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a  b  s  t  r  a  c  t

In  many  countries  of  the  Mediterranean  region,  characterized  by frequent  drought  periods,  agricultural
production  often  occurs  under  water  deficiency  or  conditions  that  cause  the  depletion  of the  existing
water  resources.  In  these  areas,  the  reuse  of reclaimed  wastewater  for crop  irrigation  could  contribute
to  mitigate/decrease  water  shortage,  support  the  agriculture  sector  and protect  groundwater  resources.
In 1.5-year  field  experiments  in  Southern  Italy  (Apulia  Region),  the effects  of  irrigation  with  treated
agro-industrial  wastewater  on  soil  properties,  crops  yield  and  qualitative  traits  of  crop  products,  includ-
ing  their  microbiological  safety,  were  assessed.  Groundwater  (GW),  secondary  treated  wastewater  (SW)
and tertiary  treated  wastewater  (TW) from  an  innovative  “on-demand”  UV  disinfection  system  were
used to  irrigate  tomato  and  broccoli,  cultivated  in succession.  The  three  irrigation  water  sources  and  the
corresponding  irrigated  soils,  plants  and  crop  products  were  analyzed  for the  main  physico-chemical
characteristics,  quali-quantitative  parameters  and  fecal  indicators.  SW  and TW  showed  higher  values  of
the  main  physico-chemical  parameters  than  GW.  SW  irrigated  soil  resulted  in a  significant  increase  of
NH4-N,  Na+,  SAR,  EC  (below  the  threshold  value  beyond  which  a soil  is  defined  as  saline)  during  the  first
tomato  crop  cycle,  and  of pH  during  the  broccoli  growing  season.  Irrigation  with  treated  wastewater
did  not  significantly  affect  the  marketable  yield  nor  the qualitative  traits  of  tomato  and  broccoli  crops,
except  for  the Na+ and  NO3

− content  (below  the threshold  levels  defined  by  the  European  guidelines  for
vegetables).  High  levels  of E.  coli (above  the  Italian  limit for  reuse),  Fecal  coliforms  and  Fecal  enterococci
(up  to 104 CFU  100  ml−1)  were  observed  in  the SW  and,  when  chlorination  was  not  done,  in  the TW.
Nevertheless,  E.  coli was  not  isolated  from  any  sample  of  soil,  plant  and  crop  product,  probably  due  to its

rapid die-off.  Moreover,  low  concentrations  of Fecal  coliforms  and  Total heterotrophic  count  were  found  in
plant and  crop  product.  The  drip irrigation  system  used,  which  avoided  the close  contact  between  water
and plant,  may  have  contributed  to  this.  Under  the  conditions  applied  in this study,  the  reuse  of  treated
agro-industrial  wastewater  for  irrigation  can  be considered  an effective  way  to  cope  with  agricultural
water  shortage  in the Mediterranean  area.

©  2017  The  Author(s).  Published  by Elsevier  B.V.  This  is an  open  access  article  under  the CC
. Introduction

A number of Mediterranean countries suffer from water scarcity,
hich has become severe in recent years due to global climate

hange causing frequent and long lasting periods of drought. Par-

icularly during the summer, these areas experience severe water
upply and demand imbalances. In the last decades, many Ital-
an regions have faced the negative impact of drought and the
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378-3774/© 2017 The Author(s). Published by Elsevier B.V. This is an open access articl
.0/).
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

resource scarcity has mostly penalized agricultural activities, which
uses more than 50% of the total available water, while other high
priority demands, such as those from civil and industrial sectors,
are satisfied (Coppola et al., 2004). Particularly, in Apulia Region
(South-Eastern Italy), water shortage has a serious impact on the
local economy, mostly based on agriculture. Moreover, the agricul-
tural coastal areas of Apulia Region suffer from relevant phenomena
of seawater intrusion into the water table, due to the excessive
and often uncontrolled groundwater withdrawals for irrigation

(Libutti and Monteleone, 2012). For these reasons, alternative water
sources are needed.
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 A. Libutti et al. / Agricultural W

Treated municipal wastewater is the most readily available
ource of water to meet the increasing demand for crop irriga-
ion. Indeed, in recent years, wastewater recycling in agriculture
as gained importance as component of agricultural water supply

n several water-scarce countries (Qadir et al., 2007; Pedrero et al.,
010). Wastewater reuse not only provides significant amount of

rrigation water, but also contributes to conserve potable resources
nd reduces the environmental impact related to the effluents dis-
harge into water bodies (Aiello et al., 2007; Pedrero et al., 2010;
grafioti and Diamadopoulos, 2012). Furthermore, soil application
f treated wastewater also constitutes a reliable source of nutri-
nts (especially nitrogen, phosphorus and potassium) and organic
atter useful for maintaining the fertility and the productivity of

he soil (Meli et al., 2002; Rusan et al., 2007). Treated wastewater
se for crop irrigation can improve growth and yield of herbaceous
pecies (Kiziloglu et al., 2008; Bedbabis et al., 2010) and can also
nhance the economic benefits for farmers, due to reduced need
or fertilizer (Bedbabis et al., 2010; Paranychianakis et al., 2006).
owever, the chemical composition of wastewater has to be mon-

tored to avoid imbalance in nutrient supply, which may  result in
xcessive vegetative growth, uneven fruit maturity, reduced qual-
ty and quantity of yields (Pedrero et al., 2010). Treated wastewater
hould be used for irrigation under controlled conditions, also to
inimize hazards to agricultural products, soil and groundwater

rom toxic and pathogenic contaminants (Aiello et al., 2007; Qadir
t al., 2007). Wastewater may  contain a variety of pollutants, such
s salts, heavy metals, organic compounds, enteric bacteria and
iruses. An excessive accumulation of trace metals, such as Cd,
u, Fe, Mn,  Pb and Zn, in soils through irrigation creates problems

or agricultural production (Singh et al., 2004) and leads to metal
ptake by crops, so affecting food quality and safety (Khan et al.,
008). One of the crucial issues in the reuse of treated wastewater
or crop irrigation is the residual presence of pathogenic microor-
anism (Rubino and Lonigro, 2008; Petterson et al., 2011) which
epresents a potential health risk to consumers when they enter in
he food chain (Toze, 2006). In Italy, there are strict regulations for
eclaimed wastewater reuse (Decree No. 152, 2006, Ministry for
nvironment), especially for levels of some chemical compounds
nd for microbial parameters. With regard to microbiological con-
amination levels, the corresponding guidelines allow unrestricted
rop irrigation with a bacteriological effluent quality characterized
y less than 10 CFU 100 ml−1 of E. coli in 80% of samples.

Several experimental evidences underline the effect on soil and
ield of reclaimed urban wastewater application for vegetable and
ruit crops irrigation in the Mediterranean area (Lonigro et al.,
007; Palese et al., 2009; Disciglio et al., 2014; Lonigro et al., 2015;
atta et al., 2016). Our research activity focuses instead on treated
gro-industrial wastewater reuse in agriculture. The reused agro-
ndustrial wastewater was  originated by an agricultural and food

anufacturing company, which produces and processes vegeta-
les, in Apulia Region (Southern Italy). Studies about the reuse of
astewater of agro-industrial origin for crop irrigation have been

ittle evaluated and are poorly documented in literature. Recov-
ry of this type of wastewater is instead of particular relevance in
he Apulia Region where the economic system is strongly based
n irrigated agriculture and characterized by a widespread pres-
nce of agro-food industries, whose activity annually releases large
uantities of wastewater, usually discharged into torrents or rivers.
oreover, Apulia is one of the European regions most heavily

ffected by water shortage (Xiloyannis et al., 2002). In this contest,
 careful management of agro-industrial wastewater for agricul-
ural purposes represents a useful alternative to conventional water

esources, allows to support irrigated agriculture, reduces costs and
nvironmental impact of wastewater disposal. These advantages
ecome even more useful when vegetable processing companies
roduce wastewater and grow the crops at the same site, as in
anagement 196 (2018) 1–14

the case study reported in this work. More specifically, the present
paper reports the results of a 1.5-year research on irrigating veg-
etable crops with this type of water source, in Southern Italy. Two
treatment schemes were applied to wastewater and the treated
effluents were used for the irrigation of a test-field where process-
ing tomato and broccoli crops were cultivated in close succession.
With reference to the experimental trial described here, others
papers, reporting the results of the first tomato crop cycle, have
been already published (Disciglio et al., 2015; Gatta et al., 2015a,b).
Unlike all these cited studies, which had the objectives to evaluate
the effects of secondary treated agro-industrial wastewater on dif-
ferent soil and tomato crop yield characteristics, the present paper
deals with the irrigation use of an additional treated wastewater
type, such as the tertiary treated wastewater, and a longer exper-
imental period, such as the succession of three cropping cycles,
in order to assess: (i) the impact of treated wastewater on the
main chemical properties of irrigated soil; (ii) the effects of treated
wastewater on quantitative and qualitative aspects of crops yield;
(iii) the risk of microbiological contamination of irrigated soil and
the pathogen health risk of crop products.

2. Materials and methods

2.1. Study area and experimental site

The study was carried out in open field, from April 2012 to
September 2013, in the north-west part of the Apulia Region
(Southern Italy), at Stornarella (41◦ 15′N, 15◦ 44′E; altitude, 154 m
a.s.l.), in the Foggia district. The area is characterized by a Mediter-
ranean climate, with air temperatures that drops below 0◦ in
winter and exceed peaks of 40 ◦C in summer. The long-term
average annual rainfall is 590 mm,  with precipitations unevenly
distributed throughout the year and predominantly concentrated
in the period from October to April (Caliandro et al., 2005). During
the experimental period, the daily meteorological parameters, such
as maximum and minimum air temperature (TMAX, TMIN), maxi-
mum  and minimum air relative humidity (RHMAX, RHMIN), wind
speed (WS), and total precipitation (P) were recorded. These were
measured by a weather station placed close to the experimental
field and recorded using a data-logger (Campbell Scientific, USA).

The study area is characterized by a widespread presence
of agro-food industries specialized in vegetables processing. The
experimental site was located within the Fiordelisi agricultural
and food manufacturing company. Fiordelisi’s activity includes
growing, processing, packaging and marketing of preserved, ready-
to-eat vegetables, such as tomato, eggplant, zucchini and pepper.
This activity involves the production of large quantities of wastew-
ater that undergoes a purification process before being discharged
according to local regulations. To this purpose, the Fiordelisi com-
pany is equipped with a wastewater treatment plant (WWTP).
The WWTP  was  upgraded in order to produce effluents suitable
for reuse, thus supplying the two types of treated wastewater
used for crops irrigation during the experimental period, one pro-
duced by the conventional treatment system and the other by the
upgraded configuration. The reclaimed water was then used within
a closed-circle system where the wastewater produced as a by-
product from vegetables processing becomes a water resource for
vegetable crops irrigation, according to the criteria of recycling
treated wastewater as a component of agricultural water supply,
in water-scarce environmental conditions.

In the years 2012 and 2013, the Fiordelisi company produced

about 100,000 m3y−1 of wastewater, mainly composed of wash-
ing and processing water (vegetables cooking, steaming, bottles
washing, etc.), water from cleaning floors and equipment, and
toilet water (5–10%). The wastewater was purified in the WWTP
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ig. 1. Configuration of the wastewater treatment plant (WWTP) operated at Fiord
eclaimed wastewater (SW and TW), before being used in the experimental field. In

Fig. 1) based on the following processes: i) primary treatments,
uch as screening, oil removal, equalization, and pH adjustment;
i) secondary treatments, such as activated sludge process (anoxic
lus aerobic phases) and chemically assisted secondary sedimen-
ation; iii) tertiary treatments, such as chlorination (applied only
uring the period 01 October 2012–31 March 2013), sand fil-
ration, membrane ultrafiltration (by 8 modules, Hyflux Kristal

®

00ET, with a nominal surface of 60 m2 and a nominal pore size
f 0.05 �m),  and UV radiation (by 6 mercury-vapor lamps, 200W
ach). The effluent of the secondary sedimentation is called sec-
ndary treated wastewater (SW), whereas the UV outlet is called
ertiary treated wastewater (TW). SW and membrane filtered
ffluent were conveyed to the respective 10 m3 storage tanks.
n order to maximize its effectiveness and save on energy costs,
he UV disinfection system was operated in-line with irrigation.
hus the TW was disinfected just before being distributed to the
lants (“on-demand” disinfection) (Fig. 1). Periodical backwash-

ng of the sand filter (15 min  duration every 8 h of operation)
nd the ultrafiltration membranes (30 s duration every 45 min  of
peration) was performed with the membrane permeate. Mem-
ranes were also cleaned chemically (with diluted soda and sodium
ypochlorite) approximately every 10 days, according to the pro-
edures suggested by the manufacturer. Membrane ultrafiltration
as monitored for the operating pressure and the permeate flux.

The experiments were carried out in a clay-loam soil (USDA clas-
ification), with a field capacity (−0.03 MPa) of 30.5% dry weight
dw), a wilting point (−1.5 MPa) of 15.9% dw and a bulk density of
.4 Mg  m−3. The main physico-chemical properties of the 0–0.60 m
oil layer of the experimental field, as characterized before trial
tarted, are: sand, 40.1%; loam, 32.5%; clay, 27.4%; organic matter,
.6%; Olsen P2O5, 80.1 mg  kg−1; Ac-extractable K2O, 730.0 mg kg−1;
otal N, 0.8‰ (Kjeldahl); mineral NO3-N, 4.8 mg  kg−1; mineral
H4-N, 7.5 mg  kg−1; pH 7.9; electrical conductivity, 0.5 dS m−1;
a+, 856.0 mg  kg−1; Ca2+, 4,060.0 mg  kg−1; Mg2+, 250.0 mg  kg−1;

odium adsorption ratio of soil satured paste extract (SAR), 4.9.

.2. Crop rotation and agronomic conditions

During the experimental period, three vegetable crops were
rown in close succession: processing tomato, broccoli and pro-
essing tomato. Tomato (Lycopersicon esculentum Mill.), cultivar
Manyla”, was transplanted on April 12, 2012 as to the first crop
ycle. Broccoli (Brassica oleracea L. var. italica),  ibrid “Partenon” F1,

as transplanted on October 12, 2012. Tomato, cultivar “Manyla”,
as transplanted on April 5, 2013, as the second crop cycle. The

eedlings were transplanted in double rows (40 cm apart) spaced
t 250 cm,  at a distance of 30 cm along each single row, realizing
ompany. The scheme shows the production processes of the two different types of
igure, the supply scheme of GW is also reported.

a final plant density of 2.7 plants m−2. Tomato and broccoli plants
were grown under a net house structure, which was covered with
an anti-hail net. In particular, tomato plants were grown vertically
using nylon threads positioned between the plant collar and iron
wires, arranged longitudinally in the direction of the plant rows and
fixed to the upper part of the net house, at 2.5 m from the ground.

During each growing season, the plants were irrigated whenever
the soil water deficit in the effective root zone (0–50 cm in depth)
was 40% of the total available soil water (Allen et al., 1998). This
irrigation threshold was assessed through a continuous monitor-
ing of the volumetric soil water content using probes operating in
the frequency domain reflectometry and installed in each plot prior
to crops transplanting at 5, 15, 25, 35 and 45 cm soil depth. At each
irrigation, the soil water content was increased to field capacity,
with a water volume varying from 100 to 400 m3 ha−1, depending
on the crop growth stage. The seasonal irrigation volumes were
4957 m3 ha−1 for tomato crop in 2012, 922 m3 ha−1 for broccoli
crop in 2012–2013 and 4070 m3 ha−1 for tomato crop in 2013. A
drip irrigation method was  used for the three crops. This com-
priseda single drip line, with drippers at 2 l h−1 flow rate, spaced
every 40 cm,  and placed in the middle of each couple of plant rows.
During the two tomato crop cycles, the drip lines were placed under
a black plastic mulching film.

All agricultural management practices, including fertilization,
weed and pest control applied to the three crops, were performed
according to the agronomic techniques commonly adopted by local
farmers. Before transplanting, the soil was  subsoiled to a depth of
45 cm and its surface was milled. A pre-transplanting fertilization
was then applied by distributing 35 kg ha−1 N and 70 kg ha−1 P2O5
before the two tomato cropping cycles started, and 21 kg ha−1 N
and 35 kg ha−1 P2O5 before the broccoli cropping cycle started.
Throughout each of the two  tomato crop cycles, 75 kg ha−1 N and
100 kg ha−1 P2O5 were added through fertirrigation. During the
broccoli crop cycle a top-dressing fertilization was applied to the
soil by distributing 63 kg ha−1 N.

2.3. Experimental layout

During the first tomato crop cycle, two  irrigation treatments
were applied: irrigation with GW and irrigation with SW.  During
the broccoli and the second tomato crop cycles a third treatment
was also considered: irrigation with TW.  The tertiary treatment

of wastewater produced by Fiordelisi company was  introduced in
September 2012, just before the start of the broccoli crop cycle, to
produce effluents with lower suspended solids and microbiological
pollution.
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ig. 2. Layout of the experimental field and irrigation system, during the Tomato 2
B).

GW represents the irrigation source normally used by local
armers for crop irrigation; it was withdrawn from a phreatic well
ocated near the experimental field and stored in a 10 m3 tank
efore being used for tomato and broccoli irrigation (Fig. 1). GW,  SW
nd TW were directly pumped from their storage tanks to the drip
rrigation system used for plants watering (Fig. 2). As previously

entioned, TW was UV disinfected in-line with the distribution.
The experimental field was arranged according to a complete

andomized block design with the irrigation treatments (GW, SW
nd TW), each one replicated three times for a total of 6 plots
or the first tomato crop (2 irrigation treatments × 3 replicates)
nd 9 plots for the broccoli and the second tomato crops (3 irri-
ation treatments × 3 replicates) (Fig. 2). Each plot was 450 m2

15 m wide × 30 m long) with a sampling area of 20 m2 (2.5 m
ide × 8.0 m long).

.4. Water, soil, plant and crops product sampling

The raw1 agro-industrial wastewater produced by Fiordelisi
RW) was collected after the equalization step (Fig. 1). Samples
f SW immediately after the settling process (sampling point 1 in
ig. 1), samples of membrane permeate immediately after mem-
rane ultrafiltration (sampling point 2 in Fig. 1) and samples of TW

mmediately after the UV disinfection (sampling point 3 in Fig. 1),
ere collected. Sampling was performed monthly, from October

012 to September 2013. Irrigation water samples (GW, SW and
W)  were collected monthly, over the whole irrigation period of
ach crop, after tank storage and immediately before their inlet in
he irrigation system (Fig. 2). At each sampling date, three sam-
les of each water type were collected using sterile 1000-ml glass
ottles and transported to the laboratory in refrigerated bags. They
ere then kept in a refrigerator at +4 ◦C, and examined within 24 h

f collection.
Soil samples were collected in triplicate from the GW,  SW

nd TW irrigated plots, before each crop transplantation and, at
onthly intervals, during each crop cycle. All soil samples were

aken from a 0–30 cm soil layer (high density root zone), from under
he drippers, by using a soil auger. They were air-dried and passed
hrough a 2 mm sieve, before the laboratory analysis.

During each growing season, samples of tomato and broccoli
lants were collected at the same time of soil sampling, in triplicates

rom each experimental plot. Samples of tomato fruits and broccoli
eads were collected at each harvesting date, from the sampling
rea of 20 m2 of each experimental plot. Plants, tomato fruits and

1 Wastewater before purification in wastewater treatment plant.
rowing season (A); the Broccoli 2012–2013 and the Tomato growing seasons 2013

broccoli heads were immediately transported to the laboratory in
refrigerated bags and analyzed within few hours from the sampling.

2.5. Water, soil, plant and crops product analysis

All the water samples, both from WWTP  and irrigation system,
were analyzed according to Standard Methods (APHA-AWWA-EF,
2005) for the physico-chemical and microbiological parameters
reported in Table 1. The pH was  measured using a GLP 22+ pH
& Ion Meter (CRISON INSTRUMENTS, Spain) and the EC with
a GLP 31+ EC-Meter (CRISON INSTRUMENTS, Spain). The TSS
was determined after filtration of the water samples through
0.45-�m-pore-size (47-mm-diameter) nitrocellulose membranes
(Whatman, Maidstone UK), using a vacuum system. The Na+,
Ca2+, Mg2+, and K+ levels were determined by ion-exchange chro-
matography (Dionex ICS-1100, Dionex Corporation, Sunnyvale,
CA, USA). The SAR was calculated using the formula (with con-
centrations in mmolc l−1) (US Salinity Laboratory Staff, 1954):
SAR = (Na+)/[(Ca2+ + Mg2+)/2]1/2.

Soil samples from each experimental plot were analyzed for
the physico-chemical and microbiological parameters showed in
Table 1. The pH was measured in 1:2.5 (w/v) aqueous soil extract
and the EC in 1:2 (w/v) aqueous soil extract. The total N was
determined by the Kjeldahl method (Bremner, 1996). The NO3-
N and NH4-N were determined according to Keeney and Nelson
(1982). The P2O5 was  determined by using the sodium bicarbon-
ate method (Olsen et al., 1954). The total organic carbon was
detected by oxidation with a potassium dichromate-titration of
FeSO4 according to Walkley-Black Method (1947) and the OM was
appraised by multiplying the percentage of the organic carbon by
the factor 1.724. The Na+, Ca2+, Mg2+ and K+ were determined
in soil saturated paste extracts and analyzed by using Atomic
Absorption Spectroscopy – AAS (Perkin-Elmer Atomic Absorption
Spectrophotometer – model 2380). The SAR was calculated using
the measurements of Na+, Mg2+ and Ca2+ concentration (mmolc l−1)
in the soil satured paste extract according to Qadir et al. (2001):
SAR = Na+/[(Ca2+ + Mg2+)/2]1/2.

Water samples from WWTP  and irrigation system were ana-
lyzed for the enumeration of the bacteria listed in Table 1, which
are useful indicators of contamination (Tallon et al., 2005; Pourcher
et al., 2007). The membrane filtration method was used as follows:
triplicate aliquots of 100, 10, 1.0 and 0.1 ml  of each water sam-
ple were filtered through 0.45-�m-pore-sized (47-mm-diameter)
nitrocellulose membranes (Whatman, Maidstone UK). For E. coli

enumeration, the membranes were placed onto tryptone bile
agar with X-glucuronide (TBX agar; Oxoid, Basingstoke, UK) and
incubated at 44 ◦C for 24 h. For Fecal coliforms enumeration, the
membranes were placed onto chromogenic E.coli agar (C-EC agar;
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Table 1
Analytical parameters determined on water, soil, plant and crop product, during the Tomato 2012, Broccoli 2012–2013, and Tomato 2013 growing seasons.

Water samples Soil samples Crop samples

from WWTP  from irrigation system Plant Product
Tomato fruit Broccoli head

PHYSICO–CHEMICAL ANALYSIS Quantitative analysis

pH pH pH Total yield −TY (Mg  ha−1) TY (Mg  ha−1)
EC  (dSm−1) EC (dSm−1) EC (dSm−1) Total marketable yield – TMY  (Mg  ha−1) TMY (Mg  ha−1)
TSS  (mg  l−1) TSS (mg  l−1) Total N (mg  kg−1) Marketable yield per plant – YP (kg plant−1) YP (kg plant−1)
Total  N (mg  N l−1) NH4-N (mg  N l−1) NO3-N (mg  kg−1) Total nonmarketable yield – TNMY (Mg  ha−1) TNMY (Mg  ha−1)
PO4-P (mg  P l−1) NO3-N (mg  N l−1) NH4-N (mg  kg−1) Nonmarketable yield per plant – NMYP (kg plant−1) NMYP (kg plant−1)
BOD5 (mg  O2 l−1) NO2-N (mg  N l−1) P2O5 (mg  kg−1)
COD (mg  O2 l−1) PO4-P (mg  P l−1) Organic matter – OM (%)
Surfactants (mg  l−1) BOD5 (mg  O2 l−1) Na+ (mg  kg−1)

COD (mg  O2 l−1) Ca2+ (mg  kg−1)
Na+ (mg  l−1) Mg2+ (mg  kg−1)
Ca2 (mg  l−1) K+ (mg  kg−1)
Mg2+ (mg  l−1) SAR
K+ (mg  l−1)
CO3

2−(mg  l−1)
HCO3

−(mg  l−1)
SO4

2− (mg  l−1)
SAR
Hardness (mg  l−1 CaCO3)

Qualitative analysis
Mean diameter (equatorial and longitudinal diameters) – D (cm) D (cm)
a*/b* ratio (Jimenez-Cuesta et al., 1981) – CI DM (% fresh matter)
Dry  matter content (AOAC, 1990) – DM (% fresh matter) Ca2+ (mg  100 g−1 of fresh matter)
Soluble solids content of the flesh – SSC (◦Brix) Mg2+ (mg  100 g−1 of fresh matter)
Titrable acidity (AOAC, 1995) – TA (g citric acid 100 ml−1 fresh juice) K+ (mg 100 g−1 of fresh matter)
pH  Na+ (mg  100 g−1 of fresh matter)
Ca2+ (mg 100 g−1 of fresh matter) NO3

− (mg  100 g−1 of fresh matter)
Mg2+ (mg 100 g−1 of fresh matter)
K+ (mg 100 g−1 of fresh matter)
Na+ (mg  100 g−1 of fresh matter)
NO3

− (mg  100 g−1 of fresh matter)
MICROBIOLOGICAL ANALYSIS
E. Coli (log CFU
100 ml−1)

E. Coli (log CFU
100 ml−1)

E. Coli
(log CFU g−1)

E. Coli
(log CFU g−1)

E. Coli
(log CFU g−1)

E. Coli
(log CFU g−1)

Fecal  coliforms
(log CFU
100 ml−1)

FC * (log CFU g−1) FC (log
CFU g ml−1)

FC
(log CFU g ml−1)

FC (log CFU g ml−1)

Fecal  enterococci
(log CFU
100 ml−1)

THC **
(log CFU g−1)

THC (log CFU g−1) THC (log CFU g−1) THC (log CFU g−1)

*Fecal coliforms.
**Total heterotrophic count.
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iolife, Milan, Italy) and incubated at 44 ◦C for 24 h. For Fecal
nterococci enumeration, the membranes were placed onto Slan-
tz & Bartley Agar (Oxoid, UK), and incubated at 37 ◦C for 48 h.
he same water samples were also analyzed for Salmonella spp.,
ith their detection performed according to procedure UNI EN ISO

9250:2013.
Microbiological analysis of the soil, plant and product samples

rom each experimental treatment included the determination of
he parameters showed in Table 1. These analyses were conducted
y the spread plate method, as follows: 25.0 g of each sample was
eighed and added to 225.0 ml  buffered peptone water, homog-

nized in a stomacher for 180 s. Then serial 10-fold dilutions in
uffered peptone water were spread onto agar plates containing
BX for E. coli, C-EC agar for Fecal coliforms, and tryptic soy agar
or Total heterotrophic count. The plates were incubated under dif-
erent incubation temperatures (and times) as follows: 37 ◦C for
. coli (24 h), 44 ◦C for Fecal coliforms (48 h), and 22 ◦C for Total
eterotrophic count (72 h).

At each harvesting date, tomato fruits and broccoli heads from
ach GW,  SW and TW irrigated plot were analyzed for quantitative
raits. All the marketable and discarded tomato fruits and broc-
oli heads were counted and weighed respectively, to estimate the
ield parameters (Table 1). At the same time, a sample of 10 tomato
ruits and a sample of 10 broccoli heads from each plot were trans-
orted to the laboratory and immediately analyzed for qualitative
raits (Table 1). The color parameters of tomato fruits were mea-
ured using a CM-700d spectrophotometer (Minolta Camera Co.
td., Osaka, Japan), as the CIELAB coordinates (i.e., L*, a*, b*) on four
andomly selected areas of the fruit surface. Here, only the a*/b*
atio2 is reported, which represents an index that describes well
he color changes of tomato fruit (Francis and Clydesdale, 1975;
avati et al., 2009). The cation and the anion contents of both tomato
ruits and broccoli heads were determined by ion-exchange chro-

atography (Dionex ICS-1100, Dionex Corporation, Sunnyvale, CA,
SA).

.6. Statistical analysis

The data related to the physico-chemical characteristics of the
wo irrigation waters and the corresponding irrigated soils, the
uantitative and qualitative parameters of the crop products, the
icrobiological properties of the irrigation waters, soils, plants

nd crop products, collected during the first tomato crop cycle,
ere analyzed by unpaired t-tests. The same data, detected on

he three irrigation water sources and the corresponding irri-
ated soils, plants and crop products, during the broccoli and the
econd tomato crop cycles, were statistically processed by analy-
is of variance (ANOVA). When significant effects were detected
P ≤ 0.05), mean multiple comparisons were performed according
o Tukey test. Two different statistical tests were applied because
he considered experimental factor (irrigation water) had two lev-
ls (irrigation water type: GW and SW)  during the first tomato
ropping cycle, and three levels (irrigation water type: GW,  SW
nd TW)  during the following broccoli and tomato cropping cycles.
herefore, for each experimental data, two and three mean val-
es were statistically discriminated by t-test and Tukey test, in
he first and second case, respectively. Before being processed, all

he microbiological data were logarithmically transformed (log10

 + 1). When in water, soil, plant and crop product, microbial indi-
ators were not detected the corresponding levels were set equal

2 a*,  red/green chromaticity (negative values indicate green, while positive val-
es indicate red); b*,  yellow/blu chromaticity (negative values indicate blue, while
ositive values indicate yellow). So, the higher the a*/b* ratio, the higher the red
olor  of tomato fruit.
anagement 196 (2018) 1–14

to zero. The addition of the unit value to X was  necessary in order
to prevent an impossible solution in case of X = 0. All the statistical
analyses were performed using the JMP  software package, version
8.1 (JMP, 2008).

3. Results and discussion

3.1. Climatic conditions

The average monthly values of the meteorological parameters
recorded during the experimental period are reported in Table 2.
During the Tomato 2012 and Tomato 2013 growing seasons, mean
values of air temperature were similar. Rainfall was  higher in 2013
than in 2012, with 43% of total precipitation occurred in August.
In 2012, 62% of total precipitation was recorded in the first part of
cultivation cycle, in April. During the Broccoli 2012–2013 growing
season, rainfall was characterized by an almost regular distribu-
tion over the months with a peak in November when 36% of total
precipitation occurred.

3.2. Physico-chemical properties of water from wastewater
treatment plant

The average values of the main physico-chemical parameters
measured in RW,  SW and TW from WWTP  are reported in Table 3,
where also the Italian standards for reuse in irrigation of reclaimed
wastewater are showed. RW had low pH, high salinity, and a con-
siderable presence of TSS, organic substances (as demonstrated
by the high COD value) and surfactants. The activated sludge pro-
cess and the following secondary settling effectively removed most
suspended solids and organic substances as well as nitrogen and
phosphorus, with average removal percentages of 89%, 96%, 86%,
94%, and respectively.

As previously reported, the tertiary treatment of wastewater
was introduced in September 2012, before broccoli crop cycle
started. The main objective was to remove the residual suspended
solids and the microbiological pollution, which represented the
main non-compliances for the SW with respect to the standards for
reuse in agriculture (Table 3). The influent pressure to the sand filter
was maintained between 1.5 and 2.0 bar and the residual pressure
in the influent to the membranes was  constantly at 0.5–0.6 bar. The
average flow produced was 12 m3 h−1, corresponding to a specific
flux of the membranes of 25 l m−2 h−1. During the first 6 months
(October 2012 – March 2013) of tertiary treatment operation, in
correspondence of broccoli cropping cycle, the sand filtration unit
was preceded by a chlorination step. This removed completely the
monitoring indicator E. coli, whose concentration was always below
10 CFU/100 ml−1 in both the influent to the sand filtration unit and
in the TW.

From March 2013 the chlorination step was stopped. This
allowed to evaluate the effect of the ultrafiltration and UV radi-
ation processes on E. coli removal (Fig. 3). A residual presence
of suspended solids and E. coli was  observed in the membrane
permeate, indicating a possible leakage for one or more mod-
ules. Membrane integrity was then checked through a pressure
decay test (ASTM, 2003), which indicated the presence of leak-
ages in 6 modules out of 8. Nevertheless, the concentration of
suspended solids in the membrane permeate was on average
within the limit for reuse (10 mg  l−1). Before UV disinfection, which
was performed on-line with the irrigation, the TW was stored
in the 10 m3 tank (Fig. 1) for a period between 1 and 7 days,
depending on the irrigation needs. In the storage tank the con-
centration of suspended solids tended to increase during this

time, possibly due to bacterial re-growth, and reached an aver-
age value of 17.5 ± 9.4 mg  l−1 (Fig. 3). This phenomenon may  have
limited the effectiveness of the UV disinfection, which is known
to decrease with increasing turbidity. Indeed, the removal of the
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Table  2
Main climatic parameters recorded during the Tomato 2012, Broccoli 2012–2013, and Tomato 2013 growing seasons.

Growing season Tomato 2012 Broccoli 2012–2013 Tomato 2013

Month Apr May  Jun Jul Aug Seasonal
Value

Oct Nov Dic Jan Feb Seasonal
value

Apr May  Jun Jul Aug Sept Seasonal
value

Climatic parametera

TMAX (◦C) 20.1 25.0 33.0 34.4 34.5 29.4 23.1 17.5 12.1 12.0 11.0 15.1 20.7 23.7 28.2 31.2 31.8 27.3 27.2
TMIN (◦C) 8.5 11.6 17.9 20.8 20.2 15.8 12.1 10.1 4.3 3.9 2.7 6.6 8.7 11.6 15.1 18.6 19.3 15.7 14.8
RMAX (%) 95.6 82.8 71.1 77.1 81.4 81,6 99.3 98.9 98.3 98.4 98.2 98.6 96.3 97.6 90.7 88.5 88.9 95.6 92.9
RMIN (%) 51.7 36.6 27.3 30.6 29.4 35.1 57.7 75.7 68.1 61.7 67.2 68.1 51.7 47.7 39.6 38.5 41.9 43.8 43.9
P  (mm) 67.0 28.0 0.0 8.4 5.0 108.4 40.4 145.6 68.6 66.0 82.8 403.4 40.0 65.1 33.0 20.8 132.8 20.4 312.1
WS (m s−1) 2.3 2.4 2.7 2.4 2.1 2.4 1.8 1.8 1.8 2.4 3.0 2.2 2.4 1.4 1.7 2.2 2.2 2.5 2.1
EV (mm) 86.9 137.5 197.9 195.3 176.5 794.1 53.0 25.9 18.8 18.2 27.3 143.2 89.6 108.2 114.2 164.3 143.5 99.1 695.5

a TMAX, TMIN, monthly maximum, minimum air temperature; RMAX, RMIN, monthly maximum, minimum relative air humidity; P, precipitation; WS, monthly mean wind speed;
EV, total “class A” pan evaporation.

Table 3
Average values of the main physico-chemical parameters measured on raw agro-industrial wastewater after equalization step (RW), secondary treated wastewater after
settling  process (SW) and tertiary treated wastewater after UV disinfection (TW). The values are compared with the Italian standard for treated wastewater reuse for crop
irrigation (Legislative Decree no. 152/2006).

Water type RW SW TW Limits for irrigation reuse

Parameter
pH 5.7 ± 0.5 6.8 ± 0.4 7.5 ± 0.5 6–9.5
EC  (dS m−1) 2.7 ± 1.1 2.8 ± 0.7 2.7 ± 0.5 3.0
TSS  (mg  l−1) 249.1 ± 89.3 26.6 ± 14.6 15.7 ± 4.9 10
Total  N (mg  l−1) 27.7 ± 8.0 3.9 ± 1.9 4.0 ± 1.8 35
PO4-P (mg  l−1) 6.4 ± 3.1 0.4 ± 0.4 0.4 ± 0.4 10
BOD5 (mgO2 l−1) – 23.1 ± 1.3 22.5 ± 0.4 20
COD  (mgO2 l−1) 985.3 ± 321.6 40.6 ± 16.9 37.7 ± 14.5 100
Surfactants (mg  l−1) 10.3 ± 5.7 0.7 ± 0.2 0.6 ± 0.1 0.5
Escherichia Coli (CFU 100 ml−1) 7.7E + 06 * 3.5E + 04* 6.4E + 02* 1.0E + 01*

3.6E  + 07 ** 7.0E + 04** 3.0E + 03** 1.0E + 02**

Data are means ± standard errors for each analyzed parameter, determined on 36 samples for each water type (1 sample per irrigation water type × 3 replicates × 12 sampling
dates).
*80th  percentile.
**Maximum value.

Fig. 3. Concentration of suspended solids and E. coli measured in the influent to the
filtration unit (1), in the effluent of the membrane ultrafiltration (2), and in the UV
outlet (3), from March to September 2013. The locations of sampling points 1–3 are
showed in Fig. 1. Vertical bars indicate standard errors (n = 21, 1 sample per water
t
ype × 3 replicates × 7 sampling dates).
fecal indicator E. coli after the UV radiation varied between 0.5 and
3 log units (Fig. 3).

3.3. Physico-chemical properties of irrigation water

Table 4 shows the physico-chemical properties of GW,  SW
and TW measured during Tomato 2012, Broccoli 2012–2013 and
Tomato 2013 growing seasons. The characteristics of the three
sources of irrigation water resulted significantly different, during
each crop cycle. On the contrary, for each type of irrigation water,
very low differences were observed among the crop cycles.

The three water sources were alkaline, with a significantly
higher pH for GW than SW and TW only during the Broccoli
2012–2013 growing season. Compared with GW,  SW and TW were
always characterized by higher values of NH4-N and NO2-N, P, K,
Ca, and Mg.  The presence of these chemical components in treated
wastewater is very interesting from an agronomic point of view,
since they represent important nutrients for improving soil fertil-
ity, plant growth and crop yield (Rodriguez-Liébana et al., 2014).
With respect to GW,  SW and TW had also a higher content of
organic matter, as indicated by BOD5 and COD values, and signif-
icantly higher values of Na+, EC and SAR. According to Ayers and
Westcot (1985), as regards the EC and Na+ values observed in the
two treated wastewaters, their reuse for irrigation can be consid-
ered from slightly to moderately restricted; moreover, if the values
of SAR are related to the values of EC it follow that their application
would not cause a reduction of the infiltration rate into the soil.

Also hardness and TSS were significantly higher in the two  treated
wastewaters than in GW.

During the whole experimental period, GW had significantly
higher NO3-N concentration (29.06, 23.19 and 22.98 mg  l−1 dur-
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Table 4
Average values of the main physico-chemical parameters of water used for irrigation measured over the three growing seasons (Tomato 2012, Broccoli 2012–2013, and Tomato 2013), on groundwater (GW), secondary treated
wastewater (SW) and tertiary treated wastewater (TW) used for crops irrigation.

Growing season Tomato 2012 Broccoli 2012–2013 Tomato 2013

Irrigation water GW SW Signa GW SW TW Sign GW SW TW Sign a

Parameter
pH 7.63 ± 0.10a 7.76 ± 0.09a ns 8.19 ± 0.08a 7.59 ± 0.07b 7.38 ± 0.07b *** 7.75 ± 0.05a 7.84 ± 0.08a 7.65 ± 0.10a ns
EC  (dS m−1) 0.69 ± 0.05b 2.18 ± 0.12a * 0.81 ± 0.02b 3.05 ± 0.28a 2.85 ± 0.66a *** 0.87 ± 0.01b 3.07 ± 0.20a 2.98 ± 0.20a ***
TSS  (mg  l−1) 3.26 ± 0.34b 16.21 ± 2.24a * 3.44 ± 0.76b 18.04 ± 5.06a 16.29 ± 6.60a ** 3.70 ± 2.28b 17.63 ± 4.17a 14.88 ± 3.01a **
NH4-N (mg  l−1) 0.04 ± 0.00b 0.39 ± 0.10a * 0.04 ± 0.01b 0.09 ± 0.02a 0.07 ± 0.01ab ** 0.05 ± 0.01b 2.00 ± 0.52a 2.13 ± 0.47a **
NO3-N (mg  l−1) 29.06 ± 1.67a 1.20 ± 0.23b * 23.18 ± 0.89a 0.83 ± 0.21b 2.09 ± 0.87b *** 22.95 ± 1.00a 0.66 ± 0.15b 2.05 ± 1.53b ***
NO2-N (mg  l−1) 0.02 ± 0.01b 0.07 ± 0.02a * 0.02 ± 0.01b 0.05 ± 0.01a 0.05 ± 0.01a ** 0.02 ± 0.01b 0.10 ± 0.03a 0.11 ± 0.03a **
PO4-P (mg  l−1) 0.10 ± 0.01b 0.29 ± 0.02a * 0.17 ± 0.02b 0.41 ± 0.06a 0.49 ± 0.06a ** 0.13 ± 0.01b 0.38 ± 0.04a 0.34 ± 0.06a **
BOD5 (mg  O2 l−1) 9.33 ± 1.03b 21.58 ± 1.62a * 6.30 ± 0.60b 23.92 ± 3.02a 22.75 ± 0.33a *** 10.70 ± 1.25b 23.70 ± 2.00a 22.15 ± 1.82a ***
COD  (mg  O2 l−1) 18.44 ± 1.62b 39.73 ± 2.78a * 12.98 ± 5.51b 43.13 ± 7.10a 41.62 ± 10.47a ** 18.68 ± 1.03b 36.97 ± 3.00a 37.97 ± 2.32a ***
Na+ (mg  l−1) 33.53 ± 0.54b 219.85 ± 6.05a * 37.10 ± 0.70b 239.01 ± 4.00a 230.43 ± 1.47a *** 33.47 ± 0.51b 305.74 ± 6.87a 316.56 ± 11.16a ***
Ca2+ (mg  l−1) 52.82 ± 3.23b 85.27 ± 1.24a * 64.64 ± 4.47b 83.99 ± 1.24a 86.45 ± 0.24a *** 74.28 ± 1.41 b 80.50 ± 2.20a 82.66 a ± 2.95a ***
Mg2+ (mg  l−1) 8.90 ± 0.20b 10.25 ± 0.12a * 9.16 ± 0.12b 10.69 ± 0.30a 11.31 ± 0.16a *** 9.33± 0.19b 10.26 ± 0.27a 10.40 ± 0.38a ***
K+ (mg  l−1) 9.35 ± 0.16b 41.17 ± 1.96a * 9.90 ± 0.12b 46.15 ± 3.88a 37.50 ± 0.11a *** 13.37 ± 3.92b 48.02 ± 5.63a 53.65 ± 3.70a ***
CO3

2− (mg  l−1) 171.50 ± 5.32a 193.67 ± 11.89a ns 153.06 ± 6.99a 138.67 ± 9.23a 142.50 ± 6.02a ns 154.33 ± 1.02a 147.61 ± 2.29a 144.49 ± 2.23a ns
HCO3

− (mg  l−1) 257.89 ± 2.85a 254.23 ± 21.57a ns 219.20 ± 10.46a 220.38 ± 16.22a 232.88 ± 16.91a ns 246.36 ± 7.58a 241.89 ± 30.62a 242.98 ± 29.16a ns
SO4

− (mg  l−1) 30.17 ± 1.30a 31.84 ± 0.85a ns 33.12 ± 0.97a 32.50 ± 1.83a 36.24 ± 1.16a ns 29.39 ± 0.55a 30.98 ± 0.59a 31.09 ± 1.13a ns
SAR  1.13 ± 0.03b 5.99 ± 0.18a * 1.15 ± 0.03b 6.52 ± 0.16a 6.27 ± 0.07a *** 0.94 ± 0.02b 8.54 ± 0.25a 8.98 ± 0.33a ***
Hardness (mg  l−1 CaCO3) 168.57 ± 7.79b 255.20 ± 3.54a * 199.14 ± 11.43b 253.81 ± 4.2a 252.51 ± 3.21a *** 138.65 ± 4.17b 243.31 ± 6.46a 235.63 ± 8.20a ***

Sign a, Significance.
Data are means ± standard errors for each analyzed parameter, determined on 15 samples for each irrigation water type (1 sample per irrigation water type x 3 replicates x 5 sampling dates) during the Tomato 2012 and the
Broccoli  2012–2013 growing seasons; on 18 samples for each irrigation water type (1 sample per irrigation water type x 3 replicates x 6 sampling dates) during the Tomato 2013 growing season.
*,  Statistically significant at P ≤ 0.05; **, Statistically significant at P ≤ 0.01; ***, Statistically significant at P ≤ 0.001; ns, not significant.
Means followed by same letters in each column are not significantly different (P ≤ 0.05; t-test and Tukey test). For abbreviations, see main text.

Table  5
Average values of the soil chemical parameters measured over the three growing seasons (Tomato 2012, Broccoli 2012–2013, and Tomato 2013), on plots irrigated with groundwater (GW), secondary treated wastewater (SW)
and  tertiary treated wastewater (TW).

Growing season Tomato 2012 Broccoli 2012–2013 Tomato 2013

Irrigation treatment GW SW Signa GW SW TW Signa GW SW TW Signa

Parameters
pH 8.30 ± 0.11a 8.06 ± 0.11 ns 8.44 ± 0.07ab 8.48 ± 0.07a 8.29 ± 0.03b * 8.48 ± 0.10a 8.54 ± 0.11a 8.50 ± 0.11a ns
EC  (dS m−1) 0.45 ± 0.11b 1.05 ± 0.11a *** 0.27 ± 0.02a 0.28 ± 0.02a 0.27 ± 0.02a ns 0.55 ± 0.06a 0.71 ± 0.10a 0.70 ± 0.10a ns
Total  N (%) 0.17 ± 0.01a 0.17 ± 0.01a ns 0.17 ± 0.01a 0.17 ± 0.01a 0.16 ± 0.01a ns 0.16 ± 0.01a 0.15 ± 0.01a 0.15 ± 0.01a ns
NO3-N (mg/kg) 10.03 ± 0.86a 12.83 ± 0.90a ns 7.79 ± 0.98a 8.48 ± 0.97a 7.63 ± 0.39a ns 11.74 ± 0.71a 12.49 ± 1.05a 12.93 ± 1.17a ns
NH4-N (mg  kg−1) 14,71 ± 2.23b 21.23 ± 3.12a * 10.25 ± 0.71a 10.75 ± 1.00a 10.94 ± 0.66a ns 10.29 ± 0.71a 10.92 ± 1.42a 12.55 ± 1.93a ns
P2O5 (mg  kg−1) 147.52 ± 17.01a 181.44 ± 19.59a ns 117.60 ± 15.15a 105.76 ± 8.22a 94.44 ± 3.72a ns 126.05 ± 7.65a 139.20 ± 18.67a 170.78 ± 21.12a ns
OM  (%) 1.97 ± 0.07a 1.99 ± 0.08a ns 1.76 ± 0.10a 1.66 ± 0.08a 1.79 ± 0.05a ns 1.87 ± 0.12a 1.92 ± 0.09a 2.05 ± 0.08a ns
Na+(mg  kg−1) 705.17 ± 70.38b 1039.33 ± 80.03a *** 885.14 ± 38.32a 978.75 ± 97.60a 955.00 ± 84.20a ns 1563.67 ± 97.40a 1982.50 ± 211.28a 1522.83 ± 11.46a ns
Ca2+ (mg  kg−1) 4151.67 ± 49.520a 4196.67 ± 61.39a ns 4613.33 ± 116.05b 5557.78 ± 186.73a 5287.78 ± 159.72a *** 4898.03 ± 21.17a 4774.09 ± 178.81a 4700.00 ± 77.18a ns
Mg2+ (mg  kg−1) 290.00 ± 28.36a 306.37 ± 30.05a ns 293.33 ± 15.12b 365.11 ± 15.37a 336.22 ± 13.18a *** 294.00 ± 10.39a 393.00 ± 56.32a 363.00 ± 38.31a ns
K+ (mg  kg−1) 762.33 ± 30.12a 789.83 ± 46.27a ns 698.19 ± 21.37a 719.17 ± 24.78a 700.00 ± 20.42a ns 486.00 ± 41.38a 577.00 ± 24.88a 536.00 ± 40.19a ns
SAR  4.03 ± 0.28b 5.93 ± 0.28a *** 4.83 ± 0.22a 4.85 ± 0.49a 4.87 ± 0.43a ns 5.63 ± 0.51a 6.26.43 ± 0.34a 6.09 ± 0.20a ns

Sign a, Significance.
Data are means ± standard errors for each analyzed parameter, determined on 18 samples for each experimental plot (1 sample per experimental plot × 3 replicates × 6 sampling dates) during the Tomato 2012 and Tomato 2013
growing  seasons; on 15 samples for each experimental plot (1 sample per experimental plot × 3 replicates × 5 sampling dates) during the Broccoli 2012–2013 growing season.
*,  Statistically significant at P ≤ 0.05; **, Statistically significant at P ≤ 0.01; ***, Statistically significant at P ≤ 0.001; ns, not significant.
Means followed by same letters in each column are not significantly different (P ≤ 0.05; t-test and Tukey test). For abbreviations, see main text.



ater M

i
s
c
c
n
g
r
t
i
b
i
(
t

G
a
a
t
n
s
c
a
b
o
t
o
f
S
T
p
o
e
e

3

G
2
T

o
g
n
t
o
S
t
N
p
c
i
G
i
a
t
p
G
t
(
s
m
N
b
s
o

A. Libutti et al. / Agricultural W

ng the three crop cycles, respectively) than the other two  water
ources. The high concentration of NO3-N in GW is due to the nitrate
ontamination of the aquifer, since in the study area intensive agri-
ultural activity has led to extensive, and frequently excessive,
itrogen fertilizer applications to the crops. The resulting nitro-
en surplus in the soil is then particularly exposed to the leaching
isk, thus increasing the problem of groundwater nitrate pollu-
ion (Libutti and Monteleone, 2017). This elevated NO3-N content
n GW represents an important source of nutrient for the plants,
ut unfortunately it is not always taken into account by farmers

n the crop fertilization planning. As regards the other parameters
SO4

2−, CO3
2− and HCO3

−), they had always similar levels in the
hree irrigation water sources.

The values for the main physico-chemical water properties for
W,  SW and TW met  the Italian standards for treated wastew-
ter reuse (Legislative Decree no. 152/2006), except for the TSS
nd BOD5 for SW and TW,  slightly exceeding the limit set by
he legislation (10 mg  l−1 and 20 mg  O2 l−1, respectively). While a
on-compliance for the parameter TSS is common for a secondary
ettled effluent, in the case of TW,  this was due to two factors spe-
ific of this case study, i.e. the leakage of ultrafiltration membranes
nd the bacterial re-growth in the storage tank. Nevertheless, for
oth SW and TW the concentration of TSS was far below the limit
f 50 mg  l−1 established to avoid clogging problems in drip irriga-
ion systems (Ayers and Westcot, 1985). Concerning the BOD5, the
bserved values of this parameter may  not be considered a limiting
actor for treated wastewater reuse, since they indicate that both
W and TW were a source of organic matter for the irrigated soil.
his aspect has been also highlighted by others studies, which pro-
osed to skip the biological processes in the reclamation process in
rder to save the agronomic potential of organic matter and nutri-
nts contained in the urban wastewater (Lopez et al., 2006; Lonigro
t al., 2007; Palese et al., 2009).

.4. Chemical properties of soil

The main chemical properties of the 0–30 cm soil layer in
W,  SW and TW irrigated plots, over the Tomato 2012, Broccoli
012–2013, and Tomato 2013 growing seasons are reported in
able 5.

Significant differences between GW and SW irrigated plots were
bserved in some soil chemical properties, during the Tomato 2012
rowing season. The use of SW for crop irrigation resulted in a sig-
ificant increase of NH4-N, Na+ and, consequently, of EC and SAR of
he soil. These results are consistent with the chemical properties
f the irrigation water. Indeed, the higher NH4-N concentration in
W than in GW (Table 4) resulted in a higher NH4-N concentra-
ion in the corresponding irrigated plots. Even though part of the
H4-N supplied through irrigation water was readily available for
lants growth, most of it was adsorbed to the negative charged
lay particle surface of SW irrigated soil (Duan et al., 2010). Sim-
larly, the higher concentration of Na+ in SW,  if compared with
W,  resulted in a higher Na+ concentration in the corresponding

rrigated plots. This result is in line with previous studies (Najafi
nd Nasr, 2009; Mojiri, 2011). Because of the higher Na+ concen-
ration in SW than in GW,  also the EC of the soil in SW irrigated
lots was much higher (twice as big) than the values observed in
W irrigated plots and in SW irrigated plots before the experimen-

al period started (0.45 and 0.50 dS m−1, respectively). Rusan et al.
2007) reported similar results. Khai et al. (2008) and Mojiri (2011)
tated that the increase of EC in soil irrigated with wastewater was
ainly due to the original higher concentration of cations such as

a and K. Nevertheless, EC values observed in SW soil remained
elow the indicative threshold value (4.00 dS m−1) beyond which a
oil is defined as saline (Qadir et al., 2000). Also as regards the SAR
f the soil, the significant difference between SW and GW plots was
anagement 196 (2018) 1–14 9

probably due to Na+ accumulation in the root zone. When SAR is
in the range of 12–15, damages to the physical characteristics of
the soil may  occur (Munshower, 1994). However, the calculated
SAR value was  clearly below the limit of 15, above which a soil can
be considered sodic (US Salinity Laboratory Staff, 1954). Although
NO3-N concentration was higher in GW than in SW,  no significant
differences between GW and SW plots were observed in terms of
NO3-N content in the 0–30 cm soil. This suggest that the NO3-N
contained in GW was in part utilized by the crop and the possi-
ble NO3-N in excess of plants requirements (so not adsorbed by
tomato plants) was likely moved below the0–30 cmsoil layer, due
to its high mobility in the soil (Yuan et al., 2000; Shamrukh et al.,
2001).

Over the Broccoli growing season 2012–2013, significantly
higher pH value was  measured in SW than TW irrigated plots
(Table 5). In comparison with TW soil, the pH of SW soil raised
of 0.2 units to an average value of 8.48. This was  likely due to the
higher accumulation, although not significantly so, of basic cations,
particularly Ca2+ and Mg2+, from irrigation water in SW than TW
irrigated plots (Table 4). Increase of soil pH by approximately 0.8
units under irrigation with treated wastewater has been reported
by Tarchouna et al. (2000). Previously, also Mancino and Pepper
(1992) found that irrigation with treated wastewater raised the soil
pH by 0.1–0.2 units when compared with irrigation with drinking
water. These authors attributed such a pH rise to the high content of
basic cations of the wastewater, which raised the alkaline reserve
of the soil.

Particularly, the average values for Ca2+ and Mg2+ in the soil
were significantly higher in SW and TW than in GW irrigated plots.
This result was consistent with the higher Ca2+ and Mg2+ concen-
tration of SW and TW than GW (Table 4) and likely indicated that
the treated wastewater input for these chemical species was higher
than the broccoli plants uptake.

As observed during the previous tomato cycle, also over the
broccoli growing season no differences were found in NO3-N con-
centration of SW and TW irrigated soils with respect to GW soil.
NO3-N amount in the 0–30 cm soil layer was similar among the
three irrigation water sources and lower than the previous crop
cycle. This result can be explained considering that during the broc-
coli cycle the high rainfall, associated with the limited rate of NO3-N
uptake by the plants, contributed to the removal of the NO3-N,
supplied by irrigation water and not utilized by the crop, from the
upper to the deeper soil layers by drainage water. A study of Arregui
and Quemada (2006) showed that in Mediterranean climate nitro-
gen leaching easily occurs in the autumn-winter season, when crop
nitrogen demand is low, precipitation exceeds crop evapotranspi-
ration and considerable drainage took place along the soil profile.
Differently from the previous tomato cycle, there were no signif-
icant effects on soil salinity due to use of treated wastewater for
broccoli irrigation. Particularly, the EC values measured on SW and
TW irrigated soils were very low (0.28 and 0.27 dS m−1, respec-
tively), despite the fact that EC values and Na+ concentrations in
SW and TW were significantly higher than in GW.  For the three
types of irrigation water, EC in the soil remarkably decreased, not
only with respect to the previous crop cycle, but also with respect
to the value of EC measured before the start of the experimental
period (0.49 dS m−1). As well as for NO3

−, this was due to the high
rainfall occurred during the broccoli cycle (Libutti and Monteleone,
2012; Monteleone and Libutti, 2012).

Over the tomato growing season 2013, there were no significant
effects of the irrigation with treated wastewater (neither SW or TW)
on any of the measured chemical parameters of the soil (Table 5).

The data observed in the 0–30 cm soil showed similar soil fertility
levels for the three irrigation water sources.

Although SW and TW had always higher BOD5 and COD val-
ues than GW,  no significant differences were observed among the
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verage values of OM in GW,  SW and TW irrigated soils over the
hree growing seasons. It is possible that a rapid mineralization of
he organic material supplied through the irrigation with treated
astewater occurred. Gloaguen et al. (2007) observed a decrease of

rganic carbon in the soil after the irrigation with treated wastew-
ter and hypothesized that this was related to an increase of the
oil microbiological activity, due to the labile carbon supplied by
astewater.

Similarly, for the three crops, there were no significant differ-
nces among the average concentrations of total N and P2O5 in GW,
W and TW irrigated soils, as observed in the studies of Midrar et al.
2004) and Heidarpour et al. (2007).

.5. Microbiological properties of water, soil, plant and crops
roduct

The microbiological properties of the three irrigation water
ources (GW, SW and TW)  divided by growing seasons are reported
n Table 6.

GW had a content of E. coli below the current Italian threshold
f 10 CFU 100 ml−1 for wastewater reuse (Legislative Decree No.
52/2006), during the Tomato 2012 growing season and was free of
his fecal indicator during the Broccoli 2012–2013 and Tomato 2013
rowing seasons. Fecal coliforms and Fecal enterococci were always
etected in GW over the three cropping seasons, but at consider-
bly lower concentration than those observed for the two treated
astewaters. With respect to GW and TW,  SW had always a sig-
ificantly higher concentration of E. coli (well above the local limit

or reuse), Fecal coliforms and Fecal enterococci. TW had a very low
esidual fecal contamination during the Broccoli 2012–2013 grow-
ng season, with the total absence of E. coli and average levels of 0.20
og CFU 100 ml−1 and 0.42 log CFU 100 ml−1 for Fecal coliforms and
ecal enterococci, respectively. A higher average concentration of
. coli (2.08 log CFU 100 ml−1), Fecal coliforms, and Fecal Enterococci
2.20 log CFU 100 ml−1 and 1.82 log CFU 100 ml−1, respectively)
ere observed in TW during the Tomato 2013 growing season. This
as due to the membrane failure and, to a minor extent, to the

acterial re-growth occurred in TW storage tank. Because of these
wo factors, the turbidity of the treated wastewater so increased
o a level that hampered the UV disinfection efficiency (Fig. 3).
or the three irrigation water types, Salmonella spp. was  never iso-
ated in any of the analyzed samples, as required by the above cited
egislation.

Regarding the microbiological properties of the soil (Table 6),
. coli was never isolated in any of the GW,  SW and TW soil sam-
les over the three crop cycles, despite the presence of E. coli in
W during the Tomato 2012 growing season, in SW during the
ntire experimental period and in TW during the Tomato 2013
rowing season. This could be due to the die-off of this indicator,
s reported by several other studies (Lang et al., 2007; Van Elsas
t al., 2011). However, it has to be stated that it is not possible to
xclude the presence of E. coli in the analyzed soil samples, since
he sensitivity of the applied method is 100 CFU g−1 (Samarajeewa
t al., 2010) and a loss of cultivability of E. coli may  also have led
o underestimation. Fecal coliforms were isolated in all soil samples
ut at levels not significantly different among the three irrigation
ater treatments. Particularly, in GW irrigated soils a high con-

entration of Fecal coliforms was observed over the three growing
easons, if compared with the low presence of these indicators in
he corresponding irrigation water. Similar result was  obtained in
W irrigated soil during the Broccoli 2012–2013 growing season.

his suggests that the presence of Fecal coliforms in the soil may  be
lso caused by sources of contamination different from the irriga-
ion water, such as roaming animals, birds and runoff (Mawdsley
t al., 1995; Venglovsky et al., 2006).
anagement 196 (2018) 1–14

High level of Total heterotrophic count, were observed in all
soil samples. These resulted not significantly different among the
three irrigation water treatments, during the two  Tomato growing
seasons. On the contrary, during the Broccoli 2012–2013 growing
season, significantly higher level of Total heterotrophic count were
observed in GW than in TW irrigated soil.

Concerning the microbiological analysis of plant and product of
the crops, E. coli was  not isolated in any of the analyzed samples.
Overall, Fecal coliforms were found to be lower on the crop products
than on the plant and, moreover, their values were not influenced
by the water used for irrigation. Also the Total heterotrophic count,
that accounts for the autochthonous microorganism of soil and the
possible input of microorganisms from the irrigation water, was
not influenced by the water type, except for the broccoli plants,
for which the total heterotrophic count resulted higher on SW than
on TW irrigated plants. The low levels of microbial indicators on
plants and crop products can be explained by a substantial lack
of contact between irrigation water, soil, plants and edible parts
of the plant. These results are in agreement with the findings of a
previous study (Cirelli et al., 2012) that reports the contamination
of tomato and eggplant fruits by fecal bacteria only in case of direct
contact with the soil irrigated with treated municipal wastewater.
As already reported for the soil contamination, also the presence
of Fecal coliforms on plant and product irrigated with GW during
the Tomato 2012 growing season was likely due to other sources
of contamination.

3.6. Quantitative and qualitative properties of crops product

Data reported in Table 7 show the quantitative traits of crop
products observed over the three considered growing seasons. Dur-
ing the Tomato 2012 growing seasons, marketable yield (MY) was
higher, although not significantly so, for GW than SW.  As already
reported by Gatta et al. (2015a), this appears to be mainly due to
the higher nonmarketable yield (NMY) for SW,  with respect to GW.

During the Broccoli 2012–2013 growing season, significantly
lower values of MY and significantly higher values of NMY  were
observed for SW and TW than GW treatment (Table 7). There
are very few researches in literature about the use of reclaimed
wastewater for broccoli crop irrigation, and they focus on the
accumulation of macro and micro-nutrients in plant and soil
(Kalavrouziotis et al., 2008a, 2008b, 2009). No literature data
about the productive response of broccoli crop to irrigation with
treated wastewater are available. However, the broccoli yield value
observed in the present experimental trial is roughly in agreement
with the data obtained by Candido et al. (2001) in a field trial carried
out with a conventional irrigation water source in an agricultural
area of Southern Italy, similar to that of the present study, and
aimed to compare different irrigation methods in order to increase
the efficiency of irrigation water.

As during the Tomato 2012, and 2013 growing season, a higher
MY for GW with respect to SW and TW treatments was detected,
although the differences were not statistically significant. The
yields of tomato fruit observed in both the two  growing sea-
sons are roughly in agreement with the results obtained by Aiello
et al. (2007) in an experimental trial carried out in Southern Italy.
They reported a higher MY  from the tomato “Missouri” genotype
irrigated with freshwater than the same genotype irrigated with
treated wastewater. Compared to the yields observed for the “Mis-
souri” genotype in the above mentioned study, the MY  obtained in
the present study for the “Manila” variety were lower. This might be

due to several factors, such as the differences between the genetic
constitution of the two  cultivars, the characteristics of the treated
wastewater, or also the pedo-environmental conditions of the cul-
tivation areas (Gatta et al., 2015a).
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Table  6
Enumeration of the bacterial indicators in water, soil, plant and crop product, divided by growing season (Tomato 2012, Broccoli 2012–2013 and Tomato 2013) and irrigation
treatment (GW, SW and TW).

Growing season TOMATO 2012 BROCCOLI 2012–2013 TOMATO 2013

Irrigation treatment GW SW Signa GW SW TW Signa GW SW TW Signa

Parameter
Water (log CFU 100 ml−1)
E. coli 0.42 ± 0.28b 3.42 ± 0.23a ** 0b 3.48 ± 0.38a 0b *** 0b 1.75 ± 0.69ab 2.08 ± 0.70a *
Fecal  coliforms 0.62 ± 0.39b 4.27 ± 0.11a ** 0.42 ± 0.21b 4.12 ± 0.43a 0.20 ± 0.06b *** 0.65 ± 0.28a 1.64 ± 0.79a 2.20 ± 0.73a ns
Fecal  enterococci 0.48 ± 0.31b 2.90 ± 0.60a ** 0.51 ± 0.35b 3.65 ± 0.62a 0.42 ± 0.20b *** 0.35 ± 0.20a 2.03 ± 0.67a 1.82 ± 0.65a ns
Soil  (log CFU g−1)
E. coli 0a 0a ns 0a 0a 0a ns 0a 0a 0a ns
Fecal  coliforms 3.04 ± 0.06a 3.11 ± 0.07a ns 2.51 ± 0.20a 2.60 ± 0.14a 2.37 ± 0.38a ns 1.18 ± 0.31a 1.49 ± 0.50a 1.42 ± 0.35a ns
Total  heterotrophic count 6.50 ± 0.14a 6.51 ± 0.14a ns 4.98 ± 0.11a 4.73 ± 0.10a 3.32 ± 0.38b *** 5.59 ± 0.15a 5.76 ± 0.18a 5.64 ± 0.12a ns
Plant  (log CFU g−1)
E. coli 0 0 0 0 0 0 0 0a
Fecal  coliforms 2.15 ± 0.08a 2.21 ± 0.10a ns 3.18 ± 0.34a 3.68 ± 0.19a 3.09 ± 0.24a ns 0a 0a 1.67 ± 1.05a ns
Total  heterotrophic count 4.18 ± 0.07a 4.23 ± 0.08a ns 6.46 ± 0.16a 6.52 ± 0.13a 5.20 ± 0.08b * 2.50 ± 0.75a 2.17 ± 0.71a 2.46 ± 0.84a ns
Product (log CFU g−1)
E. coli 0a 0a ns 0a 0a 0a ns 0a 0 0a ns
Fecal  coliforms 2.21 ± 0.13a 2.37 ± 0.12a ns 1.99 ± 0.34a 1.96 ± 0.26a 1.75 ± 0.52a ns 0a 0a 8.57 ± 5.53a ns
Total  heterotrophic count 5.10 ± 0.27a 5.16 ± 0.19a ns 3.65 ± 3.00 3.59 ± 3.34a 3.57 ± 3.36a ns 1.79 ± 0.64a 1.78 ± 0.86a 2.01 ± 0.69a ns

Sign a, Significance.
*, Statistically significant at P ≤ 0.05; **, Statistically significant at P ≤ 0.01; ***, Statistically significant at P ≤ 0.001; ns, not significant.
Data  are means ± standard errors for each analyzed parameter, determined on 15 samples for each irrigation water type (1 sample per irrigation water type × 3 replicates × 5
sampling dates) during the Tomato 2012 and the Broccoli 2012–2013 growing seasons; on 18 samples for each irrigation water type (1 sample per irrigation water type × 3
replicates × 6 sampling dates) during the Tomato 2013 growing season.
Means followed by the same letters in each line are not significantly different (P ≤ 0.05; t-test and Tukey test). For abbreviations, see main text.

Table 7
Quantitative traits of tomato and broccoli products, divided by growing season (Tomato 2012, Broccoli 2012–2013 and Tomato 2013) and irrigation treatment (GW, SW and
TW).

Growing season Irrigation treatment Quantitative trait

Total yield Marketable yield Nonmarketable yield

(Mg  ha−1) Total (Mg ha−1) Per plant (kg plant−1) Total (Mg  ha−1) Per plant (kg plant−1)

TOMATO 2012 GW 87.54 ± 10.37a 82.88 ± 9.47a 3.06 ± 0.29a 4.66 ± 0.89a 0.17 ± 0.05a
SW  85.32 ± 5.01a 79.05 ± 4.76a 2.93 ± 0.15a 6.26 ± 0.61a 0.23 ± 0.03a
Significance ns ns ns ns ns

BROCCOLI 2012–2013 GW 9.90 ± 0.23a 9.35 ± 0.21a 0.35 ± 0.01a 0.55 ± 0.02b 0.021 ± 0.001b
SW  9.16 ± 0.09ab 8.52 ± 0.08b 0.32 ± 0.01b 0.64 ± 0.01a 0.024 ± 0.001a
TW  8.85 ± 0.35b 8.16 ± 0.32b 0.30 ± 0.01b 0.69 ± 0.03a 0.026 ± 0.001a
Significance * *** *** *** ***

TOMATO 2013 GW 86.59 ± 2.75a 81.13 ± 2.21a 3.00 ± 0.08a 5.46 ± 0.55a 0.20 ± 0.02a
SW  83.94 ± 5.49a 78.57 ± 4.73a 2.91 ± 0.18a 5.37 ± 0.76a 0.20 ± 0.03a
TW  83.25 ± 4.53a 78.00 ± 3.98a 2.89 ± 0.15a 5.25 ± 0.61a 0.19 ± 0.02a
Significance ns ns ns ns ns

D er plot
* sticall
M  ≤ 0.0
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ata are means ± standard error, as measured from 162 tomato plants (54 plants p
,  Statistically significant at P ≤ 0.05; **, Statistically significant at P ≤ 0.01; ***, Stati
eans followed by the same letters in each column are not significantly different (P

The qualitative traits of crop products are showed in Table 8.
ignificant differences between the two irrigation water sources
GW and SW)  were observed for the pH of fruits during the Tomato
012 growing season. In particular, a higher pH value in GW than
W treatment was detected. pH is a very important parameter for
he evaluation of tomato fruits quality, since it influences the pro-
essing thermal condition required to control microbial spoilage
nd enzyme inactivation, and obtain safe products (Garcia and
arret, 2006). pH values in this study were within the same range
4.32–4.56) obtained by Madrid et al. (2009). This pH range is typi-
al of tomato fruits (Hong et al., 2000) and shows their slightly acid
ature. The irrigation water had no effect on titrable acidity (TA) of
omato fruits. Data here presented are very close to the mean acid-
ty of processing tomatoes that is generally of about 0.35% (Garcia
nd Barret, 2006). Also soluble solids content of the flesh (SSC) val-

es showed no significant difference between the two irrigation
ater sources; nevertheless, a slightly higher SSC was observed

n GW (5.73◦Brix) than SW (5.53◦Brix). Madrid et al. (2009) and
avati et al. (2009) reported lower SSC values than those observed
 x 3 replicates).
y significant at P ≤ 0.001; ns, not significant.
5; t-test and Tukey test).

in the present study. These differences could be due to several
factors, among which the tomato genotype used (Sgherri et al.,
2007, 2008), the environmental drought (Mahajan and Singh, 2006;
Soraya et al., 2001), and the climatic conditions, such as tempera-
ture, CO2 concentration and light. However, high SSC improves the
efficiency of tomato fruits processing (Johnstone et al., 2005) and
has direct implication for the tomato canning industry (Richardson
and Hobson, 2006), because of the minor quantity of energy neces-
sary to evaporate water from the fruits when producing tomato
paste or concentrated juice (Favati et al., 2009; Richardson and
Hobson, 2006). Higher solid content in fruits is, therefore, a tar-
get characteristic, as this would reduce the cost for processing and
serves as the basis for fixing the price to be paid to the producer
(Turhan and Seniz, 2009). As well as for SSC, also high dry matter
content (DM) is a desirable characteristic for the canning tomatoes

industry since it improves the quality of the processed product (De
Pascale et al., 2001). Results here presented showed DM values not
different between GW and SW (7.44 vs 7.52%) and acceptable for
industrial processing. Moreover, they are in agreement with the
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findings of Turhan and Seniz (2009), which observed DM values
ranging from 4 to 7%, in a wide field experiment carried out in the
Mediterranean basin aiming to compare the quality characteristics
of 33 tomato genotypes. Regarding fruits size, no relevant effects
of the irrigation water source were observed on mean diameter (D)
and color index (CI). The latter, which is commonly used as a qual-
ity redness index (brightness of red colour) of tomatoes was found
in the range from 0.97 to 1.14. These data were also in agreement
with the a*/b* range from 0.95 to 1.21 observed by Batu (2004)
on tomato fruits at the red stage of maturity from a greenhouse
experiment.

As regards the anions and cations content of fruits, during the
Tomato 2012 growing season, Na+ and NO3

− concentrations were
significantly influenced by the irrigation with treated wastewa-
ter. Na+ was higher in SW than GW (11.05 vs 9.15 mg  100 g−1 of
fresh matter), likely due to the significantly higher Na+ content
in SW,  in comparison with GW (Table 4). On the contrary, NO3

−

content was  significantly higher in GW than SW treatment (1.32
vs 0.92 mg  100 g−1 of fresh matter), in agreement with the higher
NO3-N concentration of GW (Table 4). However, NO3

− content of
tomato fruits were well below the nitrate levels in vegetables as
defined by the European guidelines (European Union Regulation
N◦ 1258, 2011), currently adopted in Italy. Except for Ca2+ and Na+

contents, the observed results are in agreement with other studies
(Guil-Guerrero and Rebolloso-Fuentes, 2009).

According to the data of Table 8, over the Broccoli 2012–2013
growing season, most of the qualitative traits of crop yield were
not significantly different among the three irrigation water sources.
Although not statistically different, DM and D were respectively
higher in SW and TW than GW.  On the contrary, for broccoli heads
significant differences in Na+ and NO3

− content were observed.
Na+ was  significantly higher when plants were irrigated with SW
and TW than with GW;  NO3

− was higher in plants irrigated with
GW than in those irrigated with SW and TW.  These results clearly
reflect the different values of Na+ and NO3

− among the three irri-
gation water sources (Table 4). Also in this case, the NO3

− content
in broccoli heads was  below the above mentioned limits for nitrate
concentration in vegetables.

During the Tomato 2012–2013 growing season, the qualitative
traits measured in tomato fruits confirmed the results obtained in
the first tomato crop cycle. For DM,  D, CI, SSC, TA, and pH, there were
no significant differences among GW,  SW and TW water sources.
All the obtained values were within the typical range for tomato
fruits and also in agreement with the results of other studies, as
already reported with respect to the Tomato growing season 2012.
As regards the Na+ and Ca2+ content of the fruits, higher values were
found in Tomato growing season 2013 than in Tomato growing sea-
son 2012. Moreover, during the second cycle, the irrigation water
significantly affected the Ca2+ content of the fruits, which resulted
higher for crops irrigated with GW,  if compared with those irrigated
with SW and TW.  Except for Ca2+ and K+ contents, these results are
in agreement with the mineral content of tomato fruits reported by
other authors (Guil-Guerrero and Rebolloso-Fuentes, 2009).

4. Conclusions

This paper presents a 1.5-year field study of reuse of treated
agro-industrial wastewater. Secondary treated wastewater (after
activated sludge process and sedimentation) and tertiary treated
wastewater (after ultrafiltration and UV radiation) were used to
irrigate two vegetable species in succession (processing tomato and

broccoli) in a closed system where an agri-food company cultivated
and processed vegetables and had wastewater as by-product.

The findings of the present study indicate that agro-industrial
effluents have the potential to be recycled for irrigation after a ter-
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iary treatment composed of ultrafiltration and “on demand” UV
isinfection processes. The yield of tomato and broccoli crops as
ell as the most important qualitative parameters of tomato fruits

i.e dry matter content, soluble solid content, titratable acidity, pH)
nd broccoli heads (i.e dry matter content, diameter) were not
nfluenced by the irrigation with treated wastewater.

The microbiological characteristics of the two  treated wastew-
ters were considerably different from the conventional water
ource (groundwater) and also between each other. Nevertheless,
he microbiological quality of the tomato fruits and broccoli heads
as not affected by the type of irrigation water used. The die-

ff of fecal indicators in the soil and the drip irrigation method,
y reducing the direct contact between the water and the plant,

imited the possible contamination of the crops products. More-
ver, this type of irrigation system reduces the amount of irrigation
ater that needs to be supplied, so avoiding deep water percolation

nd surface water run-off processes, so it can be recommended for
astewater reuse in irrigation.

The knowledge on the reuse of treated agro-industrial wastew-
ter in irrigation is still scarce and more studies are needed to
valuate the quality of the treated effluent under different con-
itions, in terms of both industrial processes and wastewater
reatments, and the long-term effects on soil and plants. How-
ver, the findings presented in this paper suggest that this practice
s an effective option to have a useful aternative to conventional

ater resources in areas where intensive agriculture is present and
he sustainability of agricultural sector strongly depends on water
vailability. Indeed, in the specific case reported, the agro-industrial
astewater reclamation, the recovery and the reuse of the resulting

reated water, allowed to profit of about 10,000 m3 ha−1 of water
or irrigation of a succession of tomato and broccoli crops, in a time
eriod of 1.5 years, so decreasing the stress on the conventional
ater resources. In particular, within the context of the experimen-

al trial here reported, this practice could save about 6000 m3 ha−1

f groundwater every year.
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