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Abstract

:

Dry detention basins (DB) are commonly used to reduce the rate of runoff in urban areas and may provide open space for recreation between storms. However, most are not effective at nitrogen removal in comparison to other measures, such as constructed wetlands. The study goal was to assess the nitrogen treatment efficiency of a DB that exhibited some wetland characteristics, including saturated soil near the inlet and wetland vegetation that covered 40% of the surface area. Influent and effluent samples were collected during multiple stages of eight storm events for nitrogen concentration analyses. High-frequency water stage, pH, dissolved oxygen (DO), and temperature loggers were deployed at the inlet and outlet prior to anticipated rain. As stormwater passed through the DB, the event mean concentrations (EMCs) and masses of TN declined by 20.7% and 52.3%, respectively, while the DO and pH dropped by 62% and 20.5%, respectively. Load reductions of TN exceeding 93% were observed during two small storms with rain depths of less than 0.16 cm and when the outflow volumes were reduced by greater than 82%. Temperature was significantly correlated (p < 0.001; r = 0.964) with volume reductions (via infiltration and evapotranspiration), and, thus, the treatment was better during warmer periods. The DB was effective at removing inorganic nitrogen, likely via nitrification, denitrification, and immobilization, but frequently exported higher EMCs of organic nitrogen. Overall, the DB exceeded the 10% TN removal expectation for dry basins. The findings from this study suggest that the TN treatment efficiency of DBs may be improved by incorporating wetland characteristics.






Keywords:


constructed stormwater wetland; dry detention basin; nitrogen; stormwater; urban runoff












1. Introduction


Nitrogen runoff to surface waters has been shown to cause a proliferation of algal blooms, some of which produce toxins that are deadly to humans, animals, and aquatic organisms [1,2]. Algae mats can cover the water surface, shading submerged aquatic vegetation (SAV) and causing their demise and a loss of habitat [3]. Decomposition of algae and SAV may result in a depletion of dissolved oxygen (DO) and impairment of water resources [4,5]. For example, nutrient runoff stimulated harmful algal blooms in Lake Erie that produced toxins, and the water treatment plant for Toledo, OH, USA was unable to remove them, causing more than 500,000 people to be without their primary water supply in 2014 [2]. The global increase in N loading to water resources is associated with an increase in human population. As the population grows, so too does agricultural and urban runoff stemming from increased fertilization of croplands [6] and more impervious surfaces associated with housing, road, and parking lot construction [7], which prevent rainwater infiltration into the soil.



Stormwater runoff is recognized as one of the most common non-point sources of water pollution [8]. When natural landscapes are covered with asphalt and other hard surfaces, rainwater is unable to infiltrate and percolate through the soil, resulting in an increase in overland flow and runoff that is transported directly to streams, lakes, and other waterways [9]. The volume and energy of the runoff water may cause erosion of streambanks and beds, increasing sediment transport and harming the aquatic habitat [10]. Urban runoff also contributes to flash floods, property damage, and creates a hazard for people living in areas adjacent to the drainageways [7,11]. Runoff water from parking lots during warm seasons may increase the water temperatures in nearby streams, which can have detrimental effects on aquatic organisms [7,12]. Many freshwater aquatic species cannot survive when water temperatures exceed 32 °C [13]. Increases in stream temperature result in decreased concentrations of DO [12], which may also negatively influence the health of aquatic organisms [4]. Stormwater control measures (SCMs) are practices used in urban areas to slow and treat stormwater runoff before it reaches surface waters. Dry detention basins (DBs) were one of the first SCMs commonly used to reduce the peak rate of runoff [14,15]. DBs typically include a depression-shaped grassed basin that receives runoff via an inlet pipe, and water exits via a smaller-diameter outlet pipe. During a rain event, runoff enters the basin but cannot exit at the same rate due to the smaller outlet pipe [16]. Thus, water ponds temporarily in the basin as drawdown occurs, thereby decreasing the peak flow rates and discharge to nearby receiving waters during the storm events [17]. While DBs can be effective at reducing peak flows, their ability to treat common pollutants associated with stormwater, such as nitrogen, is highly variable. For example, a review [18] of the influent and effluent characteristics of 25 dry detention basins showed that most did not provide any nitrogen removal, and many were a source of and exported nitrogen to the storm drainage system. A more recent study showed that the event mean concentrations (EMCs) of dissolved nitrogen for inflow and outflow from a basin were identical, also indicating no significant decrease in the nitrogen concentrations as the stormwater passed through the DB [19]. Other studies have shown that DBs can reduce nitrogen loads by greater than 60%, mostly via volume reduction from infiltration of stormwater [17,20,21]. The fate of nitrogen that infiltrates the soil of the DBs is often not accounted for [22,23], and studies of other non-point sources show that, if mass removal mechanisms, such as denitrification, do not occur in the subsurface, nitrogen may ultimately be delivered to adjacent surface waters via groundwater transport [24,25]. SCMs, such as constructed wetlands, have also shown high variability with regard to nitrogen treatment, but they are typically considered more efficient than DBs due to enhanced biochemical processes, such as denitrification and immobilization [15,22,23].



Unlike dry detention basins, stormwater wetlands often have permanent pools of water and hydrophytic vegetation that provide carbon to saturated soils. The water-logged and organic-matter-rich soils allow for an anaerobic environment where alternative (to oxygen (O2)) electron acceptors are used by soil microorganisms for energy transfer [26]. When O2 is absent, nitrate (NO3−) is the preferred electron acceptor for microorganisms to oxidize organic matter [27]. Denitrification of NO3− results in gaseous loss of nitrogen as dinitrogen (N2) or nitrous oxide (N2O), and effectively lowers the concentration and mass of nitrogen in soil and/or water [22,23]. Prior studies have shown that the biochemical processes that are active in wetlands are typically much more conducive to denitrification relative to dry detention basins, thus resulting in superior nitrogen removal in wetlands. For example, in a review of 19 stormwater wetlands, Collins and others [18] reported a median nitrogen treatment efficiency of 48%, greatly exceeding the 0% reduction in nitrogen exports from 25 dry basins reviewed in the same publication. Koch et al. [28], in a review of 19 wetland and 7 DBs, reported a mean TN efficiency for wetlands that was 34% greater relative to DBs. McPhillips and Walter [15] showed that denitrification potential was higher for wet basins in comparison to dry basins. The State of North Carolina assigns a nitrogen removal credit of 44% for wetlands and only 10% for dry basins that are constructed to treat urban runoff [29]. While constructed wetlands are often more efficient at nitrogen treatment, they are often more expensive to design, install, and maintain and require more land relative to dry basins [30,31]. Moreover, the open space of the dry basins between storm events (when dry) may provide for recreational activities (e.g., volleyball, soccer), while wetlands typically do not provide those benefits. There may be trade-offs for land use planners when selecting between traditional constructed wetlands and dry basins for controlling stormwater runoff. Thus, an SCM that couples the denitrification potential of a wetland with the recreational opportunities of a dry basin may be enticing to resource managers and developers. Recent research [21] has shown that DBs with overgrown wetland tree and shrub species may provide nitrogen removal services that exceed the 10% credit assigned to dry basins by the North Carolina Department of Environmental Quality. However, more work is needed to determine if dry basins with extensive areal coverage of herbaceous vegetation may also be effective at nitrogen removal. The goal of this study was to assess the nitrogen treatment efficiency of a DB that had volunteered wetland plants colonize 40% of the surface area of the SCM. The basin has both wetland and dry basin plant communities and characteristics.




2. Materials and Methods


2.1. Site Selection


The DB evaluated in this study is located on the campus of East Carolina University (ECU) in Greenville, North Carolina, USA. The DB was installed in 2010 to coincide with construction of an athletic complex for the university. An agreement between the city of Greenville and ECU allowed stormflow from ECU’s new facility to be discharged to the city’s stormwater infrastructure. However, ECU had to install a control measure ensuring stormwater flows delivered to the city’s storm conveyance network were like pre-construction conditions. The DB was installed for that purpose. The DB receives drainage from a watershed that covers approximately 15.8 ha of mostly residential development (Figure 1). The impervious surface for the drainage area is 30%, and Greenville receives an average of 126 cm of rainfall [32]; thus, significant runoff for the watershed occurs during most years. The DB includes an inlet pipe (121.9 cm diameter) and two outlets. The primary outlet is a 20.3-cm-diameter metal pipe with a secondary outlet pipe (45.7 cm diameter) located 60 cm above the primary. Surface area of the DB is approximately 0.2 ha, and the basin vegetative cover originally included perennial grass. Landscaping crews for the university mowed the grass in the basin approximately once per week during the growing season. However, after a few years, soil wetness increased and Typha spp. (cattails) began growing near the basin inlet, which made mowing that portion difficult. The Typha were cut and removed once or twice per season for a few years. Due to budget constraints and loss of personnel, efforts to contain the Typha were reduced, and, by 2018, the Typha extended from the inlet to just north of the outlet pipe. Typha currently cover approximately 40% of the surface area, and grass 60%. The dense vegetation provided sufficient groundcover such that no evidence of erosion or gullies between the inlet and outlet were observed. Images of the DB are shown in Figure 2. The soils in the DB are mapped as Goldsboro sandy loam near the inlet and extending about halfway to the outlet (Supplemental). Goldsboro series soils typically have a seasonal highwater table that is 0.6 to 0.9 m below the surface [33]. However, stormwater infiltration near the inlet of the DB likely caused the soil moisture content and water table height to increase, facilitating the growth of the obligate wetland plants. Build-up of organic debris, common in wetland soils, was observed between the inlet and outlet. The soils north of basin outlet are mapped as Wagram loamy sand, which are better drained with a water table 1.5 to > 2 m deep [33], and organic debris accumulation was not observed on the surface. Outflow from the DB is piped to the storm drainage system for the City of Greenville and discharges into Greens Mill Run, a tributary of the Tar River. Both Greens Mill Run and the Tar River are on the 303(d) list of impaired waters due to poor aquatic habitat and excess nutrient content, respectively [34]. Efforts to improve water quality via better runoff management and nutrient load reductions have been encouraged by state and federal environmental regulatory agencies.




2.2. Hydrological Monitoring


Stilling wells were installed near the inlet and outlet pipes of the DB. The stilling wells were constructed by cementing a slip cap on the bottom of a 1.5-m section of 5-cm-diameter PVC well screen. The capped end was placed on the ground surface and the stilling well was attached via zip ties to an iron stake that was driven into the soil. A stage plate was also attached to the stilling well and stakes to enable researchers to quickly observe water levels at the inlet and outlet during a storm. Water level loggers (Solinst Levelogger 3001) were programmed to record pressure and temperature every 10 min and lowered to the bottom of the wells at the inlet and outlet. An additional logger was tied to a nearby tree to record pressure also at 10 min intervals and to allow for atmospheric pressure compensation of the stilling well readings. The loggers were deployed in July 2020 and recorded until June 2021. Velocity of water entering and exiting the dry basin was measured using a Global Water FP101 flow probe, and inflow and outflow (L s−1) was calculated by multiplying water velocity by cross-sectional area of water in the inlet and outlet pipes. During flow measurements, the stage readings near the stilling wells were recorded. Rating curves were developed for the inlet and outlet to estimate discharge rates. Regression analyses were used to calculate the drawdown rate for the rain events. Total inflow into the dry basin for monitored storms was estimated using the simple method [35], along with watershed characteristics (e.g., drainage area, impervious surface) and rainfall data from a USGS gauge in Greenville, NC [36]. Outflow volumes were estimated using the outlet rating curve. Volumes of inflow and outflow for the monitored storms were compared.




2.3. Field Readings and Sample Collection


A Hanna Instruments (HI) 9828 multiparameter was used to program autonomous logging probes that recorded temperature, pH, and dissolved oxygen concentrations every 10 min. The probes were placed at the inlet and outlet of the basin prior to 8 sampling events. These data were used to assess biochemical processes that may be occurring in the basin with regard to nitrogen transformations as stormflow moved through the basin. Samples of inflow and outflow were manually collected during 8 storm events in 2020 using HDPE bottles. Samples were typically collected when the stage increased or decreased by 4 to 5 cm. Sample bottles with inlet and outlet water samples were placed in ice-filled coolers and transported to the lab for filtration and analyses.




2.4. Laboratory Analyses of Samples


Water samples were filtered using Whatman GF/F 0.7-µm-pore-size filters. Filtrate was analyzed for total dissolved nitrogen (TDN) and dissolved organic carbon (DOC) using a Shimadzu TNN-L analyzer with catalytic thermal decomposition/chemiluminescence [37]. A Unity SmartChem 200 discrete analyzer (Unity Scientific) was used to determine concentrations of ammonium–nitrogen (NH4+-N) and NO3−-N in the filtrate using standard methods [38,39,40,41]. The filters were digested, and the digested samples were placed in the SmartChem for analyses of particulate nitrogen (PN) using the same methods. Concentrations of dissolved organic nitrogen (DON) were estimated by subtracting the concentrations of NH4+-N and NO3−-N from TDN. Total nitrogen (TN) concentrations were estimated by summing TDN and PN concentrations.




2.5. Statistical Analyses


Individual samples of TN, PN, TDN, DON, NO3−-N, NH4-N, and DOC were flow-weight-composited to determine an event mean concentration (EMC) for the inlet and outlet for each storm. The EMCs were multiplied by inflow and outflow volumes to determine nutrient loads entering and exiting the DB (through the discharge pipe) during each storm. Treatment efficiency with regard to concentrations of nutrients and mass of nutrients for the DB was calculated using Equation (1).


  T r e a t m e n t   E f f i c i e n c y =  [    I n f l u e n t − E f f l u e n t   I n f l u e n t    ]  ∗ 100 %  



(1)







Physicochemical properties of inflow and outflow (pH, temperature, DO) were also compared to assess potential nitrogen removal mechanisms. Mann–Whitney non-parametric tests or paired t-tests were used to determine if the differences in EMCs or nutrient masses entering and exiting the DB were statistically significant (p < 0.05). Mann–Whitney non-parametric tests were used when the data did not follow a normal or log normal distribution, and paired t-tests were used when normal or log normal distributions of the data were observed. Spearman correlation analyses were used to determine if significant relationships between temperature, rain amount, inflow volumes, outflow volumes, and volume reductions were observed for storms that generated measurable runoff. Multiple linear regression analyses using the hydrological variables were also performed. Statistical analyses were conducted with R statistical software and Minitab 18. The frequencies that EMCs and masses of nutrients for inflow samples exceeded outflow were also reported.





3. Results and Discussion


3.1. Flow Characterization


During the 1-year monitoring period (July 2020–June 2021), the watershed received 136.2 cm of precipitation. There were 127 days during the 365-day study period when the DB received at least 0.01 cm of rainfall (Supplementary Material). The average rainfall depth was 1.07 cm, with a daily range of 0.01 to 7.70 cm for days when some precipitation fell. The monthly rainfall totals ranged from 2.41 cm in April 2021 to 24.16 cm in June 2021 (Figure 3). Overall, during the study period, the watershed received about 8% more precipitation than the average year. Regression analyses revealed that the log10 of discharge was significantly associated with the log10 of the inlet (r2 = 0.590; p = 0.004) and outlet (r2 = 0.612; p = 0.003) water stages. These data indicate that, when the discharge increased, so too did the stage. The discharge data were variable, especially when the inlet and outlet stages were relatively low (under 5 cm), possibly because of differences in vegetative thickness and sediment accumulation that influenced the velocity measurements. Moreover, during some storms when the stage exceeded the top of the primary outlet pipe elevation, backwater influenced the inlet stage readings and flow estimates; thus, the simple method was used to estimate the inflow volumes, while the outlet stage and rating curve were used to estimate the outflow volumes. The maximum inlet and outlet stage readings of 32.8 cm and 62.8 cm, respectively, occurred on 15 August 2020 when 7.7 cm of rain was received within a 24-h period. The water levels returned to pre-storm stages within a day following the peak. The overall average drawdown of water in the DB following storms was 4.3 ± 3.1 cm h−1 (Figure 4). Differences in drawdown rates were observed when comparing the warm growing season (May–October) and the cool dormant months (November–April). The mean drawdown during the warm months (5.6 cm h−1) was significantly faster (p = 0.04) relative to the drawdown during the cooler months (3.2 cm h−1). Greater transpiration and evaporation due to actively growing plants, longer day light hours, and higher temperatures likely contributed to quicker drawdowns in the warm months [42]. The mean air temperature during the warm months of the study period was 20.8 °C, while the mean air temperature during the cool months was 10.1 °C. It is also possible that there was more infiltration during the warm months due to warmer waters and quicker infiltration [43], along with deeper antecedent groundwater levels and thicker vadose zones typically observed during the growing season in North Carolina [44].



One of the main functions of SCMs is to reduce the rate of runoff delivered to receiving waterways during storms, and the DB was successful in that regard. For example, a rain that causes a 26-cm rise in the water level at the outlet stage of the DB would slow runoff by more than 6 h on average. During the study, the outlet stage exceeded 26 cm on 16 different occasions. Flow reductions, likely via infiltration and evapotranspiration, were common during the warm growing season (Table 1). For example, between May and October of the study period, the volume of effluent discharged through the outlet pipe was 33% less than the basin inflow volume. Volume reductions were highly variable though and ranged from −4% to 95% during the warm season. During the cool season between November and April, outflow exceeded inflow by 18%, likely because of groundwater inputs (baseflow) into the DB and less evapotranspiration. Water table depths in North Carolina are typically closer to the surface during cooler months, when evapotranspiration rates are lower and, thus, infiltration and groundwater recharge are more likely [44]. The outflow volume reduction percentage was significantly correlated to temperature (r = 0.761, p < 0.001), indicating that, as temperatures increased, the volume of outflow typically decreased. The volumes of inflow and outflow were also significantly correlated (r = 0.964, p < 0.001), so more outflow was expected during larger storms and increased inflow. Overall, there was a 5% decrease in outflow volumes during the entire study (Table 1). Multiple regression analyses using the variables in Table 1 revealed a significant (p < 0.0001) relationship r2 = 0.88 with resultant Equation (2). However, the only significant coefficient was temperature. To refine the analysis and improve the fit of the model, a step-wise regression using the full model (Equation (2) was conducted to identify the ideal model based on the Akaike information criterion. The reduced model removed all variables from Table 1 except temperature and inflow volume (Equation (3) and revealed a stronger r2 = 0.89, p-value < 0.0001, and had significant coefficients, including temperature (p < 0.0001; negative correlation) and inflow volume (p < 0.0001). These data suggest that the most important influencing factors related to outflow following rain events in DB were temperature and inflow volumes.


     O u t f l o w   V o l . =   858.78 + 252.69  (  r a i n f a l l   d e p t h  )  + 9.63  (  d a y s   s i n c e   r a i n  )  − 56.56  (  T e m p .  )  + 0.52  (  i n f l o w   v o l u m e  )       − 148.76  (  r a i n f a l l   i n t e n s i t y  )      



(2)






  O u t f l o w   V o l . = 870.45 − 57.39  (  T e m p .  )  + 1.01  (  i n f l o w   v o l .  )   



(3)







The discharge through the outlet pipe was lower than the inflow volumes during seven of the eight storm events monitored for water quality (Table 2). The volume reductions ranged from −19% to 95%, with a median reduction of 34% for those eight storms. A volume reduction of 38%, similar to the median of all the storms monitored for water quality, was observed for storm 1. The highest flow reduction (95%) of the events sampled for water quality was observed during storm 6 in response to a small rain (0.26 cm) that occurred over a 1-h period and when antecedent conditions were relatively dry (only 0.56 cm in previous week). While the inlet stage increased by approximately 7 cm, the outlet stage rose less than 0.6 cm during storm 6. Thus, most of the runoff entering the basin likely infiltrated. In contrast, the outflow from the basin exceeded the inflow by 19% for storm 8, which delivered 7.8 cm of rain over a 19-h period. Storm 8 had the highest peak rainfall intensity of the monitored storms (1.83 cm h−1) and received 1.4 cm of rain the prior week. The increase in basin outflow may have been associated with baseflow (groundwater) inputs into the basin and less evapotranspiration. Figure 5 shows hydrographs for storm 1 (38% volume reduction, close to the median for storms sampled), storm 6 (95% volume reduction), and storm 8 (−19% volume reduction).




3.2. Total Nitrogen Treatment


The median EMC of TN entering the DB (2.65 mg L−1) was significantly greater (p = 0.04) relative to the median outflow EMC (2.10 mg L−1) (Figure 6A). During 75% of the storms sampled, the outflow concentrations of TN were lower relative to inflow (Figure 6C). Overall, a 20.7% reduction in the EMC of TN was observed as stormflow entered and exited the DB through the outlet pipe. The concentrations of TN entering and exiting the DB were variable, with ranges in concentrations of 2.95 mg L−1 and 1.37 mg L−1, respectively. The median concentration of TN entering the DB (2.65 mg L−1) was within the spectrum of urban runoff concentrations (1.3–3.2 mg L−1) summarized in a literature review of more than 3750 sites by Collins et al. [20], similar to the influent concentrations (2.9 mg L−1 reported in an SCM study in Maryland [35], and similar to the influent concentrations reported for 66 SCMs in Denmark by Sonderup et al. [45]. The median effluent concentration of TN for the BD (2.1 mg L−1) was also within the range of TN concentrations for dry detention basins reported by Wissler et al. [21] (0.64–3.18 mg L−1), Collins et al. [18] (1.81–3.63 mg L−1), and Mazer [46] (1.25–2.85 mg L−1). The two highest EMCs of inflow TN were observed during storms 5 (5.92 mg L−1) and 1 (5.20 mg L−1), when the antecedent conditions were relatively dry for both (0.02 and 0.61 cm of rain the prior 7 days before the storm events) (Table 2). The elevated TN concentrations may be related to build-up of nutrients on impervious surfaces during dry, antecedent periods and wash-off during rain [47]. The outflow EMCs of TN were elevated relative to the inflow during storms 2 and 6 due to increases in the EMCs of DON of 175% and 85%, respectively, between the inlet and outlet of the DB. Immobilization of inorganic nitrogen by wetland plants and microorganisms is a mechanism for lowering the EMCs of nitrogen [18], but that biomass may contribute to later exports of DON. For example, a recent study [19] evaluating the nitrogen removal efficiency of a DB that was converted into a stormwater wetland also showed that DON was commonly exported from the wetland, while inorganic nitrogen was removed. A multiple regression analysis using variables in Table 2 was performed, but the model did not produce statistically significant (r2 = −1.279; p = 0.9281) results, and, thus, relationships between outflow TN concentrations and other parameters could not be confirmed.



The TN loads leaving the DB through the outlet pipe were significantly (p = 0.021) lower relative to the inflow masses (Figure 6B). During seven of the eight sampling events, the influent TN loads exceeded the outflow loads. The load reductions ranged from −0.3% to 93.5% for the eight storms (Figure 6D). The mean TN load reduction for the eight storms was 52.3% based on differences in the effluent masses of TN discharged from the outlet pipe and influent TN loads. However, it should be noted that there was a 33% reduction in the outflow volume relative to the inflow volume for the eight storms, and the ultimate fate of TN that infiltrated soil and percolated to groundwater is unknown. Groundwater transport of nitrogen from other non-point sources, such as septic systems, has been shown to be a significant contributor of nutrients to surface waters in the Coastal Plain of NC [24,25]. Those studies [24,25] included instrumentation of research sites with groundwater monitoring wells between the septic systems and creeks. If nitrogen in the groundwater beneath the DB is not attenuated along the flow-path toward Greens Mill Run, then those infiltrated nitrogen loads may be contributed to the creek after the storm. The highest load reduction occurred during storm 5, the storm that had an 82% volume reduction (Table 2). The second highest load reduction occurred during storm 6, where there was a 95% reduction in outflow volume (Table 2). Volume reductions of 39% and 51% have been reported for two dry basins in Raleigh, NC [21] and 80% for a dry basin in Ithaca, New York [22]; thus, prior research has shown that volume reductions can be significant in DBs but are also highly variable between sites.



The observed nitrogen treatment efficiency for the DB with regard to reduction in EMC (21%) and nitrogen masses (up to 52.5%) exceeded the NC DEQ credit of 10% for dry detention basins [29]. Therefore, the DB with wetland characteristics was performing better than expected by the state of NC for a dry basin.




3.3. Dissolved and Particulate Nitrogen Treatment


Differences in the EMCs of TDN and PN between inflow and outflow were not statistically significant (p = 0.06, and p = 0.542, respectively). Most of the data, though, indicate that the DB was, in general, more efficient at reducing EMCs of dissolved nitrogen (median 35% efficiency) in comparison to particulate nitrogen (median −21% efficiency) (Figure 7). The EMCs of TDN leaving the DB were lower relative to the inflow EMCs during 75% of the storm events sampled, while the EMCs of PN in outflow exceeded inflow 62.5% of the times sampled (Figure 7). Influent and effluent data for individual storms were highly variable. The influent EMCs of TDN and PN ranged from 1.65 to 5.54 mg L−1 and 0.11 to 0.94 mg L−1, respectively, while the effluent EMCs were between 1.47 mg L−1 and 3.28 mg L−1 for TDN and 0.15 mg L−1 and 0.67 mg L−1 for PN. The PN concentrations for influent may have been influenced by deciduous vegetation within the watershed and season during which the sampling occurred. For example, the highest EMC of PN in DB inflow (0.94 mg L−1) was observed during storm 7, sampled in November during the middle of the fall season and with antecedent rain of 3.63 cm during the prior week. The antecedent rain may have contributed to leaf fall and mobilization of particulates and organic debris to the storm drainage network. The lowest EMCs of PN in DB influent were observed during storm 4 (0.11 mg L−1), sampled in September. This sampling event also occurred with significant antecedent rainfall (3.99 cm) but was prior to when deciduous trees typically lose their leaves. Dissolved nitrogen concentrations were higher relative to particulate concentrations for both the influent and effluent during all eight storms.



Significant differences were observed when comparing the inflow and outflow loadings of TDN (p = 0.020) but not PN (p = 0.564). The mean reduction in mass of TDN and PN for the eight storms was 55.4% and 14.8%, respectively. The mass reductions for individual storms ranged from −0.1% (storm 2) to 95.2% (storm 5) for TDN and −175% (storm 8) to 96% (storm 6) for PN (Figure 6).



TDN is the sum of DON and dissolved inorganic (DIN), which includes the species NO3− and NH4+. The median EMC of DIN in DB outflow (0.77 mg L−1) was 49.7% lower relative to inflow (1.52 mg L−1) (Figure 7A), and differences in the EMCs were statistically significant (p = 0.012). A 21.6% increase in the EMC of DON was observed when comparing median outflow (1.10 mg L−1) to inflow (0.91 mg L−1) (Figure 6A), but no significant differences (p = 0.643) were observed between the EMCs. These data reveal that the DB was efficient at lowering the EMCs of DIN but not DON. The EMCs of NO3¯ and NH4+ were reduced, on average, by 21.8% and 39.7%, respectively, when comparing effluent concentrations to influent concentrations (Figure 7A), but significant differences between inflow and outflow EMCs were not observed for either species (NO3− p = 0.077; NH4+ p = 0.126) when compared individually. The reductions in EMCs varied greatly for individual storms (Figure 7E) and ranged from −165% to 74.7% for NO3−, and from −60% to 91.7% for NH4+. The reductions in EMCs of NH4+ and NO3− during storm 6 were 91.7% and −164.7%, respectively, the highest and lowest efficiencies reported for each species. The EMC of NH4+ decreased by 0.66 mg L−1 between the inlet and outlet, while the EMC of NO3− increased by 0.56 mg L−1 during storm 6, possibly due to nitrification. Nitrification is an important process that allows for later gaseous loss of NO3− via denitrification if the environmental conditions are conducive to the transformation. Both NO3− and NH4+ are plant- and microorganism-useable forms of nitrogen and thus may be immobilized by plants and microbes and converted to ON [47]. Immobilization would result in an initial reduction in DIN concentrations but may contribute to the later export of dissolved and particulate forms of organic nitrogen (ON) as plant and microbe materials expire and decay [47]. These processes may have occurred to some degree in the DB as decreases in the EMCs of DIN were observed during seven of the eight storms (Figure 7C), and increases in the EMCs of PN and DON were observed during four of the eight storms (Figure 6C and Figure 7C).



The influent loading of DIN exceeded the exports during each of the eight storm events (Figure 7D). Significant (p = 0.020) differences were observed between the influent and effluent loads of DIN. The mean treatment efficiency with regard to DIN mass reductions was 70.3%, with a range of 24.3% to 97%. The masses of NO3− and NH4+ leaving the basin were lower relative to the inflow masses during 100% and 87.5% of the sampling events, respectively. The mean load reduction efficiencies for NO3− and NH4+ were 68.1% and 53.2%, respectively (Figure 7B), and the differences in loading were also statistically significant (NO3− p = 0.028; NH4+ p = 0.024). The masses of PN leaving the basin were lower than influent masses during five of the eight storms (Figure 6D). The mean treatment efficiency with regard to reduction in PN mass was 14.8% (Figure 6B), but the differences between the influent and effluent loads of PN were not significant (p = 0.564). The masses of DON entering the DB were greater relative to masses exiting the basin during five of the eight storms (Figure 7D). The DON loads were reduced, on average, by 16.9% within the basin (Figure 7B), but the differences in influent and effluent loads were not statistically significant (p = 0.713). The outflow from the DB had a higher percentage of the TN as particulate relative to the inflow (Figure 8A,B). Additionally, the outflow had a higher percentage of the TDN as ON relative to the inflow (Figure 8C,D). These data indicate that the DB was not effective at reducing EMCs or masses of organic (dissolved and particulate) forms of nitrogen.



The median EMCs of DOC leaving the DB were 24% lower relative to the inflow concentrations, but the differences were not statistically significant (p = 0.7984) (Figure 9A). During 62.5% of the sampling events, the inflow EMCs of DOC exceeded outflow (Figure 9C). DOC is important as an energy source for denitrification and gaseous loss of N [19,20,48]. The median concentrations of DOC (14.65 mg L−1) and NO3− (0.69 mg L−1) leaving the DB and the resulting DOC to NO3− ratio of 21:1 indicate that carbon would not have limited denitrification [20]. However, DOC exports may contribute to water quality degradation via increasing the biological oxygen demand of receiving waters, resulting in a depletion of dissolved oxygen [2,4,48]. Water quality impairment related to depletion of dissolved oxygen has been a problem in the nutrient sensitive coastal waters of North Carolina [5]. Prior research [19] has shown that constructed stormwater wetlands often export higher EMCs of DOC relative to dry basins, so that too may be a consideration when selecting an SCM. The mass loadings of DOC exiting the DB were not significantly different (p = 0.564) in comparison to the inflow loadings (Figure 9B). The loads of DOC entering and exiting the DB were variable, but, during seven of the eight storm events, DOC load reductions were observed (Figure 9D). The mean load reduction was 34.6% (Figure 9B).




3.4. Nitrogen Transformations


While the DB was not efficient at lowering EMCs or masses of PN and DON, the overall TN efficiency still exceeded expectations with regard to the reduction credit for dry basins assumed by NC DEQ. This was possible because other (than immobilization) nitrogen transformations, such as nitrification and denitrification, may have occurred in the DB to lower the mass. Nitrification is the conversion of NH4+ to NO3−, and the process takes place when aerobic microorganisms oxidize ammonium and reduce oxygen [15,20,49]. Denitrification is the conversion of NO3− to N2 or N2O gas, and the process is facilitated by microorganisms that live in anaerobic environments that contain labile carbon as an energy source [15,19,22]. Thus, if the DB has microenvironments between the inlet and outlet where alternating aerobic and anaerobic conditions exist, then concentrations of both NH4+ via nitrification and NO3− via denitrification may be reduced [15,20,22]. High frequency (10-min intervals) data show that, when runoff entered the DB and submersed the sensors, DO concentrations at the inlet increased, while DO concentrations at the outlet decreased (Figure 10A,B). During submergence of the sensors, the DO concentrations at the inlet were mostly greater than 4 mg L−1, indicative of oxic conditions, while the DO concentrations near the outlet were often anoxic and dropped below 1.0 mg L−1 (Figure 10). Overall, the stormflow entering the DB during the eight sampled storms had a median DO concentration of 5.8 mg L−1, indicating oxic conditions near the inlet. However, the median concentration of DO leaving the basin at the outlet (2.2 mg L−1) was 62% lower relative to the inflow concentration, and the differences in DO were statistically significant (p < 0.001). Thus, DO was being consumed within the DB. The median pH of the stormwater inflow was 6.8, but the outflow was more acidic (5.4), and the differences were statistically significant (p < 0.001). High frequency pH data during a storm in September show an increase in pH near the inlet but a drop in pH near the outlet when the stage rises (Figure 10C). When NH4+ is converted to NO3−, hydrogen is released and may cause a drop in pH [19]. Nitrification may account for the decrease in NH4+ concentrations and pH between the inlet and outlet of the DB [18,19]. The mean pH of DB outflow was within the range of pH conditions (3.5–6.0) for nine wetlands monitored in the coastal plain of North Carolina [50].



The DB was ultimately effective at reducing the EMCs of TN, possibly because the conditions within the SCM were conducive to nitrogen transformations, including nitrification and denitrification that allowed for gaseous loss of nitrogen to the atmosphere. Because DIN concentration reductions offset the frequent DON and PN concentration increases, there was a net reduction in the EMC of dissolved nitrogen and TN as stormwater passed through the DB. The DB influent was comprised of 88% dissolved and 12% particulate nitrogen species. DIN accounted for 54% of the TDN, or 48% of the TN, while organic forms of nitrogen, including particulate and dissolved, accounted for 52% of the TN. The percentage of influent TN that was ON in our study (52%) was similar to the percentage (48%) reported in a literature review [18] of stormwater projects, but lower relative to the percentage (72%) from a study [49] conducted in Maryland, USA. Had more of the inflow been PN or DON, the treatment efficiency regarding lowering the EMC of TN may have been lower.





4. Conclusions


The goal of this study was to assess the nitrogen treatment efficiency of a DB that had saturated soils near the inlet and was partially (40%) covered with obligate wetland vegetation, and, thus, could be described as a hybrid between a DB and a constructed stormwater wetland. The outflow from the DB had a median EMC and mass of TN that were 21% and 52.3% lower, respectively, than the inflow. The biochemical characteristics of the water changed as it passed through the DB. More specifically, the EMCs of DIN declined and the EMCs of ON frequently increased, while the pH and DO also declined within the DB. The inlet portion of the DB was densely vegetated with obligate wetland plants, and the physicochemical properties of water near the inlet and outlet suggest that immobilization, nitrification, and denitrification were possible mass removal mechanisms in the DB. The DB was not effective at treating particulate and organic forms of nitrogen, but it was effective at treating dissolved inorganic forms, which comprised almost half of the influent TN. Mean outflow volume reductions of 33% were observed during the warm months between May and October, contributing to significant load reductions of TN within the DB. Temperature was inversely correlated with outflow volumes; thus, during the warmer months, there was relatively less outflow through the DB discharge pipe compared to the colder months for similar-size storms. The inflow and outflow volumes showed direct and significant correlations, so increased outflow can be expected during larger storm events with higher rainfall totals and more inflow. More research is suggested to better quantify the fate of nitrogen in stormwater that infiltrates the bottom of SCMs. Overall, the DB with wetland characteristics more than doubled the 10% TN efficiency credit expected for a DB for which it was originally designed and labeled. Because the grassed open space of the DB is not used for recreation, there are plans to convert the DB into a full stormwater wetland with a more diverse community of wetland plants. The Typha that have colonized the DB have provided sufficient ground cover to prevent erosion and gullies and have likely contributed to nitrogen uptake and transformations. However, some research has suggested that monocultures of Typha may provide a good mosquito breeding habitat, and that incorporating a diversity of wetland plants may encourage mosquito predators [51]. There are many other DBs in the Greens Mill Run watershed and other regions that could be retrofitted with wetland characteristics to enhance the TN treatment while still accommodating recreation. These modifications would likely be less expensive than a complete conversion to a stormwater wetland or wet detention basin and should be considered by resource managers.
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Figure 1. A dry detention basin (DB) with wetland characteristics receives drainage from a 15.7 ha watershed in Greenville, NC, USA. 
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Figure 2. The hybrid dry basin/wetland is covered with 40% wetland plants, such as cattails (Typha sp.), near the inlet (a), while the rest of the surface area is mostly grass (b). The boundary between wetland plants and upland plants is shown in (c). 
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Figure 3. Average and observed monthly rainfall for Greenville, NC between the months of July 2020 and June 2021. Rainfall during the study was similar to the long-term historic mean, with 5 months exceeding the mean average and 7 months below the mean average. Overall, there was 8% more rainfall during the study than the long-term mean. 






Figure 3. Average and observed monthly rainfall for Greenville, NC between the months of July 2020 and June 2021. Rainfall during the study was similar to the long-term historic mean, with 5 months exceeding the mean average and 7 months below the mean average. Overall, there was 8% more rainfall during the study than the long-term mean.



[image: Hydrology 09 00085 g003]







[image: Hydrology 09 00085 g004 550] 





Figure 4. Water level drawdown in the dry detention basin during the warm season, cool season, and overall. Statistical outliers are shown as (*). 
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Figure 5. Hydrographs showing inlet- and outlet stage responses to rain events. (A) shows a storm during which a 38% reduction in outflow was observed, (B) shows a 95% reduction in outflow, and (C) shows a 19% increase in outflow, likely due to groundwater inputs. 
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Figure 6. Box plots of event mean concentrations (A) and mass loadings (B) of total nitrogen (TN), particulate nitrogen (PN), and total dissolved nitrogen (TDN) (A,C). Time series of event mean concentrations (C) and mass loadings (D) of TN, PN, and TDN. Statistical outliers are shown as (*). 
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Figure 7. Box plots (A,B) and time series (C–F) of event mean concentrations and mass loadings of dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON), NO3−, and NH4+ at the inlet and outlet of the dry detention basin. Statistical outliers are shown as (*). 






Figure 7. Box plots (A,B) and time series (C–F) of event mean concentrations and mass loadings of dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON), NO3−, and NH4+ at the inlet and outlet of the dry detention basin. Statistical outliers are shown as (*).



[image: Hydrology 09 00085 g007]







[image: Hydrology 09 00085 g008 550] 





Figure 8. Speciation of nitrogen including percentage of total nitrogen in dry basin inflow (A) and outflow (B) that was particulate (P) and dissolved (D) nitrogen. The percentage of dissolved nitrogen for inflow (C) and outflow (D) that was organic (DON), nitrate (NO3−), and ammonium (NH4+) is also shown. 
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Figure 9. Event mean concentrations (A,C) and masses (B,D) of dissolved organic carbon (DOC) at the inlet and outlet of the dry detention basin. Statistical outliers are shown as (*). 
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Figure 10. High-frequency water stage (A), dissolved oxygen concentration (B), and pH (C) of water at the inlet and outlet of the dry detention basin during a storm event in September 2020. 
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Table 1. Storm and hydrology characteristics during the study period. Overall is total rainfall, total inflow, total outflow, mean volume reduction, mean temperature, mean rain intensity, and mean days since last rain.
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	Dates
	Rain (cm)
	Inflow (m3)
	Outflow (m3)
	Vol. Red. (%)
	Temp (°C)
	Rain Intensity (cm h−1)
	Days Since Last Rain





	23–24 July 2020
	3.58
	1806
	1198
	34
	25.6
	0.15
	12.67



	4 August 2020
	5.16
	2600
	1611
	38
	25.4
	0.34
	1.8



	7–11 August 2020
	7.29
	3676
	3459
	6
	25.3
	0.08
	3.3



	15 August 20
	7.7
	3881
	2089
	46
	26.1
	1.18
	1.4



	19 August 2020
	2.29
	1153
	468
	59
	23.8
	1.83
	2.7



	24 August 2020
	0.33
	167
	45
	73
	24.9
	0.33
	2.6



	9 September 2020
	1.73
	871
	444
	49
	26.1
	0.26
	8.4



	11 September 2020
	1.02
	512
	198
	61
	26.6
	0.58
	1.8



	17–18 September 2020
	2.79
	1409
	959
	32
	24.1
	0.08
	2.6



	29 September 2020
	3.2
	1614
	1121
	31
	21.9
	0.16
	2.9



	11 October 2020
	0.38
	192
	34
	82
	21.5
	0.03
	10.5



	16 October 2020
	0.28
	141
	7
	95
	18.3
	0.02
	4.6



	25 October 2020
	3.53
	1780
	1226
	31
	19.4
	0.43
	8.8



	1 November 2020
	1.35
	679
	498
	27
	19.3
	1.35
	2.7



	11–12 November 2020
	9.22
	4650
	4677
	−1
	19.5
	0.41
	10.1



	14 December 2020
	1.57
	794
	595
	25
	14.8
	0.18
	6.6



	16 December 2020
	2.59
	1307
	1346
	−3
	9.3
	0.37
	1.8



	20 December 2020
	1.3
	653
	722
	−11
	7.2
	0.23
	3.7



	24 December 2020
	1.6
	807
	1180
	−46
	15
	0.22
	4.1



	31 December 2020–3 January 2021
	5.11
	2575
	3396
	−32
	11.9
	0.08
	7.4



	8 January 2021
	0.3
	154
	625
	−306
	4.7
	0.03
	5.1



	26–28 January 2021
	2.44
	1230
	1954
	−59
	7.7
	0.49
	10.3



	31 January 2021
	2.82
	1422
	1539
	−8
	6.3
	0.19
	3.3



	5 February 2021
	0.79
	397
	528
	−33
	7.5
	0.11
	3.75



	7 February 2021
	0.41
	205
	502
	−145
	7
	0.04
	1.4



	11–16 February 2021
	5.79
	2920
	4586
	−57
	6.9
	0.83
	4.2



	18–19 February 2021
	4.32
	2178
	3213
	−48
	5.2
	0.13
	1.9



	22 February 2021
	0.61
	355
	355
	−16
	14.7
	0.08
	3



	26 February 2021
	1.27
	895
	895
	−40
	8.7
	0.18
	3.8



	16 March 2021
	4.14
	2058
	2058
	1
	8.8
	0.22
	14.2



	19 March 2021
	0.71
	792
	792
	−121
	11.6
	0.14
	2.9



	27 March 2021
	2.08
	345
	345
	67
	17.6
	1.66
	3.5



	31 March 2021
	2.24
	703
	703
	38
	16.9
	0.32
	3.8



	11 April 2021
	1.24
	628
	301
	52
	18.1
	0.83
	1.1



	3–5 May 2021
	2.9
	1460
	1515
	−4
	22.5
	0.05
	7.8



	29 May 2021
	0.97
	487
	179
	63
	21.6
	0.26
	1.6



	30 May 2021
	0.76
	384
	362
	6
	18.3
	0.34
	0.2



	Overall
	95.8
	47880
	45725
	5
	16.5
	0.38
	4.7



	Warm
	43.9
	22134
	14913
	33
	23.2
	0.4
	4.6



	Cool
	51.9
	26169
	30812
	−18
	11.4
	0.4
	4.7
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Table 2. Hydrological characteristics of 8 storm events sampled for water quality.






Table 2. Hydrological characteristics of 8 storm events sampled for water quality.





	Storm
	Rain (cm)
	Overall Int. (cm h−1)
	Peak Int. (cm h−1)
	Rain (cm) Prior 7 days
	Inflow (m3)
	Outflow (m3)
	Volume Red. (%)
	Temp (°C)
	Inlet TN (mg L−1)
	Outlet TN (mg L−1)





	1
	5.16
	0.34
	1.3
	0.61
	2600
	1611
	38
	25.4
	5.20
	2.64



	2
	2.74
	0.08
	0.4
	1.14
	1383
	972
	30
	24.1
	2.47
	3.53



	3
	3.73
	0.16
	1.8
	0.53
	1883
	1153
	39
	20.4
	2.48
	1.76



	4
	3.23
	0.16
	1.8
	3.99
	1627
	1594
	2
	21.9
	2.66
	1.70



	5
	0.38
	0.03
	0.1
	0.02
	192
	34
	82
	21.5
	5.92
	2.17



	6
	0.28
	0.28
	0.3
	0.56
	141
	7
	95
	18.3
	2.25
	3.07



	7
	1.35
	1.35
	1.3
	3.63
	679
	498
	27
	17.6
	3.36
	2.02



	8
	7.77
	0.41
	1.8
	1.78
	3920
	4655
	−19
	19.5
	2.63
	1.91
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