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Abstract: This paper describes a case study that was carried out on a Sicilian company (Italy)
dealing with separate waste collection and recycling of glass. The aims of this study were to
evaluate the overall efficiency of a vertical subsurface flow system (VSSFs) constructed wetland
(CW) operating for the treatment of first-flush stormwater and the effects of treated wastewater on
the morphological and aesthetic characteristics of ornamental pepper and rosemary plants. The
system had a total surface area of 46.80 m? and was planted with common reed and giant reed.
Wastewater samples were taken from October 2018 to July 2019 at the CW inlet and outlet for
chemical-physical and microbiological characterization of the wastewater. Two separate
experimental fields of rosemary and ornamental pepper were set up in another Sicilian location.
Three sources of irrigation water, two accessions of rosemary and two varieties of ornamental
pepper were tested in a split-plot design for a two-factor experiment. The results showed very high
organic pollutant removal (BODs 75-83%, COD 65-69%) and a good efficiency of nutrients (TN 60—
66%) and trace metals (especially for Cu and Zn) removal. Escherichia coli concentration levels were
always lower than 100 CFU 100 mL-" during the test period. Irrigation water and plant habitus had
significant effects on all the morphological and aesthetic characteristics of the plants. For both the
crops, plants irrigated with freshwater and treated wastewater had greater growth and showed a
better general appearance in comparison with plants irrigated with wastewater. The higher trace
metal levels in the wastewater produced adverse effects on plant growth and reduced the visual
quality of the plants. Our results suggest the suitability of a VSSFs constructed wetland for the
treatment of first-flush stormwater and the reuse of treated wastewater for irrigation purposes, in
accordance with legislation requirements concerning wastewater quality.

Keywords: first-flush stormwater; vertical subsurface flow system constructed wetland;
wastewater reuse; sustainable agriculture; ornamental plants

1. Introduction

In urban areas, stormwater runoff has been recognized as a substantial contributor to water
quality degradation due to high pollutants concentrations [1-3]. The qualitative characteristics of
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stormwater have been previously investigated and are greatly dependent on the type of surfaces the
stormwater encounters, such as pavements, highways, roofs, parking lots and drains [3].

However, the concentration peak tends to vary for various pollutants during the same storm
event and it has been demonstrated that pollutants concentrations are generally higher at an early
stage of the rainfall event than in later stages [4-7]. This phenomenon has been named first-flush
event and determined as a relatively high proportion of the total pollutants load of stormwater [8]. A
number of studies have found, in fact, that the initial portion of a rainfall-runoff event is more
polluted than the later portions in terms of nitrogen, phosphorus, trace metals, organic and
particulate matter and polycyclic aromatic hydrocarbons, in particular [3,7-11].

First-flush stormwater (FFSW) has been investigated all over the world and its effects have been
assessed both in temperate and tropical climates, using various methodologies [12-15]. As stated by
various authors [5,10,16-18], pollutants in a first-flush event tend to vary in qualitative and
quantitative terms due to the fact that this phenomenon is greatly affected by various factors such as
rainfall intensity and duration, watershed area, impervious area and previous dry weather
conditions.

However, considering the ecological aspects, it is possible to sustain that FESW can represent a
dangerous source of contaminants for the environment and an excess of nutrients and trace metals in
this source of water, for example, can result in eutrophication of downstream water bodies and
pollution of aquatic ecosystems and soil [19-21]. In urban areas in particular, industrial activities
produce a large amount of nutrients, salts and heavy metals which can accumulate on the rough
earth surface, pavements and roofs during non-rainy days. When intense rainfall events occur,
FFSW is generated, and subsequently, polluted water is discharged into the surrounding
environment producing negative consequences. The effects on natural waterbodies can be most
severe and the pollution degree of these ecosystems can be variable, depending on various factors
such as land use type, traffic intensity and industrial density in the study area [22].

To control the quality of this source of water and reduce pollutant mass loading prior to
discharge into receiving water bodies and soil, constructed wetland systems (CWs) can represent
one of the best management practices for urban and industrial areas due to their intrinsic
characteristics. They are green infrastructure technologies which provide many attributes able to
remediate contaminants of various types of wastewaters, such as agricultural, domestic, industrial
and municipal wastewaters, due to a plurality of treatments including biological, chemical and
physical processes [3,23,24]. In particular, CWs areas offer the advantages of water storage and peak
flow attenuation, nutrient cycling and uptake, heavy metals sequestration and removal of organic
compounds together with other benefits, such as recreational facilities, in addition to functioning as
a wildlife habitat [3,25-28]. In recent years, CWs have been also used for the treatment of stormwater
runoff and a number of studies have described the CWs performance in terms of pollutants removal
efficiency [3,29-32]. Various authors highlight, for example, that CW performance in treating
stormwater is generally a function of the hydraulic characteristics of the system, which, in turn, are a
function of storm intensity, runoff volume and CW size [3,33].

However, few studies [8-33] have investigated the reuse of treated stormwater for various
applications, including irrigation. In semi-arid climate conditions, such as in southern
Mediterranean countries, the reuse of unconventional water resources is a strategic topic for
sustainable agriculture due to the fact that it represents an alternative to freshwater (FW),
traditionally used in crop irrigation. As reported in various studies carried out in this area [34—40],
the reuse of various types of treated wastewater (TWW) from CWs allows us to satisfy the water
demand in irrigated agriculture whilst leading to significant savings in FW. Most of these studies
have considered both horticultural and open-field crops and have focused on the effects of TWW on
the morphological and yield parameters of these plants. However, few studies have been carried out
on ornamental crops, which could be irrigated with TWW and used in urban green areas due to their
high aesthetic and functional features.

In Italy, the reuse of TWW is regulated by Legislative Decree no. 152/2006 but it does not report
specific guidelines on the treatment and reuse of stormwater runoff, assigning the regions the task of
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regulating control themselves. More specifically, Sicily (Italy) does not have a consistent regulation
unlike many Italian regions.

The aims of this study were: (i) to evaluate the pollutants removal efficiency of a vertical
subsurface flow system constructed wetland (VSSFs CW) used to treat FFSW which was built in an
industrial plant for separate waste collection and recycling of glass in Sicily (Italy); (ii) to assess the
effects of irrigation using treated first-flush stormwater (TFFSW) comparing irrigation with FFSW
and FW on the morphological and aesthetic characteristics of rosemary (Rosmarinus officinalis L.) and
ornamental pepper (Capsicum annuum L.) plants.

2. Materials and Methods

2.1. Experimental Sites

The study was initially carried out from 2018 to 2019 on a VSSFs CW (ExpA_1 code) that was
built within the industrial area of a Sicilian company dealing with separate waste collection and
glass recycling, in the west of Sicily (Marsala, 20 m a.s.l., 37°4920"28 N, 12°29'25"80 E). The company
is also the leader in the treatment of various type of wastes, such as metals, plastic and wood, and in
management of hazardous wastes. According to the Képpen-Geiger climate classification [41], the
location is characterized by a warm temperate Mediterranean climate with dry and hot summers.
Annual average rainfall is approximately 450 mm, mainly distributed between October and April.
With reference to time series 1982-2012, the annual average temperature was 17.70 °C, average
maximum temperature was 21.60 °C and average minimum temperature was 13.80 °C.

In 2019, two separate experimental fields of rosemary and ornamental pepper were set up at the
“Orleans” experimental farm (ExpA_2 code) (Palermo, 31 m a.s.l.,, 38°0626.2" N, 13°20'56.0" E) at the
University of Palermo, northwest Sicily. The climate of the area is Mediterranean with mild, humid
winters and hot, dry summers [41]. With reference to time series 1982-2012, the average annual
temperature was 18.40 °C, with average minimum and maximum temperatures of 14.80 and 21.70
°C, respectively. Annual average rainfall was approximately 600 mm.

2.2. VSSFs CW Test Site

The VSSFs CW (Figure 1) was built in 2018 and located downbhill from the existing wastewater
pretreatment plant within the industrial area.

Figure 1. An overview of the vertical subsurface flow system (VSSFs) constructed wetland (CW) at
ExpA_1.

The system included 1 unit, 26.0 m long and 1.80 m wide, providing a total surface filter bed
area of 46.80 m2. The floor and walls of the unit were made of concrete and evenly lined with sheets
of high-density polyethylene geomembrane which were covered with a layer of nonwoven fabric.
Filter bed depth was 0.90 m to allow for greater root development and to create a larger rhizosphere.
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The slope was 1%, needed to obtain regular flow. The unit was filled with three different layers of
washed substrate of silica quartz river gravel (Si 30.28%; Al 5.33%; Fe 7.10%; Ca 3.03%; Mg 1.10%), of
which the top layer was 3-8 mm, the intermediate layer was of 8-16 mm and the bottom layer was
16-30 mm in size. In 2018, common reed [Phragmites australis (Cav.) Trin. ex Steudel] and giant reed
(Arundo donax L.) plants were collected from natural wetland areas near the plant site and the
rhizomes were used for propagation in a small nursery at a constant moisture level. The rooted
rhizomes were planted in the CW unit in March 2018 at a density of 4 rhizomes m~ for each species;

a polyculture system was then established in the CW.
TEFSW
A

The layout of the system for the treatment of FFSW is shown in Figure 2.
Storage

Vertical Sub-Surface Flow svstem bed tank

- e Settler Storage tank

Re-circulating mechanism of water
Figure 2. Layout of the first-flush stormwater (FFSW) treatment plant at ExpA_1.

In particular, both flotation and settling processes were carried out inside a degreaser. The
FFSW was subsequently fed into a sedimentation tank to remove suspended solids and was then
collected in a 30 m? initial storage tank equipped with a submerged electric pump. The pretreated
FFSW was pumped into the VSSFs CW unit and distributed vertically from the top of the unit. Two
parallel polyvinyl-chloride perforated distribution pipes with an internal diameter of 120 mm were
used to ensure even distribution of the wastewater throughout the filter bed section; these pipes
were placed at 0.90 m distance. The homogeneous distribution of the effluent was ensured through a
timer-controlled pumping system. In the VSSFs CW, FFSW was fed intermittently and, as a result,
the system operated by cyclic flooding and draining. TFFSW was collected using a perforated
drainage pipe system, placed at the bottom of the filter bed and then conducted downbhill into a 15
m?® final storage tank. It was also equipped with a submerged electric pump to provide a
re-circulating mechanism of water from the bottom to the top of the VSSFs CW during summer and
to avoid the death of the plants due to a possible lack of rainfall. The CW unit operated under a
hydraulic loading rate (HLR) of 13 cm d! and a hydraulic retention time (HRT) of 7 d.

Concerning TFFSW management, it was generally dispersed into the surrounding soil using a
subsurface irrigation system connected to the final storage tank. However, during 2019, FFSW and
TFFSW were partly used to irrigate ornamental pepper and rosemary plants.

2.3. FFSW Analysis

Wastewater samples were taken from October 2018 to July 2019. Sampling campaigns were
divided into two periods: the first period (I) ranged from October 2018 to February 2019, while the
second period (II) ranged from March to July 2019. For an accurate assessment of the VSSFs CW,
during the two periods, a total of 11 sampling days were selected where rainfall intensity was higher
than 10 mm d-'. Samples were taken at the early part of an intense storm event. Total samples
amounted to 22. The samples were collected at the inflow (0 m) and outflow (26 m) of the CW unit.
An amount of 1 L of wastewater was collected from each of the two points at each sampling. The
influent sample was collected at the mouth of the initial storage tank, while the effluent sample was
taken from a TFFSW monitoring well. The influent and effluent samples were instantaneous
samples.

The pH, dissolved oxygen (DO), electrical conductivity (EC) and temperature (T) were
determined at the time of sample collection, directly on site, using a portable Universal meter
(Multiline WTW P4). Using Italian water analytical methods [42], total suspended solids (TSS),
biochemical oxygen demand (BODs), chemical oxygen demand (COD), total nitrogen (TN),
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ammonium nitrogen (NHs-N), nitrate nitrogen (NOs-N), total phosphorus (TP), trace metals (Al,
total Cr, Cu, Fe, Ni, Pb and Zn) and polycyclic aromatic hydrocarbons (PAHs) were determined.
Escherichia coli concentrations were assessed by membrane filter methods, based on standard
methods for water testing [43]. Removal efficiency (RE) of the VSSFs CW was based on pollutant
concentrations and calculated according to International Water Association guidelines [44]:

(Ci-Co)

G

RE =

where Ci and Co are the mean concentrations of the pollutants in the influent and effluent.

2.4. Rosemary Experimental Field

Two rosemary accessions (RSM code) were selected from 10-year-old mother plants of
Rosmarinus officinalis L. located in a collection field. The selection was made on the basis of the
different growth habitus of the accessions, which was erect for RSM_1 and prostrate for RSM_2. On
14 January 2019, each accession was propagated through stem cuttings which were obtained from
apical plant parts 6 cm long. Cuttings were treated with naphthalenacetic acid (0.50%) and then
rooted in an uncovered cold greenhouse. On 22 March 2019, plantlings were transplanted into 16 cm
diameter pots using a mixed substrate made with universal potting soil (67%) and perlite (33%). The
pots were placed on mulched soil with black polypropylene sheets. An amount of 3 kg m= of
nitrogen (N), phosphorus (P) and potassium (K) slow-release fertilizer with magnesium (Mg) and
sulfur (5) 15-9-15(+2+16) was distributed before transplanting. Subsequently, a number of
fertigations, during the growth stages of rosemary plants, were carried out using 1%. water-soluble
fertilizer N-P-K(Mg) 15-10-15(+2)+(trace elements). The experimental field of rosemary (Figure 3)
was equipped with three drip irrigation systems, one for each source of irrigation water used in the
study (FW, TFFSW and FFSW). During the growing season of rosemary plants, moisture levels in
the pot substrate were evaluated by measuring the substrate water content percentage, in
accordance with Yadav et al. [45]. The water percentage in the substrate was determined at 48 h after
the pots were watered to the field capacity of the substrate. Three substrate samples of 50 g each
were collected, randomly, from pots for each irrigation water treatment, oven dried at 100 °C until
constant weight and reweighed. The substrate water content percentage was calculated using the
formula [45]

(wateredsubstrate weight - driedsubstrateweight)
substrate water content = - x100
wateredsubstrateweight

Nutrients and water leaching from pots were collected in a dish placed under each pot and the
leachate was returned to the substrate before the irrigation water was applied.

Figure 3. A view of the rosemary experimental field.
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2.5. Ornamental Pepper Experimental Field

Two ornamental pepper varieties (PPR code) were selected from a native germplasm collection
of Capsicum annuum L. at the “Orleans” experimental farm. PPR_1 had an erect habit, while PPR_2
showed a pendant habit. The date of sowing was 6 March 2019. Expanded polystyrene seeding trays
were used and seeds were covered by vermiculite as the substrate. An amount of 3 kg m= of N-P-K
15-9-15(+2+16) was distributed before transplanting. A number of fertigations, using water-soluble
fertilizer N-P-K 20-20-20(+chelated minerals) were carried out starting from the development of the
first true leaf. On 15 May 2019, plantlings were transplanted into 16 cm diameter pots using a mixed
substrate made with universal potting soil (67%) and perlite (33%). The pots were placed on
mulched soil with black polypropylene sheets in an uncovered cold greenhouse. The amount and
types of fertilizers and the timing and frequency of fertilizers application were identical to those
used for rosemary cultivation. The experimental field of ornamental pepper (Figure 4) was also
equipped with three drip irrigation systems, one for each source of irrigation water used in the study
(FW, TFFSW and FFSW). Irrigation was carried out using the same procedure as [45], previously
described for rosemary plants.

Figure 4. A view of ornamental pepper experimental field.

2.6. Morphological and Aesthetic Characteristics of the Plants

The morphological and aesthetic characteristics determined for rosemary were: plant height,
plant diameter, number (no.) of primary and secondary branches per plant, number of leaves per cm
branch and general appearance of the plants.

For ornamental pepper, the main parameters in the study were: plant height, plant diameter,
number of fruits per plant and general appearance of the plants. In particular, for both of the species,
general appearance of the plants was based on a 1 (=poorest or dead) to 9 (=outstanding or ideal)
visual rating scale. Furthermore, the main growth stages of pepper plants were also recorded
according to the extended BBCH-scale [46]: flowering (first flower open), development of fruit (first
fruit has reached typical size and form) and senescence (harvested product or plant death).

2.7. Climatic Data

Data on rainfall and temperature were collected from two meteorological stations, belonging to
the Sicilian Agro-Meteorological Information Service [47]: station_1 was situated close to the pilot
VSSFs CW and station_2 was located close to the two experimental fields. Both stations were
equipped with an MTX datalogger (model WST1800, Padova, Italy) and various climate sensors.
More specifically, a temperature sensor MTX (model TAM platinum PT100 thermo-resistance with
anti-radiation screen, Padova, Italy) and a rainfall sensor MTX (model PPR with a tipping bucket
rain gauge, Padova, Italy) provided data on average daily air temperature (°C), total daily rainfall
frequency (d mm > 1) (%) and rainy days per year (d mm > 1) (%).
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2.8. Experimental Design and Statistical Analysis

A split-plot design for a two-factor experiment was used with three replications. The main plot
factor was irrigation water (IW) with three treatment levels: IW1 (FW); IW2 (TFFSW); and IWs
(FFSW). The subplot factor was plant habitus (PH) with two treatments levels. For rosemary, the
levels were: Si (erect habit) and S (prostrate habit). For ornamental pepper, the treatment levels
were: S1 (erect habit) and Sz (pendant habit). Statistical analysis was performed using the package
MINITAB 17 for Windows. Data were compared using analysis of variance. The difference between
means was carried out using the Tukey test. For FW, FFSW and TFESW, all the representative values
were presented using mean + standard deviation calculations.

3. Results and Discussion

3.1. Rainfall and Temperature Trends in the Experimental Site of the VSSFs CW

Trends on air temperature and total rainfall are shown in Figure 5.
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Figure 5. Rainfall and temperature trends during the test period in ExpA_1. Graph (a) refers to 2018,
while graph (b) refers to 2019.

In ExpA_1, average air temperature and rainfall trends were consistent with eleven-year
averages, shown in Supplementary Table S1.

In both the years, maximum and minimum air temperatures increased from the beginning of
March to the third 10-day period of August and decreased up to the end of December. The highest
maximum air temperature (34.13 °C) was recorded in the first 10-day period of August 2019 and the
lowest minimum air temperature (4.47 °C) was determined on the first 10-day period of January
2019. Total rainfall was 628 mm (2018) and 509 mm (2019). The highest rainfall levels (118 mm)
occurred during the first 10-day period of November 2018. Rainy days were highly concentrated in
the winter season. In the summer period, average monthly rainfall was 21 mm (2018) and 14 mm
(2019). The highest treatment performance of the VSSFs CW was found from June to September
when air temperatures, in particular, positively influenced plant growth and microbiological
activities in the CW unit. Furthermore, during the autumn months, we observed a non-significant
decrease in plant activity due to mild air temperatures. The favorable climate conditions allowed the
plants to extend their vegetative cycle until the end of autumn, delaying the dormancy period and,
consequently, their ability to remove pollutants from wastewater.

3.2. Remowval Efficiency of Pollutants in the VSSFs CW

Data showing chemical-physical variations relating to FEFSW are shown in Table 1.
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Table 1. Variation (VA) of pH, temperature (T), electrical conductivity (EC) and dissolved oxygen
(DO) in the VSSFs CW from October 2018 to July 2019. Average values (+standard deviation) are
shown (n = 18).

Parameter I Period II Period
Inlet Outlet VA (%) Inlet Outlet VA (%)
pH 7.67 +0.15 7.49 +0.12 2.33 7.74 +0.07 7.19+0.22 6.98
T (°C) 21.86+0.84 21.00 +1.06 3.95 23.73 +0.59 2298 +1.20 3.23
EC (uScm™) 1299.56+133.2 1161.56 +176.2 11.02 1319.54 +75.7 1123.45+75.2 14.88
DO (mg L) 1.31+£0.18 1.49 £0.22 -13.66 1.35+0.16 2.35+0.61 -73.68

The pH value at the inlet of the VSSFs CW was moderately alkaline; however, at the outlet it
was less alkaline, in accordance with other studies [34,48]. The decrease in the pH value has been
previously explained [49] by the production of CO:z caused by the decomposition of plant residues in
the substrate, by the removal of various wastewater components retained in the root area and by the
nitrification of ammonia nitrogen. In our study, the FEFSW average temperature at the inflow was
21.86 °C but it decreased through the system. The decrease in temperature at the outlet of the VSSFs
CW was probably due to the fact that the system operated for most of the day under shady
conditions. The EC variation was different in the two monitoring periods and it was higher (14.25%)
in period II due to the better climate conditions for plant growth. As reported by Kadlec et al. [44],
despite the fact that the evapotranspiration process increased the solute concentration, the decrease
in the EC value could be due to various factors, such as nutrients uptake by plants and
microorganisms, and the adsorption by the roots, substrate and undecomposed plant residues. An
increase in the DO value was found at the outlet of the system for both periods; the greater
atmospheric aeration of the VSSFs determined a higher oxygen content in the CW that was exploited
by aerobic bacteria to remove the organic and mineral pollutants of the FFSW.

With regard to pollutant removal levels, the main results are reported in Tables 2 and 3 and
Figure 6.

Table 2. Main chemical and physical composition of the FEFSW from the inflow and outflow of the
VSSFs CW. Removal efficiency from October 2018 to July 2019. Average values (+standard deviation)
are shown (n = 22).

Parameter I Period IT Period
Inlet Outlet RE (%) Inlet Outlet RE (%)
TSS (mg L) 17.60 + 4.56 8.18 £2.10 50.84 28.60 + 0.98 9.23+0.77 67.58
BODs (mg L") 86.90+29.33 20.18+235 75.17 104.87+10.07 16.84+245 8348
COD (mg L") 189.40+38.56 70.80+13.70 6252 192.40+10.23 59.80+2.38  68.88
TN (mg L) 15.49+7.12 6.32 +2.81 58.96 13.27 +0.27 4.43+0.29 66.50
NH4+N (mg L) 6.39+7.24 2.23+2.64 65.82 558 +1.13 1.54+041 72.30
NOs-N (mg L) 8.73 +3.56 9.51+3.78 -9.19 748 +1.10 859+135 -14.67
TP (mg L) 2.36 +0.89 1.86+0.71 20.95 2.81+0.14 1.89 +£0.16 32.66
Al (mg L) 0.14 £0.05 0.12+0.04 15.78 0.17 £0.02 0.13+0.01 26.07
Tot Cr (mg L) 1.46 +0.37 1.14 +0.27 21.26 0.79 £0.05 0.38 £0.06 50.62
Cu (mg L) 0.36 +0.16 0.27 £0.12 24.56 0.32 +0.01 0.11 +0.02 65.92

Fe (mg L) 1.57 £ 0.06 1.35+0.05 14.03 1.61+0.08 1.00 +0.04 35.33
Ni (mg L) 0.27 £0.15 0.20+0.10 24.01 0.24 £0.05 0.13+£0.05 45.82
Pb (mg L) 0.04 £0.08 0.04 £0.03 13.17 0.02 £0.01 0.01+£0.01 46.27

Zn (mg L) 0.11 £0.06 0.07 £0.04 37.73 0.08 £0.02 0.03+0.01 62.66
PAHs (mgL') <0.001+0.01 <0.001+0.00 41.02 <0.001+0.02 <0.001+0.01 47.13
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Table 3. Escherichia coli concentration levels of the FFSW from the inflow and outflow of the VSSFs
CW. Removal efficiency from October 2018 to July 2019. Average values (+standard deviation) are
shown (n = 18).

Parameter I Period II Period
Inlet Outlet RE (%) Inlet Outlet RE (%)
Escherichia coli (CFU 100 mL1) 578 +0.27 67+0.12 8844 417+056 37+0.11 91.12
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Figure 6. Average concentrations (mg L) for chemical parameters at the VSSFs CW inlet and outlet,
during first-flush stormwater treatment (I and II monitoring periods). Graphs (a,b) refer to organic
pollutants and macronutrients, while graphs (c,d) refer to trace elements.

At the inlet of the CW unit, pretreated FESW pollutant concentrations were lower than prior to
pretreatment. Intensive pretreatment (degreasing and settling), in fact, provided efficient treatment
of the FFSW through physical, chemical and biological processes.

Average TSS RE was consistent with values found in the literature for VSSFs [8,50,51] and can
be described mainly by physical processes such as filtration and sedimentation in the substrate and
plant roots, followed by aerobic and anaerobic microbial degradation inside the substrate [51,52].
Comparing the two periods of study, average TSS RE was different in period I compared to II and
can be explained by plant growth during the year. As the CW unit was planted with two
warm-season species, these species showed maximum growth during the spring and summer when
air temperatures increased, and above- and belowground biomass values reached peak growth. In
period II, from March to July, the matrix formed by the roots of the two species with the substrate
trapped TSS and lowered the velocity of water more efficiently than during period I (in which
vegetative activity decreased greatly due to lower air temperatures). This concept was well
explained by Zurita et al. [51], who stated also that the presence of more species in a CW unit can
increase TSS removal.
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In our study, average BODs and COD concentrations in both periods were much lower at the
outlet than at the inlet. However, similar to TSS results, average BODs and COD RE was higher
during period II. In general, BODs and COD RE stayed within a range consistent with previous CW
VSSFs studies using various types of wastewater [8,50,51] and was probably influenced by the root
growth of the two macrophytes. In accordance with other authors [51,53], the presence of two
species provided a more efficient distribution of roots that favored the development of a microbial
community around the root system and the substrate particles. Various bacteria, in fact, due to
alternate aerobic and anaerobic conditions in the VSSFs, promoted degradation activities and
determined a greater reduction in BODs and COD concentrations [54]. Furthermore, the higher root
density increased the retention time of organic dissolved compounds and, consequently, improved
BODs and COD RE in the system.

As regards nitrogen, TN RE was higher in period_II (66.50%) compared to period I and fell
within the removal percentage rates reported for the VSSFs CW in other studies [23,25,51,55]. Initial
NHas-N concentration was relatively low and ranged between 0.06 and 18.01 mg L (period I) and
4.15 and 6.81 mg L (period II). However, it decreased greatly after treatment in both periods and
NHs-N RE was 65.82% in period I and 72.30% in period II. The high NH4+-N RE in the CW unit was
the result of the higher rate of ammonium nitrification due to good aerobic conditions in the system.
As stated by various authors [44], in a VSSFs, the major processes responsible for nitrogen removal
are, in fact, nitrification/denitrification followed by plant uptake. During the nitrification process, in
particular, ammonium N is oxidated to nitrate which is subsequently absorbed by plants or reduced
to N gas during the denitrification process [48]. In our study, these processes occurred in the CW
unit and contributed to NH4+-N RE, although plant uptake and the denitrification process led to
different nitrate removal rates. When observing, instead, the average NOs-N concentration in the
influent, it was lower than 10 mg L in both the study periods. However, unlike that found for
NHs-N RE, the NOs-N concentration slightly increased in the effluent, thus producing negative RE.
Our results were in accordance with those of other authors [50,51] who found that the VSSFs CW
successfully removed ammonium N but limited denitrification occurred. This fact can be explained
considering the unfavorable conditions for NOs-N removal due to high aerobic conditions in the
VSSFs CW. As clearly explained by Abdelhakeem et al. [50], in a constructed wetland, as nitrate is
mainly removed throughout the denitrification processes, anaerobic conditions (required for the
onset of NOs removal) are not fulfilled under the VSSFs CW. Consequently, as confirmed by
Vymazal [25], the VSSFs offers good oxygen conditions for ammonium nitrification but unfavorable
conditions for nitrate denitrification.

The data in Table 2 show low values for initial TP concentration and removal percentages in
both the study periods. In particular, RE values ranged between 20.95% (period I) and 32.66%
(period II) and were consistent with those found in the literature for many VSSFs [33,50,56].
However, the values of this study were much lower than those found by other authors [51,57] who
used substrates with different characteristics. In our research, the lower TP RE was mainly due to the
physical characteristics of the gravel which was used as a medium. The literature highlights that the
removal of phosphorus is highly dependent upon the type of substrate used [24] and the high Ca, Al
and Fe content in the substrate positively influences the TP RE. A number of studies were carried out
in various countries in order to assess the effect of the substrate on TP removal in a VSSFs. In a study
on the performance of a VSSFs CW under different operational conditions, the authors of [50] found
that vermiculite media (25%) removed significantly higher amounts of TP compared to gravel (14%)
due to marked adsorption of P by vermiculite particles. In another study [57], it was found that a
mixture of a river sand and dolomitic limestone led to a TP RE of 45% in a VSSFs. The type of
medium and its physical characteristics such as size and adsorption capacity are, thus, fundamental
in order to lower TP concentrations in the effluent, independent of the phosphorus uptake by the
plant roots.

Trace metals represent a substantial component of FESW composition. As reported by Kadlec et
al. [44], although some metals, such as chromium, copper, iron and zinc, are required for plant
growth in trace quantities, these same metals can be toxic at higher concentrations. Moreover, other
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metals, such as cadmium and lead, can be toxic at even low concentrations. In our study, the
removal efficiencies of trace metals mostly increased during period II but were found to be lower
than the RE of other chemical parameters in the study. In general, in both periods, higher
concentrations in the influent (>1 mg L) were recorded only for Fe, while Zn and Cu showed higher
RE values. It is interesting to note that during period II, the Pb RE value (46.27%) was appreciable,
despite this element being present at a lower concentration. Our findings were compared with
results from other studies and considerable differences were found. In a study carried out on a
wetland constructed in the Sydney catchment, the authors of [58] found highly variable REs of trace
metals from urban stormwater and reported RE values for Cr (67-84%), Cu (56-86%), Pb (44-89%),
Zn (33-87%) and Ni (72-76%). In another study, conducted in experimental, temporarily flooded
vertical-flow wetland filters treating urban wastewater runoff, a significant reduction in Cu (>95%)
was recorded, while the Ni RE by the filter planted with common reed was found to be lower than
that of the unplanted filter [59]. One study [44] highlighted the fact that the processes involved in
trace metal removal in CWs are various and mainly depend on the vegetation, substrate and water.
In particular, vegetation provides several actions, such as metal uptake and translocation,
adsorption, organic decomposition and filtration. In our study, the effects of vegetation on trace
metal removal were not investigated, however, it is reasonable to sustain that a polyculture system,
similar to this study, may result in a higher metal RE than a monoculture system due to the different
nutrients uptake potential of the various macrophytes and translocation in plant tissues.

PAHs examined in both periods were in very low concentrations (<0.001 mg L) and RE values
were found to be similar in both the periods. The present study did not determine the PAHs
concentration in plant tissues, but in the CW unit, the two macrophytes contributed greatly to PAH
removal. This statement was confirmed by Ventura et al. [31], who affirmed that the interaction
between plants and microorganisms positively influenced hydrocarbon degradation and improved
the quality of wastewater in the effluent. However, although a number of studies [31,60,61]
highlighted that filtration and sedimentation represent the most relevant physical processes for PAH
removal in a CW, the role of the macrophytes in removing PAHs is also fundamental, as
demonstrated in a recent study [62] by the high concentrations of hydrocarbons found in above- and
belowground biomass of Phragmites and Vetiver plants.

At a microbiological level (Table 3), Escherichia coli was selected as the main bacterial indicator
in FFSW and was used to determine the disinfection efficiency of the VSSFs.

The VSSFs was particularly effective at reducing E. coli during the tests. Concentrations of E.
coli in the effluent were always lower than 100 CFU 100 mL™" in both periods. Our results agreed
with those reported by Avila et al. [8], who found a higher reduction in E. coli in a VSSFs treating
sewer wastewater and stormwater. The relevant removal efficiency of E. coli can be explained by a
combination of physical, chemical and biological processes carried out by the plants, nematodes,
virus and bacteria, also illustrated by Brix [63]. Furthermore, taking into consideration the physical
and functional characteristics of the VSSFs, it is important to observe that the higher oxygen
concentration in the VSSFs determined unfavorable conditions for E. coli survival, facilitated the
production of a greater bacteria biofilm and promoted its removal [64].

In our research, the average values of the chemical and microbiological parameters of TFFSW at
the outflow of the VSSFs CW were not all within the threshold values for Italian Legislative Decree
152/2006 regarding the reuse of TWW for irrigation and the discharge of TWW into soil (Table 4).
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Table 4. Threshold values for Italian Legislative Decree no. 152/2006 concerning the chemical (mg
L) and microbiological (CFU 100 mL™) parameters of treated wastewater (TWW) for reuse in
agricultural irrigation and discharge into soil.

Chemical Parameters
TSS BODs COD TN TP Al TotCr Cu Fe Ni Pb Zn
TWW Reuse for Irrigation 10 20 100 15 2 1 0.1 1 2 02 01 05
TWW Discharge into the Soil 25 20 100 15 2 1 1 01 2 02 01 05
Microbiological Parameters
Escherichia coli
TWW Reuse for Irrigation 10 (80% samples) and 100 (maximum value point)
TWW Discharge into Soil <5000

In particular, in both periods, average concentrations of total Cr in the TFFSW were higher than
the Italian standard limits for irrigation reuse. Furthermore, average concentrations of E. coli were
not always acceptable in legal terms, despite the high removal efficiency by the VSSFs. One study
[44] highlighted that microbially mediated processes of oxidation followed by subsequent
precipitation of trace metals are considered the most effective metal removal mechanism in a CW.
Furthermore, the use of different retention times in the system can positively affect the removal rate
of bacteria due to changes in aerobic/anaerobic conditions in the substrate. The need to adopt these
solutions and to improve biological and physical processes is evident in order to increase the
removal efficiency in a VSSFs CW.

3.3. Irrigation Water Characteristics

The chemical and microbiological characteristics of FW, TFFSW and FFSW used in the
irrigation of rosemary and ornamental pepper plants are shown in Table 5. The composition of the
three sources of irrigation water varied greatly over the test period. In general, FFSW had, on
average, higher BODs, COD, TSS, N, P, K and trace metal levels than FW and TFFSW. When
comparing the three sources of irrigation water from March to July, the lowest variations in nutrient
concentration were found during the summer months. In this period, the growth of above- and
belowground biomass of common reed and giant reed increased much more than in other seasons
and significantly influenced the pollutant RE in the VSSFs CW; this contributed to reducing
pollutant concentrations at the outflow. For example, when comparing the effluent TN concentration
of the effluent between March and July, large decreases in nitrogen in TFESW were observed, mainly
due to the nitrification process and plant uptake.

Table 5. Chemical and microbiological composition of freshwater (FW), treated FFSW (TFFSW) and
FFSW that were applied in the irrigation of ornamental pepper and rosemary plants.

Parameter FW TFFSW FFSW
pH 7.01 £0.07 7.25+1.01 797 +1.21
DO (mg L Not available  2.44 +0.63 1.42+0.14
EC (uS cm™) 255 +1.24 1112 +55.12 1813 +42.11
BODs (mg L) 1.35+0.04 17.04+2.12  141.11 +11.21
COD (mg L) 1.99 + 0.02 60.21+1.99  272.41+9.23
TSS (mg L) Not detected ~ 9.46 +0.61 61.21+1.10
TN (mg L) Not detected  4.12+0.21 34.11+0.12
NH4+-N (mg L) Not detected 1.42+0.12 8.12+1.16
NOs-N (mg L) 0.42 +0.11 8.86 +1.21 23.12+1.54
TP (mg L) 0.61 +0.21 1.79 £0.08 5.12+0.23
K (mgL™) 3.01+£0.12 Notavailable Not available
SAR (meq L) 1.01£0.23  Not available Not available
Al (mg L) Not available  0.15+0.01 0.25+0.04

Tot Cr (mg L) Not available  0.32 +0.04 0.78 +0.09
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Cu (mg L) Not available  0.13 +0.01 0.51£0.01
Fe (mg L) Not available 1.09+ 0.04 1.95+0.11
Ni (mg L) Not available  0.17 +0.03 0.44 +0.02
Pb (mg L) Not available  0.01 +0.01 0.13+£0.01
Zn (mg L) Not available  0.03 +0.05 0.14 £0.03
PAHs (mg L) Not available <0.001+0.01  <0.001 +0.02
E. coli (CFU 100 mL) Not detected 31 +0.06 816 +0.62

In arid and semi-arid regions, irrigation of plants with a treated effluent represents a
sustainable practice and can be a means of managing FW shortages. In this scenario, the quality of
the treated effluent is an important issue to assess when using a treated effluent in the irrigation of
ornamental plants. The relative richness in nutrients, such as nitrogen, phosphorus, potassium and
organic matter, increases the qualitative characteristics of the effluent, these nutrients being essential
for plant growth and physiological processes within the plants. For ornamental pepper and
rosemary in particular, some authors [65,66] reported that the TWW application increased plant
height and plant biomass compared with the FW application. Others have focused on the
importance of TWW quality in the irrigation of horticultural and open-field crops and the majority
of studies agree with the fact that a high nutrients content in TWW is fundamental in order to
increase plant growth and yield.

3.4. Temperature Trend in the Experimental Site of Ornamental Crops

Trends in air temperatures are shown in Figure 7.
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Figure 7. Temperature trend during the test period in ExpA_2.

In ExpA_2, the average air temperature trend was consistent with eleven-year averages
(Supplementary Table S2).

When considering the growth stages of ornamental pepper and rosemary plants, from January
to December, the air temperature was 19.5 °C on average. Temperatures increased from March to the
second 10-day period in July. The highest minimum and maximum air temperatures were 23.73 and
33.36 °C, respectively, and the lowest minimum and maximum air temperatures were 5.64 and 12.59
°C. In particular, the average air temperature, during the summer, positively influenced the
phenological stages of the plants.

3.5. Effects of Source of Irrigation Water and Type of Plant Habit on Rosemary Plants

Data regarding the morphological and aesthetic characteristics of rosemary plants, under the
influence of source of irrigation water and type of plant habitus, over the 2019 growing season, are
shown in Table 6.



Water 2020, 12, 2542 14 of 26

Irrigation water and plant habitus had significant effects on all the parameters in the study.
Results revealed also that the interactions between the main factors were significant for all the
parameters.

In general, the growth cycle length of the rosemary accessions was found to be close to 120 days
on average (data not shown).
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Table 6. Morphological and aesthetic characteristics of erect and prostrate rosemary plants irrigated with FW, TFFSW and FFSW.

Pljant .Plant Plant No. Primary No. Secondary No. Leaves (per General
Treatment Height Diameter Height/Diameter Branches (per Branches (per cm Branch-) Appearance (1-9)
(cm) (cm) Plant) Plant)
Irrigation Water
(W)
IWh 1597 a 2338 a 0.67 a 14.73 a 43.99 a 1218 a 426a
IW: 15.73 a 24.15a 0.64 a 13.93 a 43.59 a 12.61 a 4.68 a
W3 12.61b 19.46b 0.62 a 10.87 b 36.95b 9.55b 3.08b
Plant Habitus (PH)
PH: 19.27 a 26.82 a 0.72a 16.18 a 65.36 a 8.95b 517 a
PH: 10.26 b 17.84b 0.57b 10.17b 17.65b 13.94 a 2.84Db
Irrigation Water x
Plant Habitus
IW1 x PHi 20.77 a 27.36a 0.76 a 17.16 a 68.56 a 9.83 ¢ 5.50a
IW1 x PH: 11.16 ¢ 19.40 ¢ 0.57 c¢d 12.30 be 19.42 ¢ 14.53 a 3.03 bc
IW2 x PHi 19.80 a 29.63 a 0.67 abc 17.33 a 68.76 a 990 c 6.16 a
IW2 x PH2 11.66 ¢ 18.66 ¢ 0.62 bed 10.53 ¢ 18.41 ¢ 15.33 a 3.20 bc
IWs x PH1 17.26 b 23.46 b 0.74 ab 14.06 b 58.76 b 7.13d 3.87b
IWs x PH: 7.96 d 15.46 d 0.51d 7.67 d 15.13 ¢ 11.97b 2.30 ¢

Means followed by the same letter are not significantly different for p < 0.05 according to the test of Tukey.
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When considering the morphological parameters, plant growth was greater in FW- and
TFFSW-irrigated plants than in FESW-irrigated plants. Differences in plant height with respect to the
source of irrigation water were significant during the test period. In particular, FW- and
TFFSW-irrigated plants were taller than FESW-irrigated plants, on average (Figure 8).

Figure 8. A view of the effect of source of irrigation water on morphological and aesthetic parameters
of rosemary plants.

When comparing the types of habitus of rosemary plants, it was found that erect plants were
significantly taller than prostate plants. All interactions between the two main factors had significant
effects on plant height. The highest average values of plant height were obtained at FW-by-erect
plant and TFFSW-by-erect plant interactions. On the contrary, the lowest average value of plant
height was recorded at the FFSW-by-prostrate plant interaction.

Significant differences in plant diameter were found with respect to both main factors. Plant
diameter reached the highest average values in FW- and TFFSW-irrigated plants and in rosemary
plants with an erect habit (Figure 8). Similar to the plant height result, the highest values of plant
diameter were recorded at FW-by-erect plant and TFFSW-by-erect plant interactions. The ratio
between plant height and diameter was not significantly influenced by the source of irrigation
water. In contrast, the two rosemary accessions showed significant differences for this parameter
with values which ranged from 0.57 (RSM_2) to 0.72 (RSM_1). The lowest average value of this ratio
was observed at the FFSW-by-prostate plant interaction.

Differences in the number of primary and secondary branches per plant were found to be
significant with respect to source of irrigation water and plant habitus. In particular, the highest
average values for both these morphological parameters were recorded in FW- and TFESW-irrigated
plants compared to FFSW-irrigated plants. Similar to the previous results, the irrigation
water-by-plant habitus interaction effect highlights the fact that, at IW1 and IW2, PHiobtained the
highest average values of number of primary and secondary branches per plant compared to other
combinations.

The number of leaves per plant was significantly affected by irrigation water and plant habitus
and was found to be 11.44, on average, for the two accessions. The maximum number of leaves per
plant was recorded for FW- and TFFSW-irrigated plants. However, in contrast with the results of
other morphological parameters, rosemary plants with a prostate habit produced the maximum
values (13.94), on average, for number of leaves per plant. Furthermore, prostate plants showed the
higher values when interacting with the three sources of irrigation water compared to erect plants.

With regard to aesthetic parameters in the study, the two main factors significantly affected the
general appearance of the rosemary plants in terms of visual quality. More specifically, FW- and
TFFSW-irrigated plants showed higher average scores for visual quality with respect to
FFSW-irrigated plants (Figure 8). Greater variability was observed, instead, between the two
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rosemary accessions. The plants with an erect habit had, on average, the best visual quality
performance (5.17) during the test period. Finally, erect plants exhibited the highest visual quality
scores when combined with the three sources of irrigation water.

Our results highlight the fact that FW- and TFFSW-irrigated plants showed greater growth and
better general appearance in comparison with FESW-irrigated plants. This fact could be mainly
explained by the different trace metals levels in the three sources of irrigation water in this study. In
fact, the higher trace metals levels in FFSW with respect to FW and TFFSW probably produced
adverse effects on plant growth and reduced the visual quality of the rosemary plants.

The authors of [67] reported that trace elements are highly persistent and can interact with roots
by adsorption or release from soil particles, increasing the risk of toxic effects on plants. It was
demonstrated that heavy metal accumulation in plant tissues can produce significant physiological
and biochemical responses in plants and can interfere with metabolic processes, resulting in weak
plant growth, chlorosis and biomass yield depression [68].

In a study on the effects of heavy metals on the morphological characteristics of Taraxacum
officinale Web, the authors [69] found that the accumulation of high amounts of different metals, such
as Cd, Cr, Cu, Fe, Pb and Zn, in both shoots and roots determined significant reductions in leaf
thickness and changes in cell structural organization in comparison to plants grown on unpolluted
soil. On the contrary, in another study [70], it was reported that some crops, such as mint, basil, sage,
lavender and rosemary, can act as hyper accumulators of heavy metals, bio-monitors and facultative
metallophytes. It has been observed that heavy metal stress can enhance their essential oil
percentage as well as genetic and environmental factors being able to positively influence secondary
metabolite biosynthesis in several aromatic and medicinal plants [71-75].

In particular, Parra et al. [76] stated that rosemary plants can exhibit good tolerance when
cultivated in heavy metal-contaminated soil and are able to translocate high heavy metal rates from
roots to shoots. However, they found that high trace element concentrations in the soil and tissues of
rosemary plants were related to decreases in biomass yields and inhibition of root development.
These findings were also confirmed by other authors [77,78] who provided a negative correlation
between trace element concentrations and plant biomass and root development, highlighting that
high trace elements concentration levels could determine a significant reduction in plant growth.

In our study, although irrigation with FFSW produced negative effects on plant growth and
general appearance, it is worth noting that TFFSW-irrigated plants were not significantly different
from FW-irrigated plants in terms of morphological and aesthetic parameters. This underlines and
confirms that the reuse of TWW represents an alternative water source also when irrigating
ornamental plants in various sites such as nurseries, parks, open fields and other green areas in
urban environments.

A number of studies [65,79-81] have investigated the reuse of TWW on various medicinal and
aromatic plants, such as basil, chamomile, mint, oregano and rosemary, in arid and semi-arid
regions, focusing generally on the effects of TWW on the essential oil content and anti-oxidant
properties of the plants. In particular, in a study on rosemary [81], it was found that rosemary plants
continued to grow well when irrigated with urban TWW over two years and plant canopy diameter
increased significantly during the test period. However, when observing the composition of the
source of irrigation water used in these studies, it is possible to note an appreciable amount of
macro- and micronutrients and a low heavy metal content. It is evident, therefore, that low levels of
trace elements in TWW represent a fundamental condition for TWW to be able to produce positive
effects on plant growth for rosemary in particular.

3.6. Effects of Source of Irrigation Water and Type of Plant Habit on Ornamental Pepper Plants

Data regarding the morphological, aesthetic and phenological parameters of ornamental
pepper plants, under the influence of source of irrigation water and type of plant habitus, over the
2019 growing season, are shown in Table 7.
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Table 7. Morphological, aesthetic and phenological characteristics of erect and pendant plants of ornamental pepper irrigated with FW, TFFSW and FFSW.

No. . S
Plfmt P lant Plant Fruits General Transplanting-Beginning Transplantmg—Beglnn.mg Transplanting-Senescence
Treatment Height Diameter . . Appearance . Development of Fruit
(cm) (cm) Height/Diameter (per (1-9) Flowering (days) (days) (days)
Plant)
Irrigation
Water (IW)
Wi 2422 a 2754 a 0.84b 4284 a 5.35a 36.12a 43.50 a 81.25a
W2 24.15a 27.03 a 0.86b 465.5 a 518 a 36.57 a 42.88 a 81.76 a
IWs 22.03b 21.82b 1.01a 3275b 3.67b 30.00 b 37.50 b 74.02Db
Plant
Habitus
(PH)
PH: 3250 a 33.30a 0.97 a 662.1a 5.80 a 32.01b 38.33b 7533 b
PH: 1448 Db 17.66 b 0.84b 152.1b 3.67b 36.02 a 44.67 a 82.11a
Irrigation
Water x
Plant
Habitus
IWixPH1  34.67a 35.50 a 0.97 a 691.4a 6.47 a 32.84c 40.56 b 78.00 b
IW1 x PH2 13.67 ¢ 19.48 ¢ 0.70b 165.4 ¢ 423b 38.65 a 47.01 a 84.27 a
IW2xPH1  34.20a 35.76 a 0.95a 750.5 a 6.43 a 34.14b 40.02b 77.54Db
IW2xPH: 1423 ¢ 18.40 c 0.77b 180.5 ¢ 3.93b 382la 47.54 a 84.88 a
IWsxPH:  28.63b 28.53b 1.00 a 5444 Db 450b 28.00 d 35.02 ¢ 70.00 c
IWsxPH2 1543 c 15.10d 1.02 a 110.5 ¢ 2.83b 32.00 39.81b 7721b

Means followed by the same letter are not significantly different for p < 0.05 according to the test of Tukey.
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All the characteristics tested were significantly affected by irrigation water and plant habitus.
Furthermore, the irrigation water-by-plant habitus interaction was significant for each parameter in
the study. In particular, FW- and TFFSW-irrigated plants exhibited higher growth than
FFSW-irrigated plants during the test period.

Plant height ranged from 32.50 (erect plants) to 14.48 cm (pendant plants), on average. When
considering the source of irrigation water, it was found that FW- and TFFSW-irrigated plants were
significantly taller than FESW-irrigated plants (Figure 9).

Furthermore, regarding the interaction effects between the main factors, the highest average
values for plant height were observed in FW-by-erect plant and TFFSW-by-erect plant interactions.
On the contrary, the lowest average value of plant height was recorded when the pendant habit
factor interacted with each of the three sources of irrigation water.

Plant diameter showed significant differences with respect to the main factors. The highest
average values of plant diameter were found in FW- and TFFSW-irrigated plants and in erect plants
(Figure 9). When considering, instead, all the interactions, the FW-by-erect plant and
TFFSW-by-erect plant interactions had the highest values of plant diameter.

Figure 9. A view of the effect of source of irrigation water on the morphological and aesthetic
parameters of ornamental pepper plants.

The ratio between plant height and diameter was significantly affected by the two main factors.
More specifically, no significant differences were found between FW- and TFFSW-irrigated plants;
in contrast, FFSW-irrigated plants and erects plants exhibited the highest average values. When
considering the interaction effects, no significant differences were found for this parameter except
for IW1-by-PH2 and IW2-by-PH2 interactions.

The number of fruits per plant was significantly affected by irrigation water and plant habitus
and was found to be 407.12, on average, for the two pepper varieties. However, the number of fruits
ranged from 662.10 (erect plants) to 152.15 (pendant plants), on average. Similar to the previous
results, FW- and TFFSW-irrigated plants obtained maximum values for number of fruits per plant.
Furthermore, the erect plants showed higher values when interacting with the three sources of
irrigation water compared to pendant plants.

With regard to the general appearance of the ornamental pepper plants, FW- and
TFFSW-irrigated plants showed higher average values for visual quality compared to
FFSW-irrigated plants. Erect plants had, on average, the best visual quality performance (5.80), while
the pendant plants obtained the lowest value (3.67). Erect plants exhibited the highest visual quality
scores when combined with FW and TFFSW only.

Finally, irrigation water and plant habitus had a significant effect on ornamental pepper plant
phenology. In particular, the number of days between transplanting and beginning of flowering was
higher in FW- and TFESW-irrigated plants (36 days, on average) than in FFSW-irrigated plants.
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Beginning of fruit development occurred six days later in FW- and TFFSW-irrigated plants than in
FFSW-irrigated plants. On the contrary, senescence occurred seven days earlier in FFSW-irrigated
plants. In general, FW- and TFFSW-irrigated plants completed their growth cycle within 81 days,
whilst the growth cycle length of FESW-irrigated plants was found to be close to 74 days, on average.
It is worth noting that the main phenological stages in the study occurred earlier in erect plants with
respect to pendant plants. The significance found for the irrigation water-by-plant habitus
interaction instead highlights the fact that, for each source of irrigation water, the differences in the
growth stages were consistent with the effects of the main two factors.

Our findings demonstrate that FW- and TFESW-irrigated plants exhibited higher growth and
showed a better general appearance in comparison with FESW-irrigated plants. Similar to the results
of rosemary plants, the different trace metal concentrations in the three sources of irrigation water
significantly affected the behavior of ornamental pepper plants during the tests. Hence, the lower
trace metal concentrations in FW and TFFSW favored plant growth and improved, in general, the
aesthetic characteristics of ornamental pepper plants.

The effects of trace metals, contained in irrigation water, on the morphological and aesthetic
characteristics of ornamental pepper have been not investigated in the literature. Due to this fact, it
was not possible to compare our findings with those of other studies. Additionally, few studies are
available which focus on the use of TWW in ornamental pepper cultivation as affecting growth and
fruit quality. In a study carried out in Crete [66], it was found that TWW application increased plant
height and plant biomass compared with FW-irrigated plants of pepper, while the addition of
fertigation increased fruit number in both FW- and TWW-irrigated plants, but with a decreasing
average fruit weight for TWW application. This was in agreement with previous studies on
cucumber and tomato crops when irrigating with FW and TWW [34,82]. In another study on the
effect of different irrigation levels with different qualities of water on the cultivation of pepper [83],
it was reported that TWW provided nutrients for the plants and determined an increase in plant
growth.

In our study, although the chemical and microbiological composition of TFEFSW differed greatly
from that of FW (Table 5), TFFSW-irrigated plants were not significantly different from FW-irrigated
plants in terms of morphological, aesthetic and phenological parameters. This fact could be
explained by considering the agronomic management of pepper plants during the tests. In the
FW-irrigated pots, we managed the pepper plants using fertigation during the crop cycle; in the
TFFSW-irrigated pots, we exploited the nutrient content in this source of irrigation water to integrate
the N, P and K requirements for ornamental pepper. At the outflow of the VSSEs CW unit, the N, P
and K average concentrations were found to meet the plant’s requirements. TFFSW was a source of
nutrients and, in particular, of N, P and K, therefore its use highlights the fact that TWW irrigation
also provides combined fertilization for ornamental pepper plants. It is worth noting that the trace
metals and PAH content in the TFESW was within the threshold values for Italian Legislative Decree
152/2006 regarding the reuse of TWW for irrigation purposes, as well as other chemical and
microbiological parameters. These results confirm that TWW irrigation, such as TFESW, can
decrease or even remove the need for mineral fertilization whilst maintaining a high quantitative
and qualitative performance of plants. This concept was previously confirmed also for other
horticultural crops [34,66,82,84] and currently should be used by farmers due to the evident
economic and environmental benefits with respect to the common management of these crops. In
fact, as TWW is an alternative source of water to FW for crop irrigation, it is possible to suppose that
the use of TWW of different origin represents a sustainable way to manage the irrigation and
fertilization of a number of crops, such as rosemary or ornamental pepper, in areas with prolonged
periods of water shortages.
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4. Conclusions

The results of this case study carried out on a VSSFs CW are promising and highlight good
efficiency of this system in view of treating first-flush stormwater and reusing treated stormwater
for irrigation purposes in Sicilian semi-arid environments. Furthermore, the application of a VSSFs
CW in urban and industrial areas could led to evident ecological benefits due to the fact that a VSSFs
significantly improves the quality of this type of wastewater and reduces pollutant mass loads,
preventing the pollution of receiving water bodies and soil. Furthermore, the use of treated
wastewater in irrigated agriculture could determine certain agronomical advantages, mainly
consisting of large freshwater and fertilizer savings in the management of crops. In this study, the
removal efficiency of organic matter, nutrients, trace metals and PAHs was satisfactory, although
pollutant concentrations at the inlet of the VSSFs were reasonably low during the two testing
periods. This probably depended on the performance of the pretreatment system used and the
wastewater volumes. In the VSSFs CW, the role of the two macrophytes was essential for the
treatment of first-flush stormwater. The polyculture system, in the CW unit, consisting of a mixture
of common reed and giant reed, contributed, in fact, to the overall performance of the VSSFs and to
the removal of dissolved organic compounds and nutrients in particular. For both ornamental
pepper and rosemary, TFESW-irrigated plants were not significantly different from FW-irrigated
plants in terms of morphological and aesthetic parameters. This means that TFFSW could be used in
the irrigation of ornamental plants in place of FW. However, this is possible only when the chemical
and microbiological composition of TFFSW fully respects national legislation requirements. In fact,
an average trace metal concentration which is higher than required could produce adverse effects on
plant growth and reduce the visual quality of the plants, for example.

Finally, further research is required to evaluate VSSFs performance over a longer period of time
and to improve the removal efficiency of specific contaminants. The use of hybrid CWs, for example,
may increase the removal efficiency of trace metals, PAHs and pathogens and allow treated
stormwater to be more easily discharged into soils and water bodies. For ornamental pepper and
rosemary, the effects of TFFSW on biomass yield and qualitative characteristics in the long term
require evaluation.
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