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Abstract

:

In aquaculture, constructed wetland (CW) has recently attracted attention for use in effluent purification due to its low running costs, high efficiency and convenient operation,. However, less data are available regarding the long-term efficiency of farm-scale CW for cleaning effluents from inland freshwater fish farms. This study investigated the effectiveness of CW for the removal of nutrients, organic matter, phytoplankton, heavy metals and microbial contaminants in effluents from a blunt snout bream (Megalobrama amblycephala) farm during 2013–2018. In the study, we built a farm-scale vertical subsurface flow CW which connected with a fish pond, and its performance was evaluated during the later stage of fish farming. The results show that CW improved the water quality of the fish culture substantially. This system was effective in the removal of nutrients, with a removal rate of 21.43–47.19% for total phosphorus (TP), 17.66–53.54% for total nitrogen (TN), 32.85–53.36% for NH4+-N, 33.01–53.28% NH3-N, 30.32–56.01% for NO3−-N and 42.75–63.85% for NO2−-N. Meanwhile, the chlorophyll a (Chla) concentration was significantly reduced when the farming water flowed through the CW, with a 49.69–62.01% reduction during 2013–2018. However, the CW system only had a modest effect on the chemical oxygen demand (COD) in the aquaculture effluents. Furthermore, concentrations of copper (Cu) and lead (Pb) were reduced by 39.85% and 55.91%, respectively. A microbial contaminants test showed that the counts of total coliform (TC) and fecal coliform (FC) were reduced by 55.93% and 48.35%, respectively. In addition, the fish in the CW-connected pond showed better growth performance than those in the control pond. These results indicate that CW can effectively reduce the loads of nutrients, phytoplankton, metals, and microbial contaminants in effluents, and improve the water quality of fish ponds. Therefore, the application of CW in intensive fish culture systems may provide an advantageous alternative for achieving environmental sustainability.
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1. Introduction


In recent years, rapidly growing aquaculture has provided an important source of animal protein nutrition, and the production of freshwater aquaculture is 30.1374 million tons in 2019 in China [1]. In freshwater farming, inland pond culture is the major aquaculture model in China, having an area of 2,644,730 ha [1]. It is a well-known fact that the fish are fed heavy artificial diets in freshwater pond culture. However, large amounts of un-utilized diet and produced excrement can cause the deterioration of the water quality [2]. Residual nutrients may also result in blue-green algal blooms, which are harmful to farmed organisms [3]. Furthermore, aquaculture effluent has become a serious public concern, because it is rich in solid matter, organics, and dissolved metabolites, which may cause eutrophication, silting, oxygen depletion, ammonia and sulfide toxicity in the aquatic environment [4]. The untreated effluent is likely discharged into rivers or lakes, affecting the quality of water source for drinking [5]. Thus, the remediation of effluent is required in aquaculture farms to ensure environmental responsibility and sustainability.



To maintain the water quality of aquaculture ponds and remediate the aquaculture effluent, multiple methods have been applied, mainly categorized into physical, chemical, biological and ecological techniques [6]. Among these, ecological treatments, such as ecological ponds, plant purification, an ecological floating bed, and constructed wetland (CW), is considered to be the most effective method to remove pollutants from aquaculture water [7,8]. In ecological treatments, CW, integrating physical, chemical and biological techniques in an ecosystem, has become a preferred method in pond recirculating aquaculture systems and aquaculture wastewater treatment [9,10]. The treatment possesses some advantages, including low running costs, high efficiency, a lack of secondary pollution and easy maintenance and management [11].



Several researchers have investigated the purification effect of CW, including vertical flow CW and horizontal flow CW in aquaculture. It has been demonstrated that CW can efficiently and consistently purify major contaminants including suspended solids, organic matters and inorganic nitrogen in water and effluent from aquaculture ponds [12,13]. An early study reported that CW, connected with a shrimp pond, improved the water quality in a recirculating aquaculture system [10]. In intensive trout farms, CW as an effluents purification system had significant treatment effects on the nutrient fractions such as total nitrogen (TN) and total phosphorous (TP) [14]. Omotade et al. [15] suggested that CWs (0.97 m2) have a great potential for the treatment of aquaculture wastewater, which contributed to the recycling of the wastewater. A study in a laboratory-based horizontal subsurface flow CW (125 cm × 20 cm × 50 cm) showed that the nitrate, chemical oxygen demand (COD) and total aerobic bacteria were reduced substantially over 50 days and improved the water quality of the shrimp culture [16]. Meanwhile, CW microcosms (40 cm × 30 cm × 30 cm) with vertical subsurface flow can effectively remove the organic micropollutants in freshwater aquaculture effluents over 4 weeks [17]. It is worth noting that existing studies regarding the purification effect of CW on aquaculture effluent were primarily performed under lab-scale applications during a relatively short monitoring time. However, few data are available regarding long-term efficiency of farm-scale CW for cleaning effluents from inland freshwater fish farm, and thus the stability and efficiency of farm-scale CW urgently need to be evaluated during a long-term operation.



In this study, we built a farm-scale hybrid vertical subsurface flow CW (VSFCW) connected with a fish pond to improve the water quality in intensive aquaculture ponds and prevent the continuous discharge of effluents into adjacent surface water. Meanwhile, we monitored the alteration of water quality such as COD, TN, ammonium-N (NH4+-N) and TP to evaluate the treatment efficiency and stability during 2013–2018. Furthermore, we observed the removal effect of CW on metals and microbial contaminants in the inland freshwater fish farming water. This study can provide necessary data to support the application of the CW in inland freshwater fish farms.




2. Materials and Methods


2.1. Constructed Wetlands and Aquaculture System


The research site was located in an aquaculture farm of Freshwater Fisheries Research Center in China (31°18′50.38′′ N, 119°55′38.54′′ E). The hybrid VSFCW (total surface area 450 m2) was built according to the measurements of the existing fish pond, which consisted of a sedimentation compartment (5 m × 7.5 m), continuously aerated compartment (5 m × 7.5 m), upward flow wetland (13.5 m × 15 m), downward flow wetland (10 m × 15 m) and stabilize water compartment (1.5 m × 15 m) (Figure 1). The bottom layer of wetland was filled with 20 cm of cobblestone (diameter 8–10 cm), the middle layer was filled with 20 cm of smaller cobblestone (diameter 4–6 cm), and a layer of 30 cm of biological ceramsite (diameter 2–4 cm) was laid on the top. The wetland was planted with Thalia dealbata L., Pontederia cordata L. and Canna indica L. which have longer growth periods and a stronger uptake capacity of nitrogen, phosphorus and metal [18,19].



The VSFCW was connected with the fish pond (3330 m2) using a pump and pipeline, to construct a recirculating aquaculture system. The treated water volume of the CW was 100 m3/d. The mean hydraulic loading rate (HLR) and hydraulic retention time (HRT) of the CW were 0.28 m3/m2·d and 1.25 d, respectively. Another pond without a water purification system was set as a control, which was managed in an identical way. The water in the CW-connected pond was not exchanged. The CW fish pond system was installed in early May 2013, and the test was conducted in June and July 2013 and formally conducted in August 2013.




2.2. Fish Culturing


In the fish ponds, we adopt a polyculture fish-stocking strategy. A blunt snout bream (Megalobrama amblycephala) was the main culture species, with an average initial weight of 85 g and a stocking density of 0.141 kg/m3. Each pond also contained crucian carp (Carassius auratus), silver carp (Hypophthalmichthys molitrix), bighead carp (Aristichthys nobilis) and grass carp (Ctenopharyngodon idellus). The stocking density of the crucian carp (average initial weight of 71 g), silver carp (average initial weight of 183 g), bighead carp (average initial weight of 135 g) and grass carp (average initial weight of 87 g) was 0.012, 0.021, 0.006 and 0.001 kg/m3, respectively. These fish were provided by the farm of Freshwater Fisheries Research Center. The fish farming began in the April of each year, and the fish were harvested in November of each year. During the study, the fish were fed 4 times per day with a commercial diet (Guangdong HAID Group Co., Ltd., Guangzhou, China) containing 30% crude protein, 4.5% crude fat, 10.8% crude fiber and 15% crude ash at a rate of 3–4% of their body weight. The use of fish was approved by the Freshwater Fisheries Research Centre (FFRC) of the Chinese Academy of Fishery Sciences, Wuxi, China.




2.3. Water Sampling and Water Quality Detection


According to the farming practice, the water quality of ponds may deteriorate at the later stage of farming as the fish grow and feeding diets are increased, thus we monitored the purification effect of CW in August, September and October 2013–2018. Water samples were collected twice per month from the CW inlet, CW outlet, and the control pond. The temperature and dissolved oxygen (DO) were measured using a YSI-DO 200 (YSI Inc., Yellow Springs, OH, USA), and the pH was measured using pH meter SG2 (METTLER TOLEDO, Switzerland). The water quality parameters including TP, TN, NH4+-N, NO2−-N, NO3−-N and COD were detected using standard methods [20]. Chlorophyl a (Chla) concentration was measured by the spectrophotometric method with acetone extraction [21]. Heavy metal contents, including copper (Cu), lead (Pb), cadmium (Cd) and chromium (Cr) were detected by the method recommended by Chen et al., using Agilent 7500ce ICP-MS (Agilent Technologies, USA) [22]. Total coliforms (TC) and fecal coliforms (FC) counts were measured via the paper strip method and the results were expressed as MPN/mL [23]. Removal efficiency (%) of the CW for each parameter was calculated using Equation (1).


Removal efficiency (%) = (C0 − C1)/C0 × 100



(1)




where C0 and C1 are the concentrations of the target parameter in the CW inlet and CW outlet, respectively.




2.4. Statistical Analysis


All data were expressed as mean ± standard error (SE) and calculated using SPSS software (Version 20). The data were confirmed to be of a normal distribution using the Shapiro–Wilk test, or transformed logarithmically in case of no normal distribution. Data were also assessed for heterogeneity of variance by Bartlett test. After an analysis of normal distribution and homogeneity of variances, the differences of water quality parameters among CW inlet, CW outlet and control pond were analyzed using a one-way analysis of variance (ANOVA) with LSD post hoc test, and the significance level was set as p < 0.05.





3. Results


3.1. Monitoring Running Parameters


The CW system was operated from June to November during the study period (2013–2018). The removal efficiency of pollutants in aquaculture wastewater gradually stabilized, and the water quality in the CW-connected pond was clearly improved.



During the experiment period, changes of temperature were similar in the CW influent and effluent, as well as in the control pond. Average temperature values were 28.07 ± 0.34 °C, 25.56 ± 0.29 °C and 22.10 ± 0.35 °C in August September and October during 2013–2018, respectively. Average pH values were, respectively, they were 7.26 ± 0.24, 7.02 ± 0.22 and 7. 03 ± 0.23 in the CW influent and effluent as well as in the control pond, and there were no significant differences among different sampling sites. The pH value varied in the range of 6.34–7.91. Data from different sites and times showed that DO values were kept in a range of 1.03–6.3 mg/L, with an average of 5.65 ± 0.23 mg/L in the control pond, 5.34 ± 0.42 mg/L in the CW inlet, and 1.33 ± 0.47 mg/L in the CW outlet. Interestingly, the DO values were significantly higher in CW inlet than that in CW outlet, indicative of oxygen depletion in the CW. The phenomenon may be caused by the aerobic respiration of heterotrophic microorganisms in CW, which can effectively degrade the pollutants in aquaculture wastewater [16].




3.2. Removal Efficiency of CW on Phosphorus


During 2013–2018, CW significantly removed the TP content in aquaculture wastewater and the removal rate ranged from 21.43–47.19%, with a mean of 39.74% (Figure 2). The TP value was significantly lower in the CW outlet than that in the CW inlet during the experiment period, except for in August and October 2013 and October 2016 (p < 0.05). Meanwhile, the TP content in the control pond was higher than that for the CW influent, and the differences were of statistical significance in September and October 2014, September and October 2015, August and October 2017 and August, September and October 2018 (p < 0.05).




3.3. Removal Efficiency of CW on Nitrogen


As shown in Figure 3a, TN concentrations were 1.36 ± 0.38–5.31 ± 0.63 mg/L, 0.78 ± 0.15–3.11 ± 0.41 mg/L and 1.96 ± 0.30–5.49 ± 0.72 mg/L in the CW inlet, CW outlet and control pond, respectively, during the monitoring period. During 2013–2018, the average removal rate of TN showed an upward trend, ranging from 17.66–53.54%. The data from 2013 showed a lower removal rate on TN with an average of 17.66% and a lowest removal rate (10.67%) in August. The data from 2017 and 2018 showed a higher and more stable removal rate in August–October The TN concentration obviously decreased in the CW outlet, relative to the CW inlet in August and September 2016, and August–October 2017 and 2018 (p < 0.05). In the control pond, the TN concentration was, overall, higher than that in the CW influent, but there were no significant differences between the two groups except in September and October 2018.



The concentration of NH4+-N in water generally decreased from the CW inlet to CW outlet site, and the decrease was statistically significant in August–October 2013, August 2016, August–October 2017, and September and October 2018 (p < 0.05; Figure 3b). The average reduction rate of NH4+-N was 40.57%, with the lowest removal rate (32.85%) in 2014 and the highest removal rate (53.36%) in 2017. In the control pond, the NH4+-N concentration was generally higher than that in the CW inlet, and the difference was statistically significant in Oct 2013–2016 and September and October 2017–2018 (p < 0.05; Figure 3b).



The variation of the NH3-N level followed a similar trend to NH4+-N, decreasing from 0.023 mg/L (mean) at the inlet to 0.014 mg/L (mean) at the outlet. Specifically, the NH3-N level reduced at the CW outlet compared with the CW inlet in October 2013, September 2014 and 2016, August–October 2017, and August 2018 (p < 0.05; Figure 3c). The CW system revealed an effective removal efficiency for NH3-N, with a reduction rate 30.75–53.28% during the monitoring period.



The NO2−-N concentration had temporal variations (Figure 4a). It was high at the beginning (August 2013), but rapidly decreased in September and October 2013. In August–October 2014, the NO2−-N concentration showed a rising tendency with time. In 2015–2016, the NO2−-N concentration showed a slight variation at different times. The mean NO2−-N concentration at the outlet was signally lower than that at inlet during the entire monitoring period, except in August 2013 and October 2015 (p < 0.05; Figure 4a). The highest removal rate of 63.85% was observed in 2014, and the average removal rate was 49.53% during 2013–2018. Moreover, the NO2−-N concentration in the control pond was generally higher than that in the CW inlet, and significant differences occurred in September and October 2013, September 2015, September and October 2016, October 2017 and September 2018 (p < 0.05; Figure 4a).



During the operation of the CW system, the NO3−-N concentration at the CW outlet declined compared with the CW inlet, and significant differences were seen in October 2014, September and October 2015, August–October 2016 and 2017, and August and September 2018 (p < 0.05; Figure 4b). The reduction rate ranged from 30.32% to 56.01%. We also found that the NO3−-N concentration in the control pond was generally higher than that in the CW inlet, and significant differences occurred in October 2013, September and October 2014–2015, October 2016 and 2017, and September 2018 (p < 0.05; Figure 4b).




3.4. Removal Efficiency of CW on COD


COD detection was concerned for an analysis of organic matter content in the control pond, CW inlet and CW outlet (Figure 5a). As a result, the CW system was found to have a slight impact on the reduction of COD, and the removal rate ranged from 3.23–12.00%. There was no difference in COD value among the CW inlet, CW outlet and control pond during the monitoring period except in October 2015.




3.5. Removal Efficiency of CW on Chlorophyll a


As shown in Figure 5b, the CW system had a stronger removal efficiency for Chla in the aquaculture effluent. The average Chla value at the CW inlet was 123.43 μg/L, whereas the average Chla value at the CW outlet dropped to 52.55 μg/L during the monitoring period. Specifically, the Chla value at the CW outlet was obviously lower than that at the inlet during 2013–2018, except for in August 2014 and 2017 (p < 0.05). The removal rate of Chla was more than 49.69% and the highest value was 73.67% in October 2014. Meanwhile, compared with the CW inlet, the Chla concentration was higher in the control pond, and a markedly higher value was observed in October 2016–2018 (p < 0.05).




3.6. Removal Efficiency of CW on Heavy Metals


In August–October 2018, four heavy metals, including Cu, Pb, Cd and Cr, were detected to analyze the removal efficiency of the CW on heavy metals. Cr and Cd concentration in the aquaculture water was below the method detection limits. The two metals might not influence the quality of aquaculture water. The CW system was effective in removing Cu from the aquaculture effluent (Figure 6a). Cu concentrations tended to decline from the CW inlet to CW outlet site, from 2.59 μg/L at the CW inlet to 1.58 μg/L at CW outlet, and the average removal rate was 39.85%. There was a significant difference in Cu concentration between the CW inlet and CW outlet on 5 August, 5 September, 20 September and 5 October. In addition, with operation time, the Cu concentration in the CW inlet was found to be lower than that in the control pond, and a significant difference occurred on 5 September–20 October (p < 0.05).



The Pb concentration was found to have similar temporal variations of Cu, which was lower in the CW outlet than the inlet during 5 August–5 October 2018 (p < 0.05; Figure 6b). The removal rate ranged from 33.68–72.81%, and the mean removal rate was 55.91%. During 20 August–20 October 2018, Pb concentration was higher in the control pond than that in the CW inlet (p < 0.05; Figure 6b).




3.7. Removal Efficiency of CW on Pathogenic Microorganism


To further analyze the removal efficiency of CW on aquaculture effluent, we measured the counts of TC and FC in August–October 2018 (Figure 7). TC counts in water samples consistently decreased from the CW influent to CW effluent during August–October 2018 (p < 0.05; Figure 7a). The removal rate varied from 51.51 to 63.33%, with an average value of 55.93% (Figure 7a). Although the TC counts in the control pond were generally higher compared with the CW inlet, there were no significant differences between the two ponds. Similarly, the counts of FC in the CW effluent were notably reduced compared to the CW influent in August-October 2018 (p < 0.05; Figure 7b). The reduction rate slightly increased with the operation time, ranging from 33.33 to 55.56%. In addition, counts of FC were visibly higher in the control pond than that in CW influent on August 20th and October 20th (p < 0.05; Figure 7b).




3.8. Principal Component Analysis for Water Quality Characteristics


A principal component analysis (PCA) of eight abiotic variables in water are shown in Figure 8. The first two components accounted for 69.3% of the data variability. For the first component (PC1, 47.6%), the most important variables were TN (0.45), NH4+-N (0.42), NO2-N (0.38) and Chla (0.38) (Figure 8a). For the second component (PC2, 21.7%), NH3-N (−0.47), COD (0.46) and TP (0.44) were the most important variables for this ordination (Figure 8a). As shown in Figure 8b, the values were clustered primarily according to sampling sites, and there was a certain separation when the samples belonged to the same sampling site. These results indicate that water quality characteristics varied among the control pond, CW influent and CW effluent during 2013–2018. Meanwhile, the water quality at the CW outlet was significantly improved.




3.9. Fish Breeding


During the experiment, no outbreaks of disease or massive deaths occurred. In the CW-connected pond, the average food coefficient was 1.65 ± 0.046 (p = 0.047 vs. control pond, t-test), and the average survival rate was 89.9 ± 1.91% (p = 0.045 vs. control pond, t-test). In the control pond, the average food coefficient was 1.86 ± 0.058, and the average survival rate was 82.7 ± 1.04%. These results imply that the fish in the CW-connected pond showed better growth performance, which might be related to the improvement of water quality.





4. Discussion


In aquaculture, water quality is one of the most important factors influencing the growth, survival, development, reproduction, and management of farmed creatures. It is affected by physical, chemical, and biological factors such as temperature, pH, DO, nitrogen, phosphorus and microorganisms. In addition to causing stress for farmed fish or shrimps, poor water quality can also lead to environmental impacts if it is directly released into surface water bodies. Thus, it is necessary to set up an effluent treatment system in aquaculture ponds, especially in an extensive culture.



In the aquaculture pond, a number of water quality variables were recorded, only few of these tend to play an important role. P is known to be a significant factor influencing fish populations, and its concentration is closely related to algal diversity and density [24]. High levels of P can cause eutrophication and water quality deterioration [25]. Thus, TP concentration is regarded as a common index to evaluate water quality. It has been reported that CW systems are an effective way to remove the P concentration from water, has and have been widely used in urban sewage treatment [26]. A recent study demonstrated that the removal rate of CW on TP reached up to 78.39% in polluted water of an urban river [7]. The CW system was also reported to be effective in the removal of TP (42%) in contaminated runoff/storm water from urban area [27]. In aquaculture effluent treatment, a study under laboratory-based CW showed an average of 31% in TP reduction [16]. In line with the previous study, our results showed that the CW system was able to effectively remove TP (39.74%) during 2013–2018. Meanwhile, we found that the TP concentration at the outlet was lower than the level of the effluent discharge standard of China [28]. In CW, the aquatic macrophytes are able to absorb nutrients through roots to reduce P content [29]. Furthermore, the adsorption of geological substrates, such as gravel, ceramsite limestone and zeolite also provides a mechanism for P removal in wetlands [30,31].



Nitrogen (N) is an essential nutrient for the growth of aquatic plants, but it is also considered to be an important pollutant in aquatic environments. N enrichment in the aquatic ecosystem impairs water quality and contributes to the phenomenon of eutrophication, which is responsible for toxic algal blooms, water anoxia, aquatic animal survival and habitat and biodiversity loss [32]. In the aquaculture pond, the primary source of N is metabolic waste and uneaten feed, and it may accumulate as a result of overfeeding [4]. Thus, N removal in aquaculture wastewater improves the water quality, which is a benefit to the growth of farmed aquatic animals [33]. Evidence has shown that CW is frequently applied for N removal and significantly reduces the TN concentration in waste water. In CW systems, wastewater is subjected to physical, chemical and microbial actions such as precipitation, aeration, filtration, adsorption and nitrification [27,34]. Different types of CW systems exhibit different TN removal efficiency. For instance, the TN removal rate in floating-bed CW, horizontal subsurface flow CW, and surface flow CW was 12.35%, 64.66%, and 23.00%, respectively [7]. In the present study, a vertical subsurface flow CW was used to purify the farming water, and TN removal efficiency was lower in 2013 (17.66%), and higher and relatively stable in 2017 (53.54%) and 2018 (48.98%). The lower TN removal efficiency may be attributable to imperfect management measures at the beginning of the system’s operation. The fluctuation of the TN removal rate (−42.9–78.9%) was also reported in a large-scale CW system (2 ha), which may be related to the season and abundance of aquatic plants [27]. Meanwhile, our results revealed that the majority of the TN concentration during the monitoring period at the outlet met the water quality standard of Class I in the freshwater sewage discharge standards of China (SCT9101-2017) [28], which indicated that the vertical subsurface flow of CW had good effectiveness for TN removal.



There are multiple forms of N in water, such as NH4+-N, NH3-N, NO3−-N and NO2−-N. Among these, NH3 and NO2- were the most concerning water quality indicators in the aquatic environment due to their high toxicity on aquatic animals [35,36]. High levels of NH3 and NO2−-N- inhibit growth performance, induce physiological dysfunction and can even cause death in fish [37]. Hang pham et al. reported that horizontal subsurface flow CW had a clear impact on the removal of NO3−-N and NO2−-N, and allowed these parameters to maintain at a low level in CW-connected shrimp tanks [16]. Lin et al. [38] found an extremely high removal rate of CW on NH4+-N (>86%), NO3−-N (>82%) and NO2−-N (>99%), and they speculated that this might be related to low N concentrations in aquaculture wastewater. These values were similar to our study, where the average removal rate was 40.88%, 40.28%, 42.21% and 49.53% for NH4+-N, NH3-N, NO3−-N and NO2−-N, respectively, indicating that CW had a stable removal performance for inorganic nitrogen in aquaculture wastewater.



It has been reported that N is removed in CW via a complex process, such as aquatic plants’ uptake, microbial nitrifcation–denitrifcation, substrate adsorption, NO2 emission and volatilization [39,40]. In general, aquatic plants can absorb N from water for growth, which reduces the TN concentration in water. Previous studies have shown that Thalia dealbata L., and Pontederia cordata L. had an effective uptake of N, leading to a 54.09% and 77.39% reduction of NH4+-N, and 66.44% and 68.56% reduction of TN, respectively [41]. In this study, we also planted Thalia dealbata L. and Pontederia cordata L. in the CW. However, some forms of N, such as NH3-N, were harmful to the growth of aquatic plants, and thus were not easily absorbed by aquatic plants [27,42]. In CW, existing studies suggest that ammonification, nitrification and denitrification are the main methods of N removal, accounting for more than 50% of the reduction rate, but not aquatic plants’ uptake [39,40,43]. However, these N-removal methods are limited due to the lack of organic carbon and the low DO level in conventional CW, in which the TN removal rate is around 40% [39,44]. In this study, N removal may be also limited due to a low DO level (1.33 ± 0.47 mg/L at the outlet). Thus, advanced techniques are required so as to improve the CW performance in future studies. The N removal mechanism in CW requires further study.



COD is a common parameter to reflect the pollution of organic and inorganic oxidable substances in water, often used to evaluate organic pollutants in the aquatic environment. COD reduction in CW relates to plants uptake, matrix adsorption and microbial decomposition, but largely depends on the number and growth of micro-organisms [45,46]. Therefore, DO content is considered to be a limiting factor for COD removal, and insufficient DO affects the activity of microorganisms, which limits COD degradation in CW [47]. Nevertheless, it has been suggested that sedimentation and filtration are also important mechanisms of COD removal because they can remove most of the suspended solids [16]. Numerous studies have confirmed that VSF CW exhibits a good efficiency in COD removal, achieving a removal rate of more than 60% [48,49]. However, in this study, the CW showed a low COD removal rate ranging from 3.23–12.00%. The reason for the phenomenon is still unclear. We speculated that it may be related to a low DO content in CW. In addition, although the COD removal of the VSF CW was low, its concentration remained stable at a low level in the CW outlet, which was lower than the threshold value (15 mg/L) in freshwater the sewage discharge standard of China (SCT9101-2017) [28].



Chla, as a photosynthetic pigment, is widely used to assess the phytoplankton biomass in water bodies due to its extensive presence in various phytoplankton, including algae and cyanobacteria [50]. Excessive phytoplankton, especially cyanobacteria, can cause poor water quality and have negative effects on fish and shrimps in ponds [51]. It has been confirmed that aquatic macrophytes can inhibit the growth of algae and control algal bloom [52]. The inhibitory effect may be related to competition for nutrients, light and other resources with algae [52,53]. An earlier study reported that CW had a stable reduction percentage for Chla (58 to 73%) in aquaculture pond water [10]. In our study, using VSF CW, we achieved a similar Chla removal rate (49.69–62.01%). Meanwhile, our data also displayed a relatively stable removal rate for Chla during 2013–2018. These results indicate that CW could control the phytoplankton density in pond water and improve water quality. In addition to aquatic macrophytes inhibition, Chla reduction might relate to filtration and substrate adsorption [54].



Besides nutrients and organic matter, heavy metals are also important pollutants in water. High levels of heavy metals are highly toxic to aquatic animals, and they can also be accumulated in the muscles of fish or shrimps, which may cause an adverse impact on food safety [55,56]. CW has been applied extensively for the removal of heavy metals from urban sewage through different mechanisms [57]. The capacity of wetland plants for heavy metals removal is shown in many studies [58,59]. Previous studies confirmed that Thalia dealbata L., Pontederia cordata L. and Canna indica L. can uptake various metals from water and sediments, and store them in their tissues [18,60]. Thalia dealbata has been successfully used for the bioremediation of wastewaters polluted with Cd, Cu and Mn [18,61,62]. Canna indica L. is considered to be a promising species for heavy metal phytoremediation due to a fast growth rate and large biomass, and the fact that it is highly efficient in removing Cd, Pb, Ni and Zn [63,64,65]. A laboratory-scale CW planted with Canna generalis showed the effective removal of heavy metals in wastewater, with a removal efficiency of 96.5% for Cu, 69.5% for Cd and 68.4% Zn [66]. However, in a large-scale CW, the removal of heavy metals was not significant [27]. In this study, Cu and Pb concentrations were detected, but the Cd and Cr concentrations were below the detection limit in farming water. Meanwhile, the CW exhibited a relatively stable removal efficiency, with an average removal rate of 39.85% for Cu and 55.91% for Pb. The removal of Cu and Pb was possibly related to the uptake of wetland plants Thalia dealbata L., Pontederia cordata L. and Canna indica L.



Pathogenic micro-organisms were identified as important factors affecting water quality in aquaculture. TC and FC are the most significant indices for assessing microbial pollution in water. In aquaculture wastewater treatment, the removal of microbiological pollution is a crucial target for CWs. It can remove pathogenic microorganisms by multiple mechanisms, viz. sedimentation, natural die-off, biofilm sorption and predation by protozoans and bacteriophages [67,68]. In addition, the exudates from the roots of wetlands plants can control pathogenic bacteria [69]. Vymazal [70] surveyed 60 CWs, and found that the TC and FC removal rate in CW with emergent macrophytes was high (95 to >99%). In this study, a stable removal rate for TC (55.93%) and FC (48.93%) in the CW system was observed, similar to FC removal rate (68%) reported by a previous study [27]. Meanwhile, the counts of TC and FC at the CW outlet were less than the limit value in water quality standards for fisheries of China (GB11607-89) [71] and the environmental quality standards for class III surface water of China (GB3838-2002) [72], which indicate that the CW system was effective in removing microbial contaminants.




5. Conclusions


In the study, we built a farm-scale vertical subsurface flow CW, and its performance was evaluated during the later stage of blunt snout bream farming. The water quality was improved through the remediation of the CW system, and the concentrations of nutrients, Chla, heavy metals and pathogenic microorganisms at the outlet were significantly reduced. In general, the removal efficiency of the CW system for TP, TN, NH4+-N, NH3-N, NO3−-N and NO2−-N was effective and relatively stable during 2013–2018. TP and TN concentrations during the monitoring period at the outlet met the water quality of Class I in the freshwater sewage discharge standard of China (SCT9101-2017). The Cu and Pb reduction suggest the purification system to be effective in removing heavy metals. Furthermore, after CW-system treatment, the counts of TC and FC at the CW outlet were below the critical level for fisheries’ water. In addition, the fish in the CW-connected pond demonstrated better growth performance than those in the control pond. Because of the water quality improvement, the treated effluent is found to be suitable for recycling and reuse in the fish pond, which can regulate the water quality of the pond. Therefore, the application of CW in intensive fish culture systems may provide an advantageous alternative for ensuring environmental sustainability.
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Figure 1. Schematic representation of the constructed wetland. It consists of a sedimentation compartment (5 m × 7.5 m), continuously aerated compartment (5 m × 7.5 m), upward flow wetland (13.5 m × 15 m), and downward flow wetland (10 m × 15 m) and stabilize water compartment (1.5 m × 15 m). The green arrow indicates the direction of the water flow. The bottom layer of wetland was filled with 20 cm of cobblestone (diameter 8–10 cm), the middle layer was filled with 20 cm of cobblestone (diameter 4–6 cm), and the top was laid a layer of 30 cm of biological ceramsite (diameter 2–4 cm). The wetland was planted with Thalia dealbata L., Pontederia cordata L. and Canna indica L. 
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Figure 2. Concentration of TP in water samples collected from the control pond and the inlet and outlet of CW, and the removal efficiency during the monitoring period. The value is expressed as mean ± SE (n = 6), and different small letters in bar graphs indicate significant differences (p < 0.05) among the control pond, CW influent and CW effluent. 
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Figure 3. Concentrations of TN (a), NH4+-N (b) and NH3-N (c) in water samples collected from the control pond and the inlet and outlet of CW, and the removal efficiency during the monitoring period. The value is expressed as mean ± SE (n = 6), and different small letters in bar graphs indicate significant differences (p < 0.05) among the control pond, CW influent and CW effluent. 
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Figure 4. Concentrations of NO2−-N (a) and NO3−-N (b) in water samples collected from the control pond and the inlet and outlet of CW, and the removal efficiency during the monitoring period. The value is expressed as mean ± SE (n = 6), and different small letters in bar graphs indicate significant differences (p < 0.05) among the control pond, CW influent and CW effluent. 
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Figure 5. Concentrations of COD (a) and Chla (b) in water samples collected from the control pond and the inlet and outlet of CW, and the removal efficiency during the monitoring period. The value is expressed as mean ± SE (n = 6), and different small letters in bar graphs indicate significant differences (p < 0.05) among the control pond, CW influent and CW effluent. 
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Figure 6. Concentrations of Cu (a) and Pb (b) in water samples collected from the control pond and the inlet and outlet of CW, and the removal efficiency during the monitoring period. The value is expressed as mean ± SE (n = 6), and different small letters in bar graphs indicate significant differences (p < 0.05) among the control pond, CW influent and CW effluent. 
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Figure 7. Concentrations of TC (a) and FC (b) in water samples collected from the control pond and the inlet and outlet of CW, and the removal efficiency during the monitoring period. The value is expressed as mean ± SE (n = 6), and different small letters in bar graphs indicate significant differences (p < 0.05) among the control pond, CW influent and CW effluent. 
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Figure 8. Plot of the principal component analysis (PCA) variables (a) and scores applied to different sampling sites (b). 
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