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H I G H L I G H T S

• Horizontal sub-surface flow(H-SSF) constructed wetlands (CW) significantly removed urban wastewater

taminants.
• Lagooning, in series with H-SSF CW, provides a high removal of themain microbial groups.

• The combination of H-SSF CW with UV treatment produced the highest effective results.

G R A P H I C A L A B S T R A C T

a b s t r a c t

The removal efficiency of an urban wastewater treatment plant (WWTP) to obtain an effluent suitable for agri-
culture reusewas evaluated in a one-year period, taking into account the Italianwastewater limits and the recent
European proposal for the minimum requirements water quality for agricultural irrigation. The secondary efflu-
ent of WWTP was treated by three full-scale horizontal sub-surface flow (H-SSF) constructed wetlands (CWs),
working in parallel, plantedwith differentmacrophytes species, and combinedwith a UV device and a lagooning
system running in series.
The H-SSF CW system effectively reduced physico-chemical pollutants and its efficiency was steady over the in-
vestigation period, while, Escherichia coli densities always exceed the Italian limits required forwastewater reuse
in agriculture. The UV system significantly reduced the microbiological indicators, eliminating E. coli, in compli-
ance with the Italian regulation, and somatic coliphages, although a variable efficacy against total coliforms and
enterococci, especially in winter season, was achieved. Although the lagooning unit provides a high removal of
themainmicrobial groups, it did not reduce physico-chemical parameters. Even if the overall performance target,
for the whole treatment chain, met the recent log10 reduction (≥5.0), required by the European Commission, the
persistence of enterococci, especially in winter season, poses a matter of concern for public health, for the poten-
tial risk to serve as a genetic reservoir of transferable antibiotic-resistance.

Keywords:
Fecal indicators
Enterococci
Wastewater reuse, lagooning, UV system

1. Introduction

Reclaimed water provides a valid opportunity to supplement water
resources, alleviate environmental loads and address the imbalance

betweenwater demand andwater supply (Lyu et al., 2016). Agricultural
reuse is one of the most worldwide significant use of reclaimed water
(EPA, 2012) and Constructed Wetlands (CWs) are widely applied as a
low-cost alternatives or supplementary systems for wastewater treat-
ment, especially in small andmedium communities where lowmainte-
nance and easy operation are required (Marzo et al., 2018; Toscano
et al., 2013; Vymazal and Kröpfelová, 2009). Irrigation with treated
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wastewater is already implemented in different countries, especially in
arid zones and urban areas, such as France, Italy, Spain, Cyprus, Malta,
Israel, Jordan, and USA (Pedrero et al., 2010; EPA, 2012; Kalavrouziotis
et al., 2015). However, the human and environmental health implications
of treated wastewater reuse for agricultural scope poses still some con-
cerns (Phung et al., 2011). In particular, the microbiological parameters
represent the biggest threat to municipal wastewater agricultural reuse
due to the frequent presence of pathogens in effluents of conventional
wastewater treatment plants (WWTPs) (Ghermandi et al., 2007;
Calheiros et al., 2017). For each application of treated wastewater reuse,
safety criteria must be observed and the potential risks associated with
the processes must be defined, according to World Health Organisation
guidelines (WHO, 2006). Standard criteria are based on the establishment
of threshold values for specific physico-chemical and microbiological pa-
rameters. These values must be fulfilled before using treated wastewater
for irrigation purpose. In Italy, the use of reclaimed wastewater is regu-
lated by the Ministerial Degree N. 185, 12/06/2003 (Ministry for
Environment, 2003) which establishes standard values for fifty-four pa-
rameters, many of which are the same required for drinking water
(Cirelli et al., 2008). At European level new guidelines for minimum re-
quirements water quality for agricultural irrigation have been recently
announced (European Commission, 2018). It sets minimum require-
ments for treated wastewater from urban WWTPs, referring to four pa-
rameters (Escherichia coli, BOD5, TSS and Turbidity), and establishing
different water quality for different crop categories and irrigation
methods to guarantee the safety use of reclaimedwater. Conventional in-
dicator organisms, such as Escherichia coli, total and fecal coliforms, are
mostly used worldwide (Lyu et al., 2016). However, their presence is
not always correlated with the presence of certain pathogens (Saxena
et al., 2015) and their reliability has been questioned. In addition, to pro-
vide insights into the comprehension on efficiency of natural wastewater
(WW) treatment systems, alternative indicators, including enterococci,
have been suggested by many researchers (Karpiscak et al., 2001; Stott
et al., 2003). Currently, European Commission (2018) proposes to assess
the performance target of the treatment chain (in log10 reduction) for
some selected indicator microorganisms: F+ specific coliphages, somatic
coliphages or coliphages as indicator for pathogenic viruses; Clostridium
perfringens spores or spore-forming sulfate-reducing bacteria for proto-
zoa, and confirms E. coli as indicator for pathogenic bacteria. In order to re-
duce the microbiological risks associated with the use of treated
wastewater in food crop irrigation, additional treatments to WWTP
have to be considered (Toscano et al., 2013; Licciardello et al., 2018).
Among complementary treatment technologies recently proposed, UV
disinfection have attracted an increasing interest (Gomes et al., 2007) to
be a fast, safe, and cost-effective process against a wide range of patho-
gens (Guo et al., 2011; Toscano et al., 2013). In addition, artificial lagoons
appear an effective complementary solution (Campos et al., 2002; Oragui
et al., 2011) and, thanks to the highmicrobial inactivation rates, represent
an affordable and easy way to produce reclaimedwater in small commu-
nities,mostlywhere the norm limits are less restrictive (Mara et al., 1992;
Peña et al., 2000).

The aims of the present study were to evaluate the horizontal sub-
surface flow CWs efficiency in terms of water quality improvement,
and to evaluate the efficiency of lagooning and UV disinfection systems,
as tertiary treatment processes, in the removal of E. coli, total coliform,
Enterococcus spp., somatic coliphages and C. perfringens spores. More-
over, in order to evaluate the seasonal efficiency of the whole system,
both physico-chemical and microbiological indicators were monitored
for one year period.

2. Materials and methods

2.1. Experimental plant

The present study was carried out in three horizontal sub-surface
flow CWs, namely CW1, CW2 and CW3, which receive the secondary

effluents of the urban WWTP from San Michele di Ganzaria (37°17′0″
N and 14°26′0″ E). San Michele di Ganzaria is a small community
(about 3200 inhabitants, in 2016, as reported by the Italian National In-
stitute of Statistics: www.istat.it) of Eastern Sicily, located in Csa Hot-
summer Mediterranean climate, according to Köppen classification
(also known as a Mediterranean climate), with a mean annual temper-
ature of 18 °C and mean annual rainfall of 500 mm. Basically two sea-
sons can be distinguished: from April to September (summer, dry and
hot, with mean temperatures of 20 °C and mean rainfall of 20 mm/
month), and from October to March (winter, wet and cool, with mean
temperatures of 11 °C and mean rainfall of 91 mm/month).

CW1, CW2 and CW3 are part of the largest natural WWTP of South
Italy that includes four CWs operating in parallel, followed by three
wastewater storage reservoirs, realized for tertiary treatment of munic-
ipal wastewater aimed at agricultural reuse (Aiello et al., 2016;
Castorina et al., 2016). CW1 has been operating for twelve years (since
2006). It has a surface area of about 2000 m2, is filled with 10–15 mm
volcanic gravel, treats a wastewater flow of about 2 L/s and is planted
with Phragmites australis (about 350 stems per m2). CW2 has been op-
erating since summer 2012 and presents the same design characteris-
tics as CW1 (area, porous medium, flow rate, vegetation type and
density). CW3, also in operation since summer 2012, is the smallest
CW (surface area of about 1200 m2) and is planted with Typha latifolia,
at a density of four rhizomes per m2. Its stem density is about 170 per
m2. The main design and operation characteristics of wetland beds are
reported in Table 1.

An UV unit and a lagooning system, running in parallel, were de-
signed and connected in series to the CW2 bed to treat part of CW efflu-
ent. The type of UV device was selected considered: the flow rate
(1–1.5 L/s) to be treat, the wastewater transmittance (60–70%), and
the required E. coli log reduction (5 Ulog) to achieve the Italian stan-
dards for wastewater reuse. UV radiation was applied using LBX 10
(WEDECO), a tubular model with low pressure lamps (80 W, λ =
254 nm) and a reactor volume of 13 l. An automatic wiping system
kept the sleeves clean, minimizing manual cleaning effort. For a maxi-
mum flow rate of 6 m3/h the installation provides a minimum dose of
700 J/m2 to thewater with 70% transmittance. However, UV dose varied
according to the flow rate (hence, the detention time in the reactor) and
the average light intensity (hence, the transmittance of thewastewater)
(Amin et al., 2010). The UV unit tested was equipped with a sensor
which continuously monitors the UV intensity and with a LC display
where was possible to read the UV intensity. If the minimum UV inten-
sity (set to 48 W/m2) is reached, a visual alarm appears on the display.
During the research activity, no alarm message was registered. This
means that theminimum dose of 700 J/m2 declared by the UV producer
was alwaysmaintained. Theflow rate to theUVunitwasnot continuous
and set at 1–1,5 L/s.

The lagooning, a maturation pond, waterproofed by a plastic liner,
was designed for pathogen removal. Its storage volume is about 60 m3

and the maximum depth is 1.0 m. The mean influent flow rate treated
by thematuration pondwas about 3m3/day and the hydraulic retention
time (HRT) was about 20 days.

2.2. Sampling points

Influent and treated wastewater samples were collected every 2 or
3 weeks for over one year at: (1) CW influent (i.e., following WWTP);
(2) CW1 effluent; (3) CW2 effluent; (4) CW3 effluent; (5) after the
lagooning; and (6) after the UV treatment (Fig. 1). All samples were col-
lected in sterile bottles and transported, in refrigerated conditions, to
the laboratories of the Department of Agricultural, Food and Environ-
ment, University of Catania, for further analyses. The quality of the efflu-
ents was compared to the Italian legal limits (Ministerial Decree No.
185/2003) and with European proposal regulation (European Commis-
sion, 2018) for wastewater reuse in irrigation (Table 2).



2.3. Microbiological analyses

Influent, after decanting, and effluent sampleswere subjected tomi-
crobiological analyses by membrane filtration method, according to
Standard Methods for the Examination of Water and Wastewater (APHA,
2006). Briefly, sampleswere opportunely diluted in a sterile saline solu-
tion and 100 mL of each dilution were filtered through a 0.45 μm pore-
size sterilized membrane filters (Microfil V, Merk Millipore, Italy). The
enumeration of conventional fecal indicator bacteria (i.e., Escherichia
coli, total coliforms and enterococci) was performed according to the
ISO procedures (ISO, 9308-1:2001). The results were expressed as
log10 colony forming units (CFU) per unit of volume.

Somatic coliphages were quantified according to the ISO 10705-
2:2000 method, incubating samples with appropriate host strain. The
results were expressed as log10 of Plaque-Forming Units (PFU) per
unit of volume. Spores of C. perfringens were quantified according to
the ISO 7937:2004 procedure. The analyseswere performed in triplicate
and the results expressed as log10 colony forming units (CFU) per unit of
volume.

2.4. Physico-chemical analyses

Influent and treatedwastewater sampleswere analyzed for physico-
chemical parameters including: Total Suspended Solids (TSS), Biochem-
ical Oxygen Demand (BOD5), Chemical Oxygen Demand (COD), Total
Nitrogen (TN), Ammonia (NH4), and Total Phosphorus (TP). Analyses
were performed following standard methods (APHA, AWWA, AEF,
2005). COD of CW effluent were evaluated on samples filtered by GF/C
Whatmann fiberglass.

2.5. Data analyses

The statistical significance between data of water quality before and
after each treatment unit was evaluated by t-paired test (Microsoft Of-
fice Excel 2010). AtUV influent and effluent only themicrobiological pa-
rameters were compared. The t-test was also performed between
seasons at the effluent of each treatment unit. Results were taken to

be significant at the 5% level (P = 0.05). In addition, the XLSTAT statis-
tical software was used to identify clusters at each sampling point and
samplingperiod, in order to visualize correlations betweenmicrobial in-
dicators and physico-chemical parameters.

3. Results

3.1. Microbial removal

The microbial removal in CWs (I stage), lagooning system and UV
treatment (II stage) was evaluated by monitoring E. coli, total coliforms,
Enterococcus spp., somatic coliphages and C. perfringens spores. Results
of microbiological mean values are shown in Fig. 2, whereas the reduc-
tion throughout the whole monitoring period, in summer and in winter
seasons, at the first, and at the second stage, are reported in Table 2. Re-
sults indicated that in CW influent the mean values of E. coli, total coli-
forms and enterococci were 5.0, 5.4 and 4.6 log units in 100 mL,
respectively, and the mean initial concentration of somatic coliphages
and C. perfringens spores were 2.9 PFU/mL and 2.3 CFU/mL, respectively
(Fig. 2). Considering the first stage of the system and the whole moni-
toring period (Table 2), the mean reduction for all microbiological indi-
cators were in the range of 0.9 (±1.2)–1.7 (±0.5) Ulog.

In details, for E. coli, total coliforms and somatic coliphages, a similar
mean reduction (1.2 Ulog, 1.3 Ulog, 1.1 Ulog, respectively) was detected
along the continuum, while for enterococci and C. perfringens spores a
slightly higher average reduction (1.9 Ulog and 1.4 Ulog, respectively)
was recorded (Table 2). The P-values between samples collected at
the inlet and at the outlet of CWs were always lower than 0.05, reveal-
ing a significant reduction of the considered microbiological indicators.
Although the CWs showed a high efficiency in microbial reduction,
E. coli densities, in all CWs effluents (Fig. 2), were always higher than
limit for wastewater reuse in agriculture, fixed by Italian legislation
(80 percentile equal to 10 CFU/100 mL with a maximum admitted
value equal to 100 CFU/100 mL) and higher than EU water quality re-
quired for class A (10 CFU/100 mL), class B (100 CFU/100 mL) or class
C (1000 CFU/100 mL). No statistical differences between the CW units
were observed.

Table 1
Constructed wetland characteristics.

Constructed wetlands Operation time
(year)

Flow rate
(m3/day)

Width
(m)

Length
(m)

HRT
(day)

Area
(m2)

Gravel Macrophytes planted

Type Size
(mm)

Nominal porosity Depth
(m)

CW1 12 240 28.5 70 2,3 2000 Volcanic 8–15 0.47 0.6 Phragmites australis
CW2 6 240 28.5 70 2.3 2000
CW3 6 150 20 60 2.3 1200 Typha latifolia

Fig. 1. Layout of experimental plant.



Focusing on the second stage of the system, consisting of lagooning
or UV treatments, the microbial mean reduction was considerably
higher than those detected in CWs (Table 3). In details, after lagooning
system, the highest mean reduction for the whole year (1.9 Ulog) was
obtained for E. coli, the lowest for C. perfringens spores (0.2 Ulog). Over-
all data obtained after UV treatment indicated the highest mean reduc-
tion, extending to value of 3 Ulog for both E. coli and total coliform
(Table 3).

3.2. Physico-chemical parameters removal efficiency

The mean values of physico-chemical parameters recorded at the
different sampling points for the whole period and for the two seasons
are shown in Fig. 3, whereas the mean removal efficiency is reported in
Table 4. Since the mean EC value measured in the CW influent, about
1171 (μS/cm), was already suitable for crop irrigation, it was not further
considered. As for microbiological parameters, no statistical differences
between the CW units were observed for physico-chemical parameters,
even if CWs were planted with different plant species (Phragmites
australis and Typha latifolia).

In detail, TSS values decreased from a mean value of 50 mg/L to
10 mg/L, throughout all of the three CWs. The mean TSS removal effi-
ciency was high and quite constant during the monitoring period (77
± 10% for CW1, 80 ± 9% for CW2 and 81 ± 11% for CW3, respectively,
Table 4), with standard deviation less of 11. Statistical analyses indicate
significant differences in TSS values between influent and effluent of all
CWs (P b 0.05), while no significant differenceswere revealed consider-
ing the seasons (Fig. 3).

The treated wastewater was characterized by a BOD5/COD ratio N

0.6, indicating the presence of biodegradable compounds. Therefore,
the mean percentage of organic compound removal was similar for
both parameters (about 60%) in all the CW beds (Table 4), with a
BOD5 effluent values ranging from 2 mg/L to 23 mg/L and COD values
ranging from 5 to 30 mg/L. The t-paired test indicated that both BOD5

and COD values were significantly lower in the CW effluent compared
to CW influent, and that no differences in the mean reduction between
the two seasons were detected (Fig. 3).

Mean value of TN decreased from21.6mg/L to 10.2mg/L. Although a
lower TN removal was observed, compared to both organic matter and
TSS (Table 4), a quite similar removal efficiency was observed for the
three beds (48 ± 19% for CW1, and 44 ± 25% for CW2 and CW3). Al-
though, an improvement in both TN and NH4 removal during summer
season was expected, any statistical differences between seasons were
observed (Fig. 3). Despite the TN values in all the CW effluents met
the Italian standard required for irrigation (35 mg/L), the 5% (CW2)
and the 10% (CW1 and CW3) of tested the samples exceeded the
European discharge limit (10 mg/L).

Regarding the TP values, they were low throughout the monitor-
ing period, ranging from 3.8 to 9.7 mg/L, below the Italian law

Table 2
Italian standards and European reclaimed water quality for water reuse in agriculture.

Parameters Italian limits European guideline

Quality requirements Water
quality
class

BOD5 (mg/L) 20 10 Aa,e

25 (according to Council
Directive 91/271/EEC)

Bb, Cc

and Dd

COD (mg/L) 100 –
TSS (mg/L) 10 10 Aa,e

35 (according to Council
Directive 91/271/EEC)

Bb, Cc

and Dd

NH4 (mg/L) 2 –
TN (mg/L) 35 –
TP (mg/L) 10 –
Escherichia coli
(CFU/100 mL)

10 (80% of
samples)

≤10 or below detection limit Aa,e

≤100 Bb

100
(max value)

≤1000 Cc

≤10,000 Dd

a Crop category irrigable with water quality of Class A: All food crops, including root
crops consumed raw and food crops where the edible part is in direct contact with
reclaimed water. All irrigation methods allowed.

b Crop category irrigablewithwater quality of Class B: Food crops consumed rawwhere
the edible part is producedabove ground and is not in direct contactwith reclaimedwater,
processed food crops and non-food crops including crops to feedmilk- ormeat-producing
animals. All irrigation methods allowed.

c Crop category irrigable with water quality of Class C: the same for the class B but only
drip irrigation is admitted.

d Crop category irrigable with water quality of Class D: Industrial, energy, and seeded
crops. All irrigation methods allowed.

e Performance targets for the treatment chain (log10 reduction) only required in class
A: E. coli ≥ 5.0; Total coliphages/F-specific coliphages/somatic coliphages/coliphages ≥ 6.0;
Clostridium perfringens spores/spore-forming sulfate-reducing bacteria ≥ 6.

Fig. 2.Mean concentration (Ulog) of microbiological indicators at different sampling points in the whole year (black), in summer (red) and in winter (blue). E. coli, Total coliforms, and
Enterococcus spp. densities are expressed as log CFU/100mL; Somatic coliphages as PFU/mL and C. perfringens spores as log CFU/mL. t-Testwas performed to comparemean concentration
between: (i) inlet and outlet of each unit for thewhole year; (ii) summer andwinter at the effluent of each treatment unit; (iii) UV and lagooning effluents of thewhole year. Mean values
followed by the same letter enclosed in parenthesis are different (P b 0.05). Standarddeviation inparenthesis. (LAG: lagooning system).



standards for reuse of wastewater in agriculture (fixed as 10 mg/L).
The TP concentration was significantly modified through treatment
in the CW beds, from a mean value of 4.4 mg/L in CW1 and CW2 ef-
fluents, to a mean value of 5.0 mg/L in CW3 effluent (Fig. 3).

Different results were detected in the lagooning unit. Even if the HRT
of thematurationpondwas very high (over the recommendedmaximum
value of 10 days, according to Mara, 2003), the efficiency in reducing the
most physico-chemical parameters was quite low. The means values of
TSS, BOD5 and COD in lagooning system effluent were found significantly
higher than those detected in the influent (CW2effluent). This is also con-
firmed by the TSS, BOD5 and COD values in the pond effluent, detected as
significantly lower during the winter than in the summer season
(Table 4), when algae bloom on the water surface was observed.
Lagooning unit was also unable to further lower TN, NH4, and TP levels,
which indeed showed relative increases during the monitoring period.

3.3. Correlation between physico-chemical and microbiological parameters

In order to visualize correlations between microbial indicators and
physico-chemical parameters, XLSTAT statistical software was used.

Results are shown in Fig. 4. Overall, statistical data revealed a positive cor-
relation amongall consideredmicrobial indicators andbetweenmicrobial
indicators and the TN and NH4 values (Fig. 4). In particular, enterococci,
together with C. perfringens spores, were positively correlated with all
considered physico-chemical parameters, whereas a variable correlation
was observed considering the other physico-chemical parameters. In ad-
dition, a negative correlation was observed between E. coli and TP/TSS/
BOD5/COD,while for both total coliforms and somatic coliphages negative
correlation was observed towards TSS, BOD5 and COD (Fig. 4).

4. Discussion

In this study, the removal efficiency of H-SSF CWs, combined with
lagooning systems or UV treatment, in twelve consecutive months
was evaluated. The performance of the whole system was assessed by
comparing the main parameters of the influent with those of the efflu-
ent, at each treatment unit, considering both the Italian regulation for
wastewater reuse in irrigation (Ministerial Decree No. 185/2003) and
the recent Europeanproposal regulation (EuropeanCommission, 2018).

Table 3
Mean reduction of microbiological indicators (expressed in Ulog) in the whole year, in summer and in winter. Standard deviations in parentheses.

Parameters Period I stage II stage (after CW2)

CW1 CW2 CW3 Lagooning UV

E. coli Whole year 1.1 (0.9) 1.3 (0.9) 1.3 (0.9) 1.9 (0.4) 3.0 (0.7)
Summer 0.9 (0.8) 1.5 (1.0) 0.9 (0.8) 2.0 (0.3) 2.5 (0.9)
Winter 1.3 (0.9) 1.2 (0.7) 1.7 (0.7) 1.9 (0.5) 2.8 (1.1)

Total coliforms Whole year 1.4 (0.7) 1.4 (0.7) 1.1 (0.8) 1.8 (0.6) 3.1 (0.9)
Summer 1.0 (0.7) 1.3 (1.0) 0.9 (0.8) 1.8 (0.6) 2.9 (1.2)
Winter 1.7 (0.5) 1.4 (0.5) 1.3 (0.7) 1.7 (0.6) 3.0 (0.9)

Enterococcus spp. Whole year 2.0 (1.2) 1.8 (1.3) 2.0 (1.3) 1.0 (1.3) 1.8 (1.0)
Summer 1.0 (0.7) 1.2 (1.3) 0.9 (0.6) 0.9 (1.3) 1.9 (1.2)
Winter 2.8 (0.9) 2.3 (1.1) 3.0 (0.9) 1.1 (1.4) 1.7 (0.8)

Somatic coliphages Whole year 1.1 (0.9) 0.9 (1.2) 1.2 (0.9) 1.0 (0.9) 1.2 (0.7)
Summer 1.0 (0.8) 0.7 (1.2) 0.8 (0.9) 1.1 (0.9) 1.2 (0.8)
Winter 1.2 (1.0) 1.1 (1.2) 1.5 (0.9) 1.0 (0.8) 1.1 (0.7)

C. perfrigens spores Whole year 1.7 (0.8) 1.3 (1.0) 1.4 (0.8) 0.2 (0.3) 0.1 (0.4)
Summer 1.7 (0.9) 1.5 (1.0) 1.6 (0.8) 0.1 (0.2) 0.2 (0.2)
Winter 1.6 (0.7) 1.1 (1.0) 1.3 (0.9) 0.3 (0.3) 0.2 (0.5)

Fig. 3.Mean concentration (mg/L) of the physico-chemical parameters at the different sampling points in thewhole year (black), in summer (red) andwinter (blue). t-Testwas performed
to comparemean concentration between: (i) inlet and outlet of each unit for the whole year; (ii) summer and winter at the effluent of each treatment unit. Mean values followed by the
same letter enclosed in parenthesis are different (P b 0.05). Standard deviation in parenthesis. (LAG: lagooning system).



Regarding physico-chemical parameters, themean TSS removal effi-
ciency was high and quite constant during themonitoring period, in ac-
cordance to previous studies (Toscano et al., 2015; Vymazal, 2002). No
difference in TSS removal related to season was observed, as reported
by other authors (Llorens et al., 2009; Ouellet-Plamondon et al., 2006;
Steer et al., 2002). TSS removal in wetlands is mainly due to physical
processes, such as sedimentation and filtration, which are not tempera-
ture dependent process (Kadlec and Wallace, 2009). TSS were always
detected at levels below the threshold value (35 mg/L) propose by the
European for reclaimed water quality in class B, C and D and in 95% of
samples also below the Italian law limit for wastewater reuse in agricul-
ture (10 mg/L), the same required for EU water quality in class A.

The mean percentage of organic components removal was quite the
same for CODand BOD5 parameters sincemunicipalwastewater usually
contained elevated concentration of easily degradable organic com-
pounds (Vymazal and Kröpfelová, 2009). No differences were revealed

in the mean reduction of BOD5 and COD values between the two sea-
sons highlighting that temperature dependence is not significant for
both parameters, as reported by several authors (Akratos and
Tsihrintzis, 2007; Kadlec and Knight, 1996; Kadlec and Reddy, 2001;
Steinmann et al., 2003). In addition, this result could be referred to the
buffer effect of both substrate and plant root systems against climatic
fluctuations (Steer et al., 2002; Walaszek et al., 2018). BOD5 and COD
daily concentrations in the CWs effluents were always below the
European standard for water quality in class B, C and D (25 mg/L for
BOD5) and below the Italian regulation for reuse ofwastewater in irriga-
tion (20 mg/L for BOD5 and 100 mg/L for COD).

The observed lower mean TN removal, compared to those found for
organic matter and TSS, has already been reported in HF CW systems
(Aiello et al., 2016; Akratos et al., 2007) and a TN removal quite similar
for all the beds has been already observed (Katsenovich et al., 2009;
O'Luanaigh et al., 2010; Vymazal, 2009). Although the temperature de-
pendence is well documented for TN and NH4 removal (Akratos and
Tsihrintzis, 2007; García et al., 2010; Garfí et al., 2012) no improvement
in both TN and NH4 removal efficiency was detected. This result could
be explained by the warm climate of Mediterranean area allows year-
around plant growth and a constant microbial activity (Kadlec and
Wallace, 2009; Khisa and Mwakio, 2011). The microbial species in-
volved into TN reduction sowed an optimal activity at temperature
above 15 °C (Saeed and Sun, 2012; Andreo-Martínez et al., 2017). The
mean air temperature during winter was 11 °C. Since the CW substrate
allowsmaintaining thewastewater temperature higher than that of the
air at least by 2–3 °C (Steer et al., 2002), it is possible to asses that the
microbial activity was not affected by temperature in winter. Further-
more, this result could be also related by the highermean rainfall during
winter season, that could have a dilution effect in the CWs.

Mean value of TN at CW effluent met the Italian law requirements
for wastewater irrigation (35 mg/L). No seasonal difference was ob-
served for TP since its removal is mainly due to physical and chemical
mechanisms, such as sorption and precipitation, which are not temper-
ature dependent processes (Spieles and Mitsch, 2000; Ding et al., 2014;
Thongtha et al., 2014).

Regarding the lagooning unit, different results were observed. Even
if the HRT of the maturation pondwas high, the average effluent values

Table 4
Mean removal efficiencies of physico-chemical parameters (expressed as percentage) for
the whole year, summer and winter. Standard deviations in parentheses.

Parameters Period I stage II stage (after CW2)

CW1 CW2 CW3 Lagooning

TSS Whole year 77 (10) 80 (9) 81 (11) −46 (120)
Summer 76 (11) 78 (9) 77 (11) −525 (168)
Winter 78 (9) 82 (9) 83 (10) −42 (102)

BOD5 Whole year 62 (22) 63 (18) 61 (25) −22 (130)
Summer 63 (13) 57 (19) 61 (27) −276 (92)
Winter 61 (28) 68 (16) 60 (25) −18 (91)

COD Whole year 63 (23) 66 (16) 59 (27) −21 (120)
Summer 63 (14) 60 (18) 60 (26) −255 (110)
Winter 62 (30) 71 (14) 59 (30) −19 (132)

TN Whole year 48 (19) 44 (25) 44 (24) −2 (43)
Summer 37 (24) 33 (29) 31 (26) −2 (52)
Winter 53 (18) 54 (16) 56 (16) −1 (47)

NH4 Whole year 42 (25) 40 (27) 39 (30) −9 (74)
Summer 32 (19) 25 (27) 23 (23) −12 (62)
Winter 51 (28) 49 (53) 53 (30) −22 (51)

TP Whole year 25 (20) 24 (19) 20 (18) −17 (21)
Summer 21 (12) 18 (13) 10 (12) −17 (27)
Winter 28 (25) 29 (23) 29 (19) −19 (30)

Fig. 4. Significant correlations between microbial indicators (log CFU/mL) and physico chemical parameters. The colors of the scale bar denote the nature of the correlation, with 1
indicating a perfectly positive correlation (green) and −1 indicating a perfectly negative correlation (red). Only significant correlations (False Discovery Rate b 0.05) are shown.



of TSS, BOD5 and COD were significantly higher than the influent,
highlighting a negative removal efficiency results. Similar results have
been previously observed by other authors (Barbagallo et al., 2011;
Dias et al., 2014; Von Sperling and Andrada, 2006), which attributed
the increase of TSS and organic compounds values to algae growth
and decomposition in the pond, especially during the summer period.
Furthermore, the higher mean rainfall during winter season could also
contribute to reduce the pollutants concertation in the pond effluent.
This is confirmed by the TSS, BOD5 andCODvalues found as significantly
lower in the pond effluent during the winter than in the summer
season.

Lagooning unit was also unable to further lower total TN, NH4, and
TP levels and this can be attributed to the low influent values of TN,
NH4, and TP (close to the background concentrations) and also to the
anaerobic decomposition of algal substances.

The microbiological results showed that the densities of conven-
tional fecal indicators (E. coli, total coliforms and enterococci) in the in-
fluents were consistent across the sampling period, and that theWWTP
was able to achieve amean of 1.5-log unit removal along thewhole sys-
tem, revealing a statistical significant improvement of water quality.
These removal efficiencies were comparable to those previously re-
ported by other authors, in different geographical locations, mainly in
US, Canada, France and Belgium and Spain (Andreo-Martínez et al.,
2017; George and Crop, 2002; Harwood et al., 2005; Saleem et al.,
2000; 2003; Wery et al., 2008; Zhang and Farahbakhsh, 2007). In CWs
the highest mean removal efficiency was observed for C. perfringens
spores and for Enterococcus spp., while the lowest for E. coli and total co-
liforms, in agreement with previous reports (Wu et al., 2016). In con-
trast with many observations, which report a better efficacy in
summer season, in the present work, the CW removal efficiency was
not influenced by season. The lower efficiencies observed in summer
time is in agreement with observations reported by García et al.
(2008) and Tunçsiper et al. (2012) that revealed an higher incidence
of both E. coli and total coliforms in the summer season, related to ani-
mal activity and seasonal variation in plant growth (Thurston et al.,
2001). In the presentwork the lower removal efficiency in summer sea-
son could be related to proliferation of microorganisms in CWs, that, as
already reported, is highly dependent on many factors such as temper-
ature, water composition and solar intensity (Dixon et al., 2000). Com-
bining CW with UV treatment a considerable improvement in
microbiological water quality was obtained, with a complete removal
of E. coli, somatic coliphages, and C. perfringens spores and a drastic re-
duction of other microbial indicators. Opposite trend was registered
for enterococci, which were significantly removed by the CWs, but per-
sist after both the lagooning system and the UV treatment, especially in
winter season. This is probably due to the known genome reparation
mechanisms of enterococci and to their cellular structure (with higher
peptidoglycan content, presence of teichoic acids and polysaccharides)
(Batch et al., 2004; Gao and Williams, 2013; Gravetz and Linden,
2005; Oguma et al., 2001). Effectiveness of UV disinfection against dif-
ferent organisms in wastewater systems are reported as variable, and
reductions in levels of enterococci has been reported ranging from 2
to 5 orders ofmagnitude, depending on the treatment processes applied
prior to UV exposure and on the type and intensity of the UV source
(Hijnen et al., 2006; Koivunen and Heinonen-Tanski, 2005). Overall,
the average concentration of E. coli in theUV effluent satisfied the Italian
reuse standards. Furthermore, the E. coli reduction, from rawwastewa-
ter effluent entering the same urban wastewater treatment plant to UV
effluent, reported as about 7 log CFU/100mL by Cirelli et al. (2007), was
higher than 5 log units, in compliance with the performance targets for
the treatment chain reported by the last proposal law (European Com-
mission, 2018). However, in the present study, total coliforms and en-
terococci, were never completely removed and remain a critical factor
with linkage to human health.

From a microbiological point of view the persistence of enterococci,
above all after lagooning and UV treatment remains a public concern,

beingWWTPs recognized as a hot spot for antibiotic resistance environ-
mental dissemination (Michael et al., 2013; Novo et al., 2013; Oravcova
et al., 2017; Patra et al., 2012). The results presented here suggest that
for combined treatments it will be more appropriate to use at least
two microbial indicators in order to validate the performance of the
whole treatment, as already proposed by others (Byappanahalli et al.,
2012; Lucena et al., 2004).

Although lagooning system produced a low mean reduction of
physico-chemical parameters, a high removal efficiency, especially in
summer season, against somatic coliphages, E. coli, total coliforms, en-
terococci, was observed, whereas no removal effects was observed
against C. perfringens spores, considered as conservative surrogates for
protozoa such as Cryptosporidium parvum and Giardia lamblia (oo)
cysts. These results are in accordance to previous reports, which
highlighted a higher resistance of spores to environmental stress and a
longer persistence (several weeks) in water, depending on the temper-
ature, physico-chemical parameters and sunlight (Ahmed et al., 2013;
Araki et al., 2001; Fayer et al., 1998; Karim et al., 2004). For this reason
the simultaneous use of E. coli and C. perfringens spores as indicators of
recent and remote fecal contamination, respectively, has been proposed
(Byamukama et al., 2005; Mayer et al., 2016). However, the effluents
satisfy the WHO guidelines for unrestricted irrigation (WHO, 2006),
presenting an E. coli mean value lower than 1000 CFU/100 mL, but
fails to meet the strict reuse standard of Italian legislation
(50 CFU/100 mL required for 80% of samples in the case of natural
treatments).

Finally, the positive correlation between microbial indicators and
the TN value is in agreement with previous reports (Wu et al., 2016),
highlighting that these microorganisms might survive longer or repli-
cate faster in presence of available nitrogen. In addition, the positive
correlation between somatic coliphages and TP, could be also related
to the presence of both organic and inorganic matter which represent
the most important factors influencing survival of coliphages (EPA,
2012). The positive correlation between C. perfringens spores densities
and all the considered physico-chemical parameters is in agreement
with results reported by Tunçsiper et al. (2012), and could also be cor-
related to higher nutrient concentration. The negative correlation be-
tween E. coli/total coliforms/somatic coliphages and TSS/BOD5/COD,
suggests that chemical and physical parameters, such as pH, nutrient
concentration, dissolved oxygen, turbidity, and conductivity, must all
be within a certain range to allow bacteria survival (Wickham et al.,
2006).

5. Conclusions

In conclusion, results of the present work highlight that the H-SSF
CW can effectively represent a feasible solution for secondary treatment
of urbanwastewater, producing effluent, which, except formicrobiolog-
ical parameters, complies with Italian standards onwastewater reuse in
agriculture. The lack of significant correlation between pollutants re-
moval efficiency and temperature underlay that the wetland perfor-
mance can be considered reasonably constant during the year-around
in Mediterranean climate. Furthermore, the different plant species
(Phragmites australis and Typha latifolia) seemnot influence the CWper-
formance since no statistical different was detected among the CWs.

Although the lagooning system produced a goodmicrobiological re-
moval efficiency, its performance was inefficient for the main physico-
chemical parameters. The combination of CWs with UV treatment pro-
duced highly effective results, meeting both the strict Italian legislation
and the new European proposal for agricultural reuse of reclaimed
water. Although neither Italian nor European legislation provides a
limit for enterococci, the risk associated with their environmental dis-
persal is difficult to estimate and further improvement removal efficien-
cies are required to obtain a better water quality with minimal
detrimental health and environment impacts.



Acknowledgements

This work has been carried out within: a) the national Project PON
01_02315 – “SIBAR – Sistemi di Irrigazione Biodegradabili per l'impiego
di Acque Reflue urbane per le produzioni agroalimentari” (Programme
PON 2007–2013) funded by “Ministero dell'Istruzione, dell'Università
e della Ricerca” and by “Ministero dello Sviluppo Economico”; b) the
WATER4CROPS EU FP7 Project – Integrating biotreated wastewater re-
use and valorization with enhanced water use efficiency to support
the Green Economy in EU and India, financed by EU (FP7 grant No.
311933). The technical equipment for irrigation and the UV devicewere
supplied by IRRITEC (www.irritec.com).

References

Ahmed,W., Sritharan, T., Palmer, A., Sidhu, J.P.S., Toze, S., 2013. Evaluation of bovine feces-
associatedmicrobial source tracking markers and their correlations with fecal indica-
tors and zoonotic pathogens in a Brisbane, Australia, reservoir. Appl. Environ.
Microbiol. 79, 2682–2691.

Aiello, R., Bagarello, V., Barbagallo, S., Iovino, M., Marzo, A., Toscano, A., 2016. Evaluation of
clogging in full-scale subsurface flow constructed wetlands. Ecol. Eng. 95, 505–513.

Akratos, C.S., Tsihrintzis, V.A., 2007. Effect of temperature, HRT, vegetation and porous
media on removal efficiency of pilot-scale horizontal subsurface flow constructed
wetlands. Ecol. Eng. 29, 173–191.

Amin, M.M., Hashemi, H., Bina, B., Movahhedian Attar, H., Farrokhzadeh, H., Ghasemian,
M., 2010. Pilot-scale studies of combined clarification, filtration, and ultraviolet radi-
ation systems for disinfection of secondary municipal wastewater effluent. Desalina-
tion 260, 70–78.

Andreo-Martínez, P., García-Martínez, N., Quesada-Medina, J., Almela, L., 2017. Domestic
wastewaters reuse reclaimed by an improved horizontal subsurface-flow constructed
wetland: a case study in the southeast of Spain. Bioresour. Technol. 233, 236–246.

APHA, AWWA, AEF, 2005. StandardMethods for the Examination ofWater andWastewa-
ter. 21. Baltimore: American Public Health Association (APHA), American Water-
Works Association (AWWA), and American Environment Federation (AEF),
Washington, DC, USA.

APHA, 2006. StandardMethods for the Examination ofWater. American Public Health As-
sociation, New York.

Araki, S., Martín-Gómez, S., Bécares, E., De Luis, E., Rojo-Vazquez, F., 2001. Effect of high-
rate algal ponds on viability of Cryptosporidium parvum oocysts. Appl. Environ.
Microbiol. 67, 3322–3324.

Barbagallo, S., Cirelli, G.L., Marzo, A., Milani, M., Toscano, A., 2011. Hydraulic behavior and
removal efficiencies of two H-SSF constructed wetlands for wastewater reuse with
different operational life. Water Sci. Technol. 64, 1032–1039.

Batch, L.F., Schulz, C.R., Linden, K.G., 2004. Evaluating water quality effects on UV disinfec-
tion of MS2 coliphage. J. Am. Water Works Assoc. 96, 75–87.

Byamukama, D., Mach, R.L., Kansiime, F., Manafi, M., Farnleitner, A.H., 2005. Discrimina-
tion efficacy of fecal pollution detection in different aquatic habitats of a high-
altitude tropical country, using presumptive coliforms, Escherichia coli, and Clostrid-
ium perfringens spores. Appl. Environ. Microbiol. 71, 65–71.

Byappanahalli, M.N., Meredith, B., Asja, K., Zachery, R.S., Valerie, J.H., 2012. Enterococci in
the environment. Microbiol. Mol. Biol. Rev. 76, 685–706.

Calheiros, C.S.C., Ferreira, V., Magalhães, R., Teixeira, P., Castro, P.M.L., 2017. Presence of
microbial pathogens and genetic diversity of Listeria monocytogenes in a constructed
wetland system. Ecol. Eng. 102, 344–351.

Campos, L.C., Su, M.F.J., Graham, N.J.D., Smith, S.R., 2002. Biomass development in slow
sand filters. Water Res. 36, 4543–4551.

Castorina, A., Consoli, S., Barbagallo, S., Branca, F., Farag, A., Licciardello, F., Cirelli, G.L.,
2016. Assessing environmental impacts of constructed wetland effluents for vegeta-
ble crop irrigation. Int. J. Phytorem. 18, 626–633.

Cirelli, G.L., Consoli, S., Di Grande, V., Milani, M., Toscano, A., 2007. Subsurface constructed
wetlands for wastewater treatment and reuse in agriculture: five years of experi-
ences in Sicily, Italy. Water Sci. Technol. 56, 183–191.

Cirelli, G.L., Consoli, S., Di Grande, V., 2008. Long term storage of reclaimedwater: the case
studies in Sicily (Italy). Desalination 218, 62–73.

Decreto Ministeriale n. 185 del 12 giugno, G.U.R.I. n. 169, 2003. Regolamento recante
norme tecniche per il riutilizzo delle acque reflue in attuazione dell'articolo 26,
comma 2, del decreto legislativo 11 maggio 1999, n. 152.

Dias, D.F.C., Possmoser-Nascimento, T.E., Rodrigues, V.A.J., von Sperling, M., 2014. Overall
performance evaluation of shallowmaturation ponds in series treating UASB reactor ef-
fluent: ten years of intensive monitoring of a system in Brazil. Ecol. Eng. 71, 206–214.

Ding, Y., Wang, W., Song, X.S., Wang, G., Wang, Y.H., 2014. Effect of spray aeration on or-
ganics and nitrogen removal in vertical subsurface flow constructed wetland.
Chemosphere 117, 502–505.

Dixon, A., Butler, D., Fewkes, A., Robinson, M., 2000. Measurement and modelling of qual-
ity changes in stored untreated grey water. Urban Water 1, 293–306.

EPA, 2012. Guidelines for Water Reuse. Environmental Protection Agency (EPA),
Washington DC (EPA/600/R-12/618).

European Commission, 2018. Proposal for a Regulation of the European Parliament and of
the Council on Minimum Requirements for Water Reuse (Brussels, 28.5.2018 COM
(2018) 337 final 2018/0169 (COD)).

Fayer, R., Trout, J.M., Jenkins, M.C., 1998. Infectivity of Cryptosporidium parvum oocysts
stored in water at environmental temperatures. J. Parasitol. 84, 1165–1169.

Gao, W., Williams, A., 2013. Response of different strains of Enterococcus faecalis to UV In-
activation after freezing. Int. J. Environ. Sci. Dev. 4.

García, M., Soto, F., González, J.M., Bécares, E., 2008. A comparison of bacterial removal ef-
ficiencies in constructed wetlands and algae-based systems. Ecol. Eng. 32, 238–243.

García, J., Rousseau, D.P.L., Morató, J., Lesage, E., Matamoros, V., Bayona, J.M., 2010. Con-
taminant removal processes in subsurface-flow constructed wetlands: a review.
Crit. Rev. Environ. Sci. Technol. 40 (7), 561–661.

Garfí, M., Pedescoll, A., Bécares, E., Hijosa-Valsero, M., Sidrach-Cardona, R., García, J., 2012.
Effect of climatic conditions, season and wastewater quality on contaminant removal
efficiency of two experimental constructed wetlands in different regions of Spain. Sci.
Total Environ. 437, 61–67.

Ghermandi, A., Bixio, D., Thoeye, C., 2007. The role of free water surface constructed wet-
lands as polishing step in municipal wastewater reclamation and reuse. Sci. Total En-
viron. 380, 247–258.

Gomes, H.T., Figueiredo, J.L., Faria, J.L., 2007. Catalytic wet air oxidation of olivemill waste-
water. Catal. Today 124, 254–259.

Gravetz, H.M., Linden, K.G., 2005. Relationship between physiochemical properties, aggrega-
tion and u.v. inactivation of isolated indigenous spores in water. J. Appl. Microbiol. 98,
351–363.

George, I., Crop, P.Servais, 2002. Fecal coliform removal in wastewater treatment plants
studied by plate counts and enzymatic methods. Water Res. 36, 2607–2617.

Guo, M.T., Huang, J.J., Hu, H.Y., Liu, W.J., 2011. Growth and repair potential of three species of
bacteria in reclaimed wastewater after UV disinfection. Biomed. Environ. Sci. 24,
400–407.

Harwood, V.J., Levine, A.D., Scott, T.M., Chivukula, V., Lukasik, J., Farrah, S.R., Rose, J.B, 2005.
Validity of the indicator organism paradigm for pathogen reduction in reclaimed
water and public health protection. Appl. Environ. Microbiol. 71 (6), 3163–3170.

Hijnen, W.A., Beerendonk, E.F., Medema, G.J., 2006. Inactivation credit of UV radiation for
viruses, bacteria and protozoan (oo)cysts in water: a review. Water Res. 40, 3–22.

ISO, 2001. Water quality - Detection and enumeration of Escherichia coli and coliform
bacteria - Part 1: Membrane filtration method 9308-1:2001.

Kadlec, R.H., Knight, R.L., 1996. TreatmentWetlands. Lewis Publishers, Boca Raton, p. 893.
Kadlec, R.H., Reddy, K.R., 2001. Temperature effects in treatment wetlands. Water Envi-

ron. Res. 73, 543–557.
Kadlec, R.H., Wallace, S., 2009. Treatment Wetlands. 2nd ed. CRC Press, Boca Raton.
Kalavrouziotis, I.K., Kokkinos, P., Oron, G., Fatone, F., Bolzonella, D., Vatyliotou, M., et al.,

2015. Current status in wastewater treatment, reuse and research in some Mediter-
ranean countries. Desalin. Water Treat. 53, 2015–2030.

Karim, M.R., Manshadi, F.D., Karpiscak, M.M., Gerba, C.P., 2004. The persistence and re-
moval of enteric pathogens in constructed wetlands. Water Res. 38, 1831–1837.

Karpiscak, M.M.,Whiteake, L.R., Artiola, J., Foster, K.E., 2001. Nutrient and heavymetal up-
take and storage in constructed wetland systems in Arizona. Water Sci. Technol. 44,
455–462.

Katsenovich, Y., Hummel-Batista, A., Ravinet, A.J., Miller, J.F., 2009. Performance evalua-
tion of constructed wetlands in a tropical region. Ecol. Eng. 35, 1529–1537.

Khisa, K., Mwakio, T., 2011. The efficacy of a tropical constructed wetland for treating
wastewater during the dry season: the Kenyan experience. Water Air Soil Pollut.
215, 137–143.

Koivunen, J., Heinonen-Tanski, H., 2005. Inactivation of enteric microorganisms with
chemical disinfectants, UV irradiation and combined chemical/UV treatments.
Water Res. 39, 1519–1526.

Licciardello, F., Milani, M., Consoli, S., Pappalardo, N., Barbagallo, S., Cirelli, G., 2018.
Wastewater tertiary treatment options to match reuse standards in agriculture.
Agric. Water Manag. 210, 232–242.

Llorens, E., Matamoros, V., Domingo, V., Bayona, J.M., García, J., 2009. Water quality im-
provement in a full-scale tertiary constructed wetland: effects on conventional and
specific organic contaminants. Sci. Total Environ. 407, 2517–2524.

Lucena, F., Duran, A.E., Morón, A., Calderón, E., Campos, C., Gantzer, C., Skraber, S., Jofre, J.,
2004. Reduction of bacterial indicators and bacteriophages infecting faecal bacteria in
primary and secondary wastewater treatments. J. Appl. Microbiol. 97, 1069–1076.

Lyu, S., Chen, W., Zhang, W., Fan, Y., Jiao, W., 2016. Wastewater reclamation and reuse in
China: opportunities and challenges. J. Environ. Sci. 39, 86–96.

Mara, D.D., 2003. Domestic Wastewater Treatment in Developing Countries. Earth-scan,
London, p. 293.

Mara, D.D., Mills, S.W., Pearson, H.W., Alabaster, G.P., 1992. Waste stabilization
ponds: a viable alternative for small community treatment systems. Water Envi-
ron. J. 6, 72–78.

Marzo, A., Ventura, D., Cirelli, G.L., Aiello, R., Vanella, D., Rapisarda, R., Barbagallo, S.,
Consoli, S., 2018. Hydraulic reliability of a horizontal wetland for wastewater treat-
ment in Sicily. Sci. Total Environ. 636, 94–106.

Mayer, R.E., Bofill-Mas, S., Egle, L., Reischer, G.H., Schade, M., Fernandez-Cassi, X., Fuchs,
W., Mach, R.L., Lindner, G., Kirschner, A., Gaisbauer, M., Piringer, H., Blaschke, A.P.,
Girones, R., Zessner, M., Sommer, R., Farnleitner, A.H., 2016. Occurrence of human-
associated Bacteroidetes genetic source tracking markers in raw and treated waste-
water of municipal and domestic origin and comparison to standard and alternative
indicators of faecal pollution. Water Res. 90, 265–276.

Michael, I., Rizzo, L., McArdell, C.S., Manaia, C.M., Merlin, C., Schwartz, T., et al., 2013.
Urban wastewater treatment plants as hot spots for the release of antibiotics in the
environment: a review. Water Res. 47, 957–995.

Novo, A., André, S., Viana, P., Nunes, O.C., Manaia, C.M., 2013. Antibiotic resistance, antimi-
crobial residues and bacterial community composition in urban wastewater. Water
Res. 47, 1875–1887.

Oguma, K., Katayama, H., Mitani, H., Morita, S., Hirata, T., Ohgaki, S., 2001. Determination
of pyrimidine dimers in Escherichia coli and Cryptosporidium parvum during UV light
inactivation, photoreactivation, and dark repair. Appl. Microbiol. Biotechnol. 67,
4630–4637.



O'Luanaigh, N.D., Goodhue, R., Gill, L.W., 2010. Nutrient removal from on-site domestic
wastewater in horizontal subsurface flow reed beds in Ireland. Ecol. Eng. 36,
1266–1276.

Oragui, J.I., Curtis, T.P., Silva, S.A., Mara, D.D., 2011. The Removal of Excreted Bacteria and
Viruses in Deep Waste Stabilization Ponds in Northeast Brazil. IWA Publishing.

Oravcova, V., Mihalcin, M., Zakova, J., Pospisilova, L., Masarikova, M., Literak, I., 2017.
Vancomycin-resistant enterococci with vanA gene in treated municipal wastewater
and their association with human hospital strains. Sci. Total Environ. 609, 633–643.

Ouellet-Plamondon, C., Chazarenc, F., Comeau, Y., Jacques Brisson, J., 2006. Artificial aera-
tion to increase pollutant removal efficiency of constructed wetlands in cold climate.
Ecol. Eng. 27, 258–264.

Patra, S., Das, T.K., Avila, C., Cabello, V., Castillio, F., Sarkar, D., et al., 2012. Cadmium toler-
ance and antibiotic resistance in Escherichia coli isolated from waste stabilization
ponds. Indian J. Exp. Biol. 50, 300–307.

Pedrero, F., Kalavrouziotis, I., Alarcòn, J.J., Koukoulakis, P., Asano, T., 2010. Use of treated
municipal wastewater in irrigated agriculture: review of some practices in Spain
and Greece. Agric. Water Manag. 97, 1233–1241.

Peña, M., Rodriguéz, J., Mara, D.D., Sepulveda, M., 2000. UASBs or anaerobic ponds in
warm climates? A preliminary answer from Colombia. Water Sci. Technol. 42, 59–65.

Phung, M., Pham, T., Castle, J., Rodgers Jr., J., 2011. Application of water quality guidelines
and water quantity calculations to decisions for beneficial use of treated water. Appl
Water Sci 1, 85–101.

Saeed, T., Sun, G., 2012. A review on nitrogen and organics removal mechanisms in sub-
surface flow constructed wetlands: dependency on environmental parameters, oper-
ating conditions and supporting media. J. Environ. Manag. 112, 429–448.

Saleem, M., Bukhari, A.A., Al-Malack, M.H, 2000. Removal efficiencies of indicator micro-
organisms in the Al-Khobar wastewater treatment plant. Environ. Eng. Sci. 17 (4),
227–232.

Saleem, M., Bukhari, A.A., Al-Malack, M.H., 2003. Seasonal variations in the bacterial pop-
ulation in an activated sludge system. J. Environ. Eng. and Sci. 2 (2), 155–162.

Saxena, G., Bharagava, R.N., Kaithwas, G., Raj, A., 2015. Microbial indicators, pathogens
and methods for their monitoring in water environment. J. Water Health 13,
319–339.

Spieles, D.J., Mitsch, W.J., 2000. The effects of season and hydrologic and chemical loading
on nitrate retention in constructed wetlands: a comparison of low and high nutrient
riverine systems. Ecol. Eng. 14, 77–91.

Steer, D., Fraser, L., Boddy, J., Seibert, B., 2002. Efficiency of small constructed wetlands for
subsurface treatment of single-family domestic effluent. Ecol. Eng. 18, 429–440.

Steinmann, C.R., Weinhart, S., Melzer, A., 2003. A combined system of lagoon and con-
structed wetland for an effective treatment. Water Res. 337, 2035–2042.

Stott, P.A., Jones, G.S., Mitchell, J.F.B., 2003. Do models underestimate the solar contribu-
tion to recent climate change? J. Clim. 4079–4093.

Thongtha, S., Teamkao, P., Boonapatcharoen, S., Tripetchkul, S., Techkarnjararuk, S.,
Thiravetyan, P., 2014. Phosphorus removal from domestic wastewater by Nelumbo
nucifera Gaertn. and Cyperus alternifolius L. J. Environ. Manag. 137, 54–60.

Thurston, J.A., Gerba, C.P., Foster, K.E., Karpiscak, M.M., 2001. Fate of indicatormicroorgan-
isms, Giardia and Cryptosporidium in subsurface flow constructed wetlands. Water
Res. 35, 1547–1551.

Toscano, A., Hellio, C., Marzo, A., Milani, M., Lebret, K., Cirelli, G.L., Langergraber, G., 2013.
Removal efficiency of a constructed wetland combined with ultrasound and UV de-
vices for wastewater reuse in agriculture. Environ. Technol. 34, 2327–2336.

Toscano, A., Marzo, A., Milani, M., Cirelli, G.L., Barbagallo, S., 2015. Comparison of removal
efficiencies in Mediterranean pilot constructed wetlands vegetated with different
plant species. Ecol. Eng. 75, 155–160.

Tunçsiper, B., Ayaz, S.Ç., Akça, L., 2012. Coliform bacteria removal from septic wastewater
in a pilot-scale combined constructed wetland system. Environ. Eng. Manag. J. 11,
1873–1879.

Von Sperling, M., Andrada, J.G.B., 2006. Simple wastewater treatment (UASB reactor, shal-
low polishing ponds, coarse rock filter) allowing compliance with different reuse
criteria. Water Sci. Technol. 54, 199–205.

Vymazal, J., 2002. The use of sub-surface constructed wetlands for wastewater treatment
in the Czech Republic: 10 years' experience. Ecol. Eng. 218, 633–646.

Vymazal, J., 2009. The use constructed wetlands with horizontal sub-surface flow for var-
ious types of wastewater. Ecol. Eng. 35, 1–17.

Vymazal, J., Kröpfelová, L., 2009. Removal of organics in constructed wetlands with hori-
zontal sub-surface flow: a review of the field experience. Sci. Total Environ. 407,
3911–3922.

Walaszek, M., Bois, P., Laurent, J., Lenormand, E., Wanko, A., 2018. Urban stormwater
treatment by a constructed wetland: seasonality impacts on hydraulic efficiency,
physico-chemical behavior and heavy metal occurrence. Sci. Total Environ.
637–638, 443–454.

Wery, N., Lhoutellier, C., Ducray, F., Delgenes, J.P., Godon, J.J., 2008. Behaviour of patho-
genic and indicator bacteria during urban wastewater treatment and sludge
composting, as revealed by quantitative PCR. Water Res. 42 (1e2), 53e62.

Wickham, J.D., Nash, M.S., Wade, T.G., Currey, L., 2006. Statewide empirical modeling of
bacterial contamination of surface waters. J. Am. Water Resour. Assoc. 42, 583–591.

World Health Organisation, 2006. Guidelines for the safe use of wastewater excreta and
grey water World Health Organisation. Wastewater Use in Agriculture. vol. 2.
World Health Organization Press, Geneva, Switzerland.

Wu, S., Carvalho, P.N., Müller, J.A., Manoj, V.R., Dong, R., 2016. Sanitation in constructed
wetlands: a review on the removal of human pathogens and fecal indicators. Sci.
Total Environ. 541, 8–22.

Zhang, K., Farahbakhsh, K., 2007. Removal of native coliphages and coliform bacteria from
municipal wastewater by various wastewater treatment processes: implications to
water reuse. Water Res. 41, 2816–2824.


