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Abstract

:

Growing populations and industrialization have led to increased nitrogen (N) loads in wetland ecosystems. A micro-constructed wetland planted with Lythrum salicaria L. to treat artificial wastewater was used to investigate the short-term variations in the plant biomass and dynamics of total nitrogen (TN) content. Our results showed that the biomass of Lythrum salicaria L. rapidly increased during the experiment due to their extensive root system and vigorous spread, and waterlogged conditions had little effect on the relationship between biomass and the TN content in soil and effluent. Under different waterlogged conditions, the TN removal rates in the water were all greater than 60%, providing a reference for the waterlogged conditions used in wetland eutrophication restoration.
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1. Introduction


The rapid development of society and intensification in agriculture has improved living standards but also caused various water-related issues, especially pollution and the degradation of wetland ecosystems [1,2,3]. Moreover, conditions are worsening in developing economies due to the integrated effect of anthropogenic activities, escalating demand of resources, and population explosion [4]. Different pollutants released into water bodies ultimately finds their way to natural waterways [5]. When the quality of incoming water is heavily degraded, the retention of excessive nutrients will seriously affect the wetland’s ecological services.



Wetlands are transition zones between land ecosystems and aquatic ecosystems and are also soil–water–plant systems; as such, they represent a special natural complex with unique hydrological characteristics [6]. The plant communities, soil properties, and biogeochemical cycling in wetland systems are affected by water-level fluctuations and associated processes [7,8,9]. Small alterations in the hydrological regime can change the conditions of vegetation growth [10] and nutrient loading [11], which not only affect the vegetation patterns and nutrient cycling [12], but also control the evolution of the wetland, which is the most important variable in the formation and maintenance of special wetland types (such as coastal wetland, swamp, and marsh) and processes.



However, wetlands provide a crucial nature-based solution for river-water purification. The traditional perception of wetlands as nutrient sinks has led them to be used as wastewater disposal areas. The ecological quality of these multi-purpose ecosystems could be disrupted due to an overload of nutrients and other pollutants [13], and the excessive loading of nutrient elements into natural water bodies, enhancing the risk of eutrophication. Therefore, effective and cost-efficient onsite treatment to remove the contaminants is a critical issue in water protection and risk mitigation [14].



Plants offer an added benefit to wetland restoration and are effective in mitigating wetland eutrophication by absorbing, assimilating, and reutilizing nutrients such as nitrogen and phosphorus in the water body and sediment to support their own physiological processes and growth for the following year [15,16,17,18,19,20]. Wetland plant roots share some common characteristics, such as providing oxygen and secreting oxygen to form aerobic, facultative and anaerobic micro-environments around the rhizosphere, thereby promoting the degradation of pollutants in sewage by microbial nitrification and denitrification [21]. The ability to accumulate different element contents in various organs is a good predictor of wetland’s efficiency and proficiency in nutrient resorption [22,23,24].



Waterlogged events impact soil properties and modify enzyme activities [25]. Alternating waterlogged conditions can significantly increase nutrient removal efficiency compared with permanently flooded soils and non-flooded soils [26]. When O2 is less available and soil redox potential is more reduced, slow organic matter decomposition may result in an accumulation of dissolved organic carbon [27]. Redox potential decreases more slowly under flooding–draining soils than under permanently flooded soils [28]. The aerobic/anaerobic biogeochemical equilibrium, nutrient inputs and outputs, and the structure of plant communities could, in all likelihood, be strongly disturbed during the waterlogged process and could further impact soil nutrient contents.



Previous researchers have focused on nitrogen removal in wetland systems under the condition of single wetland plants or a variety of ecological combinations of wetland plants [29], as well as system nitrogen retention under constant conditions [30,31,32]; however, these studies did not always relate waterlogged conditions to the removal of nutrient elements. Here, we use a micro-constructed wetland system to simulate the nitrogen removal process under different waterlogged conditions, track dynamic changes in nitrogen elements in the soil–water–system, and further clarify the impact of different waterlogged conditions on plant growth, pollutant removal, and nitrogen retention. At the same time, suggestions are given for future research focused on the purification and restoration of wetland pollution under different waterlogged conditions, which lay the theoretical foundation and provide a reference for the selection of waterlogged conditions for further wetland restoration.




2. Materials and Methods


2.1. Material Preparations


This study was carried out from June 2018 to October 2018. Considering both its pollution resistance and tolerance, we selected Lythrum salicaria L., a type of ornamental wetland plant species that can grow under different environment conditions [33,34]. Plant samples were purchased online from a horticultural company (www.taobao.com) (accessed on 24 June 2018) in June 2018. Twelve individuals were ultimately evenly planted e in each compartment of flumes for one month. Three compartments formed a group; the growth of individuals in each flume was approximately the same.



The experimental water was a high-content eutrophication sewage prepared in the laboratory according to relevant research [35]; its main reagents and target contents are shown in Table 1. Distilled water was used to water the plants every three days during the experimental period. Then, influent nutrient contents greatly exceeded the environmental limit values.



The experiment was located in a greenhouse at Beijing Forestry University in Haidian District. During the experiment, the mean temperature was 25 °C and the relative humidity was 74.2%. We set up a flume (shown in Figure 1) containing six compartments filled with 0.12 m deep non-contaminated soil collected from outside of the greenhouse to simulate the conditions of a surface flow constructed wetland. To collect water samples during the experiment, two outlets were placed 0.1 m and 0.2 m from the lower edge of the flume. We used a steel canopy to prevent from rain entering the system.




2.2. Sample Treatment


We used a completely randomized design, and the experiment considered two factors (shown in Figure 2): (i) waterlogged depth (10 cm and 20 cm) and (ii) waterlogged frequency (7 days and 14 days). To simulate the hydrological fluctuation scenarios naturally occurring in wetland, we conducted four treatments: (i) high waterlogged frequency and low waterlogged depth, (ii) high waterlogged frequency and high waterlogged depth, (iii) low waterlogged frequency and low waterlogged depth, and (iv) low waterlogged frequency and high waterlogged depth. The experiment was conducted indoors in six flumes, with three replicates in each treatment.



The artificial pollution water was kept in plastic buckets, carried from the laboratory to the greenhouse, and released into the flumes before starting the experiments. In order to keep the waterlogged depth unchanged, we added water to the flumes every two days to compensate for losses due to evaporation. To maintain a high waterlogged frequency, we drained water every 7 days, whereas to achieve low waterlogged frequency, we drained water every 14 days.




2.3. Sample Collection and Analysis


As the water passed through each compartment of the flumes, the biomass and TN contents of the water and soil were monitored. We collected plant, soil, and water samples every seven days from each group of the flumes. All plant and soil samples were placed in plastic bags and immediately brought to the laboratory. The plants samples were first washed with running tap water, and air-dried at room temperature for two weeks. Recognizable plant litter, coarse root materials, and stones were removed from the plant and soil samples.



Fresh plant samples were separated into their above- and below-ground components and then dried in an oven at 70 °C for 48 h for dry-weight determination. Dried soil samples were ground, wet-digested, and analyzed for TN. The water samples were placed in plastic bottles and stored at 2 °C prior to analysis. We used an Elemental Analyzer (Vario EI, Elementar Co., Langenselbold, Germany) to obtain the TN content.




2.4. Statistical Analysis and Graphing


All experimental data are presented as average values. One-way ANOVA analysis was conducted to reveal the differences in average biomass and TN content between the high-waterlogged-frequency/low-waterlogged-frequency and high-waterlogged-depth/low-waterlogged depth treatments. The data obtained in the experiment were edited and processed by Microsoft Excel 2007 software; relevant charts were drawn using Sigmaplot 12.5 software; one-way ANOVA analysis and Chi-Square tests were carried out using SPSS22.0. The formula for the TN removal rate was as follows:


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



(1)




where C0 is the initial content and C1 is the content at time of sampling.





3. Results


3.1. Dynamic Changes in Average Biomass under Different Waterlogged Conditions


The results of the Chi-Square Tests showed that different waterlogged conditions have no effect on plant growth (p = 0.271 > 0.05 for aboveground biomass, p = 0.349 > 0.05 for underground biomass). Generally, the aboveground biomass first increased and then decreased with increasing experiment time. The changes in aboveground biomass for a high waterlogged frequency were similar to those for a low frequency, although the values were slightly higher for the low waterlogged frequency (Figure 3a). The initial aboveground biomass was 3.05 ± 0.30 g. This reached a maximum value of 4.73 ± 0.47 g under the high waterlogged frequency, and 5.05 ± 0.82 g under the low waterlogged frequency, at 42 days.



The underground biomass gradually increased during the experimental period under different waterlogged conditions. At the beginning (0 to 14 days) and end (last 28 days) of the experiment, the underground biomass under the high waterlogged frequency was higher than that under the low waterlogged frequency (Figure 3b). For the high waterlogged frequency condition, underground biomass increased from 2.42 ± 0.37 g to 12.58 ± 0.63 g, whereas it was 11.77 ± 0.74 g at the end of the experiment under the low waterlogged frequency. The one-way ANOVA results showed that waterlogged frequency did not affect the aboveground (p = 0.103 > 0.05) or underground (p = 0.961 > 0.05) biomass of the wetland plant.



At a low waterlogged depth, the aboveground biomass decreased from 3.05 ± 0.30 g to 2.58 ± 0.23 g over the course of the experiment, with the maximum value of 4.23 ± 0.71 g occurring on the 28th day. At a high waterlogged depth, the aboveground biomass decreased from 3.05 ± 0.30 g to 2.63 ± 0.31 g over the entire experiment, with the maximum (4.97 ± 0.63 g) occurring 35 days after treatment (Figure 3c).



The underground biomass displayed clear trends in the experiment. All curves increased, and we observed that the value under the low waterlogged depth was always higher than that under the high waterlogged depth (Figure 3d). The fastest growth in the underground biomass was between the 21st and 42nd day. The results of one-way ANOVA showed that waterlogged depth did not affect the aboveground (p = 0.796 > 0.05) or underground (p = 0.693 > 0.05) biomass of the wetland plant.




3.2. Dynamic Changes in Total Nitrogen Content under Different Waterlogged Conditions


The results of Chi-Square tests showed that different waterlogged conditions have no effect on TN content in soil (p = 0.814 > 0.05) and effluent (p = 0.754 > 0.05). At the beginning of the experiment, the soil TN content was 0.45 ± 0.03 g/kg, with this value changing during the experiment. Under the high-waterlogged-frequency condition, this increased from 0 to 35 days, before falling smoothly from 0.62 ± 0.02 g/kg to 0.54 ± 0.038 g/kg and then rebounding slightly after 49 days. Under the low-waterlogged-frequency condition, the value increased from 0 to 14 days, decreased on the 21st day, and continued to rise from 21 to 35 days, reaching a maximum content of 0.63 ± 0.045 g/kg on the 35th day. Under the two experimental conditions, the TN content at each sampling time was higher than that at the beginning of the experiment (Figure 4a). One-way ANOVA showed that the different waterlogged frequencies did not affect the content of TN in soil (p = 0.300 > 0.05).



The TN content of the effluent represents the purification capacity of the wetland plants. Regarding the dynamic changes in effluent TN content under each waterlogged frequency, there was an overall decreasing trend during the experiment, although there was a slight increase towards the end of the experiment (Figure 4b). There were five periods under a high waterlogged frequency and three periods under a low waterlogged frequency. Compared with the influent, the TN content in the effluent was significantly lower. The average removal rate of TN is shown in Table 2.



Short-term changes in waterlogged depth were associated with fluctuations in soil TN content. With increased inputs of artificial simulated pollution water, the general trend in soil TN content was an initial increase, followed by a decrease (Figure 4c). Under the low waterlogged depth, the maximum TN value was observed on the 35th day, after which it declined slowly. Under the high waterlogged depth, the peak TN content of occurred on the 21st day. We also observed that the TN content of each sample was higher than that at the beginning of the experiment. The one-way ANOVA indicated that waterlogged depth did not affect soil TN content (p = 0.366 > 0.05).



Overall, TN content in effluent under different waterlogged depths showed a downward trend during the experiment (Figure 4d). On the 35th day, the TN content of the effluent was 3.81 ± 0.24 mg/L under the low waterlogged depth and 10.59 ± 3.32 mg/L under the high waterlogged depth, which was a significant difference. The TN removal rate of the system was more than 60%. In general, the system could remove the TN in the water during the plant-growth period, and the overall removal rate showed an increasing trend. Table 3 shows the TN average removal rates. The one-way ANOVA analysis showed that different waterlogged depths did not affect the TN content in effluent (p = 1.00 > 0.05).





4. Discussion


As shown by the results of the statistical analysis, different waterlogged conditions had no link between biomass and TN content in the wetland system. A possible reason for this may be that this constructed wetland system was not sensitive to the waterlogged conditions we designed; the two different waterlogged conditions are similar to the constructed wetlands system. However, some general rules were observed based on the change trends, and with implications for wetland water environment restoration.



Wetland soil greatly contributes to water purification, nutrient accumulation, and the regeneration of nitrogen, with its function being largely dependent on the plant community structure [36]. The notable reductions in effluent TN content indicated that this constructed wetland was able to remove TN from the influent water and that the investigated soil’s ability to retain TN was also high. To a certain extent, the increase in plant biomass indicated that the N is assimilated and absorbed by wetland plants in different forms [37,38], and vegetation harvesting may simulate the overall N removal [39]; these processes also caused the decrease in TN content in water. Vegetation covering was essential to the enrichment of TN, indicating the importance of biologically related fixation in wetland soil [20].



According to the changes in biomass at the beginning of the experiment, the plants grew vigorously, because eutrophication stimulates the growth in wetland plant life [40]. Waterlogged conditions are an important factor affecting the growth and reproduction of wetland plants, with different wetland plants having different requirements in relation to waterlogged conditions; moreover, the change in biomass is a comprehensive response to the change in the external environment [41]. In this experiment, for both high and low waterlogged frequencies, an increasing then decreasing trend was observed in aboveground biomass. The aboveground biomass continued to decline towards the end of the experiment, which may be due to the weather and the physiological state of the plant. Overall, the aboveground biomass was higher under a low waterlogged frequency, and the belowground biomass was higher under a high waterlogged frequency, indicating that Lythrum salicaria L. may be less productive with a fluctuating water level than with a stable water level. We also observed that most of the biomass was concentrated in the belowground portion; therefore, Lythrum salicaria L. may rely on increases in its root biomass to acquire nitrogen from soil under a eutrophic environment. The usual plant response to waterlogged stress is to extend the stem. Therefore, biomass of the aboveground portion will be relatively large [42]. When the waterlogged depth is less than 1 m, some emergent plants will also distribute more biomass to the stem [43]. Water-level fluctuations will also intermittently reduce the atmospheric sources of carbon and oxygen; therefore, if the plant is submerged for a long time, it will force its below-ground portion to conduct anaerobic respiration, which quickly depletes the carbohydrate reserve and reduces net growth [17]. From another perspective, in addition to being affected by water level, some wetland plants are also greatly affected by the nutrient conditions of the substrate [44,45].



During the experiment, the TN content in the soil was higher than that at the beginning of the experiment, which indicates that nitrogenous components of the water body became accumulated in the soil. At the beginning of the experiment, the value of the TN content in influent was 38.31 ± 0.62 mg/L, meaning that the TN load was very high. TN retention efficiency was inversely correlated with the load in the wetland system, with high loads reducing the efficiency of removal [46]. According to previous research, nitrogen was initially mostly in the form of NH4+ and may have been partially sorbed onto the soil by cation exchange processes [47]. Under anoxic conditions in unharvested systems, NO3− can be further transformed by denitrifying bacteria to N2 gases, using carbon as both the electron donor and the growth element [36]. Under flooded conditions, the soil will form a narrow oxidation zone of 0–1 cm on the wetland surface, and denitrification will occur when there is a lack of oxygen [48]. This converts the nitrogen that already exists in the system into a gas and returns it to the atmosphere, thus optimizing the eutrophication environment. Under the condition of low waterlogged frequency, the TN content in the soil in the first week of being waterlogged (the 21st, 42nd, and 63rd days) was lower than that in the previous week, indicating that the soil could degrade nitrogenous components without additional nitrogen inputs; this trend was not obvious under the high-waterlogged-frequency condition.



In this experiment, the nitrogen content of the soil first increased and then decreased under different waterlogged depths. Under the high-waterlogged-depth condition, the nitrogen content decreased after 21 days; under the low-waterlogged-depth condition, a similar trend appeared after 35 days. When the water level is high, plants increase the rate of root oxygen secretion, providing more oxygen to the roots; thus, the plant roots can form an aerobic microenvironment and improve nitrification intensity. Moreover, the downward migration of NO3− from water to soil affects the denitrification of nitrogen. Owing to the increase in the vertical diffusion flux of dissolved nitrogen, the denitrification rate will be significantly improved, and the removal efficiency of nitrogen will be higher. Therefore, it is predicted that, with an increase in water level, the nitrogen storage of wetland soil will gradually decrease.



Irrespective of waterlogged conditions, the highest removal efficiency of TN appeared between the 14th and 35th days. This was the peak period of removal efficiency, possibly due to plants at the beginning of the experiment requiring lots of nutrients to grow stably. At the end of the experiment, the TN concentration in the effluent increased slightly, reflecting the reduced demand for nutrients. Secondary pollution resulting from shoot death is a difficult problem, which complicates the application of wetland plants for water purification [49]. Although the removal rates were all at a high level, only a few effluent samples could meet the rate V standard (TN ≤ 2 mg/L) given in China’s environmental quality standards for TN in surface water.



Under the two waterlogged conditions, the removal rates of TN from the water were all greater than 60%. After the 21st day, we saw peak TN removal. On the 35th day, the removal effect for the low waterlogged depth was significantly better than that of the high waterlogged depth; it is considered that the larger hydraulic load of the high waterlogged depth, which exceeded the optimal value, caused this difference. Within a certain range, the removal rate of nitrogen from water increases with the increase in nitrogen load. In this experiment, the TN concentration in the influent was 38.31 ± 0.62 mg/L, and plants showed a marked purification effect. Another possible reason for this is that the root system of Lythrum salicaria L. is highly developed and can very effectively absorb the nutrients from water to maintain the growth demand, because we observed that the underground biomass gradually increased during the experimental period. The root system of plants is directly proportional to the purification capacity of sewage, and the microorganism population on the root system is a key factor in the removal of pollutants. Plants synthesize oxygen through photosynthesis and release it to their roots through plant ventilation tissue. This process can form an aerobic–anoxic–anaerobic microenvironment around the roots, promoting the process of nitrification or denitrification through the microorganisms and indirectly increasing the removal capacity of nitrogen pollutants [50].




5. Conclusions


(1) Under a eutrophication environment, the biomass of Lythrum salicaria L. increased rapidly during the experiment, due to its extensive root system and vigorous spread, but it was not affected by waterlogged frequency (1 week or 2 weeks) or waterlogged depth (10 cm or 20 cm).



(2) Under different waterlogged conditions, the removal rates of TN from the water were consistently greater than 60%. When the growth trend slowed, the removal efficiency tended to be stable and then decreased. Therefore, when removing nitrogen from water by plants, we should consider regular harvesting to remove the enriched TN content in the system.



(3) The removal efficiency of TN in soil and water was more obvious under low waterlogged frequencies. A high waterlogged depth may promote denitrification and nitrogen degradation in soil, and it is predicted that, with an increase in water level, the nitrogen storage of wetland soil will gradually decrease. However, high nutrient loads may reduce the removal rate of TN in water.



(4) When implementing wetland water restoration projects, waterlogged frequency and depth should be considered. In our experiment, the waterlogged frequency was generally high and waterlogged depth was low compared with the actual conditions in most wetlands, but the nitrogen removal performance was pretty good. Therefore, biomanipulation, when appropriately timed in accordance with low waterlogged depths and high waterlogged frequencies, may be a low-cost–high-benefit tool for wetland eutrophication abatement.



The current studies demonstrate that the cultivation of plants in constructed wetland can successfully reduce the nitrogen concentration from wastewater. Despite this, extensive research is still required, because different plant species have different nitrogen removal capacities, and in order to improve wetland restoration, more varied waterlogged conditions are needed.
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Figure 1. Diagram of flume. 
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Figure 2. Experiment period. 
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Figure 3. Dynamic changes in average biomass under different waterlogged conditions. (a) aboveground biomass of different waterlogged frequencies applied to the average of waterlogged depth option; (b) underground biomass of different waterlogged frequencies applied to the average of waterlogged depth option; (c) aboveground biomass of different waterlogged depths applied to the average of waterlogged frequencies option; (d) underground biomass of different waterlogged depths applied to the average of waterlogged frequencies option. 
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Figure 4. Dynamic changes in total nitrogen content of soil and effluent under different waterlogged conditions. (a) The dynamic changes in soil TN content under different waterlogged frequencies applied to the average of waterlogged depth option; (b) The dynamic changes in effluent TN content under different waterlogged frequencies applied to the average of waterlogged depth option; (c) The dynamic changes in soil TN content under different waterlogged depths applied to the average of waterlogged frequencies option; (d) The dynamic changes in effluent TN content under different waterlogged depth applied to the average of waterlogged frequencies option. 
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Table 1. Artificial sewage water characteristics.
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	Constituent a
	TN (mg/L)
	TP (mg/L)
	COD (mg/L)





	Content
	40
	4
	300



	Reagent
	NH4CI
	KH2PO4
	C6H12O6







a The configuration of the artificial sewage was adopted from a similar experiment [22].
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Table 2. Average removal rate of effluent total nitrogen under different waterlogged frequencies.
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	Period 1
	Period 2
	Period 3
	Period 4
	Period 5



	High waterlogged frequency
	76.8 ± 2.1%
	87.6 ± 1.6%
	85.4 ± 1.9%
	78.5 ± 4.1%
	77.6 ± 4.5%



	
	Period 1
	Period 2
	Period 3
	
	



	Low waterlogged frequency
	88.0 ± 3.9%
	89.2 ± 1.9%
	84.9 ± 4.4%
	
	










[image: Table] 





Table 3. Average removal rate of effluent total nitrogen under different waterlogged depth.
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	7
	14
	21
	28
	35
	42
	49
	56
	63





	High waterlogged depth
	78.2 ± 0.9%
	63.1 ± 8.4%
	88.9 ± 0.8%
	87.8 ± 2.6%
	90.1 ± 8.5%
	90.2 ± 0.8%
	88.0 ± 2.9%
	89.1 ± 2.3%
	88.4 ± 1.4%



	Low waterlogged depth
	75.5 ± 2.9%
	72.0 ± 7.4%
	87.7 ± 1.4%
	86.9 ± 2.6%
	72.4 ± 0.6%
	85.9 ± 1.1%
	88.1 ± 0.4%
	88.8 ± 1.6%
	88.9 ± 1.5%
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