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Abstract

:

This paper presents the results of an experiment carried out in Southern Italy (Sicily) on the estimation evapotranspiration (ET) in pilot constructed wetlands planted with different species (Chrysopogon zizanioides, Myscanthus x giganteus, Arundo donax, Phragmites australis, and Cyperus papyrus). In the two monitored growing seasons, reference ET0 was calculated with the Penman-Monteith formula, while actual ET and crop coefficients were measured through a water balance and the FAO 56 approach, respectively. The highest average seasonal ET value was observed in Phragmites australis (17.31 mm d−1) followed by Arundo donax (11.23 mm day−1) Chrysopogon zizanioides (8.56 mm day−1), Cyperus papyrus (7.86 mm day−1), and Myscanthus x giganteus (7.35 mm day−1). For all plants, crop coefficient values showed different patterns in relation to growth stages and were strongly correlated with phenological parameters. Myscanthus x giganteus and Arundo donax showed a water use efficiency values significantly higher than those observed for the other tested species. Results of this study may contribute to select appropriate plant species for constructed wetlands located in semi-arid regions, especially when the use of reclaimed water and/or the use of aboveground biomass are planned.
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1. Introduction


Constructed wetlands (CWs) are sustainable and efficient solutions used around the world to treat wastewater as an alternative or a supplement to intensively engineered treatment plants. CWs are complex, integrated systems involving water, plants, animals, microorganisms, and the environment. They are used to improve the quality of point and nonpoint sources of water pollution, including municipal wastewater, urban stormwater, agricultural run-off, industrial wastewater, landfill leachate, and mine drainage [1], in which wastewater reuse also plays a crucial role [2].



The plant growing phases in CWs have several characteristics in relation to the treatment process, which make plants an indispensable component of the design. In fact, they provide a surface for the microbial biofilm growth and also stabilize the bed with their dense root systems, improve the hydraulic conditions of wastewater flow through the medium, reduce the water’s current velocities, isolate the surface bed against frost in winter, release oxygen from roots into the rhizosphere, and uptake pollutants from treated wastewater [3].



Another important aspect is their role in water loss via evapotranspiration (ET) from the CW systems. Many wetland plants are not able to store water, as most terrestrial plants do, and consequently they transfer substantial amounts of water to the atmosphere, especially under warm and windy conditions. In these conditions the ET of wetland plants may be seven to eight times higher than the evaporation without plants. This has been shown in other studies [4,5] conducted in eastern Sicily (Italy), where the ET of Phragmites australis in a pilot horizontal sub surface flow (H-SSF) system reached up to about 50 mm day−1. El Hamouri et al. [6] found evapotranspiration rates of about 57 mm day−1 in reed bed systems in Morocco. These high evapotranspiration rates clearly reduce the wastewater volumetric flow through the CW, leading to an increase in hydraulic retention time and concentrations of non-degradable contaminants in the effluent. On the other hand, longer retention times improved treatment performance for degradable contaminants due to the increase in time for microbial activities [7], the sedimentation of suspended solids and insoluble particles [8], and plant uptake [9].



The ET estimation is particularly important for the systems, such as sludge treatment wetlands, where it represents a key element for their efficiency and successful long-term functioning. Sludge treatment wetlands (STWs), also known as sludge drying reed beds, are widely used in Northern Europe to dewater and mineralize waste sludge and septage from wastewater treatment plants [10]. These systems generally consist of a number of reed beds built as planted vertical filters with an efficient drainage system in order to dewater the sludge effectively. After initial drainage of the free-water from the loaded sludge, ET becomes the main process responsible for further dewatering, removing water held by capillary forces. STWs are primarily vegetated with Phragmites australis however, due to the growing interest in applying this technology in arid and semi-arid regions, is necessary to evaluate other alternative species also according to ET characteristics.



Conversely, in the CWs designed to reuse treated wastewater, the ET process is considered as non-desirable because it reduces the wastewater volume available for reuse and increases salt concentration [11,12]. There is evidence that excess salts originate from the irrigation, while treated wastewater leads to the long-term deterioration of soils [13] and sometimes causes short-term damage to crops [14].



There is thus an urgent need to analyze the ET values of the different plant species used in CWs under various climatic conditions. Some studies were carried out on the ET of Phragmites australis [5,15,16,17,18], because it is the main species used in CWs, while very few data are available on the ET capacity of other macrophytes [19,20,21,22,23]. ET rates could be easily estimated by the FAO 56 approach [24], multiplying the reference ET (ET0), calculated with the Penman-Monteith equation using local meteorological data, by the crop coefficient (Kc). However, there is a lack of information and data on Kc for the various wetland plants [12,22,25,26]. Finally, another parameter for selecting plants for CWs could be the aboveground biomass productivity, e.g., for energy purposes. Again, there is very little information in the literature on CW biomass productivity [27,28,29,30].



Consequently, the main aim of this study was to conduct a comparative evaluation of evapotranspiration rates in pilot-scale constructed wetlands planted with different herbaceous species. These species were selected for their potential high biomass yield as a renewable energy source. In this way the CWS could represent a sustainable and integrated system for municipal wastewater management, linked to energy crop production. Plants usually used in CWs (Cyperus papyrus, Chrysopogon zizanioides, Arundo donax, and Phragmites australis) or biomass crop (Miscanthus x giganteus) have been chosen. The two-year study has allowed to determine the ET rates, crop coefficients, aboveground biomass productivity and water use efficiency (WUE) index of five plant species, and investigate the effects of the meteorological conditions and plant growth phase on ET and Kc.



The obtained information is strategic for the CW wastewater reuse perspective.




2. Materials and Methods


2.1. Experimental Plant Design


The experimental plant is located in San Michele di Ganzaria (latitude 37°30′ N, longitude 14°25′ E, 370 m a.s.l.), a small community (5000 inhabitants) in eastern Sicily, characterized by Mediterranean semiarid climate.



The constructed wetland pilot plants (CWPPs) were used for tertiary treatment of a portion of the effluent from the municipal wastewater treatment plant (WWTP). This involved a pre-treatment step followed by an Imhoff tank, a trickling filter, and secondary settlement. The CWPP was made up of two lines, each one consisting of six H-SSF constructed wetlands functioning in parallel (Figure 1).



Wastewater from the effluent of the secondary clarifier first passed through a filter, to prevent the wastewater distribution pipes from clogging, and was then diverted to the two lines.



From April to December 2012 and 2013, the monitoring of physical and chemical characteristics of CWPP influent was carried out (Table 1). A total of 18 samples (nine in 2012 and seven in 2013) were collected and analyzed by standard methods [31]. In 2013 the mean influent pollutant concentrations were generally higher than the values observed in 2012, with lower standard deviations.



In the H-SSF CW beds, the influent is distributed at the bed-head through a perforated 16 mm PEBD pipe transversal to the flow direction to facilitate uniform wastewater distribution into the bed. Wastewater in the terminal section was intercepted by a transversal perforated pipe connected to an adjustable outlet (spiral plastic pipe) to control the water level in the filtering bed. Wastewater effluent from each bed, was first collected in a plastic tank (one per bed), where a submersible pump with a water level sensor was located for intermittent emptying of the tank, which was then used for the irrigation of a green area close to the pilot plant.



In each line, five beds were planted with different herbaceous species, while one bed was unvegetated (control). Cyperus papyrus (L.) was planted in H-SSF1 and H-SSF7, Chrysopogon zizanioides (L.) Nash in H-SSF2 and H-SSF8, Miscanthus x giganteus Greef et Deu. in H-SSF3 and H-SSF9, and Arundo donax (L.) in H-SSF4 and H-SSF10, Phragmites australis (Cav.) Trin. in H-SSF5 and H-SSF11, while H-SSF6 and H-SSF12 were left unplanted. All these herbaceous plants were planted in November 2011, except for C. papyrus which was planted later (June 2012), with a density of about six plants/m2. In all vegetated beds, the plant cover was fully developed in August 2012. In the CW beds planted with C. papyrus, the experimental activity was carried out only in the first year (2012).



Each bed was 1.5 m wide, 3.0 m long, and 0.8 m deep, built with concrete and waterproofed with an impermeable liner. The beds were filled to 0.6 m, with volcanic gravel (10–15 mm). A piezometer was placed at the outlet of each bed to monitor the water level.




2.2. Herbaceous Plants


In this work plant species belonging to Poaceae (A. donax, M. giganteus, P. australis, and C. zizanioides) and Cyperaceae (C. papyrus) families were investigated (Figure 2); they have different carbon fixation mechanisms and C3 and C4 photosynthetic cycles.



Arundo donax L. is a C3 grass which is widespread in the riparian areas of the Mediterranean and is found over a wide range of the world’s subtropical and warm-temperature areas [32,33,34]. A. donax has been planted for centuries as an erosion controller and roof-thatching material and has also been used as feed and fodder for livestock [35]. In recent years A. donax aroused the interest of the scientific community because if has some characteristics that make it suitable for wastewater treatment in CW [36] and as a new source of biomass for energy production. These characteristics include its rapid growth rate, high biomass productivity, apparent salt tolerance, easy propagation from rhizomes, limited number of pests, and the various potential uses for aboveground biomass.



Miscanthus is a C4 grass originating from East Asia. Miscanthus x giganteus [37] is a natural and sterile hybrid of M. sinensis and M. sacchariflorus [38] which is native to Japan and was introduced vegetatively into Denmark in 1935 for horticultural uses [39]. It has been extensively studied in Europe since the early 1980s as it is considered as one of the most promising biomass crops for non-food use (energy, cellulose pulp, compost, etc.) [39,40,41].



Phragmites australis (Cav.) Trin. Former Steud is a cosmopolitan C3 emergent macrophyte species which is the most preferred plant among ecological engineers for use in constructed wetlands [42]. This is due to its rapid growth, high biomass production, and great capacity for nutrient accumulation [43,44,45].



Chrysopogon zizanioides (L.) Nash is a perennial tropical C4 grass native to India. It has been successfully used for soil and water conservation due to its robust root system and tolerance for adverse environmental conditions [46].



Cyperus papyrus (L.) like other productive tropical emergent wetland species, uses the C4 photosynthetic pathway [47]. It is a rhizomatous perennial plant and is widely distributed in the Nile River Valley of Northern Africa, Madagascar, and Mediterranean countries [48,49,50,51]. It is naturalized in Sicily (Italy) and Florida (USA) [52] and has also extended its distribution into Indonesia, Israel, Syrian Arab Republic, Taiwan, China, and elsewhere.




2.3. Measurement of Bio-Agronomic Characteristics


The bio-agronomical survey and sampling activity were carried out in three 0.5 m2 sampling areas selected at the opposite ends and in the middle of each bed. In each sampling area, bio-agronomical analysis on five random plants was made with the goal of evaluating the basal stem diameter, total leaves, and plant height. Basal stem diameter was measured about 5 cm aboveground with a slide calliper while plant height was measured from the bed surface to the last node (A. donax, M. giganteus, and P. australis), the apex of the central leaf (C. zizanioides) or to the inflorescence (C. papyrus). The plant density was measured on the total area of the sampling areas. During the first growing season (from April to November 2012), the beds were surveyed every 10 days, while in the second season they were surveyed only at the beginning and at the end of the season. At the end of each investigation period, vegetation was harvested from the surface of each sampling area in order to evaluate the aboveground fresh biomass production. In order to evaluate the dry biomass production, the fresh biomass samples were dried in a thermo-ventilated oven at 65 °C until a constant weight.




2.4. Measurement of Evapotranspiration Rates and Crop Coefficients Estimation


Wastewater flow rate treated in the CW (about 50–150 L h−1) was measured by two electronic flow meters, installed at the inlet pipe of each line and connected to a control panel to record the influent wastewater flow rate for each bed. For each bed, this control panel also recorded the effluent discharge volume and regulated the open/closing time of the electromechanical valves, the latter installed in the inlet pipe of each wetland.



Air temperature, wind speed and direction, rainfall, global radiation, and relative humidity were measured by a CR510 automatic weather station (Campbell Scientific, Logan, UT, USA) installed close to the experimental plant.



The influent wastewater flow rate and the effluent wastewater discharge volume, combined with precipitation data measured by the meteorological station were used to estimate the evapotranspiration rates of the plant species during the vegetative periods (from April to November in 2012 and 2013), using a water balance method:


  E T =    Q i   A  + P −    D v   A   



(1)




where ET (mm day−1) is the evapotranspiration of the herbaceous species, Qi is the influent flow rate (mm3 day−1), A is the surface area of the wetland (mm2), P is the net precipitation (mm day−1), and Dv is the discharge volume (mm3 day−1).



Evapotranspiration daily data (ET) were cumulated and averaged over 10-day periods.



The reference ET (ET0 in mm day−1) was calculated with a spreadsheet program, PMday.xls [53,54], using the standardized Penman-Monteith equation [55] and implemented with data taken from an on-site weather station following Borin et al. [4].



The average 10-day crop coefficient was calculated using the FAO-56 crop coefficient approach [24], as:


  K c =   E T   E  T 0     



(2)




where ET is the 10-day measured evapotranspiration (mm) and ET0 is the 10-day reference evapotranspiration (mm).



In order to evaluate the evapotranspiration effect on the treated wastewater salinity the electrical conductivity (EC) was measured by a probe (Delta OHM—HD 2106.2), each two/three weeks, in the CW influent and in the effluent of each bed.




2.5. Evaluation of Water Use Efficiency Indices


The amount of biomass yield produced per unit of used water is referred to as the water use efficiency [56]. It is mainly used in agriculture and can be applied to the water lost in producing the economic or the biological yield. The WUE index could be a useful tool for the selection of plant species used in constructed wetlands if using the aboveground biomass yield (e.g., for energy purposes).



Over the study period, for each herbaceous species, the WUE index (g L−1) was calculated with the following equation:


  W U E =  Y  E T    



(3)




where Y is the dry biomass yield (g m−2) at the final harvest and ET is the evapotranspiration water (L m−2).




2.6. Statistical Analysis


Statistical analysis of data was performed using Minitab® 16 Statistical Software. The bio-agronomical results were analysed using ANOVA after verifying the homogeneity of the variances using the Bartlett test and the normality of distribution of the recorded data with Shapiro–Wilk test. The Student–Newman-Keuls test was used for means separation (p < 0.05).





3. Results and Discussion


3.1. Meteorological Conditions


The experimental area is characterized by a typical Mediterranean dry climate (long-term average precipitation is around 500 mm year−1), with relatively humid winters, and dry and warm summers. The monthly meteorological data detected during the experimental activity are shown in Table 2. Total rainfall in 2012 and 2013 were drier than the average long-term precipitations, with only 390 mm year−1 in 2012 and 290 mm year−1 in 2013. However, during the 2013 growing season (from April to November), the total precipitation was about 33% higher than in 2012. There was also a different temporal distribution of precipitation within the two growing seasons. In 2012 the rainfall was concentrated in the first half of the growing season, while in 2013, the rainfall was concentrated in the second half of the investigation period.



The two growing seasons were characterized by temperatures that ranged from −1.6 °C (November 2013) to 43.4 °C (July 2014), and an average relative humidity from 47.5% (July 2012) to 83.5% (November 2012). During the first observation period, the average temperature was higher (20.1 °C) than in the second (19.2 °C), while an opposite trend was observed for the average relative humidity (63.1% in 2012 and 65.6% in 2013).



The average seasonal wind speed values were very similar but with different trends: In 2012 the highest values were detected in April and May, while in 2013 the highest values were in August and September.



Similar values were also detected for the seasonal total solar radiation with 5253 and 5196 MJm−2 day−1 in 2012 and 2013, respectively.




3.2. Plant Development and Biomass Production


As expected, the bio-agronomical analyses highlighted that increasing plant age positively influenced the plant height, basal stem diameter, total leaves, and plant density. For all tested species, except for C. papyrus, the plant heights were significantly different at the beginning and at the end of each investigation period and, consequently, for M. giganteus, A. donax, and P. australis, also the basal stem diameter and total leaves. At the end of the investigation periods, A. donax showed the highest plant height (mean value of about 439 cm) followed by C. zizanioides, M. giganteus, and P. australis, which showed no significantly different heights (mean value of about 258 cm), and then C. papyrus. The plant density increased significantly between the first and the second survey periods, with the biggest increase being for M. giganteus (+37% between the end of the two investigation periods) (Table 3).



The data collected in the first year highlighted a variation in the plant growth rate over the season (Figure 3). For C. zizanioides and M. giganteus, between early April to mid-June the plant growth showed a constant rate (mean about 0.51 cm day−1). These plants showed an increase in height until October with a maximum growth rate detected from mid-July to late August for C. zizanioides (average 3.12 cm day−1) and between mid-July and mid-August for M. giganteus (average 2.89 cm day−1). In November the plant height remained relatively constant. The height of P. australis’ was characterized by an almost constant increase from April to mid-July (average 1.12 cm day−1) and from the end of August to mid-October (average 0.53 cm day−1), by a maximum increase phase (average 2.03 cm day−1) from mid-July to the end of August, and an almost constant phase from mid-October to the end of November. A. donax showed the highest growth rates compared to the other species tested, with a maximum average value, of about 4.78 cm day−1, recorded from the end of July to late August. Conversely, C. papyrus showed the lowest growth rate, just 0.07 cm day−1 for the entire growing season. In 2013, although the same measurements reported in Figure 3 were not performed, the growth rates of the different investigated plant species did not reveal significant changes compared to the previous year.



In terms of plant density, the species showed different trends. For C. zizanioides, as expected, the plant density remained constant throughout the investigation period, while C. papyrus, M. giganteus, and A. donax showed an increased plant density until October. Throughout the first season, P. australis showed an average stem emission value of about 1.43 stem m−2 day−1.



The time pattern of the average total number of leaves per plant was comparable to that of plant height with the highest leaf emission rate highlighted for A. donax (an average of about five leaves per plant per month). The senescence of leaves started in May and stopped, for M. giganteus and P. australis, at the end of the first investigation period with full senescence. While for A. donax, at the end of November 2012 there were still about 15 green leaves per plant. Also, the time pattern of the basal stem diameter was similar to that of the plant height with a first increase up to October, reaching a maximum of 7.8 mm for M. giganteus, 9.0 mm for P. australis, and 23.5 mm for A. donax.



Arundo’s above-ground dry biomass was significantly different from the other species (Figure 4) showing the highest mean value of about 10,385 g m−2. The biomass yield of this species was comparable to that obtained (10,700 g m−2 yr−1) by Idris et al. [36] in a similar CW located in Australia, and by Borin et al. [57] in an open field experiment carried out, under high water and N input, in a Mediterranean environment (maximum yield values 98,000 g m−2 yr−1).



The dry yields of C. zizanioides and M. giganteus produced in the second growing season were significantly higher than those obtained in the first season, due to a significant increase in plant density or plant height. These species together with P. australis, in the second year, showed no significant differences between the dry biomass yield, with an average value of about 6426 g m−2.



The dry yield of P. australis recorded throughout this study was higher than measured in other studies carried out in Europe under temperate climates [29,58,59], but comparable with the values reported in studies conducted in similar climates [5,60].



It was not possible to show comparative above-ground dry biomass productivity for M. giganteus with other CW as no research on this was found. However, several field trials have been carried out on M. giganteus cultivated in open field conditions under different environments, in order to investigate their potential yield. The results highlighted a lower dry yield than our study, ranging from to 1000 to 4900 g m−2 [33,61].



Vetiver’s average dry biomass values ranged between 4992 and 6144 g m−2, which were comparable to those obtained in other similar experiments carried out in CW, which ranged between 4070 and 7920 g m−2 [62,63].



Due to the shorter planting duration, the above-ground biomass of the C. papyrus in this study was significantly lower (up to −90%) than other species tested and to previous studies [64,65]. However, their differences in various sites were attributed to prevailing climatic conditions.




3.3. Evapotranspiration Measurements


During the two investigation periods, daily ET0 trends were similar except from the beginning of June to the end of July (Figure 5) when the 2012 ET0 values (mean value 5.76 mm day−1) were generally higher than in 2013 (mean value 5.07 mm day−1) due to the higher temperature associated with lower relative humidities.



On average, the daily seasonal ET0 was similar in both years: 3.90 mm day−1 and 3.55 mm day−1 in 2012 and 2013, respectively. Daily ET0 values ranged from 0.60 to 6.83 mm day−1 in 2012 and from 0.33 to 6.23 mm day−1 in 2013.



In both years, the lowest average monthly ET0 values were recorded in November (Autumn), 1.10 mm day−1 in 2012 and 1.07 mm day−1 in 2013, and the highest in July (Summer) with 5.74 mm day−1 (2012) and 5.07 mm day−1 (2013).



The 10-day average ETcon presented trends which were very similar to the 10-day average ET0 (Figure 6) with daily ETcon values ranging from 0.60 to 6.19 mm day−1 in 2012 and from 0.65 to 5.12 mm day−1 in 2013. Cumulative ETcon was similar in the two years (856 mm in 2012, and 761 mm in 2013) and about 10% lower than cumulative ET0 (Figure 7).



As expected, marked differences in evapotranspiration rates were observed between planted and unplanted CWPPs. All species showed an increase in 10-day average ET trends with a maximum in August, when the maximum plant growth stages were recorded, followed by a decrease in November due to the progress in plant senescence. Different 10-day average ET trends were highlighted in the vegetated beds in the first two months of each investigation period, with an increase in ET cumulative values from the 2012 to the 2013 season, of about 60% (A. donax), 44% (P. australis and C. zizanioides), and 27% (M. giganteus). This could be explained by the higher vegetative growth occurring at the initial phase of the second season compared to the same period in the first season, as demonstrated by statistically significant differences between the plant density and/or height values. P. australis was found to have a higher average 10-day ET values (ranging from 2.60 to 37.67 mm day−1), followed by A. donax (1.89 ÷ 23.20 mm day−1), C. zizanioides (1.34 ÷ 20.15 mm day−1), M. giganteus (0.63 ÷ 15.46 mm day−1), and C. papyrus (1.23 ÷ 12.62 mm day−1).



As reported in Figure 6, evapotranspiration is strongly influenced by climatic conditions: ET rates decreased in relation to rainfall events. For P. australis and A. donax, which showed no significant differences in dry biomass yield between the two seasons, the higher average 10-day ET values were shown in the second 10 days of August 2012 (37.67 and 23.20 mm day−1 for P. australis and A. donax, respectively) compared to the same period in 2013 (32.13 and 22.99 mm day−1 for P. australis and A. donax, respectively). This was due to the higher air temperature and solar radiation associated with a lower relative humidity detected in August. For M. giganteus and C. zizanioides, the significantly higher dry biomass values in 2013 led to similar or higher ET rates (C. zizanioides) than in 2012, despite the different climatic conditions. In fact, the cumulative ET of M. giganteus and C. zizanioides in 2012 and 2013 was, 1805 and 1904 mm, and 1831 and 2341 mm, respectively. CWPPs vegetated with P. australis showed the highest cumulative ET values (4318 mm in 2012 and 4269 mm in 2013), while the lowest cumulative ET value was detected for C. papyrus (1421 in 2012). However, note that this value is cumulative over six months compared to eight months for the other species.



Over the whole period, the highest average ET value was measured in the CWPPs vegetated with P. australis (17.31 mm day−1). This value is comparable with the average ET value of P. australis (16.87 mm day−1) found by Rozkošný et al. [66] in a CWPP located in Lesonice (Czech Republic). It is also much higher than those obtained in other similar experiments carried out in temperate climates, where the average ET ranged from 0.2 to 7.74 mm day−1 [67,68,69]. In addition, it is lower than that reported by El Hamouri et al. [6], who measured an average annual ET rate of about 57 mm day−1 in horizontal subsurface CW (size 28 m2) in Rabat (Morocco).



In the CW described above also for A. donax, El Hamouri et al. [6] found a much greater average ET (57 mm day−1) than that obtained in our study (11.23 mm day−1). Also, in a HSSF pilot plant (50 m long and 1 m wide) located in Sicily (Italy). Tuttolomondo et al. [12] observed a higher cumulative ET of A. donax (about +50%). Instead in a study carried out in an open field in Tuscany (Italy), the estimated cumulative ET of A. donax was about 60% lower [70].



Regarding the ET of C. papyrus, very few data are available in the literature for a similar experimental plant. Kyambadde et al. [71] reported an ET rate from C. papyrus of 24.5 mm day−1 for a HSSF in Kampala (Uganda), which is about three times higher than that shown in our study.



With regard to C. zizanioides and M. giganteus, no evapotranspiration studies have been conducted in CWs. However, in central Italy, in lysimeter (0.90 m deep, 1.2 m long, and 1.2 m wide), Triana et al. [70] estimated ET cumulative values for M. giganteus of 772 mm and 991 mm (an ET value of only about 26% was found in our study).



The linear trends of average 10-day ET for each species versus average 10-day ET0 were calculated for both years (Figure 8). The trend lines showed that 10-day ET for all species, except C. papyrus, correlated significantly with 10-day ET0 with correlation factors (R2) ranging from 0.370 (A. donax in 2012 season) to 0.838 (M. giganteus showed the highest R2 in both seasons). This is in agreement with other research carried out in Mediterranean environments [5,12,22].



As expected, vegetation species and ET rates have not influenced the EC in the treated wastewater. The average EC value in the CW influent was 1230 µS cm−1, while in the CW effluents was about 1225 µS cm−1 at unplanted units, 1235 at C. papyrus, M. giganteus, and C.zizanoides units, 1248 µS cm−1 at A. donax beds and 1264 µS cm−1 at P. australis beds. However, also in the summer season, when the water loss through ET process reached the highest values (up to 12% of the influent flow rate in P. australis beds), the differences between the EC values detected in treated and untreated wastewater were not significant.




3.4. Crop Coefficients


The crop coefficient temporal patterns, for all species and in both growing seasons (Figure 9), are similar to the classical trapezium shape of Kc for agricultural crops [24], which shows the four growth stages (initial, crop development, mid-season, and late season).



In the initial growth stage, which for all species, except for C. papyrus, lasted about two months (April and May), the 10-day Kc varied between 0.93 (C. zizanioides in the last 10 days of April 2012) and 2.77 (P. australis in the second 10 days of May 2013).



The crop development stage varied in duration depending on the species and growing seasons: The minimum duration (five weeks, from the first 10-days of June 2013 to the first 10-days of July 2013) was found in M. giganteus, while the maximum duration (13 weeks, from the first 10-days of June 2012 to the first 10-days of September 2012) was observed in C. zizanioides. In the crop development stage, the 10-day Kc ranged from 0.66 (C. papyrus) to 7.29 (P. australis) in 2012 and from 1.74 (M. giganteus) to 6.69 (P. australis) in 2013.



In the overall mid-seasons, P. australis showed the highest average 10-day Kc value (7.10), followed by A. donax (4.45), C. papyrus (3.70), C. zizanioides (3.54), and M. giganteus (2.55).



During the plant senescence stage (late season), the 10-day Kc decreased until the end of November when average values, for both years, were about 3.57 for P. australis, 2.55 for A. donax, 1.78 for C. zizanioides, 1.46 for C. papyrus, and 1.09 for M. giganteus.



Regression analysis indicated a positive relationship between the 10-day Kc value found in 2012 and 2013 for P. australis, A. donax, C. zizanioides, and M. giganteus. As shown in Figure 10, the linear regression for P. australis and A. donax was higher than that for C. zizanioides and M. giganteus. This was due to the significant differences in dry biomass yield and bio-agronomic characters, between the two years, in C. zizanioides and M. giganteus. In fact, linear regression analysis showed that 10-Kc correlated strongly with phenological parameters (plant height and density), with a correlation factor ranging from 0.923 (M. giganteus) to 0.984 (C. papyrus) for plant density (Figure 11), and from 0.859 (M. giganteus) to 0.960 (C. zizanioides) for plant height (Figure 12).



The values recorded by A. donax, were lower than those reported by Tuttolomondo et al. [11], who reported a Kc of between 1.16 and 7.49 in a similar environment, probably due to minor “clothesline” and “oasis” effects in our study. These effects are particularly evident for small constructed wetlands [7,72] where an unlimited water supply coupled with energy advection to the surrounding area of macrophyte vegetation can lead to an increase in water loss by evapotranspiration.



The strong relationship between the size of the constructed wetlands and evapotranspiration was demonstrated by the results observed in P. australis. For this species, other studies [18,73] carried out in natural wetlands with extended surface areas of about 235 and 90,000 Ha, have shown ET rates ranging from 0.5 to 5.8 mm day−1 with mean Kc values of about 0.53 and 0.71, respectively, clearly lower than those estimated in our study (mean season Kc value of about 4.76).



It was not possible to show comparative Kc values for M. giganteus from other CWs, as no research was found on this specific subject. However, the Kc found for M. giganteus was in agreement with Triana et al. [70], who for M. giganteus cultivated in lysimeters in which the soil moisture was constantly maintained close to field capacity, reported Kc values ranging from 0.31 to 1.61.



Also, for C. zizanioides and C. papyrus a comparison of the Kc value was not possible since there are no available data in the literature for Mediterranean regions.




3.5. Water Use Efficiency Indices


For all species there were no significant differences between the WUE values determined in the two growing seasons (Figure 13) except for M. giganteus which increased the WUE value by about 65% between the 2012 and 2013 seasons. The highest value (3.68 g L−1) was comparable with results showed by A. donax (3.75 and 3.70 g L−1 in 2012 and 2013, respectively). The other species tested showed significantly lower average WUE values, about 29% (C. zizanioides), 62% (P. australis), and 79% (C. papyrus).



Generally, under optimum environmental conditions, the WUE of C4 plants is about twice as high as that of C3 plants [74]. However, there are several factors that affect the measurements of crop WUE, such as the variable quantity of harvestable parts of the biomass and the crop growing season [75]. These factors particularly affected the performances of A. donax and C. papyrus: (a) A. donax despite being a C3 plant showed comparable WUE values to M. giganteus (C4 plant). This is because in the autumn, the biomass losses in giant reed were very modest or absent, while in M. giganteus significant dry biomass losses were found; (b) the relative C. papyrus (C4 plant) reduced WUE was partially due to the delay in plant transplanting and the shorter growing season.



The WUE values determined for A. donax and M. giganteus were generally lower than those observed in other experimental studies carried out in a Mediterranean environment, in open fields with different irrigation treatments: Barbagallo et al. [76] and Cosentino et al. [77] found WUE values between 3.2 to 5.0 g L−1 for A. donax. Other authors [78,79] obtained WUE values ranging from 0.93 to 10 g L−1 for M. giganteus. This could be explained by the limited availability of water in open fields compared to CWs with permanently saturated conditions.



The WUE of P. australis showed values ranging from 1.29 to 1.50 g L−1, which were comparable to those obtained in other similar field experiments, ranging between 0.7 to 2.27 g L−1 [5,16,25,59].



Since there are few data available on the WUE of C. zizanioides in the literature, our results can only be compared with Barbagallo et al. [76] who in an open field irrigated with low quality water at 100% evapotranspiration restitutions, showed a mean value of about 1.3 g L−1.



Finally, information on the WUE of C. papyrus is still limited, and the studies that have dealt with this specific parameter [80,81] differ greatly in terms of climatic conditions or methodological approaches, thus preventing a meaningful comparison of the results.





4. Conclusions


Our study showed that P. australis was characterized by higher evapotranspiration rates (average value of about 17.31 mm day−1) followed by A. donax, C. zizanioides, C. papyrus, and M. giganteus, with average season values of about 11.23, 8.56, 7.86, and 7.35 mm day−1, respectively. As expected, the differences in ET observed between species can be explained by the photosynthetic cycles and the morphological parameters which showed a high correlation with Kc. The Kc time patterns, for all tested species, were similar to the classical trapezium shape of Kc for agricultural crops highlighting higher values than the latter, probably due to the unlimited water availability.



The ET process has not altered the salt concentrations in treated wastewater which have maintained, for the EC parameter, a slight degree of restriction for the irrigation use, as suggested by FAO guidelines [82].



An experimental investigation conducted in 2012 [11] in the same CWPP has proved the active role of tested species in the wastewater treatment detecting higher removal efficiencies of physico-chemical and microbiological parameters in vegetated beds than those obtained in unvegetated. The slight differences observed between the performances of vegetated beds highlighted the possibility to use successfully alternative species to the P. australis.



It should be noted that the small experimental plant may have led to over-estimating the plant evapotranspiration, due to the clothesline and oasis effects. However, comparing the results with other studies on evapotranspiration in small CWs, we believe that the data reported in this study are reliable. The results thus represent a useful guide for estimating the ET of P. australis, A. donax, C. zizanioides, C. papyrus, and M. giganteus and for calculating the Kc by the FAO-56 approach.



The high aboveground biomass values showed by A. donax, M. giganteus, C.zizanoides, and P. australis suggest that constructed wetlands used to treat wastewater have the potential to provide a sustainable bioenergy source without placing burdens on water resources or displacing other food or energy crops. Furthermore, the WUE indices calculated in this study could represent a reliable guide for selecting plants in CWs when the reusing treated wastewater is planned.
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Figure 1. Layout of pilot plant constructed wetland. Cyperus papyrus was planted in horizontal sub surface flow (H-SSF)1 and H-SSF7, Chrysopogon zizanioides in H-SSF2 and H-SSF8, Miscanthus x giganteus in H-SSF3 and H-SSF9, Arundo donax in H-SSF4 and H-SSF10, and Phragmites australis in H-SSF5 and H-SSF11, while H-SSF6 and H-SSF12 are unplanted. 
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Figure 2. Pictures of Cyperu papyrus (a), Chrysopogon zizanioides (b), Miscanthus x giganteus (c), Arundo donax (d), and Phragmites australis (e). 






Figure 2. Pictures of Cyperu papyrus (a), Chrysopogon zizanioides (b), Miscanthus x giganteus (c), Arundo donax (d), and Phragmites australis (e).



[image: Water 11 02159 g002]







[image: Water 11 02159 g003 550] 





Figure 3. Trends of plant height and density (of C. papyrus, C. zizanioides, M. giganteus, A. donax, and P. australis) and number of leaves (total and dead) and stem diameter (of M. giganteus, A. donax, and P. australis) during 2012 growing season. 
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Figure 4. Total aerial dry matter of the herbaceous species in December 2012 and 2013 (different letters indicate significant differences at p < 0.05). 
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Figure 5. ET0 daily rates during 2012 and 2013 observation periods. 
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Figure 6. Trend of meteorological data and 10-day average ET0, ETcon, and ET for C. papyrus, C. zizanioides, M. giganteus, A. donax, and P. australis during 2012 (a) and 2013 (b) observation periods. 
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Figure 7. Cumulative ET0, ETcon, and ET for C. papyrus, C. zizanioides, M. giganteus, A. donax, and P. australis during 2012 (a) and 2013 (b) observation periods. 
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Figure 8. Relationship between ET0 and ET for C. papyrus, C. zizanioides, M. giganteus, A. donax, and P. australis in 2012 and 2013 observation periods. 
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Figure 9. 10-day Kc of C. papyrus, C. zizanioides, M. giganteus, A. donax, and P. australis during 2012 (a) and 2013 (b) observation periods. 
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Figure 10. Relationship between 10-day crop coefficient (Kc) for C. zizanioides (a), M. giganteus (b), A. donax (c), and P. australis (d) in 2012 and 2013 observation periods. 
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Figure 11. Relationship between 10-day Kc and plant density for C. papyrus, M. giganteus, A. donax, and P. australis from April to September 2012. 
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Figure 12. Relationship between 10-day Kc and plant height for C. papyrus, V.zizanioides, M. giganteus, A. donax, and P. australis from April to September 2012. 
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Figure 13. Water use efficiency (WUE) of the herbaceous species in December 2012 and 2013 (different letters indicate significant differences at p < 0.05). 
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Table 1. Mean influent (±SD) pollutant concentrations of all the constructed wetland (CW) beds during 2012 and 2013 season.
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Parameters

	
Unit

	
Year




	
2012

	
2013




	
Mean

	
±SD

	
Mean

	
±SD






	
TSS

	
mg L−1

	
78.0

	
(±61.4)

	
35.5

	
(±16.7)




	
BOD5

	
mg L−1

	
not detected

	
30.8

	
(±3.9)




	
COD

	
mg L−1

	
67.9

	
(±40.4)

	
50.6

	
(±2.6)




	
NH4-N

	
mg L−1

	
7.1

	
(±4.5)

	
11.4

	
(±4.8)




	
NO2-N

	
mg L−1

	
0.3

	
(±0.2)

	
0.3

	
(±0.1)




	
NO3-N

	
mg L−1

	
6.7

	
(±4.7)

	
1.0

	
(±0.4)




	
Norg

	
mg L−1

	
1.4

	
(±0.7)

	
2.4

	
(±0.9)




	
TN

	
mg L−1

	
15.6

	
(±7.5)

	
15.1

	
(±4.6)




	
PO4-P

	
mg L−1

	
3.3

	
(±1.3)

	
7.5

	
(±0.9)











[image: Table] 





Table 2. Monthly meteorological data for the calculation of evapotranspiration (ET0) in the two years.
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Year

	
Month

	
Cumulative Rain

	
Absolute Minimum Air Temperature

	
Absolute Maximum Air Temperature

	
Average Air Temperature

	
Average Wind Speed

	
Average Relative Humidity

	
Average Solar Radiation




	

	

	
mm

	
°C

	
°C

	
°C

	
ms−1

	
%

	
MJm−2d−1






	
2012

	
April

	
66.0

	
1.5

	
27.1

	
13.3

	
1.8

	
73.9

	
22.2




	

	
May

	
5.6

	
3.9

	
29.5

	
16.8

	
1.0

	
61.9

	
26.7




	

	
June

	
0.0

	
8.2

	
37.5

	
23.1

	
0.9

	
48.1

	
29.9




	

	
July

	
4.4

	
13.4

	
43.4

	
26.3

	
0.8

	
47.5

	
27.6




	

	
August

	
0.0

	
13.9

	
42.2

	
26.1

	
0.8

	
49.2

	
24.2




	

	
September

	
8.0

	
11.7

	
35.6

	
22.0

	
0.7

	
66.0

	
19.6




	

	
October

	
18.2

	
3.3

	
34.5

	
19.0

	
0.6

	
75.3

	
13.5




	

	
November

	
0.6

	
3.4

	
25.6

	
14.4

	
0.7

	
83.5

	
8.4




	

	
Average Season

	
102.8 *

	
12.5

	
28.1

	
20.1

	
0.9

	
63.1

	
5253.2 *




	
2013

	
April

	
3.0

	
3.5

	
25.3

	
13.7

	
0.6

	
73.9

	
21.3




	

	
May

	
1.0

	
4.4

	
30.5

	
17.0

	
1.0

	
64.1

	
24.8




	

	
June

	
0.0

	
7.8

	
37.3

	
20.9

	
0.9

	
52.6

	
29.7




	

	
July

	
0.0

	
10.2

	
39.9

	
23.9

	
0.9

	
54.9

	
27.3




	

	
August

	
0.0

	
14.4

	
37.4

	
24.8

	
1.4

	
57.7

	
24.1




	

	
September

	
62.4

	
8.8

	
34.3

	
21.1

	
1.1

	
71.1

	
18.8




	

	
October

	
9.2

	
6.4

	
33.6

	
19.2

	
0.9

	
71.9

	
14.5




	

	
November

	
61.4

	
−1.6

	
26.7

	
12.4

	
0.9

	
79.2

	
9.6




	

	
Average Season

	
137.0 *

	
11.8

	
27.0

	
19.2

	
1.0

	
65.6

	
5196.1 *








* Cumulated value.
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