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Abstract

:

Diffuse agricultural pollution degrades water quality and is one of the main causes of eutrophication; therefore, it is important to reduce it. Constructed wetlands (CW) can be used as an effective measure for water quality improvement. There are two possible ways to establish surface flow CWs, in-stream and off-stream. We studied treatment efficiency of the in-stream free surface flow (FSW) Vända CW in southern Estonia from March 2017 until July 2018. The CW consists of two shallow-water parts planted with cattail (Typha latifolia). According to our analyses, the CW reduced total phosphorus (TP) and phosphate (PO4-P) by 20.5% and 16.3%, respectively, however, in summer, phosphorus removal was twice as high. We saw significant logarithmic correlation between flow rates and log TP and log PO4-P removal efficiency (rs = 0.53, rs = 0.63, p < 0.01 respectively). Yearly reduction of total organic carbon was 12.4% while total inorganic carbon increased by 9.7% due to groundwater seepage. Groundwater inflow also increased the concentration of total nitrogen in the outlet by 27.7% and nitrate concentration by 31.6%. In-stream FWS CWs are a promising measure to reduce diffuse pollution from agriculture; however, our experience and literature data prove that there are several factors that can influence CWs’ treatment efficiency.
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1. Introduction


The growing population demands food, which in turn, affects agriculture and other land management. This causes land use changes and intensifies fertilizer use, which increases the impact of diffuse pollution on water quality [1]. Nutrient runoff from intensively managed agricultural land causes water quality degradation, increases plant growth, loss of biodiversity, and other problems related to eutrophication [2,3]. Sources and spread of diffuse pollution in landscapes are difficult to locate and control due to their large scale and diffuse nature, as they are strongly influenced by human activities and climate conditions [4]. Therefore, it is important to prevent it. Several legal regulations have been created, but nutrients still transfer to water bodies [4]. It is necessary to use measures for diffuse pollution reduction, such as creating surface-flow constructed wetlands.



Constructed wetlands (CW) can effectively reduce nutrient loads downstream and therefore improve water quality through natural water treatment mechanisms, such as uptake by vegetation, microbial processes and sedimentation and filtration [5,6,7,8]. In addition to those, CWs also provide other important environmental services—they increase biodiversity, create habitats for amphibians, birds and mammals, serve as water reservoirs during drought, and buffer storm waters much like natural wetlands [7,8].



Based on the location of the wetland related to the stream, there are two ways to establish surface flow CWs—directly into the stream (in-stream) or adjacent to the stream (off-stream). Due to off-stream wetlands being located near the stream or ditch channel, only about one third of stream water passes through the CW for purification [9,10]. In CWs that are located directly in the flow path, all stream water flows through the wetland and different nutrient reduction processes can take place as the flow rate is decreased due to banks widening [11,12,13]. In-stream CWs are less common than off-stream CWs. Off-stream CWs have a more stable flow rate and nutrient reduction efficiency, however, in-stream CWs usually have higher hydraulic loads [14,15,16], which may reduce nutrient reduction efficacy during peak flow events. Nonetheless, in-stream CWs are useful, as according to Arheimer and Pers [17], off-stream wetlands treat only 30% of stream flow while in-stream wetlands reduce nutrient concentration from an entire stream [17]. In-stream wetlands are usually permanently flooded, which favours higher permanent plant cover (50–90%) compared with off-stream wetlands (10–20%) [12], and, therefore, favours higher nutrient removal. In-stream FWS CWs are highly influenced by climate and flow rate, thus nutrient removal efficiency is also related to the wetland/catchment ratio, which should be at least 0.5% [5,6].



According to previous studies, free-water surface-flow (FWS) CWs have shown high nutrient removal efficiencies, especially for nitrogen (N) and phosphorus (P) from agricultural runoff [5,6,14,15,18,19]; however, the efficacy in the in-stream wetlands is affected by several factors, such as flow rate, wetland/catchment ratio, vegetation and temperature [5,16,20]. Thus, previous studies report various outcomes. In a 100 m long and 7 m wide ditch with intensive macrophyte growth receiving outlet from a wastewater treatment plant and runoff from adjacent fertilized fields (“bioditch”), the concentration of total N (TN) and total P (TP) was reduced by 66% and 69%, respectively [21]. In other FWS CW systems, TP removal efficiency has been reported to be 3–80% [5,18,19,20,22,23]. TN and nitrate (NO3-N) removal efficiency were measured up to 36% and 50%, respectively [5,24], whereas Braskerud [15] reported significantly lower TN retention, only 3–15%.



One factor affecting wetland operation and nutrient removal efficiency is groundwater seepage to the wetland. That increases flow rate in the wetland [25], which in turn may decrease water retention time and increase nutrient concentration if the groundwater has high nutrient concentration. Groundwater contains, in most cases, several ions that are not characteristic of surface water and wetlands. Due to those, groundwater usually has higher electrical conductivity (EC) and seepage to the wetland may increase EC and concentration of the ions. Groundwater has lower water temperature [26], which may decrease surface-water temperature and therefore depress microbial activities and removal processes.



The aim of this study was to evaluate the efficiency of an in-stream FWS CW to reduce non-point source agricultural pollution in the northern climate and evaluate the impact of groundwater to the nutrient removal efficiency.




2. Materials and Methods


2.1. Site Description


The Vända FWS CW (58°17′ N, 26°43′ E) is located in the 2.2 km2 Vända sub-catchment that is part of the 258 km2 Porijõgi river catchment in southeaster Estonia. Approximately 62% of the Vända sub-catchment is intensively managed arable land, about 32% natural areas and 8% other land use types. The region experiences a temperate climate, with four near-equal length seasons. The growing season typically extends from late April to September. The mean annual air temperature is 6.3 °C and mean annual precipitation is 726 mm recorded at the nearby Tartu Observatory weather station in Tõravere.



For decades, both surface water and groundwater have been impacted by the nutrient runoff and leaching from surrounding agricultural fields. Until 2015, when Vända FWS CW was established, no water protection measures had been used to control or reduce diffuse pollution [1,21,27]. The Vända FWS CW consists of two shallow water wetlands with a total area of around 4500 m2 (Figure 1), which is approximately 0.5% of the upstream catchment area. Right after construction works in July 2015, the first CW was planted with cattail (Typha latifolia) and common reed (Phragmites australis) while the second wetland was left to colonize naturally. After 3 years, the first wetlands have shown significantly higher vegetation coverage, being approximately 51%, while in the second wetland it was only 10.5%. Average daily flow rate in the CW is highly dependent on the season and rainfall and therefore it fluctuates between 10 to 1250 m3, with hydrological retention time from minutes (peak flow) to 4 days. Due to its location in a valley, the CW is also highly impacted by the groundwater seepage since no specific insulation materials such as geomembrane or clay were used.




2.2. Water Sampling and Analysis


Water samples were collected biweekly since March 2017 and during the study period, a total of 132 samples was taken. Each time, the samples were collected from the inlet (in 1 and in 2) and outlet (out 1 and out 2) of both CWs. Portable device (YSI ProDSS) (YSI Inc., Yellow Springs, OH, USA) was used to measure six parameters on the site, such as pH, turbidity (from spring 2018), temperature, oxygen concentration, redox potential and electrical conductivity (EC). We used SonTek FlowTracker (YSI Inc., Yellow Springs, OH, USA) handheld acoustic Doppler velocimeter to measure flow rate. At the laboratory, total nitrogen (TN) and carbon forms such as total organic carbon (TOC), total carbon (TC) and total inorganic carbon (TIC) were analysed with a Vario TOC cube (Elementar GmbH, Langenselbold, Germany). Spectrophotometry was used to analyse concentrations of total phosphorus (TP) and phosphate (PO4-P) and ion chromatography was used to determine concentrations of nitrate (NO3-N), nitrite (NO2-N), sulphate (SO42−) and chlorine (Cl−). The analyses were performed following the standard methods [28]. Removal efficiency (RE) of nutrients and carbon was calculated based on the differences between concentrations in the inlet and outlet points (Equation (1)).


  RE    ( % )    =      (   C  in   −  C  out    )     C  in     × 100 %  



(1)




where: Cin—inflow concentration (mg·L−1); Cout—outflow concentration (mg·L−1).



Since previous water analyses showed remarkable nutrient (especially nitrogen compounds) concentration changes between two wetlands, we installed 10 piezometers in the summer of 2018 to locate the area where groundwater might enter the ditch. We measured flow rate in each piezometer as well as analysed NO3-N, TN, TC, TOC and TIC concentrations.




2.3. Statistical Analysis


Shapiro-Wilk tests were used to check the normality of variables. As the distribution of data deviated from normality, the nonparametric Mann-Whitney U test and Spearman’s rank correlation were applied to compare the inlet and outlet of the system and both wetlands. Spearman’s rank correlation was used to determine relationships between water parameters. The analyses were performed using Statistica 10.0 (StatSoft Inc., Tulsa, OK, USA) and R software’s (version 3.4.4., R Core Team, Vienna, Austria). The level of significance of p < 0.05 was accepted in all cases.





3. Results and Discussion


3.1. Water Quality Changes


3.1.1. Carbon


The average TC loading to the CW was 8328 kg C ha−1·year−1, of which TOC constituted about 75%. Average TC and TOC concentrations in the Vända CW decreased from 68.2 mg·L−1 and 44.5 mg·L−1 at the inlet to 66.3 mg·L−1 and 39.7 mg·L−1 at the outlet, respectively, but average TIC concentration in the wetland increased from 30.3 mg·L−1 to 31.0 mg·L−1. TOC removal efficiency in the Vända CW was 12.4%, being higher in summer (21.2%) and resulting in a total removal of 1136 kg TOC ha−1·year−1 during the study period. Kovacic et al. [29] reported TOC removal in a range 2–17%. TIC concentration increased by 9.7% through the wetland system. Since TIC concentration increased, it also affected TC removal, which was only 2.9%. There were slight differences in the removal efficiencies of carbon fractions between the two wetlands, but they were not significant (Figure 2d).



Carbon in CWs is usually removed by sedimentation, litter fall, chemical precipitation and microbial activity, which are influenced by flow rate changes. Increased flow rate reduces water residence time, which inhibits the removal processes [5]. TOC concentration had significant positive correlation with flow rate (rs = 0.43, p < 0.01) showing that the higher flow rate increased TOC concentration at the inlet (Figure 3e). However, inlet TIC concentration had a negative correlation with flow rate (rs = −0.71, p < 0.05), indicating the impact of groundwater during low flow, when the proportion of groundwater increased.




3.1.2. Phosphorus


The average TP loading to the CW during the study period was 14.8 kg P ha−1·year−1. Average TP concentration decreased from 0.17 mg·L−1 to 0.12 mg·L−1 through the entire wetland system, but main concentration decrease occurred in the first wetland, where average TP concentration decreased from 0.17 to 0.13 mg·L−1. This yielded a 14.7% removal efficiency in the first wetland, and 1.9% in the second wetland, but overall removal efficiency was 20.5% during the study period (Figure 2c). In total, during the study period, CW retained 6.5 kg P ha−1·year−1. Phosphorus removal efficiency peaked in the summer (42.5%), particularly in July 2018 (72.7%). The results are similar to some previous studies [14,18,20,23]. Since phosphorus removal is extremely dependent on parameters like wetland/catchment ratio and water retention time, previous studies have reported various outcomes from 3% to 62% [5,18,19,22]. In some peak flow cases, wetlands have become sources of phosphorus due to the turbulent water, which can release some phosphorus from sediments [19]. Dal Ferro et al. [13] also reported increased phosphorus concentration in the outlet of the CW probably due to decaying plants and translocation of nutrients or algal and microbial activity. In the first and second wetland of Vända, the decrease of PO4-P concentration was from 0.055 to 0.045 mg·L−1, resulting in retentions of 4.6% and 11.4% in the first and second wetland, respectively. PO4-P removal efficiency of the system during the study period was 16.3% (Figure 2c) which peaked at 52.3% in the summer. This suggests that the lower flow rate and higher hydraulic retention time favour TP removal in wetlands as TP is mainly removed by sedimentation and filtration [7]. Higher PO4-P removal rate in summer is also affected by water temperature and oxygen concentration due to its dissolved form. PO4-P removal in summer is mostly related to microbial activity and vegetation uptake [30,31]. PO4-P removal efficiency strongly correlated (rs = 0.75, p < 0.001) with water temperature, indicating that higher temperature favoured vegetation growth, and nutrient uptake by macrophytes and microbial activities, which play an important role in phosphorus removal. Similar results are shown in other studies [5,6,30].



We saw a strong negative correlation between oxygen concentration and phosphorus removal efficiency in the wetland (rs = 0.63, p < 0.001 for PO4-P). According to Kjaergaard et al. [31], anaerobic conditions induce the release of phosphorus from the wetland soil, although in aerobic conditions, the phosphorus might also be released into water depending on the pH level [31,32]. Our results show higher phosphorus removal efficiency with lower oxygen concentration in the water, which suggests that the wetland soil is in an oxic state and acts as a sink of phosphorus. Its removal efficiency is indirectly affected by oxygen availability [33]; thus, with lower temperatures, when dissolved oxygen (DO) concentration is higher, phosphorus removal is lower. Higher DO values occur during the winter and the colder period, when oxygen solubility in water is high, and lower values occur during the summer [33].



We also saw strong logarithmic correlation between log PO4-P and log TP removal efficiencies and flow rate (rs = 0.63, rs = 0.53, p < 0.01 respectively). Lower flow rate induces better removal efficiency due to the longer water retention time providing time for the nutrient removal processes. TP and PO4-P concentrations are usually lower during a dry season. In the rainy season, the inlet concentrations increase significantly. Phosphorus concentration was higher in the spring, due to fertilizer application and increased surface runoff, but with a lower flow rate during summer, concentrations in the outlet decreased significantly (Figure 3d). One of the main reasons for the TP increase is surface runoff from the agricultural fields during heavy rainfall or snowmelt [34]. We saw a strong linear correlation (rs = 0.86, p < 0.001) between TP concentration and turbidity which clearly shows that phosphorus is partly transported in particulate form [35].




3.1.3. Nitrogen Compounds


Contrary to expectations, NO3-N, NO2-N and TN concentrations increased in the Vända CW. The average TN loading to the CW was 726 kg N ha−1·year−1, which increased significantly after passing the wetland system. Average increase in NO3-N concentration was from 4.1 mg·L−1 to 5.4 mg·L−1, NO2-N and TN concentrations increased from 0.036 mg·L−1 and 5.9 mg·L−1 to 0.037 mg·L−1 and 7.5 mg·L−1, respectively. In the first wetland TN, NO3-N, NO2-N concentrations increased 8.3%, 9.1% and 11.6%, respectively. In the second wetland, the NO3-N concentration increased 2.8% and NO2-N concentration increased 4.6%, respectively, but TN concentration in the second wetland decreased by 0.4% (Figure 2a). Through the entire wetland system, nitrogen concentrations increased significantly about 27.7% for TN and for NO3-N and NO2-N the increase was 31.6% and 15.1%, respectively. For TN and NO3-N, the higher increase in concentrations occurred during summer, when the average increase in concentration was up to 45%. In total, during the study period, the wetland system resulted in approximately 260 kg N ha−1·year−1 leaving CW. These results are surprising, as previous studies have reported much higher nitrogen removal efficiencies [4,6], although some studies have reported quite low removal efficiencies for total nitrogen in colder climates [15,23]. As seen in Figure 3b, the higher concentration of nitrogen compounds occurred mostly during spring and summer. In spring, the higher concentrations are expected due to higher nutrient runoff from fields but the higher inlet and outlet concentrations in the summer indicate disturbances in the system. Nitrogen removal from CWs is highly dependent on different factors. For example, temperature, carbon and dissolved oxygen concentration and water residence time are main factors that support or disturb the nitrogen treatment processes such as nitrification, denitrification, ammonification, volatilization and plant uptake [8]. Most of the processes have a greater influence during warmer periods with the lower flow rate and help to decrease even higher loads of nitrogen compounds [36].



Nitrification and denitrification are dependent on the microbial activity and the growth of nitrifying and denitrifying bacteria depends on the temperature, dissolved oxygen concentration and pH level [37]. Mean temperature in the study period was 9.9 °C and in summer 17.5 °C, average pH level was 7.6 and average DO concentration was 10.7 mg·L−1. We saw a positive correlation between NO3-N and TN inlet concentration with pH level (rs = 0.36 and rs = 0.38, p < 0.01, respectively), which can indicate that nitrifying bacterial growth and the nitrification process is favoured. The optimum pH value for the nitrification and denitrification processes is 7–7.5 [38,39], which is similar to our results. However, some studies have shown that plants can acidify the surrounding area and lower pH which can affect some denitrifying bacteria [40].



Nitrification processes where ammonium is oxidised to nitrate occurs in aerobic areas of FWS CWs [7], while denitrification, the reduction of NO3-N to N2O and N2, proceeds in anoxic and suboxic water zones [24]. Our results showed a strong negative correlation with DO (rs = −0.85, p < 0.001) and inlet NO2-N concentration. This indicates that at higher DO concentrations, nitrification is favoured, and in summer, NO2-N reduction was up to 3.9%. Higher DO concentration will also supress denitrifiers and, therefore, conversion of nitrate to gaseous nitrogen forms (N2 and N2O) is inhibited.





3.2. Groundwater Influence


The year-round increased concentration of TN, NO3-N, SO42− and Cl− in the wetland clearly showed that groundwater had a remarkably high influence on treatment efficiency, especially in terms of nitrogen removal. Higher NO3-N and TN concentrations were mainly observed in the summer during low flow rate (Figure 3b), which suggests the addition of nitrogen to the wetland by groundwater seepage, since no runoff came from the fields. In addition to NO3-N, other pollutants, such as SO42−, Cl−, PO4-P and TIC can refer to groundwater seepage. Higher inlet and outlet SO42− and Cl− concentrations were also observable in the summer during the low flow rate (Figure 3c). TIC shows concentration of carbonates in the water, and its increase indicates groundwater seepage [41]. TIC, SO42− and Cl− inlet concentrations had a strong positive correlation with EC (rs = 0.77, rs = 0.79, rs = 0.77, p < 0.01, respectively), indicating that the additional groundwater increases not only the nitrogen compounds but also TIC concentration and ions such as SO42− and Cl−, likewise, EC increased by 15% from inlet to outlet. Figure 4 illustrates a strong linear correlation of NO3-N concentration with SO42− (a), Cl− (b) and TIC (c), indicating that the nitrate addition to the wetland originates from groundwater seepage, which lowers the nitrogen treatment efficiency and wetland becomes a source of nitrogen. We did not see a similar trend between NO3-N and PO4-P, probably due to the iron-rich soils which bind to phosphorus [42]. Concentration of SO42− and Cl− increased 25.2% and 18.7% during the low flow rate, respectively. Overall increase of SO42− and Cl− during the study period was 20.7% and 15.8%, respectively, and Cl− increased more in the second wetland (Figure 2b), which refers to more intense groundwater seepage into the second wetland. Inlet SO42− concentration correlated strongly with Cl− (Figure 4d), which implies the same groundwater source. High NO3-N concentration in groundwater has been a regular problem in the area, especially during the Soviet period when fertiliser use was significantly higher [27]. Results from groundwater analyses from 10 piezometers installed in June 2018 revealed that TN concentration was in the range of 0.6–21 mg·L−1 with an average flow rate of 9.5 L·d−1. We estimated groundwater inflow of around 90 kg of nitrogen during the sampling period. Therefore, groundwater seepage could explain most of the nitrogen increase in the CW. Our results confirm that the fertilizers added to the surrounding fields are still highly affecting the groundwater and in addition to surface runoff, the groundwater can have a significant impact on the overall CW treatment efficiency.





4. Conclusions


Treatment efficiency of the Vända in-stream CW showed a strong seasonal dynamic over the study period, depending on nutrient runoff from the surrounding fields, fertilization, and groundwater seepage and rainfall/snowmelt events. Overall TP and PO4-P removal efficiency was 20.5% and 16.3%, respectively, which doubled during the summer. Phosphorus removal had strong relation with flow rate and was inhibited during peak flow events. Concentration of nitrogen compounds TN, NO3-N, NO2-N increased in the wetland by 27.7%, 31.6% and 15.1%, respectively, and the increases were even higher during summer. The source was groundwater seepage. This was evidenced by the increased concentration of SO42−, Cl− and TIC, in strong correlation with the NO3-N. TOC concentration in the outlet decreased 12.4%, however, TIC concentration increased by 9.7% due to groundwater seepage, therefore, resulting in an overall TC reduction of 2.9%. Several physical-chemical parameters such as turbidity, DO concentration and EC indicated much about the activity and changed through the wetland system. Our study showed that the efficiency of the CW could be seriously affected by groundwater, which can be avoided if an impermeable layer is used during construction works. On the other hand, CWs can still reduce some of the pollution originating from the groundwater, therefore making these systems more multifunctional. Further studies are however needed to investigate the total amount of pollutants entering to the wetland via groundwater and how to increase the efficiency of the wetland to reduce the groundwater pollution.
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Figure 1. Layout of the Vända free water surface constructed wetland system (0.45 ha) capturing runoff from 2.2 km2 catchment area. 
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Figure 2. Removal efficiencies (%) of first wetland (W1), second wetland (W2) and their combination (W1 + W2) during the study period for (a) total nitrogen (TN), nitrate (NO3-N), (b) sulphate (SO42−), chlorine (Cl−), (c) phosphate (PO4-P), total phosphorus (TP) and (d) total carbon (TC), total organic carbon (TOC) and total inorganic carbon (TIC). Median, min/max, 25% and 75% quartile values are presented. Asterisks with numbers denote statistically significant differences between first wetland (W1), second wetland (W2) and their combination together (W1 + W2), according to the Mann-Whitney U test: *** p < 0.001, ** p < 0.01, * p < 0.05. 
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Figure 3. (a) Flow rate (L·s−1) changes in the study period. Inlet (in1) and outlet (out2) concentrations of (b) total nitrogen (TN) and nitrate (NO3-N), (c) sulphate (SO42−) and chlorine (Cl−), (d) phosphate (PO4-P) and total phosphorus (TP), (e) total carbon (TC) and total organic carbon (TOC) in spring (SP), summer (SM), autumn (AU) and winter (WI). Median, min/max and 25% and 75% quartile values are presented. Asterisks with letters indicate statistically significant differences between seasonal inlet and outlet concentrations, according to the Mann-Whitney U test: *** p < 0.001, ** p < 0.01, * p < 0.05. Capital letters indicate significant seasonal differences (p < 0.05) for left-side boxes; small letters show differences for right-side boxes. 
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Figure 4. Linear correlations between (a) sulphate (SO42−) and nitrate (NO3-N); (b) chlorine (Cl−) and nitrate (NO3-N); (c) total inorganic carbon (TIC) and nitrate (NO3-N); (d) chlorine (Cl−) and sulphate (SO42−) concentrations measured from inlets and outlets of the wetlands. Dashed line represents 95% confidence interval. 
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