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Abstract

:

Growing concerns about urban runoff pollution and water scarcity caused by urbanization have prompted the application of bioretention facilities to manage urban stormwater. The purpose of this study was to evaluate the performance of proposed bioretention facilities regarding road runoff pollutant removal and the variation characteristics of the media physicochemical properties and microbial diversity in dry-cold regions. Two types of bioretention facilities were designed and then constructed in Tianjin Eco-city, China, on the basis of combined soil filter media screened by a laboratory-scale test with a modified bioretention facility (MBF) containing soil moisture conservation ropes. Redundancy analysis was performed to evaluate the relationships between the variation in media physicochemical properties and microbial communities. An increase in media moisture could promote an increase in the relative abundance of several dominant microbial communities. In the MBF, the relatively low nitrate-nitrogen (NO3-N) (0.75 mg/L) and total nitrogen (TN) (4.71 mg/L) effluent concentrations, as well as better removal efficiencies for TN and NO3-N in challenge tests, were mainly attributed to the greater relative abundance of Proteobacteria (25.2%) that are involved in the microbial nitrogen transformation process. The MBF also had greater media microbial richness (5253 operational taxonomic units) compared to the conventional bioretention facility and in situ saline soils. The results indicate that stormwater runoff treated by both bioretention facilities has potential use for daily greening and road spraying. The proposed design approach for bioretention facilities is applicable to LID practices and sustainable stormwater management in other urban regions.
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1. Introduction


With rapid urbanization, there has been a significant increase in impermeable surface areas such as urban roads and roofs, resulting in an increase in surface runoff and ultimately leading to environmental problems such as runoff pollution and water environment deterioration [1]. Table 1 shows the contamination of rainfall runoff from different types of urban land covers. It can be seen that the runoff indicators of total suspended solids (TSS), chemical oxygen demand (COD), total nitrogen (TN), and total phosphorus (TP) for roads are worse than those for other land cover types. This is mainly due to frequent traffic activities, automobile exhaust emissions, tire wear, and the corrosion of components, which lead to the accumulation of a large number of pollutants such as suspended particulate matter, nutrients, and organic matter on road surfaces. It can also be seen that urban road runoff is characterized by heavy and fluctuating pollution, especially for the indicators of TSS and COD [2,3]. Therefore, the control of road runoff pollution is of great significance to urban runoff pollution control and ecological environmental protection.





[image: Table] 





Table 1. Comparison of water quality of stormwater runoff from different types of land covers.






Table 1. Comparison of water quality of stormwater runoff from different types of land covers.





	
Land Cover Type

	
Region

	
TSS

(mg/L)

	
COD

(mg/L)

	
TN

(mg/L)

	
TP

(mg/L)

	
Reference






	
Road

	
China

	
53–1947

	
104–779

	
3.02–18.9

	
0.26–2.94

	
[4]




	
US

	
9–466

	
19–2280

	
/

	
0.1–8.2

	
[5]




	
Japan

	
60

	
49

	
/

	
/

	
[6]




	
Italy

	
11–281

	
15–377

	
/

	
/

	
[7]




	
Germany

	
18.3–3165

	
/

	
/

	
/

	
[8]




	
Grass land

	
China

	
28

	
21

	
4.20

	
0.24

	
[9]




	
Roof

	
China

	
43

	
52

	
4.30

	
0.11

	
[10]




	
Italy

	
0–42

	
/

	
/

	
/

	
[7]









To address the problem of rainfall-runoff pollution, many countries have proposed concepts and measures such as low impact development (LID), best management practices (BMPs), and green infrastructure [11,12]. Sponge cities, a new paradigm of rainfall-runoff management with LID-BMP techniques as source control measures, have been promoted in China since 2013 [13]. At present, the measures used to deal with rainfall-runoff pollution from urban roads worldwide mainly include bioretention facilities, infiltration ponds, artificial wetlands, grassed swales, vegetated buffer strips, etc. In particular, bioretention facilities can effectively intercept, adsorb, and transform pollutants from rainfall-runoff through interactions between plants, soil filter media, and microorganisms, and they have been widely used in sponge city construction for rainfall-runoff control [14,15].



Due to the involvement of various pollutant removal processes, the water purification performance of bioretention facilities is influenced by many factors, such as the composition of filter media, plant configurations, anaerobic zone settings, hydraulic retention time, temperature, rainfall characteristics, etc. Developing strategies to improve their effectiveness in pollutant removal is still a research hotspot and a challenge [16,17]. Previous studies have attempted to adjust and optimize the structure of bioretention facilities, including by improving the composition and proportions of filter media [18,19,20], plant configurations [21,22], and increased submerged zones [23]. The addition of media with large surface areas and high adsorption capacities, such as zeolite, vermiculite, and biochar, to natural soil can improve the removal efficiency of nitrogen and phosphorus from runoff [24]. Given the economic cost of filter media and the utilization of solid waste resources, several studies have also been conducted to improve the removal efficiency by adding river sediments and water treatment plant sludge, among other activities [25]. In addition, the majority of studies have shown that plants play a role in promoting the removal of runoff pollutants [26,27], but some have found that plants do not significantly improve the removal efficiency, and there are even cases where pollutant removal efficiency deteriorates [28]. The modification of the bioretention facility structure also affects the growth and activity of microorganisms inside the facility. Microorganisms are involved in numerous reactions, such as ammonification, nitrification, denitrification, and phosphorus enrichment, during the pollutant removal process in bioretention facilities, facilitating denitrification and phosphorus removal from runoff. However, the above-mentioned studies were mainly conducted at the laboratory scale, and the outcomes were rarely transferred to on-site bioretention facilities for practical application and further evaluation. Previous field trials also lacked systematic design evaluation of bioretention facilities from physical, chemical, and microbiological perspectives [29]. These barriers will eventually limit the application of the bioretention technique to control stormwater runoff pollution.



In this work, a field study of bioretention facilities was conducted on the basis of preliminary laboratory tests, with an aim to evaluate the performance of the on-site bioretention facility regarding runoff pollutant removal and media variation characteristics from physical, chemical, and microbial perspectives as well as provide references for the optimization and promotion of stormwater runoff bioretention facilities. The composition and proportion of engineered soil filter media obtained from a laboratory-scale test were employed to design the filter media layer. Based on the design of the conventional bioretention facility (CBF), a modified bioretention facility (MBF) was developed by incorporating soil moisture conservation ropes into the filter media layer. Finally, by monitoring and evaluating the stormwater runoff purification efficiency of the bioretention facilities and the variation characteristics of the physicochemical properties and microbial diversity of the filter media, a preliminary analysis of the stormwater purification mechanism of on-site facilities was conducted.




2. Methods


2.1. Study Area


The study area is located on a municipal road in the Sino-Singapore Tianjin Eco-city, Tianjin, China, which has a continental semi-humid monsoon climate with rainy summers and cold and dry winters. The annual average temperature is 12.5 °C, with a maximum temperature of 39.9 °C and a minimum temperature of −18.3 °C. The annual average rainfall is 602.9 mm, mostly (60%) concentrated from July to August.



Figure 1B illustrates the on-site bioretention facilities and the boundary of the catchment area. The bioretention facilities mainly collect runoff from the driveway, sidewalk, and greenbelt areas, with a total catchment area of 1102 m2 (Table 2). Bioretention facilities cover about 10% of the total catchment area. Two different types of bioretention facilities were designed and constructed independently on site. The north side is the CBF, and the south side is the MBF with soil moisture conservation ropes in the filter media layer. The two facilities have the same configuration except for the distinction of having soil moisture conservation ropes.




2.2. Design and Construction of the On-Site Bioretention Facilities


2.2.1. Bioretention Structure and Stormwater Treatment Process


One of the special characteristics of the on-site bioretention facilities is that the soil filter media were screened by a preliminary laboratory-scale test. The optimized media composition was soil, river sand, peat soil, water treatment residual (WTR), vermiculite, and zeolite (Figure 1A) with a mass ratio of 30:24:6:20:10:10 [30]. River sand was used to enhance the infiltration properties of the filter media, and peat soil was used to optimize the media particle gradation for maintaining the water retention and infiltration properties of the filter media [20]. Iron and aluminum metal ions on the surface of WTR can react with dissolved phosphorus in runoff to form phosphate precipitation and result in phosphorus removal [6,31]. Further, WTR was obtained from the local water treatment plant, which reduced the cost of filter media and realized the utilization of solid waste resources. Vermiculite and zeolite are filter media with large surface areas and enhanced adsorption capacity, which can improve the removal efficiency of nitrogen and phosphorus [24]. Table 3 shows the physical properties of the filter media applied in this study.



Another special characteristic of the on-site bioretention facilities is that the soil moisture conservation rope, the performance of which was proved by a laboratory-scale pilot test, was applied to the systematic design of the on-site bioretention system (Figure 1A). The soil moisture conservation rope draws on the concept of moisture conservation in agriculture to maintain the moisture content of the filter media layer [32]. The rope was arranged in a circular pattern in the horizontal direction with a horizontal spacing of 10 cm and a spacing of 20 cm between different horizontal layers. The rope eventually entered the storage tank, and the stored rainwater could flow back through the soil moisture conservation rope into the bioretention facility during the dry period.



The design height of the bioretention facility is 400 mm for the extended retention layer, 550 mm for the soil filter media layer, 100 mm for the sand layer (0.8–1.0 mm particle size), and 200 mm for the gravel layer (5–10 mm particle size) (Figure 1C). The height of the soil filter media layer is greater than the height of 0.4 m used in other studies [33], thus facilitating the growth of plants and the residence time of runoff in the facility and, to a certain extent, facilitating the removal of runoff pollutants.



The rainwater collected in the primary sedimentation tank was divided and evenly distributed to the two bioretention facilities with equal volumes to ensure the same inflow and pollutant loads in both bioretention facilities. The downstream section of the pipe connecting the primary sedimentation tank to the bioretention facility was placed on the side slope of the bioretention facility. The pipe was slotted on the side facing the facility to guarantee uniform inflow distribution along the inlet pipe. The rainwater in the storage tank, which meets relevant standards for water reuse [34,35], can be used for greening and/or road spraying. Otherwise, it is discharged into downstream municipal rainwater networks. The excess rainwater will be discharged directly into municipal rainwater networks through the overflow chamber (Figure 1C). Based on the proposed design, on-site bioretention facilities were constructed from May 2020 to September 2020. The main construction process included the construction of the primary sedimentation tank and storage tanks, site excavation and slope trimming, arrangement of inlet and outlet pipes and plants, etc. The constructed bioretention facilities are shown in Figure 1B.




2.2.2. Monitoring Methods and Equipment


A series of devices were installed around the bioretention facility, including an automatic sampler, flow sensor, rain gauge, and soil temperature and moisture sensor, enabling automatic on-site sampling of inflow and outflow, along with real-time online monitoring of rainfall and the temperature and moisture conditions of the soil filter media. The monitoring period covered a total of nine months from September 2020 to May 2021, spanning from fall to summer in the study area.



The automatic sampler (Beijing Grasp Technology Development Co., Beijing, China) was used to collect 1 L of rainwater samples from the inlet and outlet of the bioretention facility at 5 min intervals. The purpose of collecting rainfall runoff samples every 5 min was to reveal how runoff pollutant concentrations vary over the rainfall period and the severity of runoff pollution compared to water quality standards. Such monitoring will obtain the event mean concentration (EMC), which is often used to analyze the pollutant treatment efficiency of bioretention facilities [36]. It is also expected to provide a reference for the analysis of rainfall-runoff pollution characteristics and the operation and maintenance of facilities. A 5 min interval was determined according to rainfall characteristics and was consistent with those of flow sensors and rainfall monitoring, which contributed to the accuracy of results. Water quality testing indicators for rainwater samples include TSS, COD, TN, ammonia-nitrogen (NH3-N), nitrate-nitrogen (NO3-N), and TP. The standard methods and main instruments used for water quality testing are shown in the Supplementary Materials (Table S1). A flow sensor (Wuhan Newfiber Optics Electron Co., Ltd., Wuhan, China) was used to record the flow rates of inflow and outflow at 5 min intervals. A rainfall gauge (Wuhan Newfiber Optics Electron Co., Ltd., Wuhan, China) was used to monitor the rainfall condition on-site at 5 min intervals. A soil temperature and humidity sensor (Shandong Renke Control Technology Co., Ltd., Jinan, China) was used to monitor the change patterns of temperature and moisture in the filter media layer. The measured moisture refers to the volumetric moisture content (%) of the soil filter media, which was obtained by measuring the soil dielectric constant and analyzing the relationship between the soil dielectric constant and the volumetric moisture content [37]. Monitoring sites for soil temperature and moisture are shown in Figure 2, with the monitoring sensors numbered from 1 to 12.



In addition, the monitoring of the chemical properties and microbial communities of the filter media layer was carried out by manual sampling. The sampling sites (numbered from C111 to C223) were next to the location of the temperature- and moisture-monitoring sites (Figure 2), except that the control group (C001) was sampled from the original on-site saline soil next to the bioretention facility. The chemical properties of the samples were tested using 6 indicators: pH, cation-exchange capacity (CEC), organic matter (OM), soil total nitrogen (STN), soil total phosphorus (STP), and total salt content (TSC). The standard methods and main instruments used for testing media chemical properties are shown in the Supplementary Materials (Table S2). The microbial diversity of the filter media was examined using the samples collected. Sampling was performed in November 2020, March 2021, and June 2021, and 19 samples, including 18 bioretention facility filter media samples and 1 control on-site saline soil sample, were obtained. High-throughput sequencing was performed on these samples. The data were analyzed on the free online Majorbio Cloud Platform (www.majorbio.com accessed on 25 August 2021). The accession number of these DNA sequences is PRJNA773235. In order to avoid differences in the microbial biomass of each sample, the sample sequences were extracted equally by the minimum number of sequences, and the standardized data were obtained for subsequent statistical analysis. Dilution curves based on the Sobs index on the operational taxonomic unit (OTU) level were used to evaluate the reliability of the amount of sequencing data depending on whether the curves had reached a plateau. The Sobs index reflects the observed richness of the microbial community [38] and was calculated by counting the number of observed OTUs in each sample sequence. The OTU is a common basic unit used in numerical taxonomy to count the number of microorganisms. The effects of environmental factors on the abundance and composition of the microbial community were quantified based on the redundancy analysis (RDA) method. RDA is considered a principal component analysis with instrumental environmental factors, which can reflect relationships between the distribution of microorganisms and relevant environmental factors [39,40].




2.2.3. Challenge Tests


A challenge test, which involves the dosing of synthetic stormwater runoff into the bioretention facilities in controlled conditions, was conducted in September and October 2021. Challenge tests are the most widely accepted method to confirm the removal contribution of a treatment system [29]. The target influent pollutant concentration was based on 8 storm events in Tianjin between March and May 2019 (Table 4). The event volume was used to determine the amount of synthetic stormwater that would be dosed into the bioretention facilities. In this study, the amount of water added per challenge test was around 3 m3 for each bioretention facility (approximately 0.4 times the pore volume). Based on this volume, the bioretention facilities took roughly 3 h until the last drop of water was observed to exit the bioretention facilities. During the challenge test, water from an adjacent canal was pumped into a mixing tank, and prepared chemicals were mixed using an electric mixer. The mixed-dosed water was then released to the bioretention facilities. For sampling, three inflow samples were taken from the outlet hose of the mixing tank. For the outflow samples, time-based sampling every 5 min was conducted using the autosamplers on-site. Once the water samples were collected, they were stored in an icebox before delivery to the laboratory for water quality testing.






3. Results and Discussion


3.1. Stormwater Purification Performance


The performance of the on-site bioretention facility in removing runoff pollutants during the rainfall periods was evaluated. During a rainfall event in September 2020 (Figure 3a), the cumulative rainfall at the site was 30.5 mm, with a maximum rain intensity of 28.5 mm/30 min and an antecedent dry period of 21 days. The water quality of the collected samples of road rainfall runoff was evaluated on the basis of the Environmental Quality Standards for Surface Water [2], the Reuse of Urban Recycling Water-Water Quality Standard for Urban Miscellaneous Use [35], and Engineering Technical Code for Rain Utilization in Building and Sub-district [34] (Figure 3b–g). The results indicated that the concentrations of COD, TN, NH3-N, and NO3-N showed decreasing trends to varying extents, while TP and TSS showed fluctuating upward trends. This is attributed to the rainfall patterns and associated influent flow processes. The standard for surface water quality evaluation imposes higher requirements on the quality of collected water [2]. Based on the influent flow hydrograph (Figure 3a), the EMC of influent CODCr was 36 mg/L, which belongs to Class V (≤40 mg/L) of surface water quality [2]. The EMC of TP was 0.28 mg/L, which belongs to Class IV (≤0.3 mg/L). The EMCs of TN and NH3-N were 5.59 and 2.90 mg/L, respectively, both exceeding Class V of surface water quality (≤2 mg/L), although NH3-N met the standard for non-potable water reuse [35]. The EMC of NO3-N was 1.41 mg/L. The EMC of SS was 498 mg/L, which far exceeds the standard for rainwater reuse [34].



The road stormwater runoff was treated through the combination of physical, chemical, and microbial processes in the bioretention facilities, and the effluent was eventually collected in the storage tank. In the storage tank of the CBF, 6 mg/L TSS, 22 mg/L CODCr, 0.11 mg/L TP, 5.25 mg/L TN, 0.13 mg/L NH3-N, and 3.86 mg/L NO3-N were detected. The water quality of the collected water generally showed satisfactory improvement compared to that of the influent, where TSS was reduced by around 98.8%. Indicators of CODCr, TP, TN, and NH3-N were also reduced, with CODCr reaching Class IV (≤30 mg/L), TP reaching Class III (≤0.2 mg/L), and NH3-N reaching Class I (≤0.15 mg/L). Due to the lack of a denitrification environment in the filter media layer, TN was less likely to be removed and still exceeded Class V [2]. This also resulted in an increase in NO3-N in the collected water. Previous studies have also shown that there is uncertainty in TN and NO3-N removal, which could be improved by designing an anaerobic zone at the bottom of the bioretention facility and/or adding extra carbon sources [41,42,43]. According to these indicators, the effluent meets the standards for the usage of rainwater and non-potable water (TSS ≤ 10 mg/L, CODCr ≤ 30 mg/L, NH3-N ≤ 15 mg/L) [34,35] and hence has the potential for water resources reuse, such as daily greening, road spraying, and ornamental water supply.



In the storage tank in the MBF, 8 mg/L TSS, 42 mg/L CODCr, 0.07 mg/L TP, 4.71 mg/L TN, 3.09 mg/L NH3-N, and 0.75 mg/L NO3-N were detected. The results indicated that TSS was significantly reduced by 98.4%, and TP, TN, and NO3-N were also reduced. In contrast, the CODCr and NH3-N of the effluent were higher than those of the influent, which both exceed Class V (≤40 mg/L). Compared with the CBF, the higher CODCr and NH3-N in the MBF were mainly attributed to the high soil moisture content, which reduced the degradation rate of organic matter and impeded nitrification reactions. This eventually led to a reduction in the removal rate of NH3-N, and the results were consistent with the previous laboratory-scale pilot test [32]. These indicators show that the effluent from the MBF meets the standards for the usage of rainwater and non-potable water (TSS ≤ 10 mg/L, NH3-N ≤ 15 mg/L) [34,35] and hence has the potential for water resources reuse.




3.2. Challenge Test Results of Bioretention Facilities


The water quality results of the challenge test are compiled and tabulated in Table 5. In the challenge test, TSS, TP, and CODCr had an effective average removal efficiency of 62.4%, 66.3%, and 78.2%, respectively, for the MBF and 64.4%, 70.3%, and 78.9%, respectively, for the CBF. The removal performance of these three water quality parameters was similar between the two bioretention facilities, and this was due to the similar composition of the filter media. Previous literature studies also concluded that amendments in the filter media such as WTR and zeolite can help to remove TP and CODCr from the runoff [29,44]. For TN and nitrogen species, the MBF had an average removal efficiency of 59.4%, 70.6%, and −68.6% for TN, NH3-N, and NO3-N, respectively, while the CBF had an average removal efficiency of 55.1%, 75.3%, and −140.2%, respectively. Nitrate was not removed effectively, and thus, the majority of the TN removal may be due to the decrease in ammonia nitrogen by the nitrification process or plant uptake and particulate organic nitrogen by sedimentation or filtration processes. As reported by Lopez-Ponnada et al. [16], the removal of NO3-N can be highly variable, ranging from −630% to 46%.




3.3. Change Patterns of Media Moisture and Temperature


Figure 4 illustrates the spatiotemporal changes in the media temperature and moisture of the bioretention facilities. The numbers M1-2 and T1-2 represent the average values of moisture contents and temperature for soil temperature and moisture sensors No. 1 and No. 2 (Figure 2), respectively, and the same scheme applies to the other numbers. For the MBF, the soil moisture content of the upper layer was significantly influenced by external climatic conditions during the monitoring period. With the decrease in external temperature from October to January, the soil temperature gradually decreased to below 0 °C, and the moisture content decreased from 23% to around 9.5% (Figure 4a). The relatively significant moisture decline was mainly related to significant changes in the soil dielectric constant accompanied by changes in soil structure (e.g., water freezing). Afterward, the soil temperature gradually increased, and the moisture content recovered to around 18% by the end of May. In contrast, the moisture contents in the middle and bottom layers (M3-4 and M1-2) were maintained at about 24.5% and 28%, respectively, during the monitoring period. The media moisture content of the upper layer of the CBF was less affected by external climatic conditions (Figure 4b). It was close to that of the MBF at around 24% when the soil temperature was above 0 °C and dropped to a minimum of around 16.5% when the soil temperature reached below 0 °C. The moisture content of the middle layer was close to that of the MBF, while the bottom layer was about 2–3% lower than the MBF.



In terms of media temperature, the bottom and middle temperatures were at similar levels for both types of bioretention facilities in the autumn, but by winter, the CBF was about 0.5–1.0 °C cooler than the MBF. Further, the MBF was able to recover to similar levels more rapidly than the CBF during the spring and summer periods (Figure 4c). The results suggest that the MBF is more conducive to the maintenance and restoration of the media temperature under cold climate conditions.



The variation in media moisture content with precipitation was analyzed for the rainfall event during September 2020, as shown in Figure 4d. The results indicated that during the dry period, the moisture content of the upper layer of the MBF was similar to that of the CBF at about 22%, while the moisture content of the middle and bottom layers of the MBF was 2–3% higher than that of the CBF on average. During the rainy period, the upper layer water content of the MBF was significantly higher, rising to 40–46%, while it only rose to about 29% for the CBF. The results indicated that the media moisture content of the MBF could be maintained at a high level under dry climate conditions.




3.4. Change Patterns of the Media Chemical Properties


Figure 5 illustrates the change patterns of media chemical properties since the early stage (T0) of the bioretention facilities. T1, T2, and T3 represent the sampling times in November 2020, March 2021, and June 2021, respectively. It is assumed that the chemical properties of the control group remained constant over the study period. At the initial stage, the media pH value was 7.83 and the TSC was 4.26 g/kg, indicative of an alkaline media with intense salinization in the study area (Figure 5a,b). Such a medium will affect the nitrification reaction of microorganisms and reduce the effectiveness of phosphorus content for plant growth. By the end of the study period, the media pH and TSC were reduced by 2.7% and 63.3%, respectively, to a neutral alkaline media with moderate salinization. This indicated that the internal microenvironment of the filter media changed in a direction favorable for plant growth and microbial activities. The increase in media CEC indicated that bioretention facilities were capable of creating a relatively stable medium environment for plant growth and soil microbial activities. This can also be concluded from the changes in OM, which was much higher than that of the on-site saline soil. There was a slight increase in STN from the initial stage, while the STP gradually decreased to a level close to that of the control group, indicating that there is less risk of nitrogen and phosphorus leaching with stormwater runoff in the soil filter media layer.




3.5. Characteristics of the Media Microbial Diversity


3.5.1. Distribution of Microbial Communities


The number of valid sequences of each sample was 24,183, and there were 51 phyla, 135 orders, 278 orders, 529 families, 1106 genera, 2286 species, and 6796 OTUs. Figure 6 shows the dilution curves of each sample based on the Sobs index at the OTU level. The results indicated that most of the microorganisms in the soil filter media had been analyzed, and the results could realistically reflect the microbial community composition of the study area.



A Venn diagram was used to visually capture the number of shared and unique OTUs in the soil filter media (Figure 7a). The results indicated that the MBF and the CBF had 5253 and 5184 OTUs, respectively, with 4722 OTUs appearing in both facilities. The soil filter media of both facilities had many more species than the on-site saline soil (control). There were 447, 353, and 63 OTUs unique to the MBF, CBF, and control, respectively, accounting for 8.5%, 6.8%, and 2.4% of their total OTUs, respectively. These data indicated that the bioretention facility filter media significantly enhanced the species diversity of soil microorganisms. At the same time, the MBF had more OTUs and more unique OTUs than the CBF, indicating that the soil moisture conservation ropes could increase the microbial diversity in the filter media layer of the bioretention facility.



The microbial diversity of different vertical layers of the bioretention facility was analyzed (Figure 7b–d). The results indicated that all vertical layers of the bioretention facility had more OTUs than the control saline soil. The number of OTUs was higher in the upper layer (UMBF) and middle layer (MMBF) of the MBF than in the upper (UCBF) and middle (MCBF) layers of the CBF, but it was the opposite in the bottom layer. The bottom layer (BCBF) of the CBF had the highest number of OTUs and more unique OTUs (21.3%) than the other layers, while the bottom layer (BMBF) of the MBF had the lowest number of OTUs and fewer unique OTUs (12.7%). The results suggest that there are differences in the composition and distribution characteristics of OTUs in the vertical direction of bioretention facilities. This is mainly due to the difference in physical properties such as media moisture and temperature in the vertical direction.




3.5.2. Composition of Microbial Communities


There were 10 major phyla in the study area (Figure 8), namely, Proteobacteria, Chloroflexi, Actinobacteria, Acidobacteria, Bacteroidetes, Gemmatimonadota, Firmicutes, Myxococcota, Patescibacteria, and Desulfobacterota. Proteobacteria was the dominant phylum in the MBF, accounting for 25.2% of the microbial community. It has been demonstrated that Proteobacteria make a major contribution to nitrogen removal, and microorganisms in this phylum are often involved in nitrogen fixation, nitrification, and denitrification processes [45]. In contrast, the most dominant phylum in the CBF was Chloroflexi, with a relative abundance of 21.7% in the microbial community, slightly higher than the second most abundant Proteobacteria (21.2%), and Actinobacteria (20.7%) ranked third. Chloroflexi are often involved in the process of microbial denitrification for nitrogen removal [46] and also have a relatively high capacity for biological phosphorus removal [47]. A large number of Actinobacteria genera are present in simultaneous denitrification and phosphorus removal systems [48]. The most dominant phylum in the control saline soils was Chloroflexi, which accounted for 25.4% of the microbial community.



Acidobacteria were relatively abundant in the MBF, CBF, and control group (Figure 8), with relative abundances ranging from 8.5% to 9.8%, and are often involved in the denitrification reactions [49]. In addition, the relative abundance of Bacteroidota was also relatively high, ranging from 5.6% to 7.1%. Microorganisms belonging to this phylum mostly obtain energy through the degradation of COD and are involved in the process of nitrogen and phosphorus removal [48]. Gemmatimonadota was also one of the dominant phyla, with a relative abundance ranging from 5.3% to 6.3%, followed by Firmicutes (3.3–4.2%), Myxococcota (1.9–3.4%), Patescibacteria (0.9–1.7%), and Desulfobacterota (0.9–1.2%). Microorganisms belonging to the phylum Firmicutes can participate in denitrification processes under anaerobic conditions [50]. The results indicated that there were differences in the composition of the microbial community between the MBF and CBF, mainly for Proteobacteria and Chloroflexi. Proteobacteria was the most metabolically active microbial population in bioretention facilities, which is consistent with the findings of other related studies [38,51].





3.6. Redundancy Analysis of Environmental Factors and Microbial Communities


The relationship between environmental factors and the relative abundance of microbial communities was quantified, as shown in Figure 9. Microbial communities are illustrated by blue arrows, and red arrows represent environmental factors. The length of the environmental factor arrows reflects how much of the variation in the relative abundance of microbial communities can be explained by variation in environmental factors. The angle between the arrows represents positive and negative correlations, where an acute angle represents a positive correlation, an obtuse angle represents a negative correlation, and a right angle represents no correlation. The results indicated that the first axis explained 33.6% of the relationship, and the second axis explained 19.2%, amounting to around 53%, which can reliably reflect the relationship between environmental factors and microbial communities. The extent to which environmental factors explained the relative abundance of microbial communities in descending order was media temperature > STP > OM > pH > STN > moisture > CEC.



Media temperature was negatively correlated with Chloroflexi; i.e., the relative abundance of Chloroflexi increased with decreasing media temperature. The temperature was also negatively correlated with Gemmatimonadota, Proteobacteria, Firmicutes, and Nitrospirae, whereas positive correlations were found with Actinobacteria. As seen in Section 3.3, the difference in temperature between the MBF and CBF was relatively small in comparison with the difference between the vertical layers of the bioretention facilities. Hence, the variation in temperature mainly contributed to the differences in the relative abundance of microorganisms between layers. STP was positively correlated with Cyanobacteria, while it was negatively correlated with Bacteroidetes, Proteobacteria, Acidobacteria, and Firmicutes. OM was positively correlated with all microbial communities except Chloroflexi and Cyanobacteria. pH was negatively correlated with Actinobacteria and positively correlated with Chloroflexi and Gemmatimonadota. STN was positively correlated with Proteobacteria, Acidobacteria, Bacteroidetes, and Gemmatimonadota; i.e., the relative abundance of these microbial communities increased with STN. Media moisture was positively correlated with the relative abundance of Chloroflexi, Gemmatimonadota, Proteobacteria, Nitrospirae, Firmicutes, and Acidobacteria, which agrees with the findings of previous studies [39]. Nitrospira in the phylum Nitrospirae can facilitate the nitrification reaction [52]. The minimal extent of explanation of the CEC may be related to its decreased variation in the study area.




3.7. Preliminary Analysis of Stormwater Purification Mechanisms


The media configuration and internal microenvironment of bioretention facilities are key factors affecting the effectiveness of runoff pollution control [53]. The difference between the two types of bioretention facilities was the arrangement of the soil filter media layer with soil moisture conservation ropes in the MBF. The RDA indicated that the relative abundance of Chloroflexi, Proteobacteria, Nitrospirae, Firmicutes, and Acidobacteria, which participate in the denitrification process, could be increased with the media moisture. This suggested that the MBF facilitated the increase in the relative abundance of nitrogen removal microbial communities, promoting the removal of nitrogen from stormwater runoff. Moreover, from the Venn diagram, it can be seen that the MBF had a greater abundance of OTUs. The aggregated results indicated that the MBF had a larger number of microbial communities involved in nitrogen removal. Comparing the collected water in the storage tanks of the bioretention facilities and the results from the challenge tests, the MBF had better removal efficiency for TN and NO3-N than the CBF. The poor efficiency of NH3-N removal of the MBF was correlated with the larger moisture content of the filter media.



In addition, the RDA also reflected the relationship between microbial communities. For example, Proteobacteria and Firmicutes were positively correlated since the arrow angle between them is close to 0°, which is in line with the literature [54]. That is, these bacterial communities can coexist in bioretention facilities and hence promote the process of microbial nitrogen fixation, nitrification, and denitrification. In contrast, the RDA indicated that the increase in media moisture could reduce the relative abundance of Actinobacteria, a microbial community widely observed in simultaneous nitrogen and phosphorus removal systems. That is, to some extent, the increase in the media moisture resulted in higher CODCr and TP in the effluent of the MBF in comparison with that of the CBF.





4. Conclusions


The proposed bioretention facilities in this study contribute to the control of road stormwater runoff pollution and have the potential to realize the utilization of rainwater resources in the process of developing an eco-city. A field study on the basis of preliminary laboratory tests was implemented in Tianjin Eco-city, and the performance of the bioretention facilities with respect to stormwater runoff purification and variation characteristics of the media physicochemical properties and microbial diversity were evaluated. The significant wet-dry variation and temperature changes in north China affected the internal microenvironment of bioretention facilities. With the implementation of soil moisture conservation ropes in the MBF, the media moisture could remain at a higher level (2–3% higher than the bottom layer of the CBF), and the media temperature could be maintained (0.5–1.0 °C higher than the CBF in winter) and recovered immediately during dry-cold periods. Such a soil microenvironment with relatively high moisture content and small temperature variations created by the MBF is conducive to the viability of the soil microbial communities. This resulted in greater abundance (5253 OTUs) of microbial communities and more unique OTUs (447) in the MBF, as well as a greater relative abundance of Proteobacteria (25.2%) that are involved in microbial nitrogen transformation processes. This also indicated that the MBF had a larger number of Proteobacteria and other coexisting nitrogen removal microorganisms and were thus more efficient in nitrogen removal.



The combined soil filter media of on-site bioretention facilities are characterized by the localization of media and the recycling of solid wastes. In addition, the design of soil moisture conservation ropes helps to reduce the maintenance costs of bioretention facilities in dry-cold regions. These characteristics are conducive to providing favorable economic benefits and, at the same time, facilitate the application of facilities in other urban regions. Future research will concentrate on improving the synergistic treatment of runoff pollutants, e.g., by planting robust plants and extending the hydraulic retention time of runoff. Long-term monitoring is also needed to better evaluate and optimize the effectiveness of bioretention facilities for sponge city construction.
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Figure 1. Composition of the combined soil filter media and soil moisture conservation ropes in the field (A), constructed bioretention facilities and catchment areas (B), and schematic diagram of bioretention facilities and stormwater runoff treatment process (C). 
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Figure 2. Schematic location and serial number of sampling and monitoring sites. 
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Figure 3. Rainfall and influent flow hydrographs (a) and change patterns of inflow water quality (b–g) (dashed lines are classification thresholds for relevant water quality standards). 
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Figure 4. Temporal change patterns of media moisture and temperature of the modified bioretention facility (a) and the conventional bioretention facility (b), comparison of temperature in winter between facilities (c), and variation in media moisture content with precipitation of the facilities (d) (the letter M represents media moisture and the letter T represents media temperature). 
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Figure 5. Change patterns of media chemical properties: (a) pH, (b) TSC (total salt content), (c) CEC (cation-exchange capacity), (d) OM (organic matter), (e) STN (soil total nitrogen), and (f) STP (soil total phosphorus) (the dotted line represents the value of the control group and the letter T represents the sampling time). 
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Figure 6. Dilution curves of each sample based on Sobs index at the OTU level. 
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Figure 7. Venn diagram of OTUs for the modified bioretention facility (MBF), the conventional bioretention facility (CBF) and control group (a), and Venn diagram of OTUs for the upper layer (UMBF, UCBF), middle layer (MMBF, MCBF), and bottom layer (BMBF, BCBF) of the MBF and the CBF, respectively (b–d). 
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Figure 8. Histogram of the composition and relative abundance of dominant microbial communities in the bioretention facilities and control group at the phylum level (A) and the summary statement (B). 
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Figure 9. Redundancy analysis of environmental factors and microbial community at the phylum level. 
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Table 2. Areas of different land covers in the study area.
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	Item
	Area (m2)





	Bioretention facility
	110



	Driveway
	456



	Sidewalk
	190



	Greenbelts
	346



	Total
	1102
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Table 3. Physical properties of the bioretention soil filter media.
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	Media Type
	Particle Size (mm)
	Dry Density (kg/m3)
	Porosity (%)





	Natural soil
	<0.5
	1.15
	52.2



	River sand
	0.06–0.5
	1.20
	39.5



	Peat soil
	1–5
	0.61
	54.6



	Vermiculite
	0.5–1
	0.33
	65.5



	Zeolite
	5–10
	0.93
	51.8



	Water treatment residual
	<0.01
	0.65
	25.5
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Table 4. Target influent pollutant concentration in challenge test.
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	Water Quality Parameter
	Targeted Influent Pollutant Concentration





	TSS
	150 mg/L



	TP
	1 mg/L



	TN
	6 mg/L



	NH3-N
	2 mg/L



	CODCr
	100 mg/L
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Table 5. Water quality results of challenge test.
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Water Quality Parameter

	
Influent (mg/L)

	
Effluent EMC (mg/L)

	
Removal Efficiency (%)




	
MBF

	
CBF

	
MBF

	
CBF






	
TSS

	
595

	
224

	
212

	
62.4%

	
64.4%




	
TN

	
8.70

	
3.53

	
3.91

	
59.4%

	
55.1%




	
NH3-N

	
2.31

	
0.68

	
0.57

	
70.6%

	
75.3%




	
NO3-N

	
1.02

	
1.72

	
2.45

	
−68.6%

	
−140.2%




	
TP

	
1.01

	
0.34

	
0.30

	
66.3%

	
70.3%




	
CODCr

	
422

	
92

	
89

	
78.2%

	
78.9%
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