate and no land limitation (Feigin et al., 1991).
Also in Brazil this system represents a popular treat-
ment method because of construction and operation
simplicity, cost effectiveness, low maintenance require-
ments and low energy requirements (Von Sperling,

1996). The treatment process produces two residue
types: (i) the biosolids (sewage sludge, which is not
object of this review) and (ii) the treated sewage ef-
fluent (TSE).

The stabilization pond system (also known as
the Australian system) is usualy divided in two dif-
ferent stages (Pescod, 1992). The first stage takes place
in the anaerobic ponds (primary treatment) which are
mainly designed for the reduction of the biochemical
oxygen demand (BOD) and removal of organic and in-
organic solids, greases and oils (Feigin et a., 1991).
In these ponds the degradation of organic matter is
dow, resulting in odour nuisance due to the formation
of hydrogen sulphide. In the final stage of the anaero-
bic process acidogenic and methanogenic phases oc-
cur releasing methane, hydrogen and carbon dioxide
(Léon Suematsu & Moscoso Cavalini, 1999).

The secondary stage (secondary treatment),
which takes place in the facultative ponds, is consid-
ered as the most important phase in the wastewater
treatment process (Feigin et al., 1991). The facultative
ponds are larger in area, relatively shallow and pre-
dominantly characterized by oxidation processes at the
surface and anaerobic processes in depth. During the
secondary stage in the facultative ponds most of the
remaining organic matter is removed through a coor-
dinated algal-bacterial mutualism. The algae supply the
oxygen (by photosynthesis) for the bacteria (aerobic
or facultative) to oxidize the organic compounds in the
wastewater, and the bacteria provide, by degradation
of organic wastes, nutrients and CO, for the agae to
be fixed into new cellular material. The result of this
biological process is to convert the organic content of
the effluent to more stable forms (Léon Suematsu &
Moscoso Cavallini, 1999).

The liquid product originated from stabiliza-
tion pond systems is referred to as secondary-treated
sawage effluent (STSE). However, the STSE normally
does not meet the water quality standards for the dis-
posal as surface waters (Von Sperling, 1995). The char-
acteristics of STSE are in Table 1. The discharge of
STSE into superficial streams can cause serious envi-
ronmental damages such as eutrophication of river sys-
tems and is condemned due to environmental, legal and
social constraints (Bouwer & Chaney, 1974; Bond,
1998). The search for alternatives to resolve the envi-
ronmental problems caused by effluent disposal have
been objective of various studies (Bouwer & Chaney,
1974; Feigin et a., 1991; Cameron et al., 1997; Bond,
1998; Toze, 2006).

One of the alternatives to tackle the problem
of adverse effects of TSE would be the use of a ter-
tiary treatment stage. This is however a costly tech-
nology, which may exceed one million dollars, depend-
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Table 1 - Characteristics of treated sewage effluentsused in scientific studiesin theworld and in Brazil (Vigosa, MG; Lins,

Fonseca et al.

SP).

Constituent World* Vigosa Lins
___________________________________ mg Lt

Total solids 400-1200 528.0 571.0 + 52.5
Biological oxygen demand 10-80 - 77.8 £ 46.8
Chemical oxygen demand 30-160 - 180.5 + 91.7
Total carbon 10-30 - 49.4 + 8.0
Alkalinity (as HCO,) 200-700 - 301.4 + 60.8
Total-N 10-50 48.0 £ 32.3 31.9+5.8
H,PO,*-P 4.2-9.7 12.6 £10.5 43+x1.1
K 10-40 32.3+£6.6 16.6 + 1.8
Ca 20-120 139+ 4.6 81+1.1
Mg 10-50 3.2+0.9 1.9+ 05
SO,%-S 62 - 49+14
Na 50-250 43.2 £ 10.7 145.8 + 31.3
B <1 - 0.17 £ 0.09
Cu 0.04 0.39 £ 0.42 <0.01
Fe 0.33 5.18 £ 2.35 0.08 £ 0.06
Mn 0.20-0.70 0.12 + 0.06 0.02 £ 0.01
Zn 0.04 0.08 £ 0.04 0.02 £ 0.01
pH 7.8-8.1 7.23+£0.27 7.51+0.34
Electrical conductivity, in dS m* 1.0-3.1 0.56 + 0.03 0.86 + 0.12
Sodium adsorption ratio¥, in (mmol L-1)%5 45-7.9 3.03 £ 0.90 11.94 £ 2.91

"Data derived from Bouwer & Chaney (1974), Asano & Pettygrove (1987), Feigin et al. (1991) and Pescod (1992). ““Data derived from
Medeiros et al. (2005). *"Data derived from Fonseca et al. (2007). ¥ Sodium adsorption rate ® SAR = Na/,/Ca+ Mg , where Na, Ca and

Mg are given in mmol L%

ing on the volume of wastewater to be treated. Particu-
larly in Brazil, the implementation of a tertiary treat-
ment is restricted by (i) absence of national policies
for sewage treatment over the long term (Von Sperling,
1995); and (ii) absence of at least one of the sanita-
tion units (general network, sanitary facilities and gar-
bage collection) in 43.5% of the permanent households
in Brazil (Brasil, 2001).

On the other hand, various studies in other
countries have shown that soil application of TSE as
water and nutrient source for agricultural irrigation rep-
resents a low cost aternative (Asano et al., 1996) and
is applicable either in dry regions or in humid regions
(Bouwer & Chaney, 1974). Hence, the application of
TSE to the soil-plant system may mitigate the scarcity
of water resources and the discharge of nutrients to
waterbodies by using soil and plants as natura filters
(Pollice et al., 2004).

Aside from economical benefits (Darwish et
a., 1999) acquired for diverse climatic and soil con-
ditions (Feigin et al., 1991; Cameron et al., 1997;
Bond, 1998), crop irrigation with TSE constitutes an

ecologicaly sound method for the disposal of effluents
into the environment (Toze, 2006). Moreover, the TSE
irrigation practice addresses some important questions
discussed at the United Nations Conference on Devel-
opment and the Environment in Rio de Janeiro, in
1992. These included wastewater discharge to natural
waterbodies, sustainable nutrition of plants and miti-
gation of freshwater use for agricultural purposes
(Agenda 21, 1996). Hence, crop irrigation with TSE
may contribute to a sustainable development of our
environment.

However, the efficiency of the soil-plant sys-
tem receiving TSE as well as the viability of this prac-
tice and the ability to use the nutrients contained in the
TSE are dependent on the following factors:

a) Microbiologica quality (Bouwer & Chaney, 1974;
Feigin et al. 1991; Westcot, 1997) and chemical char-
acteristics of effluent (Bouwer & Idelovitch, 1987), in-
cluding salinity risk (Mujeriego et al., 1996), sodicity
risk (Bond, 1998), trace element (Tanji, 1997) and ni-
trate (NO,) concentrations as well as the predominant
N- form in the effluent (Jordan et al., 1997);
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b) Availability of water sources and environmental
conditions (Al-Nakshabandi et a., 1997; Shahalam et
al., 1998);

¢) Adequacy of irrigation technology and effluent qual-
ity (Oron et a., 1999; Bouwer & Idelovitch, 1987) as
well as topography of the area (Quin, 1978);

d) Effluent quantity (Hayes et al., 1990b) and fre-
guency of effluent application (Janssen et a., 2005);

€) Nutrient concentrations in effluent (Janssen et a.,
2005) and quantity of mineral fertilizers applied
(Bouwer & Idelovitch, 1987);

f) Chemical (Bond, 1998), physical (Balkset a., 1998),
microbiological (Friedel et a., 2000) and biochemical
soil characteristics (Speir, 2002), as well as natural soil
fertility (Janssen et a., 2005);

g) Type and target yield of the crop in question
(Janssen et al., 2005);

h) Socia-economical conditions and technology level
of the farmers (Agunwamba, 2001).

The choice of crops for TSE irrigation was
found to be the principal factor for the sustainability
of effluent irrigation because certain crops can be irri-
gated with wastewater without negative implications
on yield (Bouwer & Idelovitch, 1987). Moreover,
plants can control the N loss in the soil-plant system
by minimizing N leaching (Barton et a., 2005). In this
context, the crops chosen to receive TSE irrigation
should present the following characteristics: (i) high
water and N demands; (ii) good potential use; (iii) mar-
ketable and economically viable (Segarra et a., 1996).
The efficient use of nutrients by the plants, mainly N,
implies in lower mineral fertilizer costs, energy sav-
ings and reduction of pollution risks to the groundwa-
ter.

Considering the aspects mentioned above and
from the agronomical-environmental point of view,
promising results of TSE irrigation can be expected for
three main agro-systems: (i) annual crops, (ii) orchards
and forests; and (iii) forage crops.

EFFECTS OF TREATED SEWAGE EFFLUENT
IRRIGATION ON ANNUAL CROPS
Theirrigation of cotton (Gossypium spp.) with
TSE mainly by drip irrigation (Feigin et al., 1984) rep-
resents a common practice in different countries (Day
et al., 1981; Bielora et al., 1984; Oron et al., 1999).
For instance, a study in Israel indicated that the input
of N of about 200 kg N ha* year" due to TSE irriga-
tion exceeded the mineral-N fertilizer (MNF) needs
(120 to 180 kg N ha' year™) usually applied in cotton

production (Feigin et a., 1978). Aside from higher
NO,-N in the soil solution (Feigin et a., 1978), the
excess of N in the soil-plant system resulted in (i) in-
crease of N leaf concentrations during the vegetative
and growth period of cotton; and (ii) lowering of lint
percentage (Bielorai et al., 1984). The problem of N
excess in cotton due to TSE irrigation was also indi-
cated in studies in USA and was solved by means of a
mixture (1:1) of TSE and freshwater (Day et d., 1981).
The combination of adequate irrigation quantities and
the control of N contents have provided better quality
of the fibres (Day et al., 1981) and cotton yield (Feigin
et a., 1984). Moreover, TSE irrigation can supply up
to 100% of potassium (K) needs to cotton, however,
under conditions where the soil represents high avail-
able K concentrations (Feigin et al., 1991).

Also oilseeds [Brassica napus (L.) cv. canola
and Brassica campestris L. cv. rapeseed] had positive
responses to effluent-N and other nutrients present in
TSE (Al-Jaloud et a., 1996). Oilseeds irrigated with
TSE have been found to be interesting receptor crops
due to both industrial use and MNF savings. Al-Jaloud
et d. (1996) reported that for a mean yield of 3.8 t ha
(maximum technical efficiency) TSE irrigation (con-
taining 40 mg mineral-N L™) can save 150 kg N ha*
of the recommended N fertilizer rate.

With regard to winter grains different results
after TSE irrigation were found. On one hand, Day et
al. (1962) showed that yields and crude protein (CP)
concentrations in oat (Avena sativa L.), barley (Hor-
deum vulgare L.) and wheat (Triticum aestivum L.)
were not atered by TSE irrigation. On the other hand,
Day et a. (1963) observed that TSE irrigation caused
excess of N in barley resulting in an increase of the
CP concentration in the grain and, consequently, in a
reduction of the malt quality. However, these adverse
outcomes could also be diminished using a mixture
(1:1) of TSE and freshwater (Day et a., 1963). In an-
other study, Hussain & Al-Jaloud (1998) verified af-
ter TSE irrigation (40 mg mineral-N L™) high yields
of barley associated with savings of 50-75% (100-150
kg N ha') of the recommended MNF rates.

Day et d. (1974) observed after TSE irrigation
of wheat increases of culm diameter, total fibres and
CP concentrations, grain yield and nitrogen use effi-
ciency (NUE). On the other hand, in further experi-
ments on wheat, Day et a. (1975) found no changes
in (i) plant height; (ii) seeds per head; (iii) weight of
1,000 seeds; and (iv) total fibres, CP and acid-soluble
nucleotides concentrations. However, Day et al. (1975)
emphasized that in these studies the number of heads
per area increased associated with higher grain yields.
Subsequent studies (Day et a., 1979) on the effect of
mixing TSE and freshwater showed increases of heads
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per area, weight of 1,000 seeds, and grain and DM
yields. Hussain et al. (1996) determined in wheat ex-
periments irrigated with TSE (containing 20 mg min-
eral-N L™): (i) increase of wheat yield; (ii) increase of
NUE; (iii) positive interactions between effluent-N and
some other elements essentia for plant growth; and (iv)
savings of 1/3 of the recommended N fertilizer rates
(300 kg N ha™) without loss of grain and DM vyields.
Based on these results it was concluded that TSE can
be considered as a partial nutrient source for wheat and
as an efficient aternative to substitute freshwater for
irrigation (Day et a., 1974; 1975; 1979; Hussain et a.,
1996) in order to maintain or increase yield, grain qual-
ity and NUE.

Few studies were carried out on TSE applica-
tion for sunflower (Helianthus annuus L.). Bange et
al. (1997) observed higher use efficiency of solar ra-
diation due to increase in leaf N concentrations result-
ing from elevated N availability in the soil after TSE
irrigation. Moreover, Gadallah (1994) showed that sun-
flowers irrigated with TSE: (i) increased the leaf con-
centrations of calcium (Ca), magnesium (Mg) and chlo-
ride (CI); (ii) increased root concentrations of zinc
(Zn), manganese (Mn) and sodium (Na); and (iii) in-
creased and decreased Na and K accumulation in the
plants.

For sorghum [Sorghum bicolor (L) Moench]
Day & Tucker (1977) reported that TSE irrigation com-
pared to conventional water irrigation did not show dif-
ferences for the following parameters: (i) plant height;
(ii) tillers per plant; (iii) weight of 1,000 seeds; (iv)
CP concentration; and (v) leaf length. However, the
grain yield was higher in the TSE treated areas. More-
over, Al-Jaloud et al. (1995) determined in sorghum
increasesin leaf N, Ca, Mg and Na concentrations, and
decreases in leaf P and K concentrations, emphasiz-
ing that the elements contained in the TSE were re-
sponsible for 74 to 97% of the nutrient variability in
the plants. Generally, the results have indicated a posi-
tive response of sorghum to effluent irrigation due to
the presence of nutrients (mainly N) in TSE (Day &
Tucker, 1977; Al-Jaloud et al., 1995).

For maize (Zea mays L.) increasing grain
(Vazquez-Montiel et a., 1996; Oron et a., 1999), DM
(Al-Jaloud et al., 1995) and silage yield (Overman,
1981) were observed after TSE irrigation. On the other
hand, Feigin et a. (1981) found lower NUE and at-
tributed it to losses of effluent-N by volatilization. The
low effluent-N efficiency in maize can induce nutri-
tional deficiency and/or yield losses because the de-
velopment of the corn ear depends on an adequate stor-
age of nutrients in leaves and stems (Overman et a.,
1995). On the other hand, Vazquez-Montiel et al.
(1996) found after TSE irrigation increases in N and

P uptake rates associated with higher crop yields; how-
ever, in this study maize received mineral fertilization
during sowing. Another experiment conducted with
maize and TSE irrigation presented: (i) increasesin N,
P, K, Mg, Na, Mn, Zn, copper (Cu) and molybdenum
(Mo) concentrations in leaves; (ii) 82 to 99% of the
variability of the mineral concentrations in the plants
were directly influenced by the TSE quality; and (iii)
despite the elevated Na concentrations in the plants the
DM yidds increased with higher Na concentration and
salinity of the effluent (Al-Jaloud et a., 1995). In a
greenhouse experiment with maize Fonseca et al.
(2005a; 2005b) observed after TSE irrigation (TSE
originated from Lins (22°21' S, 49°50' W), Séo Paulo
State, Brazil): (i) complete substitution of the irriga-
tion water used and partially of N-fertilization, but no
adequate nutrition of maize without supply of mineral
fertilizers (ii) no increase of DM vyield after complete
fertilization despite higher plant N and P contents; (iii)
no changes in Cu, Fe, Mn, boron (B) and sulphur (S)
accumulation in plant shoots when plants were prop-
erly fertilized; (iv) dight decrease in Zn accumulation;
(v) distinct effects on Na dynamics showing a 100-fold
increase in the plants; and (vi) no impacts on plant cad-
mium (Cd), chromium (Cr), lead (Pb) and nickel (Ni)
accumulation. Generaly, it is suggested that the in-
crease in maize yields resulted from the following
items: (i) increase of TSE application rate causing
higher nutrient inputs (Overman, 1981); (ii) higher up-
take and accumulation of nutrients, mainly of N and
P (Vazquez-Montiel et a., 1996); and (iii) occurrence
of macro- and micronutrients in the effluent which can
neutralize the undesirable effect of high Na concen-
trationsin TSE (Al-Jaloud et a., 1995). Moreover, the
often described antagonistic effect between Na and K
was more pronounced under low K concentrations in
soil (Fonseca et al., 2005b).

EFFECTS OF TREATED SEWAGE EFFLUENT
IRRIGATION IN ORCHARDS AND FOREST
PLANTATIONS

Orchards have been successfully irrigated with
TSE in various regions of the world such as Australia
(Johns & McConchie, 1994a; 1994b), Spain (Reboll
et a., 2000), USA (Maurer & Davies, 1993; Zekri &
Koo, 1994) and Israel (Lurie et al., 1996) including
studies on banana (Musa spp.), citrus (Citrus sp.) and
nectarine (Prunus persica L.). Johns & McConchie
(1994a) found that the banana yield increased about
10% after TSE irrigation. The authors verified more-
over that (i) TSE irrigation at arate of 600 mm supplied
about 20% of plant N requirement (350 kg N ha*) with-
out causing environmental disadvantage (Johns &
McConchie, 1994b); (ii) despite higher Na concentra-
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tions in the soil, the leaf Na concentrations were not
affected in the same proportion (Johns & McConchie,
1994a); and (iii) plant element concentrations showed
increases of 225% Na, 81% B, 43% Cu, 26% Cl and
16% N, P and K and a decrease of Ni due to the in-
crease in soil pH (Johns & McConchie, 1994b). In a
TSE irrigation study on coconut palm (Cocos nucifera
L.), Fitzpatrick et al. (1986) observed accelerated
growth, leading to positive results on yield and min-
eral fertilizer economy without deleterious effects on
the environment.

Application of TSE in forest plantations have
become a popular aternative of water reuse because
of: (i) not being part of the food chain; (ii) providing
agreen image; (iii) a higher water use than other crops
and hence, requiring less land for a given volume of
effluent; and (iv) N and C storage in biomass (mainly
in wood) over the long-term that represents the magjor
mechanism for retention of the elements in the ecosys-
tem (Jordan et a., 1997; Smith & Bond, 1999). TSE
application on forests, especialy in eucalyptus (Euca-
lyptus sp.) and pine (Pinus sp.) plantations has been
extensively practiced in Australia and New Zealand
(Cameron et al., 1997; Bond, 1998; Speir, 2002).
Cromer et a. (1984) observed after three years of TSE
irrigation in a pine plantation increasing contents of
N, P and K in the pine foliage. Polglase et a. (1995)
found increasing N uptake rates in pine trees associ-
ated with positive effects on tree growth. Another study
conducted by Falkiner & Smith (1997) revealed no
negative effects on the growth of eucalyptus and pine
despite increasing soil salinity. This aspect can prob-
ably be attributed to the significant amount of nutri-
ents in TSE (Bouwer & Chaney, 1974; Feigin et d.,
1991; Pescod, 1992) that can mitigate the adverse ef-
fects caused by Na and other elements (Al-Jaloud et
al., 1995).

The TSE irrigation in forest plantations was
found to be favourable until the canopy closes (Hook
& Kardos, 1978). Subsequently, the natural bio-
geochemical recycling represents the main responsible
factor for nutrient supply to the soil-forest system
(Gongalves et a., 2000). Therefore, the externa nu-
trient input to the soil-forest system by TSE irrigation
can: (i) influence mineralization and the turnover of
soil organic matter (SOM) affecting directly the car-
bon (C) and N cycles (Polglase et al., 1995; Falkiner
& Smith, 1997); and (ii) cause destabilization of the
ecosystem by increasing NO,-N concentration in the
soil solution and the groundwater (Hook & Kardos,
1978).

EFFECTS OF TREATED SEWAGE EFFLUENT
IRRIGATION ON FORAGE PLANTS

Forage plants have been chosen for TSE irri-
gation approaches because of the long growing season
associated with high seasona evapotranspiration, the
high nutrient uptake capacity, and the ability to pre-
vent erosion processes (Bole & Bell, 1978). Favourable
effects of TSE as water and nutrient source in soil-for-
age plant systems (Day & Tucker, 1960; Fonseca et al.,
2007) have been reported in various studies. Aside
from a work performed by Day & Tucker (1959) who
found 22% lower yields of forage barley (attributed to
the presence of detergents and high concentrations of
soluble salts in the effluent), in general, increases in
DM and/or CP yields were reported for: (i) afalfa
(Medicago sativa L.) (Bole & Bell, 1978; Darwish et
a., 1999; Grattan et al., 2004); (ii) ryegrass (Lolium
perenne L.) - white clover pasture (Trifolium repens
L.) (Quin & Woods, 1978); (iii) bermudagrass
(Cynodon dactylon) (Hayes et al., 1990b; Grattan et
al., 2004); (iv) ‘Tifton 85 hybrid bermudagrass
(Cynodon dactylon Pers. X C. niemfuensis Vanderyst)
(Fonseca et al., 2007); (v) Rhodes grass (Chloris
gayana Kunth) (Feigin et al., 1978); (vi) kikuyugrass
(Pennisetum cladestinum Hochst. Ex Chiov) (Grattan
et a., 2004); (vii) napier grass (Pennisetum purpureum)
(Jeyaraman, 1988); and (viii) forage corn (Zea mays
L.) (Overman & Nguy, 1975; Overman, 1981;
Mohammad & Ayadi, 2004).

Due to the fact that Na concentrations are
higher in TSE as compared to conventiona irrigation
water (Feigin et al., 1991; Pescod, 1992), higher quali-
tative-quantitative crop yields were observed for C,
natrophilic species’ irrigated with effluent (Grieve et
al., 2004). However, the increase of Na concentrations
in forage plants represents a desirable effect leading
to an increase of the forage quality associated with a
higher acceptability by animals (Marschner, 1995).

In terms of nutritional aspects in forage plants,
Bole & Bell (1978) reported thar after TSE irrigation
of dfafano alterations were found in the Mg, Cu, Mn,
Zn and iron (Fe) concentrations in the plants and con-
cluded an adequate nutrient supply by TSE, except for
N. However, the study was carried out on a soil of high
natura fertility, with water as the main limiting fac-
tor, which was therefore balanced by TSE application.
Another experiment on alfalfa using effluents rich in
Cr and Pb resulted in increasing contents of these ele-
ments in the plants (Flores Tena et d., 1999). In for-
age corn, Overman & Nguy (1975) verified after TSE
irrigation (containing 37 mg total-N L™) increased DM

SNatrophilic species are plants which readily concentrate Na in their leaves, whereas natrophobic species concentrate Na mainly in

their roots or lower stem tissue (Smith et al., 1978).
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yield, N uptake rates and CP concentration. Moreover,
the study showed that in sandy soils the recovery per-
centage of N was higher at lower application rates (50
mm week™), whereas at higher application rates (200
mm week™) the efficiency of N recovery from the ef-
fluent was lower (£ 50%) causing increased N concen-
trations in the groundwater. In a long term study (16
years) on ryegrass, Quin & Syers (1978) found no
changes of Cu, Mn, Ni, Zn, Cd, Cr, Pb, cobalt (Co)
and strontium (Sr) concentrations in leaves after TSE
irrigation.

Rhodes grass attracted attention in TSE irriga-
tion because the plant responded positively to high ap-
plication rates and frequencies (Feigin et a., 1978). In
this context, Linden et al. (1981) reported that higher
irrigation frequencies caused increasing NUE associ-
ated with lower N leaching in soil. On the other hand,
in a comparative study between Rhodes grass, cotton
and sugar beet [Beta vulgaris (L.) ssp. Vulgarig],
Rhodes grass was more efficient in the uptake of ef-
fluent-N resulting in <10 mg L™ of NO,-N in the soil
solution after N input of 500 kg ha' year* (Feigin et
al., 1978).

In a experiment two year with the ‘Tifton 85
hybrid bermudagrass, Fonseca et a. (2007) observed
that: (i) TSE can efficiently substitute potable water for
pasture irrigation; (ii) the substitution of potable wa-
ter by TSE associated with recommended N-fertiliza-
tion (520 kg N ha* year™) increased grass DM yield
and CP content; and (iii) because of the N content in
TSE (containing 31.9 mg total-N L™) 32 to 81% less
MNF was needed to obtain the maximum DM vyield
as compared to irrigation with potable water and rec-
ommended fertilization that corresponds to annual sav-
ings of 179 to 450 USD per hectare. However, the re-
sponses of Tifton 85 bermudagrass to TSE irrigation
and the MNF economy were dependent on rainfall in-
tensities and the applied irrigation amount (Fonseca et
al., 2007).

ENVIRONMENTAL IMPLICATIONS AND MA-
JOR CHANGES IN CHEMICAL, PHYSICAL
AND MICROBIOLOGICAL SOIL CHARACTER-
ISTICS

Aside from beneficial effects, TSE irrigation
practice can cause environmental risks such as the po-
tential to transmit diseases since pathogens in the ef-
fluent can survive in the soil-plant system. In this con-
text, the actual risk, however, is related to whether this
survival time is long enough to alow transmission to
a susceptible host (Westcot, 1997). The factors control-
ling transmission of disease are agronomic, such as the
crop grown, the irrigation method used to apply the
wastewater, and the management and harvesting prac-

tices used. The largest contamination risk through en-
teric pathogens is being caused by the use of untreated
wastewater in agricultural irrigation, affecting farm
workers and consumers (Santamaria & Toranzos,
2003).

Protective measures for public health have to
include an integration of diverse control alternatives
such as: (i) crop restrictions (Pescod, 1992); (ii) sec-
ondary treatment of wastewater (Feigin et al., 1991)
followed by chlorination processes (Bouwer &
Idelovitch, 1987); (iii) control of TSE application, hu-
man exposition and hygiene (Pescod, 1992); and (iv)
reduction of contamination risks e.g. by sun-dried for-
age as used in hay production systems (Westcot, 1997).
Hence, for sustainable use of TSE in agro-systems the
monitoring of the effluent quality (Bouwer & Chaney,
1974; Tanji, 1997), especiadly from the microbiologi-
cal point of view (Westcot, 1997) is of fundamental
importance. More detailed information on this aspect
can be found in Blumenthal et al. (2000). The authors
discuss different approaches to establish guidelines for
the evaluation of the microbiological quality of treated
wastewater that is intended for agricultura irrigation
use.

Besides the still existing problems of public
acceptance (Pollice et a., 2004), crop irrigation with
TSE was found to change chemical (Bond, 1998),
physical (Balks et a., 1998), microbiologica (Friedel
et al., 2000) and biochemical characteristics of soils
(Speir, 2002), as well as environmental conditions (Al-
Nakshabandi et al., 1997). The magnitude of the
changes in the soil-water-plant-human-environment
system depends on the local conditions such as soil
type, plant species, climate, water sources, and qual-
ity/quantity of the TSE applied to the production sys-
tem (Hayes et a, 1990b; Cameron et al., 1997; Bond,
1998; Shahalam et al., 1998; Mohammad & Ayadi,
2004). These changes can implicate in significant im-
pacts (Mohammad & Mazahreh, 2003) or no (Mancino
& Pepper, 1992; Wang et a., 2003) on soil quality.

In relation to the total carbon (TC), total ni-
trogen (TN) concentrations and microbial activity in
soils, Quin & Woods (1978), Mancino & Pepper
(1992) and Friedel et a. (2000) verified increases due
to the N and C input by TSE. The increases following
TSE irrigation have mainly been observed in long-term
experiments, as reported by Quin & Woods (1978),
Friedel et a. (2000) and Ramirez-Ruentes et d. (2002).
On the other hand, decreases in TC and TN concen-
trations were reported in various other studies and were
attributed to following factors: (i) predominance of the
effluent-N in the mineral form (Bouwer & Chaney,
1974; Feigin et a., 1991); (ii) fast mineralization of
the effluent organic N fraction, consisting predomi-
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nantly of dead algae (Snow et a., 1999); (iii) mainte-
nance of ided conditions for mineralization of organic
matter such as humidity (Myers et a., 1982), tempera-
ture (Artiola & Pepper, 1992), re-supply of O, (Stanford
& Smith, 1972); (iv) low CIN ratio of TSE (Bouwer &
Chaney, 1974; Feigin et al., 1991; Fonseca et d., 2007);
and (v) increase of the microbial activity encouraging
SOM decomposition (Polglase et a., 1995; Barton et d.,
2005) associated with probable priming effects due to
high input of effluent-N (Fonseca, 2005).

Priming effects are strong short-term changes
in the turnover of SOM caused by comparatively mod-
erate treatments of the soil. In the course of priming
effects large amounts of C, N and other nutrients can
be released or immobilized in soil in a very short time
(Kuzyakov et al., 2000). Assuming that extra loss of
soil C is caused by a priming action, the probable ex-
planation is that there is a buildup of alarge and vig-
orous population of microorganisms when energy ma-
terial is added to the soil and that these microorgan-
isms subsequently produce enzymes that attack the na-
tive SOM (Stevenson, 1986). Soil microbial biomass
plays a key role in the processes leading to the real
priming effects (Kuzyakov et a., 2000). Moreover, the
input of N causes enhanced mineralization of native
humus N though a priming action and plants growing
on treated soil develop a more extensive root system,
thereby permitting better utilization of untagged soil
N by the plant (Stevenson, 1986). In this context,
Barton et al. (2005) studied intact grassed soil cores
of four soil typesin New Zealand, irrigated with TSE
(50 mm per week) over two years. The study reveded
that TSE irrigation resulted in: (i) priming effects in
two of these soils (a well-drained soil with a high al-
lophane content and a well-drained soil formed in a
sand dune); and (ii) increase of N leaching due to in-
creased leaching of native soil organic N. From this
follows that changes in soil microbiology after TSE ir-
rigation are associated with increasing microbial ac-
tivity and aterations in the populations of functional
microorganism groups (Ibekwe et al., 2003; Speir,
2002), resulting from the input of nutrients and soluble
organic C immediately available to microorganisms.

TSE application has also reveded increments
in biochemical soil properties such as microbial bio-
mass, basal respiration, specific respiration activity or
metabolic quotient and hydrolytic enzyme activities.
However, these parameters were highly sensitive to
changes in their environment, e.g. noticeable alter-
ations in the composition and the quantity of the TSE

applied (Speir, 2002). By means of denaturing gradi-
ent gel electrophoresis (DGGE) it was shown that
changes in TSE application resulted in significant al-
terations of the genetic diversity of microorganisms in
soil. Oved et a. (2001) observed changes in the com-
position of ammonia-oxidizing bacteria populations
involved in the nitrification process. The study re-
veded that the genus Nitrosomonas dominated in TSE
irrigated soils whereas Nitrospira predominated in un-
treated soils.

In compliance with the stimulation of micro-
bia activity, the use of TSE in agro-systems tends to
increase the density of microorganism groups as total
bacteria, actinomycetes and fungi (Mekki et al., 2006).
In this context, Kern & Idler (1999) reported an in-
crease of ammonifying bacteria which reflect organic
N mineralization. In contrast, the chemoalithotrophic
ammonia-oxidizing bacteria presented a different
behaviour. After addition of organic compounds (via
TSE or organic residues), the chemolithotrophic am-
monia-oxidizing bacteria were subject to a competitive
disadvantage as compared to the heterotrophic micro-
bial communities, leading to a decrease of the popu-
lation density of autotrophic ammonia-oxidizing bac-
teria (Acea & Carballas, 1999). However, to date, few
studies have focused on the relation between TSE dis-
posal on soil and the activity of chemolithotrophic bac-
teria in the nitrification process (Mekki et al., 2006;
Ibekwe et al., 2003).

On the other hand, the addition of organic
compounds by high inputs of soluble effluent-C
favours the heterotrophic microbial communities gen-
erating NO, by heterotrophic nitrification (Nurk et al.,
2005; Su et al., 2006). These microbial communities
are also capable to accomplish denitrification using
NO, and NO, (nitrite) as electron acceptors resulting
in the formation of nitrous oxide (N,O) (McLain &
Martens, 2006). In addition, the N losses by denitrifi-
cation after TSE irrigation can also be encouraged by
high concentrations of NO,-N and decreasing O, con-
centrations in the soil (Bouwer & Chaney, 1974;
Polglase et ., 1995; Schipper et a., 1996). These fac-
tors may explain the 2-fold (Schipper et a., 1996) up
to 50-fold increases (Friedel et a., 2000) of denitrifi-
cation rates in TSE irrigated soils. Generally, denitri-
fication can lead to undesirable N-outputs from soils
in form of NO, N,O* which are known as potential
gaseous components in the atmosphere contributing to
the greenhouse effect. Moreover, NO_ are character-
ized as chemical reactive gases which regulate the pro-

*Nitrogen oxides, or NO,, is the generic term for a group of highly reactive gases, al of which contain nitrogen and oxygen in varying
amounts. Many of the nitrogen oxides are colorless and odorless. However, one common pollutant, nitrogen dioxide (NO,) along with
particles in the air can often be seen as a reddish-brown layer over many urban areas (USEPA, 1998).
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duction of ozone in the troposphere and represent a
basic condition for acid rain. N,O contributes to the
degradation of the stratosphere (Hall & Matson, 1999).

Another important factor represents the alka-
linity of effluents (Table 1) that favours the volatiliza-
tion of ammonia (NH,), leading moreover to N losses
from soils after TSE irrigation. The ammonium (NH,")
concentration in the effluent, pH at the soil surface and
temperature are factors which directly interfere with
the equilibrium between NH," and NH, in the soil so-
lution and the quantity of NH, that is being volatilized
(Smith et al., 1996a). The same authors verified that
the loss of NH, from the soil after TSE application is
higher during the day (higher temperatures). They
noted moreover, that the volatilization of NH, can be
reduced by frequent application of small quantities of
TSE. Although volatilization of NH, represents an im-
portant aspect regarding N losses from the soil, there
is gtill alack of studies on its quantification in differ-
ent agro-systems in Brazil where TSE irrigation is al-
ready practiced.

In TSE, NH,"-N constitutes normally the pre-
dominant N form. Although nitrification in soils can
proceed within hours, NH," can also be electrostatically
adsorbed to the cation exchange complex that may de-
lay microbial transformation processes (Hook, 1981).
In this context, Hook & Kardos (1978) demonstrated
in TSE irrigated forest soils higher N leaching when
NO,-N represented the predominant N form in the ef-
fluent. On the other hand, N leaching was lower when
NH,™-N was the magjor N form in effluent.

Increasing concentrations of mineral-N, par-
ticularly of NO,-N, have been determined in the soil
solution after TSE irrigation of annual crops (Feigin
et a., 1978), orchards (Johns & McConchie, 1994b),
forage plants (Quin & Forsythe, 1978; Linden et al.,
1981; Lund et a., 1981) and forest plantations (Hook
& Kardos, 1978; Polglase et al., 1995; Magesan et al.,
1998; Smith & Bond, 1999; Speir et a., 1999). The
increases in NO,-N can be attributed to the following
factors: (i) fast transformation of effluent NH,"-N and
organic-N to NO_-N; (ii) increase of mineralization
and nitrification of soil organic nitrogen due to TSE
application; and (iii) inadequacy between crop N re-
quirements and N input by TSE irrigation. Therefore,
the monitoring of NO,-N in the soil solution is cru-
cia because high NO,-N concentrations in soils point
to the risk of groundwater contamination affecting
negatively the water quality for human consumption
(Bouwer, 2000). Excess of NO,-N in potable water
(and in foods) may lead to infant mortality
(methaemoglobinaemia, known as blue baby syn-
drome) resulting from a reduction of NO, to NO, by
microorganisms in baby’s stomach and in the rumen

of animals. In the blood NO, binds to haemoglobin
that prevents binding of oxygen for transport to the
cells (Stevenson, 1986).

TSE irrigation did not affect soil pH due to the
high soil buffer capacity (Bouwer & ldelovitch, 1987).
Nevertheless, severa studies reported slight increases
of soil pH in different agro-systems irrigated with TSE
(Quin & Woods, 1978; Stewart et al., 1990; Schipper
et al., 1996; Fakiner & Smith, 1997; Fonseca €t al.,
2005b). The increases in soil pH have been attributed
to: (i) high effluent pH (Stewart et a., 1990); (ii) ad-
dition of exchangeable cations and akainity by efflu-
ent (Falkiner & Smith, 1997); (iii) increase of denitri-
fication (Friedel et al., 2000) consuming one mol of
H* for each mol denitrified NO, (Bolan et a., 1991);
(iv) addition of organic residues to the soil followed
by decarboxilation and desamination (organic anions
and amino acids) processes consuming protons (Yan
et al., 1996); and (vi) interaction of these factors as-
sociated with low cation exchange capacity (CEC) of
the soil (Stevenson, 1986) as normally found in Bra-
zilian soils (Fonseca et a., 2005b). However, the pH
changes are generally of low magnitude (smaller than
one unit) without practical importance with regard to
nutrient availability (Speir et al., 1999), especidly in
the acidic soils of Brazil with inherent low natural fer-
tility (Fonseca et a., 2005b).

The input of P to the soil by TSE irrigation
generaly does not occur in excess. In the cases of in-
creasing available P concentrations after TSE irriga-
tion alterations were observed both in the superficial
layer (Hortenstine, 1976; Quin & Woods, 1978) and
subsuperficial layer (Latterell et al., 1982; Al-
Nakshabandi et al., 1997; Mohammad & Mazahreh,
2003) and were more pronounced in experiments car-
ried out over more than five years (Sommers et al.,
1979; Zekri & Koo, 1994; Wang et a., 2003). After
harvest and the removal of plant materia, the incor-
porated effluent-P may be removed from the soil-plant
system minimizing undesirable effects of elevated P
concentrations in the soil solution (Kardos & Hook,
1976; Hook, 1981; Fonseca, 2005). Moreover, the spe-
cific adsorption capacity of soil to retain P can con-
tribute to prevent P leaching from the root zone to
deeper layers (Ryden & Pratt, 1980) and represents a
factor to maintain environmental sustainability of the
system after TSE irrigation (Falkiner & Polglase,
1997). In contrast, Hook (1981) and Bond (1998) pro-
vided evidence of P migration in sandy soils after TSE
irrigation. However, to date, few studies have focused
on the mechanisms controlling migration and retention
of Pin areas under TSE irrigation (Falkiner & Polglase,
1997). Thus, long-term field studies are necessary to
understand the processes which control the effluent-P
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dynamics in soil (Bond 1998), especialy in soils with
variable charges (Fonseca et a., 2005a) that represent
the predominant condition in agro-systems in Brazil.

Irrigation with TSE can cause changes in ex-
changeable Ca, Mg and K concentrations. Increases of
exchangeable Ca concentrations were observed mainly
over longer periods in soils under forest plantations
(Cromer et al., 1984; Fakiner & Smith, 1997; Speir
et a., 1999) and pastures (Quin & Woods, 1978). Ex-
changeable Mg showed increases (Falkiner & Smith,
1997), decreases (Wang et a., 2003) or negligible al-
terations (Johns & McConchie, 1994b; Fonseca et al.,
2005b) after TSE irrigation. Also the results on ex-
changeable K concentrations were contradictory. Johns
& McConchie (1994b) found no TSE effects on ex-
changeable K concentrations. Increasing exchangeable
K concentrations were observed by Cromer et al.
(1984) and Falkiner & Smith (1997) in forest soils and
in soils cropped with eggplant (Solanum melongena L.)
(Al-Nakshabandi et al., 1997). On the other hand,
Karlen et a. (1976) and Stewart et al. (1990) noted that
TSE application caused decreasing exchangeable K
concentrations due to increasing Na concentrations in
soil. The increase of Nafavoured desorption and leach-
ing of K that can directly be related to the soil CEC.
From this follows that in case of low K concentration
and high concentration of Nain TSE K has to be added
(via mineral fertilization) to maintain adequate plant
K uptake and yields (Karlen et a., 1976). This fact is
crucial especially for the tropical soils in Brazil with
low CEC and low natural fertility (Fonseca et al.,
2005a).

With regard to exchangeable Na concentrations
and exchangeable sodium percentage (ESP), generally
elevating levels were determined after TSE application,
mainly in the surface layer (Cromer et a., 1984). The
increases were found both in agricultural and forest
soils (Feigin et al., 1991; Pescod, 1992; Bond, 1998)
as well asin studies over short (Fonseca et a., 2005b)
and long terms (Quin & Woods, 1978; Balks et a.,
1998). In this context, it has been observed: (i) 3.5 to
25-fold increases in soil Na concentrations, dependent
on the TSE application rates (Latterell et al., 1982);
(ii) increase of ESP from 3.2 to 9.8% (Stewart et d.,
1990) and from 2 to 25% (Balks et a., 1998); and (iii)
15.4-fold increase in exchangeable Na and 13-fold in-
crease in ESP corresponding to 22.5% of the soil CEC
(Fonseca et d., 2005b). Moreover, Johns & McConchie
(1994b) reported after TSE irrigation both increases in
soil exchangeable Na and Na concentrations in soil so-
[ution.

High Na concentrations in soils (sodicity) can
cause deterioration of soil physical properties, specifi-
cally dispersion of clay with subsequent breakdown of

soil structure, blocking of pores, and decrease in soil
permeability (Quirk & Schofield, 1955; Balks et al.,
1998; Halliwell et al., 2001). In this context, the in-
crease of exchangeable Na and ESP in the soil was
found to cause alterations (Bond, 1998) or no (Baks
et al., 1998) in the hydraulic conductivity. However,
the magnitude of the adverse Na impacts on soil prop-
erties are dependent on the efficiency of rain to raise
Na leaching (Mancino & Pepper, 1992; Speir et al.,
1999). Hence, monitoring of Na in the soil-plant-ef-
fluent-environment system should be ascribed the same
importance as the monitoring of NO,-N (Bond, 1998).
High Na concentration in soils irrigated with TSE does
not represent the only factor responsible for changes
in hydraulic conductivity. The hydraulic constraints as
well as the slowing down of the O, diffusion ratesin
these soils are also dependent on quality (e.g. concen-
tration of suspended and dissolved solids) and quan-
tity of the TSE applied (Oron et al., 1999). The sus-
pended solids in the effluent (e.g. bacteria flakes, fi-
brous materials and dead algae) can associate with liv-
ing bacteria and stimulate the production of polysac-
charides and other organic compounds resulting in bio-
logical plugging of the surface soil (Bouwer & Chaney,
1974).

TSE irrigation may also cause increases in soil
salinity due to the salt concentration of the effluent
(Table 1). In specific situations, high soil salinity can
affect water uptake by plants due to the presence of
higher Na', ClI" and HCO, concentrations in the soil
solution (Bielorai et al., 1984). Increases in soil salin-
ity (measured by electrical conductivity) after TSE ir-
rigation has been widely reported for agricultural
(Latterell et al., 1982; Johns & McConchie, 1994b; Al-
Nakshabandi et a., 1997), pasture (Hortenstine, 1976)
and forest systems (Smith et al., 1996b; Falkiner &
Smith, 1997; Speir et d., 1999). Moreover, increasing
soil salinity was observed to be more pronounced in
the topsoil (Cromer et al., 1984; Latterell et al., 1982;
Al-Nakshabandi et al., 1997; Speir et a., 1999) due
to superficial evaporation, leading to salt accumulation
(Al-Nakshabandi et al., 1997).

Few studies were carried out related to the S,
B and CI dynamics in TSE irrigated soils. Quin &
Woods (1978) and Fonseca et al. (2005b) reported in-
significant alterations in the availability of S after
TSE irrigation. With regard to B, no changes were
found in short term studies (Fonseca et al., 2005b).
However, El-Nennah et al. (1982) verified long term
increases in B availability. The Cl concentrations in-
creased after TSE irrigation mainly in areas where the
treatment process was accompanied by a chlorination
step (Johns & McConchie, 1994b; Falkiner & Smith,
1997).
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Heavy metals have mostly low concentrations
in domestic effluents (Bouwer & Chaney, 1974;
Feigin et al., 1991). However, the disposal of indus-
trial effluents to the collecting and treatment system
of domestic effluents can lead to increasing heavy
metal concentrations in the TSE where they can be
associated with: (i) the liquid fraction forming
organo-metallic complexes capable to penetrate the
soil with the irrigation water; and (ii) the suspended
solid fraction, leading to accumulation in the surface
soil (Feigin et a., 1991). In general, soils have high
capacity to retain heavy metals due to: (i) low solu-
bility and high specific adsorption, causing low con-
centrations in the soil solution; and (ii) presence of
SOM affecting the solubility of heavy metals due to
its capacity to form stable complexes with metal ions
(organo-metallic complexes) leading to decreasing
biocavailability (McBride, 1989; Stevenson, 1986).

Severa studies on metal impacts on the soil-
plant system after TSE application reveded divergent
outcomes such as decreases, increases or no alterations
in bioavailable Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn con-
centrations. Mohammad & Mazahreh (2003) observed
no changes in the availability of Cd, Cr, Cu, Ni, Pb
and Zn (extracted by DTPA-TEA") after TSE irriga-
tion. Similar results were found by: Hayes et al.
(1990a) for Cu; Inglés et al. (1992) for Cd, Ni and Pb;
Johns & McConchie (1994b) for Cu, Cd, Cr and Pb;
Al-Jaloud et al. (1995) for Ni; Smith et al. (1996b) for
Cr, Ni, Pb and Zn; Ramirez-Fuentes et al. (2002) for
Cr, Fe and Ni (extracted with aqua regia); and Wang
et a. (2003) for Cd, Cr, Cu, Ni and Zn (extracted with
agua regia) in soils irrigated for more than 80 years
with TSE. In other studies decreases in heavy meta
availability were attributed to increasing pH after TSE
irrigation (Falkiner & Smith, 1997), including studies
on Ni (Johns & McConchie, 1994b), Cu, Mn, Zn (Al-
Jaloud et a., 1995) and Pb (Paliwal et a., 1998). On
the other hand, Quin & Syers (1978) verified in pas-
ture soils irrigated with TSE over 16 years dight in-
creasesin available Cu, Mn and Zn concentrations (ex-
tracted with 0.1 mol L™ HCI solution). Also Siebe
(1995) found dlight increases in Cd, Cu and Zn (ex-
tracted in aqua regia) in soils cropped with alfalfa and
irrigated with TSE for more than 80 years. Al-
Nakshabandi et a. (1997) observed higher concentra-
tions of Cd, Cu, Fe, Mn, Pb and Zn in soil (extracted
with DTPA-TEA) due to higher metal concentrations
in the TSE. Nevertheless, due to the persistence of
heavy metals in the environment the monitoring of
these elements in soils under TSE irrigation over the

long term is of crucial importance (Quin & Syers,
1978; El-Nennah et al., 1982; Cameron €t a., 1997;
Bond, 1998; Yadav et a., 2002).

CONCLUDING REMARKSAND SUGGESTIONS
FOR FUTURE RESEARCH

Due to the high N concentrations in TSE, ni-
trogen represents commonly the most important chemi-
cal component in the soil-plant system irrigated with
effluents (Feigin et al., 1978). Therefore, the under-
standing of the transformation processes of effluent-
N in the soil and the N management are essential as-
pects for the sustainable use of TSE irrigation in agri-
culture (Bond, 1998). In this context, the uptake and
accumulation of N in plants can be considered as one
decisive factor to avoid undesirable NO,-N leaching
to the groundwater table (Bole & Bell, 1978).

Sodium represents another important element
within the soil-plant system after TSE application, es-
pecialy when the effluent has a high sodium adsorp-
tion ratio (SAR) as e.g. at Lins, S0 Paulo State, Bra-
zil (Fonseca et al., 2005a; Fonseca et al., 2007). After
using these effluents for plant irrigation, Fonseca et al.
(2005c¢) provided evidence of increasing Na concen-
trations in the soil and also in the plants (Fonseca et
al., 2005h). Nevertheless, TSE rich in Na presents a
high potential to be applied on perennial crops
(Fonseca, 2005) such as forage plants (Bole & Bell,
1978; Mohammad & Ayadi, 2004), citrus (Zekri &
Koo, 1994; Reboll et al., 2000), forest plantations
(Stewart et a., 1990) and forests under recuperation
(Speir et al., 1999).

In most instances, where effluent irrigation
was associated with decreases in yield and crop qual-
ity, the adverse effects can be attributed to a greater
or lesser extent to one of the following factors:

a) The sewage treatment plant received wastewater
amounts exceeding the treatment capacity associated
with TSE of low quality;

b) High proportion of industrial wastewater input to
the municipal sewage treatment plant resulting in
higher concentrations of hazardous elements in the
TSE and their transfer to the soil-water-plant system;

¢) Lack of synchronization between TSE application
rates and the water and/or nutrient requirements of the
crops causing migration of mobile compounds (e.g.
NO,-N) to the subsoil;

d) Inadequate technical guidelines for monitoring of
the soil-plant-effluent system.

'DTPA-TEA: 0.005 mol L diethylenetriaminepentaacetic acid + 0.1 mol L triethanolamine + 0.01 mol L calcium chloride, at pH

7.3.
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On the other hand, the adequate nutrient sup-
ply to the plants by TSE can generdly be associated to
agreater or lesser extent to crop production systems with
employment of low technology; crops cultivated on soils
with high natura fertility or crop production systems
with low nutrient requirements and elevated nutrient use
efficiency such as forest plantations. However, severa
studies pointed out that the nutrient supply only by TSE
irrigation can result in nutrient deficiency and decrease
inyield (Maurer & Davies, 1993; Overman et al., 1995;
Fonseca et a., 2005a) which is expected to be more pro-
nounced in tropica soils like those of Brazil with low
natura fertility. In this context, it has to be highlighted
that simple comparisons of wastewater components and
mineral fertilizers cannot result in a clear-cut evaluation
of the wastewater used, because the effects of the nu-
trients (principally N, P and K) in the wastewater are
ambiguous. Therefore, factorial experiments are re-
quired, including additions of each of the nutrients sepa-
rately and of various combinations of N, P and K
(Janssen et &, 2005).

The main changes in soils after agricultural
TSE irrigation have been confined to the following pa-
rameters: TC, TN and mineral-N (in soil solution); mi-
crobia activity and composition of soil microbial com-
munities and their function; exchangeable Ca and Mg;
salinity, sodicity, clay dispersion and hydraulic conduc-
tivity. For the other soil parameters considered in this
review no significant changes and effects or
agronomical-environmental implications were found
over the short and medium terms.

With regard to plant nutrition and crop yield,
future research in Brazil should focus on the TSE po-
tential for N and K supply, especially for annual crops,
perennial pastures (e.g. Cynodon, Chloris, Panicum
and Pennisetum), forest plantations (mainly eucalyp-
tus and pine) and energy crops. Orchards, despite be-
ing suitable for TSE irrigation, are subjected to restric-
tionsin quality certification, according to the integrated
crop management. In relation to this, the Euro-Retailer
Produce Working Group — Good Agricultural Practice
System (EUREP-GAP System), an European organi-
zation for the establishment of norms and standards for
al steps in the production process of fruits and veg-
etables (including environmental, working, agricultural
and commercial aspects) do not issue quality certifi-
cates for fruits cultivated under wastewater irrigation
(Teixeiraet al., 2003).

Regarding soil quality and C conditions after
TSE irrigation, it is suggested that the evaluation of
dissolved organic carbon (DOC) will become more es-
sential because DOC is more sensitive to changes in
the environment than soil organic carbon as a whole
(Silveira, 2005). Also studies on the effects of SAR in

TSE on soil parameters such as Na contents, clay dis-
persion and hydraulic conductivity are of future in-
terest especially for Brazilian soils. Moreover, further
studies on effects of TSE irrigation on bioavailahility
of S, B and heavy metals are particularly required
over the long term. Due to the importance of the mi-
crobia activity on the decomposition of organic resi-
dues, nutrient recycling, synthesis of humic sub-
stances and structural stability of soils, detailed in-
vestigations of microbial conditions and processes are
crucia for areliable evaluation of TSE irrigated soils.
Future studies on TSE application should also focus
on changes related to soil quality and the global in-
volvement of ecosystem processes, including genetic
diversity and characterization and changes in the
structure of the edaphic community, microbial activ-
ity, biochemical activity, density of functional
groups of microorganisms, sanitary quality and
ecotoxicology (Oved et al., 2001; Ibekwe et ., 2003;
Speir, 2002; Mantis et al., 2005). Additionally, fur-
ther studies should not only monitor the concentra-
tions of mineral-N in the soil solution but also esti-
mate the losses of effluent-N by denitrification from
TSE irrigated agro-systems especialy in the context
of global climate change.

Findly, the use of TSE in agriculture condtitutes
nowadays an important element in politics and manage-
ment strategies of water resources. A critical decision
making policy on TSE use may contribute to transform
the negative image of sewage in the society to an eco-
nomically and environmentally safe resource to preserve
the existing water resources (Hespanhol, 2002). To
achieve this target, further studies on the technical-eco-
nomical viability as well as on environmenta impacts
of TSE disposa to diverse soil types and cropping sys-
tems under varying climatic conditions are required to
establish reliable recommendations for the TSE use par-
ticularly on agro-systems in Brazil.
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