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Abstract

:

Bioswales are a common feature of urban green infrastructure plans for stormwater management. Despite this fact, the nitrogen (N) cycle in bioswales remains poorly quantified, especially during dry weather in the soil, gas, and plant phases. To quantify the nitrogen cycle across seven bioswale sites located in the Bronx, New York City, we measured rates of ammonium and nitrate production in bioswale soils. We also measured soil nitrous oxide gas emissions and plant foliar nitrogen. We found that all mineralized nitrogen underwent nitrification, indicating that the soils were nitrogen-rich, particularly during summer months when nitrogen cycling rates increase, as indicated by higher levels of ammonium in the soil. In comparison to mineralization (0 to 110 g N m−2 y−1), the amounts of nitrogen uptake by the plants (0 to 5 g N m−2 y−1) and of nitrogen in gas emissions from the soils (1 to 10 g N m−2 y−1) were low, although nitrous oxide gas emissions increased in the summer. The bioswales’ greatest influx of nitrogen was via stormwater (84 to 591 g N m−2 y−1). These findings indicate that bioswale plants receive overabundant nitrogen from stormwater runoff. However, soils currently used for bioswales contain organic matter contributing to the urban nitrogen load. Thus, bioswale designs should use less nitrogen rich soils and minimize fertilization for lower nitrogen runoff.
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1. Introduction


Nitrogen (N) is considered the most problematic pollutant for U.S. coastal waters, having degraded the marine ecosystems, fish production, and recreation of two-thirds of the U.S. coastline [1]. Due to fossil fuel combustion from power plants and vehicles, 47% more nitrogen accumulates on impervious surfaces in urban compared to nonurban areas [2]. Bioswales, which are a common feature of many cities’ green infrastructure (GI) plans, are vegetated structures designed to reduce water pollution by absorbing stormwater runoff from impervious surfaces [3]. However, recent studies have demonstrated that these GI types can contribute to nitrogen pollution [4,5,6,7]. During wet weather conditions, high concentrations of nitrogen enter bioswales via stormwater influent, and potentially exit via surface overflow and/or subsurface infiltration [8,9,10,11]. In dry weather conditions, the nitrogen source comes from soil mineralization, a commonly used index of soil nitrogen availability [12,13,14], which describes the rate that soil microbes decompose long-term stores of organic nitrogen (org–N) into ammonium (NH4+) (Figure 1). Mineralization processes occur in all soils. In well-drained soil environments, nitrifying microbes then further transform this ammonium to nitrate (NO3−), the most common drinking water pollutant [15] and a highly mobile anion that readily leaches out of soils [10,16]. Bioswales are most frequently made with fast-draining soils that are primarily aerobic, creating a dry environment hospitable to nitrifying microbes, and thus have high levels of nitrification [5,10,17,18]. Brown et al. [19], Lucas and Greenway [20], and McPhillips et al. [21] suggest that excess mineralization and nitrification account for why bioswales have been found to leach nitrate, which can be quickly flushed out following rain events [4,6,10]. Surprisingly, neither mineralization nor nitrification rates have been well quantified in bioswales.



The measurement of mineralization and nitrification rates in bioswale soils can help quantify the rate at which soils release nitrogen pollution via the conversion of nitrogen from organic to inorganic forms, which are more readily washed out from bioswale soils. In addition, the proportion of mineralized nitrogen that undergoes nitrification can also be used to indicate the concentration of nitrogen species in soils. In nitrogen-rich environments, nitrogen accumulates as nitrate rather than ammonium because nitrifying microbes thrive in such environments. Conversely, when nitrogen is scarce, nitrifying microbes compete poorly for ammonium against plants and heterotrophic microbes, limiting the proportion of nitrogen that accumulates as nitrate [13,22].



Similar to mineralization and nitrification rates, the emission rate of microbially-mediated nitrogen gas (including dinitrogen gas (N2), nitrous oxide (N2O), and nitric oxide (NO)) (Figure 1), can also reflect the nitrogen level in the soil, as emissions increase when the microbes have a greater nitrogen supply [23,24]. McPhillips et al. [25] found roadside ditches to be hotspots for nitrogen emissions due to elevated nitrogen influxes from stormwater runoff. Increased concentrations of nitrogen species from fertilization [25,26,27] and nitrogen deposition [23] are also positively associated with increased nitrogen gas emissions. In fact, nitrous oxide emissions from irrigated urban lawns in California increased from 7.2 μg N m−2 h−1 [28] to 720 μg N m−2 h−1 [29] after the application of fertilizers.



Another indication that bioswale soils might be too nitrogen-rich is when sources of nitrogen (stormwater influent and soil mineralization) exceed plant requirements, after accounting for losses from gas emissions. While ornamental landscapes and trees in urban areas require about 5 to 20 g N m−2 y−1 in fertilizer [30], bioswales might not require fertilization because nitrogen inputs through stormwater inflows already contain significant nitrogen loads [21]. The creation of a comprehensive nitrogen mass balance for urban bioswales would allow comparison of nitrogen levels in plant foliage to nitrogen inputs from stormwater and mineralization, and thus help determine whether bioswale soils are at proper nitrogen levels.



Better quantification of nitrogen cycling in bioswales is the first step toward improving the design and management of these GI installations in order to minimize their nitrogen export [5,31]. In particular, research that examines the distinctions between mineralization, gas emissions, and plant uptake is greatly needed [5,12,32,33]. This study aimed to meet this need by measuring the levels of nitrogen in soil, gas, and plant forms within seven bioswales located in New York City (NYC) over a period spanning from June 2015 to October 2016. The specific objectives of the study were to: (1) quantify spatiotemporal variability of soil mineralization and nitrification across the study sites, (2) measure nitrogen gas emission rates, (3) estimate maximum nitrogen uptake rates by the vegetation, and (4) use the results to construct an overall nitrogen mass balance for a bioswale. The results suggest that bioswale soils should contain greater C:N ratios from the outset and be maintained without additional fertilizers.




2. Materials and Methods


2.1. Bioswale Sites


The seven target bioswales were constructed between April 2013 and April 2014 in the Bronx, NYC, at 40°49′ N, 73°52′ W (Table 1). The total area of the bioswales varied from 7 m2 to 115 m2. Each bioswale contained a 61-cm layer of engineered sandy loam soil. The soil specification used to construct the bioswales is included in the supplemental information. Below the soil lay another 61-cm layer made up of 5-cm-diameter crushed stone. This stone drainage layer was wrapped on all sides with a geotextile filter fabric to separate the stone from the soil without restricting water movement. The soil surface was topped with 7 cm of bark chip mulch, and the bioswales were planted with both native and ornamental plant species including trees, shrubs, grasses, and herbaceous perennials, as detailed in Section 2.4. Stormwater influent entered into the bioswales through curb cut inlets. The bioswales were designed for infiltration and did not contain underdrains. Stormwater that did not infiltrate overflowed through curb cut outlets. Four of the smaller bioswales were termed “right-of-way bioswales” (ROWBs) because they were located in the sidewalk, while the remaining three bioswales, termed “stormwater greenstreets” (SGSs), were larger and extended into the street. Shetty contains a full description of the target bioswale sites [34].



Soil characterization and soil mineralization and nitrification measurements were conducted at all seven sites, with four of the seven sites undergoing more intensive sampling to evaluate spatial variability in soil mineralization and nitrification (Table 1). Soil gas emissions were sampled at one ROWB and one SGS to detect if the size of the sampling site affected results. Plant foliar nitrogen was sampled at the four ROWB sites only, as the SGS sites contained too great a variety of plant species for comparison.



As described in Section 2.2 and Section 2.3, soil mineralization and nitrification and gas emissions measurements were conducted within one meter of each site’s inlet, whereas soil characterization and spatial variability measurements were conducted at regular intervals from the inlet to the outlet (Figure 2). All plants were sampled throughout each site.




2.2. Soil


2.2.1. Soil Characterization


On 30 June 2016, two composite soil samples were taken from each of the seven sites using a circular 7.6-cm-diameter barrel auger [35]. The samples were submitted to the Soil Testing Laboratory at Rutgers University and analyzed for soil texture, organic matter, total carbon, and total nitrogen. The two composite samples consisted of a shallow sample taken from a depth from 7.6 cm to 22.9 cm, and a deeper sample from 30.5 cm to 45.7 cm depth. Each composite was comprised of three subsamples spatially distributed across the site, one located at the inlet to the bioswale, one in the middle of the bioswale, and one near the outlet of the bioswale (Figure 2). The three subsamples were added to the same polyethylene Ziploc bag and homogenized through kneading the bag by hand to create each composite sample.




2.2.2. Soil Mineralization and Nitrification


Soil mineralization and nitrification were analyzed with an intact soil core, a standard method for measuring soil mineralization [36,37]. Cores were housed in two 25.4-mm-inner diameter polyvinyl chloride pipes, each 50.8 cm long, that were sharpened at the bottom to minimize soil disturbance during insertion. These pipes were cut in half lengthwise and duct-taped back together so that they could be opened following retrieval. They were pushed into the soil leaving 5 cm above ground. Each core housing had a pre-cut 1-cm hole at the top for a rebar handle that could be used to pull the core out (Figure 2).



Soil cores were sampled in pairs at each bioswale. The cores were taken within one meter of the bioswale inlet, and 15 cm apart from each other. To test initial ammonium and nitrate levels, the first core was removed immediately, while the other core was left in the ground at the site for a seven-day field incubation period. Neither the initial nor incubated core was consistently in front of the other or closer to the inlet. A photograph was taken to ensure that the same locations would not be sampled on subsequent visits. The hole left after removing each core was backfilled with bioswale soil to restore the site.



Following removal, the duct tape on each core was cut, the pipe was opened and the soil core length measured. The samples from the top and bottom half of the core were then homogenized in separate polyethylene Ziploc bags through kneading the bags by hand. In the field, 5 g of soil sample was added to 50-mL vials that were pre-filled with 30 mL of a 2 M KCl solution; the salts in this solution displace ammonium and nitrate from the soil, allowing quantification of nitrogen levels in the soil via measurement of solution concentration levels. Vials were brought back to the Heck Laboratory located at Barnard College, NYC and shaken at 150 rpm for one hour to allow ammonium and nitrate to dissolve into the solution. Following this, vials were then centrifuged at 4000 rpm for four minutes to filter out the soil using Millex-SV Durapore polyvinylidene fluoride (PVDF) filters (0.22 µm pore size); the resultant solution was then frozen within 6 hours of sampling. To calculate the mass of dry soil used in the 5 g sample, soil moisture was also measured using a gravimetric method [38].



One pair of soil cores was sampled and analyzed at the seven bioswales monthly from June 2015 to August 2016, with the exception of January and February 2016 which were not sampled due to frozen soils. This resulted in the measurement of soil nitrogen content on 26 dates, and the calculation of mineralization and nitrification rates for 13 incubation periods. Within-site spatial variability of soil mineralization and nitrification was measured at four of the seven sites in October and November 2015 (Table 1). The spatial variability test included five pairs of soil cores rather than just one, with each pair evenly spread down the length of the bioswale from the stormwater inlet to the outlet (Figure 2). Ammonium was analyzed by a fluorometric method [39] and nitrate analyzed by ion chromatography [40]. Net mineralization and net nitrification were calculated with the following equation:


  Net   Mineralization   and   Net   Nitrification    (    μ g   N   d   − 1       g   − 1     dry   soil  )  =    C  i + t   −  C i   t   



(1)




where C represents the concentration of NO3− + NH4+ when calculating net mineralization, C represents the concentration of NO3− only when calculating net nitrification, and t = 7 days.    C i    refers to concentrations from the immediately sampled soil cores and    C  i + t     refers to concentrations from the soil cores in place for seven days at a site.





2.3. Soil Gas Emissions


Soil gas emissions were sampled at two of the seven sites with a static chamber method, which is the most common method for analysis of N2O fluxes [26,41]. A polyvinyl chloride (PVC) cap soil gas chamber was used, 7 cm in height and 20 cm in diameter, with three Swagelok 3 mm tube compression fittings drilled into the top of the chamber (Figure 2). Two fittings were attached to septa to allow for syringe withdrawal of gas from the chamber, while the third was fixed with a 1.2-m-long, 3-mm-diameter coiled stainless steel tube in order to equalize pressure but prevent significant diffusion of gas out of the chamber. Polyethylene plastic sheeting with a thickness of 4 mm tightly wrapped the chamber and a heavy chain was placed on top of the sheeting to create a seal with the uneven soil. The gas concentration in the chamber was sampled over time, and translated into a flux rate. Gas samples with 15 mL of headspace were taken at 2, 5, 10, and 15 min intervals using a 30-mL syringe and stored in over-pressurized pre-evacuated 10 mL vials.



Gas samples were analyzed for nitrous oxide using a SRI 8610C gas chromatograph (SRI Instruments, Torrance, CA, USA). For each test day and site, soil gas emission was calculated by determining a linear slope of concentration of the four time points [25,42] while considering the footprint and volume of the chamber and the density of air.



Gas fluxes were measured 16 times at two bioswales on eight dates between 15 June 2015 and 21 September 2016. All measurements were conducted during the summer and fall seasons, with the exception of 15 June 2015, which was included with summer samples for statistical analysis. During the sampling dates, the temperature ranged from 8.4 °C to 26.9 °C and the total rain depth over the previous three days before sampling ranged from 0 to 56.1 mm. All measurements were conducted within one meter of the inlets of each site, an area that may have increased soil gas emissions compared to the rest of the site due to greater nitrogen inputs [24].




2.4. Plant Uptake


We measured the level of nitrogen in samples of tissue from ten leaves per plant species, collected among the different plant species present at four different sites (Table 1). The vegetation in the four sampled bioswales was planted such that there were discrete patches covered by each species. We also measured the spatial extent of each plant species by measuring the area covered by each distinct patch for a given species. We selected leaf area indices from published literature, and summed data from all plant patches to estimate total nitrogen content in aboveground foliage.



We sampled 10 leaves collected across the different patches of each plant species at each bioswale on 5 October 2016. On this date, ROWB 9A and ROWB 9B both contained Hemerocallis ‘Lady Florence’, Liriope muscari, Panicum virgatum, Pennisetum alopecuroides, Quercus palustris, Rosa ‘Radrazz’ Knockout, and Symphyotrichum novae-angliae, ROWB 26B contained Amelanchier canadensis, Aronia melanocarpa, Nepeta x faassennii ‘Walker’s Low’, Panicum virgatum, and Spiraea tomentosa; and ROWB 23 contained Aronia melanocarpa, Echinacea purpurea, Eupatorium sp., Nepeta x faassennii ‘Walker’s Low’, and Panicum virgatum. Each collected leaf was photographed in the field immediately after collection with a 7.62 cm × 12.7 cm card for determining scale. Using ImageJ, the perimeter of each leaf was traced to calculate the area. After air drying in the laboratory, all leaves were massed, crushed, ground, and analyzed for carbon and nitrogen using a FlashEA® 1112 Carbon and Nitrogen analyzer (Thermo Scientific, Waltham, MA, USA). We quantified carbon and nitrogen ratios (C:N), nitrogen per unit mass, nitrogen per unit area, and nitrogen per leaf. For statistical analysis, plant species were grouped into shrubs, grasses, and forbs.



To calculate the area of each patch, top-down photos were taken on October 12th, 2016, capturing the extent of each patch. A 7.62 cm × 12.7 cm notecard was included in each photo for scale. Using the program ImageJ, the perimeter of each plant patch was traced to measure area.



To estimate total nitrogen content in aboveground foliage, we reviewed published research conducted in the United States or Canada that used a LI-3100 or LAI-2000 Plant Canopy Analyzer (Li-COR Inc., St. Lincoln, NE, USA) to calculate leaf area index. The average leaf area indexes for shrubs, grasses, and forbs were 2.1 [43,44,45], 3.7 [46,47,48,49,50], and 3.9 [51,52], respectively.



We did not capture top-down photos for the bioswale trees. Instead, we did an approximate count of the total number of leaves for the Quercus palustris trees at ROWB 9A and ROWB 9B.




2.5. Statistical Analysis


We conducted statistical analyses in R v. 3.1.3 (The R Project for Statistical Computing, 2015). We exclusively used non-parametric statistics, including Wilcoxon rank-sum tests to distinguish if different sites, sampling dates, and soil depths were statistically different from one another, and Spearman rank correlation coefficients to identify spatial trends from the inlet to outlet of bioswales and to determine correlations between our measurements, air temperature and rainfall [53].





3. Results


3.1. Soil


3.1.1. Soil Characterization


The shallow (7.6–22.9 cm) and deep (30.5–45.7 cm) soil samples were not statistically different from one another in terms of their soil texture, organic matter, total carbon, and total nitrogen (p > 0.05) (Table 2).




3.1.2. Soil Mineralization and Nitrification


Although the core housings were 50.8 cm in length, the average soil core length during the 15-month monitoring period was 36.5 cm, because 5 cm of the core housing was above ground and the soil core itself would often compact during sampling. Consequently, the shallow and deep halves of soil cores averaged 18.25 cm each.



Soil inorganic nitrogen concentrations and transformation rates were more impacted by the depth than placement within the bioswale. The five soil cores evenly spaced down the length of the four sites (ROWB 26B, ROWB 9B, SGS 11, SGS 21), which were used to test within-site spatial variability from bioswale inlet to outlet, did not demonstrate an increasing or decreasing trend for soil nitrate (p = 0.127, n = 75), ammonium (p = 0.533, n = 75), mineralization (p = 0.939, n = 36), or nitrification (p = 0.639, n = 36) (Figure 3).



On the other hand, the shallow halves of soil cores for all sites overall had greater nitrate (p = 0.008, n = 423), mineralization (p = 0.044, n = 209) and nitrification (p = 0.043, n = 209) compared to the deep halves, but had no overall difference for ammonium (p = 0.131, n = 423).



The seven different sites produced similar results to one another (Figure 4 and Figure 5), although site ROWB 23 had the most soil inorganic nitrogen in soil extracts, with statistically greater concentrations of extractable ammonium than SGS 21 (p = 0.019, n = 119) and SGS 11 (p = 0.047, n = 119). ROWB 23 also had greater extractable nitrate than SGS 21 (p = 0.006, n = 119), SGS 2 (p = 0.011, n = 104), and ROWB 9B (p = 0.014, n = 117). Inorganic nitrogen concentrations, mineralization, and nitrification rates did not show statistically significant differences (p < 0.05) among the other sites. Within each site, the shallow halves had statistically greater nitrification and mineralization for site ROWB 9A only.



Soil extractable ammonium displayed a seasonal trend, as the greatest ammonium concentrations occurred in the summer (Figure 6). Specifically, June 2015 demonstrated statistically greater ammonium concentrations than every other period, with the exception of June 2016. The other dates were not statistically different from one another. June 2015 was also the only period with statistically significant differences between initial and incubated concentrations.



While soil extractable nitrate concentrations also displayed a possible seasonal trend, as the lowest nitrate concentrations were found in the cooler months of November and March 2016 (Figure 7), nitrate levels were more affected by precipitation. The only statistically significant increase between initial and incubated soil levels for nitrate occurred in September 2015 and December 2015, when rain did not occur during the incubation period. In contrast, in June 2016 there was a clear decrease between initial and incubated soil levels for nitrate, as this period had the greatest rain depth (Figure 7). Ammonium levels however showed mostly seasonal variability (Figure 6).



One of the greatest net nitrification rates was found during the rain-free period of September, 2015 (Table 3), and the lowest rate was found during June 2016, when there was the largest rain amount. However, there were no consistent patterns in mineralization rates among sampling periods (Table 3). There was no increasing or decreasing trend over time from 2015 to 2016 for mineralization (p = 0.502, n = 209) or nitrification (p = 0.470, n = 209).



Soil mineralization and nitrification followed a “one to one” relationship, especially for shallow soils (Figure 8). This ratio implies that nearly all organic nitrogen was eventually transformed into nitrate, because ammonium resulting from mineralization was quickly nitrified and stored as nitrate. Shallow samples generally had greater nitrification than deeper samples (Figure 8a). The full soil data are found in the Supplemental Material.





3.2. Soil Gas Emissions


Soil N2O gas emissions overall averaged 35 μg N2O-N m−2 h−1, with a maximum of 149 μg N2O-N m−2 h−1, and one negative flux (N2O consumption) of −78 μg N2O-N m−2 h−1. As shown in Figure 9, the two sites where gases were sampled were not statistically different from each other (p = 0.959) but the six measured summer fluxes were statistically greater than the ten fall fluxes (p = 0.042). There were neither significant correlations with 3-day antecedent rain (p = 0.515) nor with temperature (p = 0.081). The full gas data are found in the Supplemental Material.




3.3. Plant Uptake


The shrubs, including Rosa ‘Radrazz’ Knockout, Spiraea tomentosa, and Aronia melanocarpa, had lower foliar nitrogen per bioswale area (Figure 10a) than the grasses (p = 0.003), which included Panicum virgatum and Pennisetum alopecuroides, and the forbs (p = 0.0001), which included Echinacaea purpurea, Hemerocallis ‘Lady Florence’, Symphyotrichum novae-angliae, Liriope muscari, and Nepeta faassennii. The grasses and forbs did not show statistically significant differences for foliar nitrogen per bioswale area (p = 0.333). Hemerocallis had the most, averaging 8.0 g N m−2, with a maximum of 11.6 g N m−2.



The shrubs also had about one-third lower nitrogen on a per leaf area basis (Figure 10b) than the grasses (p < 0.0001) and the forbs (p < 0.0001). Shrub leaves had an average C:N ratio of 28.5, which was greater than the grass leaves average ratio of 20.4 (p = 0.0003), and the forb leaves average ratio of 16.7 (p < 0.0001). The only index where shrubs indicated greater uptake was patch area, for which the shrubs averaged 0.5 m2, while the shrubs and grasses each averaged 0.4 m2, although patch area for shrubs was neither statistically greater than patch area for the grasses (p = 0.539) or the forbs (p = 0.408).



Total foliar nitrogen for shrubs, grasses, and forbs at the four sites averaged 30.2 g N and the trees contained an additional 14.1 g N on average. Total nitrogen content in aboveground foliage at the 9.3 m2 sites averaged 4.8 g N m−2. The full plant data are found in the Supplemental Material.





4. Discussion


4.1. Soil


4.1.1. Soil Characterization


Our data quantify nitrogen cycling in the soil, gas, and plant phase. These are poorly documented fluxes of the bioswale nitrogen cycle that occur during dry weather. In particular, the data indicate that bioswale soils contain overabundant nitrogen in excess of plant and microbial uptake. As such, the C:N ratios of the soils were below 25:1 (Table 2), which is considered the critical C:N ratio. Above this ratio, microbes may be nitrogen limited and below it there may be net nitrogen release from decomposing organic matter [16,54]. Soils with greater C:N ratios tend to be more capable of removing nitrogen from stormwater by promoting microbial uptake (immobilization) over mineralization [12,21,55,56].




4.1.2. Soil Mineralization and Nitrification


Soil nitrogen concentrations did not vary with sampling location, as there were few differences between sites and no clear spatial trends from the inlet to the outlet. However, shallower bioswale soil samples had greater soil nitrate concentrations, mineralization rates, and nitrification rates compared to deeper soil, which might be expected because inputs from stormwater influent and decomposing plant organic matter increase nitrogen levels in shallow soil. In most soils, the quantity and quality of detrital inputs and fertilization are the main factors that control rates and patterns of mineralization and immobilization [16,36]. Shallow soil is also topped with 7 cm of bark chip mulch, which can remove organic nitrogen from stormwater runoff through sorption processes, and also support substantial microbe populations to mineralize and nitrify captured organic nitrogen between rain events [10].



Moreover, shallow soils experience greater temperature fluctuations, supporting faster decomposition than found in deeper soil [57]. Likewise, moisture levels and temperature are more stable in the subsoil [58], and deeper soils retain less carbon and nitrogen [7]. There are also increased oxygen levels closer to the surface, supporting autotrophic nitrification and aerobic metabolism, which are aerobic processes. Other bioswale monitoring studies found most total nitrogen [59] and nitrate [60] to be produced in shallow soils, suggesting that nitrification mainly occurs in the upper soil layers.



The overabundance of nitrogen in shallow soils is also evidenced by the 1:1 relationship between net mineralization and net nitrification in Figure 8a,b. Our research shows that in urban bioswales, nitrogen accumulates as nitrate, rarely as ammonium. Net nitrification is typically 100% of net mineralization in nitrogen-abundant tropical ecosystems [61] and agricultural systems [13], while only a small fraction of net mineralization in temperate ecosystems [62], because nitrifying microbes thrive in nitrogen-abundant environments, but compete poorly for ammonium against plants and heterotrophic microbes when nitrogen is scarce. In nitrogen-abundant environments, nitrifiers live in close association with mineralizers, making nitrate the dominant nitrogen form moving through the soil, and plants rely on nitrate for nitrogen [13]. However, gross rates of nitrification exceed rates of nitrate uptake by plants and microorganisms, resulting in the accumulation of nitrate; this indicates that excess nitrogen is cycling relative to the ability of plants and microbes to assimilate it [22]. Our data suggest that bioswale soils supply much more nitrogen than the plants need, especially at shallow depths. The excess nitrogen may not only originate from the initial soil design, but also from inputs from stormwater nitrogen and decomposing plant organic nitrogen that the soil makes available through mineralization and nitrification.



We also found that the overabundance of nitrogen increased in warmer months, as indicated by greater concentrations of ammonium in the summer (Figure 6). Warmer weather stimulates the mineralization process [63,64], and a similar trend is visible in grassland ecosystems, which show increased ammonium and nitrate concentrations in the summer and decreased concentrations in the fall [65]. Compared to ammonium levels, levels of nitrate fluctuated greatly through high rates of accumulation and leaching (Figure 7 and Figure 8a). The lower left quadrant of Figure 8a shows a tight relationship between mineralization and nitrification rates, indicating only nitrate levels to be decreasing, as nitrate is a highly mobile anion that does not bind to soil particles and so is readily washed out [10,16], whereas ammonium is stable.





4.2. Soil Gas Emissions


We also found greater nitrous oxide emissions in summer than fall. This increase might be due to the connection between warmer temperatures and high rates of nitrous oxide gas emissions from nitrification and denitrification [27,66]. High levels of ammonium in the soil also leads to increased nitrification and denitrification [15,54], so the summer’s increase in ammonium (Figure 6) possibly further increased summer gas emissions of nitrous oxide.



Our results might be applicable to bioswales in other cities because the levels of nitrous oxide emitted by our bioswales were similar to rates found in similar studies around the world: our mean reported N2O flux of 35 μg N m−2 h−1 was in the mid-range, as per the mean N2O fluxes of 13.8 and 65.6 μg N2O-N m−2 h−1 found in two bioswales in Melbourne, Australia [24], the 23.4 μg of N2O-N m−2 h−1 found in a bioswale in New York, USA [21], and the 10 μg of N2O-N m−2 h−1 found in bioswales in Vermont, USA [67]. Our peak emissions of 148.6 μg N2O-N m−2 h−1 were lower than the peak of 1100 μg N2O-N m−2 h−1 found by Grover et al. [24] and the 330 μg of N2O-N m−2 h−1 found by Shrestha et al. [67], but similar to the 125 μg N2O-N m−2 h−1 found by McPhillips et al. [21].




4.3. Plant Uptake


Compared to the forbs and grasses, the leaves of the shrubs had lower nitrogen per site area, lower nitrogen per leaf area, and greater C:N ratios, all showing a lower rate of nitrogen uptake. While Collins et al. [5] suggested that trees and shrubs may remove more nitrogen in the long run due to deeper rooting systems and greater biomass, Turk et al. [68] found that herbaceous perennials outperformed trees and shrubs on nitrogen removal per unit area. Plants with the most nitrogen removal grow rapidly in nitrogen-rich environments and have the ability to store excess nitrogen [59]. Perhaps the grasses and perennial herbs were growing more rapidly, while the shrubs were storing excess nitrogen in woody biomass [32], which was not sampled in this study.




4.4. Nitrogen Mass Balance


We estimated minimum and maximum fluxes for each aspect of the nitrogen cycle by extrapolating from our measurements with results from other literature as explained in the Supplemental Material. We found that soil mineralization amounted to 0 to 110 g N m−2 y−1, gas losses were 1 to 10 g N m−2 y−1, and plant uptake was 0 to 5 g N m−2 y−1. We also compared our results to water measurements conducted at the same sites, also as explained in the Supplemental Material. Stormwater influent added 84 to 591 g N m−2 y−1, while 29 to 951 g N m−2 y−1 infiltrated via stormwater into the subsoil, and 19 to 332 g N m−2 y−1 overflowed back into the sewer system (Figure 11).



Thus, bioswale nitrogen cycling is dominated by liquid and soil phase fluxes, with relatively much smaller fluxes in the gas and plant phases. In contrast to natural ecosystems, where external inputs of nitrogen are about 10% of the amount of nitrogen that annually cycles [54], stormwater inputs of nitrogen in the studied urban bioswales constitute most of the nitrogen that annually cycles. We found that gas emissions were a small portion of the overall mass balance, which was similar to findings by Payne et al. [69] and Morse et al. [70], who found that N2O emissions were only 1 to 2% of the incoming nitrogen amount.




4.5. Limitations


Our mineralization data were limited by periodic rains washing away accumulated nitrate, preventing a clear measurement of inorganic nitrogen changes. However, this condition allowed us to contrast the fluctuating changes of soil nitrate due to leaching with the more gradual seasonal changes of soil ammonium. Future research could quantify such washouts by sealing off the top and bottom of incubated soil cores with ion exchange resin bags, which prevent loss of ammonium and nitrate [37], and would clarify the negative fluxes we often found for mineralization and nitrification due to rainfall.



The act of taking net mineralization measurements has the side effect of cutting soil roots with the sharpened edge of the soil corer, eliminating plant uptake of nitrogen sources, which alters the nitrogen system, enabling higher microbe uptake and lower net mineralization [13]. In addition, the soil core may sever roots that nevertheless may continue to take up nitrogen within the core, again resulting in underestimates of net mineralization [14,36]. On the other hand, the incubated core may have slightly greater soil moisture than the rest of the site [13,37], potentially leading to overestimates of the mineralization rate [57]. Ultimately, no method for assessing soil nitrogen provides an unequivocal estimate [37]. Our intact soil core method may reduce soil disturbance compared to other field methods of quantifying soil mineralization, which are more reliable than laboratory incubations [36].



We found that nitrogen content in aboveground foliage totaled about 5 g m−2. However, plants may store nitrogen in areas other than leaves. Total plant nitrogen uptake per year could be much greater, as a study found wetland plant nitrogen uptake levels to be 51 g N m−2 y−1 [10], and Lucas and Greenway [17] found that nitrogen uptake ranged from 51 to 65 g N m−2 y−1 for plants grown in lab mesocosms. Future analyses should consider all plant parts, including stems, roots, flowers, pods, and seeds.



As discussed in the Supplemental Material, this study relied on numerous assumptions in generalizing monitored measurements into an annual budget. While our simplifying assumptions limit the precision of our overall estimate, even a conservative estimate of inputs to the studied bioswales in stormwater (84–591 g N m−2 y−1) and mineralization (0–110 g N m−2 y−1) greatly exceed fertilization guidelines (5–20 g N m−2 y−1) [30]. Future research should study how to provide balanced nutrition for vegetation when planted in soil with overabundant nitrogen. Future studies should also test the degree to which plants can absorb the nitrogen in stormwater given that it comes in rapid waves.




4.6. Implications


Bioswale soil could better account for the overabundance of nitrogen within stormwater, in order to reduce nitrogen leaching. Detailed design guidance is not available for bioswales [71], and high organic matter contents are frequently specified for bioswale soil, intended to aid plant growth rather than improve water quality [21,72]. Due to this finding we advocate for more stable and more carbon-based organic matter used in soil mixes to increase the C:N ratio for better nitrogen management.



The engineered soil specification for NYC bioswales (Supplemental Materials) specifies leaf compost as the only approved amendment to achieve the required organic matter content of 3 to 8%. While leaf compost is already high in carbon, the soil specification could further require that compost stability meet a requirement, such as (1) a Solvita maturity index score of 7 or 8 [30,73], or (2) less than 3 mg CO2-C per g compost organic matter per day [74,75]. Furthermore, the soil specification total nitrogen maximum of 0.25% could be reduced to the 0.15% levels we found in situ (Table 2), given that the levels in our study were nitrogen rich.



Our data indicate that stormwater and mineralization inputs of nitrogen are more than enough to promote healthy vegetation. A less nitrogen rich soil composition with stable soil carbon enhancements such as coconut coir pith as a replacement for compost [76] might enhance long-term net immobilization in order to reduce nitrogen leaching. We also suggest that the bioswales be maintained without additional fertilizers.



Although plant health was not quantified in this study, excess nitrogen is not only linked with increased pollution, but even with declines in forest productivity and increased tree mortality [54]. Surplus fertilizer promotes shoot growth and diverts resources from root growth and production of defensive chemicals, which decreases drought tolerance and pest resistance [77]. When planted in a less nitrogen rich soil, native plants may also better outcompete weeds, potentially reducing maintenance [78]. Our recommendations may therefore support healthier plants with reduced maintenance, in addition to decreasing urban sources of nitrogen pollution.
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Figure 1. Simplified nitrogen cycle within bioswales: Solid purple arrows denote nitrogen fluxes quantified in this study, while blue dotted arrows denote well-documented liquid-phase fluxes that occur during wet weather only. 
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Figure 2. Photo of representative site with example sampling strategy. Plant sampling locations are omitted from the figure because all plant species were sampled throughout each site. 
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Figure 3. Within-site spatial variability from bioswale inlet to outlet for (a) net mineralization and (b) net nitrification. Nitrogen transformation rates (μg N d−1 g−1 dry soil) as calculated with Equation (1) quantify differences between initial and one-week incubations for shallow and deep halves of soil cores at four bioswales (ROWB 26B, ROWB 9B, SGS 11, SGS 21) (n = 36). “a” denotes the soil cores closest to the inlet, and “e” denotes the soil cores closest to the outlet. ROWB: right-of-way bioswale; SGS: stormwater greenstreet. 
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Figure 4. Net mineralization rates (μg nitrogen (N) d−1 g−1 dry soil) as calculated in Equation (1) quantifying differences between initial and one-week incubations for all soil cores at seven bioswales sampled at two depths (n = 209). * signifies bioswales where shallow (0 to 18 cm) and deep (18 to 36 cm) samples were statistically different. ROWB: right-of-way bioswale; SGS: stormwater greenstreet. 
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Figure 5. Net nitrification rates (μg nitrogen (N) d−1 g−1 dry soil) as calculated in Equation (1) quantifying differences between initial and one-week incubations for all soil cores at seven bioswales sampled at two depths (n = 209). * signifies bioswales where shallow (0 to 18 cm) and deep (18 to 36 cm) samples were statistically different. ROWB: right-of-way bioswale; SGS: stormwater greenstreet. 
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Figure 6. Soil extractable ammonium (parts per million nitrogen (ppm N) g−1 dry soil) in initial and one-week incubations at seven bioswales sampled at two depths monthly (n = 423) from June 2015 to August 2016, omitting two winter months. The letters above represent statistically significant differences among periods (two periods that share a letter are not statistically different), and * signifies periods where initial and incubated samples were statistically different. The bars at the top denote rain amounts during the one-week incubation periods. 






Figure 6. Soil extractable ammonium (parts per million nitrogen (ppm N) g−1 dry soil) in initial and one-week incubations at seven bioswales sampled at two depths monthly (n = 423) from June 2015 to August 2016, omitting two winter months. The letters above represent statistically significant differences among periods (two periods that share a letter are not statistically different), and * signifies periods where initial and incubated samples were statistically different. The bars at the top denote rain amounts during the one-week incubation periods.
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Figure 7. Soil extractable nitrate (parts per million nitrogen (ppm N) g−1 dry soil) in initial and one-week incubations at seven bioswales sampled at two depths monthly (n = 423) from June, 2015 to August, omitting two winter months. The letters above represent statistically significant differences among periods and * signifies periods where initial and incubated samples were statistically different. The bars at the top denote rain amounts during the one-week incubation periods. 






Figure 7. Soil extractable nitrate (parts per million nitrogen (ppm N) g−1 dry soil) in initial and one-week incubations at seven bioswales sampled at two depths monthly (n = 423) from June, 2015 to August, omitting two winter months. The letters above represent statistically significant differences among periods and * signifies periods where initial and incubated samples were statistically different. The bars at the top denote rain amounts during the one-week incubation periods.
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Figure 8. Relationship between net nitrogen mineralization and net nitrification (μg nitrogen (N) d−1 g−1 dry soil) for shallow and deep halves of soil cores at seven bioswales (n = 209) (a) Dotted line denotes 1:1 ratio; (b) Net mineralization/nitrification ratio. 
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Figure 9. Soil nitrous oxide gas emissions (n = 16). 
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Figure 10. (a) Foliar nitrogen per bioswale area (n = 42); (b) Foliar nitrogen per leaf area (n = 179). The letters at the top represent statistically significant differences among groups (two groups that share a letter are not statistically different). 






Figure 10. (a) Foliar nitrogen per bioswale area (n = 42); (b) Foliar nitrogen per leaf area (n = 179). The letters at the top represent statistically significant differences among groups (two groups that share a letter are not statistically different).
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Figure 11. Approximate nitrogen mass balance with site ROWB 9A in the foreground and site ROWB 9B in the background. 
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Table 1. Bioswale sampling summary. Sites that received more intensive sampling to evaluate within-site spatial variability in soil mineralization and nitrification are designated by “xx”. ROWB: right-of-way bioswale; SGS: stormwater greenstreet.
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	Bioswale
	Area (m2)
	Soil Characterization
	Soil Mineralization and Nitrification
	Gas Emissions
	Plant Uptake





	ROWB 26B
	9.3
	x
	xx
	
	x



	ROWB 23
	7.0
	x
	x
	
	x



	ROWB 9A
	9.3
	x
	x
	
	x



	ROWB 9B
	9.3
	x
	xx
	x
	x



	SGS 21
	76.2
	x
	xx
	x
	



	SGS 11
	94.8
	x
	xx
	
	



	SGS 2
	115.2
	x
	x
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Table 2. Soil macronutrient and texture means ± standard error, and Wilcoxon rank-sum test p-values demonstrating lack of statistical difference (p < 0.05) between shallow and deep samples.
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	Depth
	Total N (%)
	Total C (%)
	C:N ratio
	Organic (%)
	Sand (%)
	Silt (%)
	Clay (%)





	7.6–22.9 cm (n = 7)
	0.15 ± 0.02
	2.9 ± 0.5
	19.4 ± 0.4
	5.0 ± 0.8
	80.1 ± 1.2
	13.4 ± 1.3
	6.5 ± 0.4



	30.5–45.7 cm (n = 7)
	0.13 ± 0.01
	2.4 ± 0.3
	18.7 ± 1.2
	4.1 ± 0.5
	78.6 ± 1.9
	13.5 ± 1.5
	7.9 ± 0.6



	p-value
	0.71
	0.80
	0.22
	0.75
	0.48
	0.95
	0.14
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Table 3. Means of net mineralization and net nitrification (μg nitrogen (N) d−1 g−1 dry soil) averaged for shallow and deep halves of soil cores at seven bioswales (n = 209). Letters indicate statistically significant differences among periods.






Table 3. Means of net mineralization and net nitrification (μg nitrogen (N) d−1 g−1 dry soil) averaged for shallow and deep halves of soil cores at seven bioswales (n = 209). Letters indicate statistically significant differences among periods.





	
Month of Incubation Period

	
Net Mineralization (µg N d−1 g−1)

	
Net Nitrification (µg N d−1 g−1)






	
June 2015

	
−0.81

	
b

	
0.01

	
ab




	
July 2015

	
0.68

	
a

	
0.49

	
ab




	
August 2015

	
−0.11

	
ab

	
−0.05

	
ab




	
September 2015

	
0.02

	
ab

	
0.30

	
a




	
October 2015

	
−0.11

	
ab

	
−0.31

	
b




	
November 2015

	
0.10

	
ab

	
0.03

	
ab




	
December 2015

	
0.04

	
ab

	
0.11

	
ab




	
March 2016

	
0.23

	
ab

	
0.07

	
ab




	
April 2016

	
0.28

	
ab

	
0.12

	
ab




	
May 2016

	
−0.05

	
ab

	
0.02

	
ab




	
June 2016

	
−0.72

	
b

	
−0.50

	
b




	
July 2016

	
0.19

	
ab

	
0.12

	
a




	
August 2016

	
0.20

	
ab

	
0.29

	
ab
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