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Rain gardens are low impact developments designed to mitigate a suite of issues 

associated with urban stormwater runoff. The site for this study was a Denton City rain 

garden at the Denton Waste Water Treatment Plant. Nitrogen and phosphorus removal 

was examined in light of two overflow events comprised of partially treated wastewater 

from an upslope anaerobic digester pond. Nitrate removal efficiency was examined 

across differing dry spell intervals of 5, 8, and 12 d, displaying a moderate negative 

correlation (r2 = 0.59). Continued phosphorus removal capacity was assessed, showing 

phosphorus removal in cases where P was in excess of 0.8 mg/L, reflecting an 

equilibrium phosphorus concentration. A high expanded shale component in the soil 

media (25%) was likely a factor in the continued removal of phosphorus. Overall the rain 

garden proved to be a large source of nitrate (+425%) and total nitrogen (+61%) by 

mass. The study showed that while the rain garden intercepted a large volume of 

partially treated wastewater during the overflow events, preventing it from reaching a 

nearby creek, the mitigation of an acute event has extended to a chronic one as 

nitrogen is gradually processed and flushed from the system as nitrate. 
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INTRODUCTION 

One of the most pressing water quality issues today is that of stormwater runoff 

(Paul and Meyer, 2001; Walsh et al., 2005; EPA, 2007; Wenger et al., 2009). Indeed, 

the EPA (2007) cites stormwater “as one of the leading sources of pollution for all 

waterbody types in the United States.” Conventional stormwater management systems 

(CSWMS) have led to urban stream syndrome, a phenomenon that illustrates the 

negative effects of CSWMS in developed areas. Urban stream syndrome has arisen as 

areas develop and permeable surfaces are converted into impermeable ones. Walsh et 

al. (2005) describe some of these effects including an increased frequency of overland 

and erosive flow, increased magnitude of high flow, elevated nitrogen and phosphorus 

levels, as well as other toxicants, and reduced ecological health in streams.  

 The change from permeable to impermeable surfaces in developed areas 

increases surface runoff due to lowered infiltration rates (Vietz et al., 2014). This leads 

to an increased magnitude of high flow and reduced infiltration. Coupled with this is an 

increase in pollutant levels from sources such as lawn and garden fertilizer, human and 

animal waste, traffic pollution, and industrial sources (PGCo, 2007).  

CSWMS are normally put in place to manage one aspect of this complex 

problem: the magnitude of high flow from rain events (Walsh et al., 2005; Wenger et al., 

2009; Ahiablame at al., 2012). CSWMS collect stormwater untreated and conveys it to 

end-of-pipe locations for treatment or dispersal – untreated – into bodies of water (EPA, 

2007; PGCo 2007; Wenger et al., 2009; Ahiablame et al., 2012). The aim of CSWMS is 

to reduce the magnitude of high flow from impervious surfaces using highly connected 

and conductive conveyance systems (i.e., pipes and concrete-lined stream beds). This 
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method is effective in reducing the magnitude of peak flow but ignores runoff volume 

and quality. Alternative practices that seek to mitigate further issues related to 

stormwater runoff exist; these practices include stormwater best management practices 

(BMP) and low impact developments (LID).  

While LID are similar to BMPs in some regards, they are distinct. LID, such as 

rain gardens, are based on BMPs but importantly, aim to restore predevelopment 

hydrology. “LID may occasionally use some BMP techniques; however, BMPs focus on 

reducing rainstorm peak flow, whereas LID’s focus is to restore predevelopment flood 

hydrographs” (Gao et al., 2013). In essence, LID address a wider suite of stormwater 

issues than any other management practice. The relative advantages of LID over 

CSWMS and BMPs are illustrated in Figure 1, and an example of a typical rain garden 

may be seen in Figure 2. 

 

 
Figure 1. Conceptualization of the refinement of stormwater management practices. 

A 2007 report by the EPA endorses LID as one of the “most exciting trends in water 

quality management today.” Rain gardens are a particular variation of LID. The subject 

of this study is a rain garden. Rain gardens are low-impact development structures 
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designed to collect and partially treat nonpoint-source stormwater runoff in developed 

areas. Rain gardens are excavated depressions infilled with soil media and diversely 

vegetated. They allow infiltration and filtration of stormwater runoff, reducing flood 

volume, increasing baseflow, and mitigating water quality issues: in short, they manage 

almost all of the issues outlined above as associated with urban stream syndrome. In 

addition to this, rain gardens are also aesthetically pleasing, as they are able to be 

incorporated into the existing landscape, offering small oases of green space with a 

very real function. Rain gardens are a promising answer to the pressing issue of 

stormwater runoff quality and may also enrich the urban landscape – in stark contrast to 

CSWMS and most BMPs. 

Rain gardens have been indicated in the literature as one of the most important 

LID, and potentially one of the most effective (EPA, 2007; Davis et al., 2009; Trowsdale 

and Simcock, 2011; Ahiablame et al., 2012; Gao et al., 2013). However, where 

consistent results have been found in regard to mitigation of total suspended solids, 

heavy metals, and magnitude of high flow, nitrate and phosphorus behavior is less 

consistent (Davis et al., 2009; Ahiablame et al., 2012; Jones and Davis, 2013). Nitrogen 

and phosphorus removal in rain gardens has been noted in the literature, but so has 

production of phosphorus (Hatt et al., 2007a) and nitrogen, especially nitrate.  In order 

to implement rain gardens in the most effective manner possible, it is important to fully 

understand their behavior. Without a firm understanding of rain garden behavior, it 

becomes problematic convincing local governments and private developers of the 

merits of rain gardens, especially when investment in retrofitting (a common practice) is 

required. 
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Figure 2. Typical rain garden design. 

Source: http://www.hydrocad.net/raingarden.htm; accessed 9/10/2014 
 
This study achieves two overarching goals. The first was to explore the 

relationship between nitrogen removal and the duration of dry weather between 

simulated flood events in a working rain garden. The majority of controlled studies 

exploring nitrate removal have been in a laboratory setting; this study used a working 

rain garden and thus provide a compelling case study.  

The second aim of the research was to assess the phosphorus removal 

efficiency of the rain garden, as phosphorus removal will, theoretically, cease as 

removal capacity is exceeded (Hsieh et al., 2007a). This is particularly salient as the 

Denton City rain garden incurred several bacteria-rich floods from a nearby anaerobic 

digester pond in 2013 and 2014. 

The study site is a rain garden at the Denton City Waste Water Treatment 

Facility. Simulated flood events using synthesized stormwater were carried out and the 

effect of dry-spell duration on nitrate removal was monitored. Hatt et al. (2007a) found 

nitrate concentrations up to seven times that of expected after extended dry spells. A 
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controlled study using simulated flood events with synthesized runoff allowed a nuanced 

insight into N and P removal, especially in regard to dry-spell interval. Denitrification is 

essentially the only means of fully removing nitrogen from the rain garden system, but 

requires suboxic conditions – something usually found only during saturation (Davis et 

al., 2006; Seitzinger et al., 2006). Real and apparent priming effects, another suite of 

processes which may affect N and P removal are contingent, in some settings, on 

moisture levels. Both duration of saturation and priming effects are controlled, at least to 

some extent, by temperature. A result of the interplay of the above factors was a 

hypothesized inflex point where nitrate concentrations increase significantly after a 

certain period of drying. This study contributes knowledge which helps parse out the 

effects of dry-spell and temperature on nitrate removal. 

Light shed upon the behavior of nitrate and P helps guide future research looking 

at specific processes and mechanisms relating to N and P. This should eventually aid in 

optimizing rain garden implementation, increasing their prevalence within the paradigm 

of stormwater management and, ultimately, increasing overall freshwater health and 

stream quality. 
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Figure 3. Rain garden experimental layout. 
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BACKGROUND 

Low Impact Developments 

Development associated with urbanization drastically alters landscapes as 

previously pervious surfaces are compacted, built upon, or paved over, resulting in 

greatly altered hydrology and stormwater runoff quality (Paul and Meyer, 2001; Walsh et 

al., 2005; EPA, 2007; Davis et al., 2010; Ahiablame et al., 2012; Barbosa et al., 2012; 

Walsh, 2012; Olszewski and Davis, 2013). Impervious and compacted surfaces reduce 

infiltration of rainfall during storm events while allowing the build-up of pollutants and 

nutrients during dry spells. The result is higher peak flows during storm events coupled 

with poor stormwater runoff quality and reduced groundwater recharge (Walsh, 2005; 

EPA, 2007). Conventional stormwater management systems – such as curb and gutter 

systems, concrete lined stream beds, and piped systems to ponds – seek to address 

the first of these issues while neglecting the others (EPA, 2007; Ahiablame et al., 2012; 

Olszewski and Davis, 2013). 

Stormwater best management practices (BMPs) and low impact developments 

(LID) aim to mitigate the effects development – and concomitant issues such as urban 

stream syndrome – by reducing the frequency of overland and erosive flows, 

decreasing the magnitude of high flow, and mitigating high nitrogen and phosphorus 

levels, as well as other toxicants, and as a result improve the ecological health of 

streams. BMPs and LID achieve this through infiltration, temporary storage, and 

filtration of stormwater (Walsh et al., 2005; Ahiablame et al., 2012; Gao et al., 2013).  

In contrast to Conventional stormwater management systems (CSWMS), LID 

and BMPs address many stormwater quality issues associated with development, not 
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simply peak flow. While LID are similar to BMPs in some regards, they are distinct. LID, 

such as rain gardens, are based on BMPs but they also aim to restore predevelopment 

hydrology. Predevelopment hydrology refers to the behavior of a watershed before 

development and considers such factors as permeability of soils, degree and type of 

vegetation, baseflow, infiltration, and stream flow. In essence, LID address a wider suite 

of stormwater issues than any other management practice. The relative advantages of 

LID over CSWMS and BMPs are illustrated in Figure 1, and an example of a typical rain 

garden may be seen in Figure 2. Rain gardens, also called bioretention cells, are 

considered one of the most promising LID in terms of overall performance (Davis et al., 

2009; Collins et al., 2010; Ahiablame et al., 2012; Gao et al., 2013). 

A 2007 EPA report stated, “Conventional practices... fail to address the 

widespread and cumulative hydrologic modifications within the watershed that increase 

stormwater volumes and runoff rates and cause excessive erosion and stream channel 

degradation. Existing practices also fail to adequately treat for other pollutants of 

concern, such as nutrients, pathogens, and metals.” In recent years, a new type of 

stormwater management approach – low impact development (LID) – has emerged in 

response to these shortcomings. 

A promising form of LID are rain gardens, the subject of this study. Rain gardens 

differ from CSWMS and BMPs, in that they utilize the existing landscape and 

topography, largely circumventing the need for traditional gutter and curb systems, and 

are aesthetically pleasing. In their most basic form, rain gardens are excavated 

depressions infilled with a soil media designed to treat stormwater through a suite of 

processes such as infiltration, filtration, settling, absorption, evapotranspiration, 
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biological uptake, ion exchange, sorption, nitrification, denitrification, degradation, and 

decomposition (PGC, 2007). In poorly drained areas, an underdrain connected to a 

traditional stormwater system may be present. The other important feature of rain 

gardens is that they are both variously and highly vegetated. Vegetation increases rain 

garden efficiency in terms of nutrient and pollutant removal, increases water removal 

through transpiration, all while increasing the aesthetic value of the landscape - and in 

some cases, property prices (PGC, 2007). 

 

Rain Garden Efficiency 

Rain gardens have been shown to successfully mitigate levels of heavy metals 

(Davis et al., 2001; Hsieh and Davis, 2005; Hatt et al., 2007a; Hatt et al., 2007b; 

Blecken et al., 2009;  Hatt et al., 2009; Trowsdale and Simcock, 2011; Jones et al., 

2013), total nitrogen (Davis et al., 2001; Davis et al., 2006; Bratieres et al., 2008; Chen 

et al., 2013; Glaister et al., 2014), ammonium (Cho et al., 2009), total phosphorus, 

(Hsieh and Davis, 2005; Davis et al., 2006; Hsieh at al., 2007a; Bratieres et al., 2008; 

Hatt et al., 2009; Chen et al., 2013; Glaister et al., 2014), total suspended solids 

(Bratieres et al., 2008; Hatt et al., 2009; Trowsdale and Simcock, 2011), and 

hydrocarbons (LeFevre et al., 2012). There is also some evidence that indicator 

bacteria (i.e., fecal coliform and e coli) may be modestly mitigated by rain gardens (Hunt 

et al., 2008; Hathaway et al., 2009). 

A nuance in rain garden removal efficiency is that while mass removals may be 

high, effluent concentrations of analytes – in particular nitrate – may be higher than 

influent concentrations. This is due to the fact that rain gardens eliminate the majority of 
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runoff from the stormwater system. Water removed by a rain garden will be lost through 

evapotranspiration and infiltration, as either groundwater recharge or baseflow. Analytes 

may be removed from stormwater as pollutants, and nutrients are retained in the soil 

media through mechanical filtration, sorption, ion exchange, biological uptake, and 

conversion (i.e., ammonification followed by nitrification and potentially denitrification). 

Effluent concentrations of nitrate have been shown to be the most varied and 

least predictable analyte of interest in rain gardens, save perhaps indicator bacteria. 

Poor reductions (Davis et al., 2001; Bratieres et al., 2008; Brown et al., 2013) and even 

production of nitrate has been noted in the literature (Davis et al., 2001; Hsieh et al., 

2007; Bratieres et al., 2008; Hunt et al., 2008; Cho et al., 2009; Hatt et al., 2009; Brown 

et al., 2013). Despite this, depending on soil media composition and layering, high 

effluent concentration reductions of nitrate have been achieved (Davis, 2007; Bratieres 

et al., 2008). By taking into account the relevant processes involved in nitrogen removal, 

reductions may be optimized. 

Many of the above studies showing mixed efficacy of nitrate reductions were in a 

laboratory setting, using either filter columns or box plots, with many unvegetated. A 

study such as this, exploring nitrate behavior in a working rain garden in a controlled but 

real-world setting, is informative to the field as a whole. Working rain gardens are open 

basins in the landscape, not constrained systems removed from the surrounding soil 

and weather. 

This study achieves a mix of pragmatism and precision, providing a nuanced look 

at nitrate reduction across different dry spell intervals in an established rain garden 

using synthetic stormwater. The secondary goal of the study is to assess whether the 
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rain garden has maintained its phosphorus removal capacity, given the effluent 

discharge from an anaerobic digester pond it experienced over the winter of 2013-2014 

and again in September of 2014. The study will also be informative in showing how 

these effluent rich overflows have influenced short and long term behavior of the rain 

garden.  

The use of synthetic stormwater containing nitrate and phosphorus provided 

controlled, consistent influent nutrient concentrations, as well as controlled inflow 

volumes. Consistent influent flow rate and nutrient concentrations, as opposed to 

natural variations across storm events, allow increased confidence in analysis of 

effluent nutrient concentrations. A nuanced view of working rain garden nutrient removal 

across consecutive flood events is thus achieved, as influent variables are controlled 

for. Brown et al. (2013) advocated for analysis of consecutive storm events in rain 

garden studies. They argued that this approach allows temporal variations to be parsed 

out and achieves a more complete understanding of rain garden behavior. This was the 

secondary motivation behind simulating flood events, after increased control of influent 

flow and nutrient concentrations.  

Dry spell interval and temperature influence many of the processes responsible 

for removal or build-up of N and P in the rain garden system. Simulating storm events 

allowed control over the interval between storms, flood volume, and influent 

concentrations of nutrients. This allowed a methodology similar to laboratory studies but 

in a working rain garden. This study was dependent upon natural rain events. The rain 

garden was outdoors and experienced varied temperature and humidity over the course 

of the study. This was in contrast to laboratory studies and offers a realistic view of rain 
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garden behavior over time, something Ahiablame et al. (2012) called for in their 

literature review summarizing current bioretention research. After all, as Cho et al. 

(2009) aptly observed, the processes involved in bioretention are intermittent and vary 

based on real-world conditions. 

It is important to note that the primary goal of this study was to elucidate the 

relationship between dry spell interval with nitrate removal. With the secondary motive 

being to assess the remaining phosphorus sorption capacity of the rain garden, given 

recent effluent inflows. The partitioning and quantification of the different removal and 

conversion pathways was not an intended outcome of this study. This being said, 

research exists that points toward potential pathways and processes which explain the 

rain garden behavior. The following section outlines the main processes at play in this 

study, with a focus on processes affected by either dry spell duration or dry spell 

temperature – the two [most] independent variables of this study. 

 

Nitrogen and Phosphorus Processes 

In terms of nitrogen behavior in bioretention, organic nitrogen is decomposed 

then converted to nitrate by nitrifying bacteria through ammonification and subsequent 

nitrification. This process is aerobic and occurs within the soil media. Nitrification 

processes increase in warmer periods and decrease with cooler temperatures (Brown 

et al., 2013). Nitrification has been linked to increased effluent concentrations of nitrate 

after dry spells, with Hatt et al. (2007a) measuring increases of up to seven times after 

extended dry spells of 12 days. Cho et al. (2009) found ammonia was predominantly 
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adsorbed during dosing, then subsequently nitrified between events, and eventually 

flushed through the system during the next flood event. 

Dry spell interval was one of the main variables explored in this study. Intervals of 

5, 8, and 12 days were used between simulated flood events. Barring rain events, this 

change in dry spell interval should have corresponded with progressively lower soil 

moisture levels and reductions in denitrification with concomitant increases in 

nitrification. Hsieh et al. (2007b) found similar increases in nitrate effluent to Hatt et al. 

(2007a), but once the initial “slug” of nitrate had passed, found influent and effluent 

concentrations to be similar. An idealized nitrate effluent concentration plot against time 

is shown in Figure 4. It was expected that the initial hour of flooding would have 

elevated effluent levels of nitrate, but beyond this initial spike effluent nitrate levels 

would possibly drop to around influent levels. 

 
Figure 4.Theoretical influent and effluent nitrate-N concentrations vs. time. 
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Aside from harvesting plant biomass and physically removing it from the rain 

garden system, denitrification is the only permanent pathway to remove nitrogen (Davis 

et al., 2006). Denitrification requires suboxic conditions, such as those found in 

saturated zones in larger settings (Chen et al., 2013), and in root soil interactions in 

smaller settings (Reddy et al., 1989; Seitzinger et al., 2006; Minett et al., 2013). The use 

of an internal water storage zone (IWSZ) is a popular method of achieving an anoxic 

zone, with the aim of encouraging denitrification. The Denton City rain garden does not 

have an IWSZ as it is unlined and surrounded by a highly conductive sandy soil. 

Chen et al. (2013) found a positive relationship between denitrification and 

ammonia oxidation gene expression with cumulative duration at saturation in 

established bioretention cells, which supports the use of saturated zones. However, 

they also found lower gene abundance with depth, hypothesizing that the addition of 

carbon and balancing pH might provide more optimal conditions for bacteria and 

encourage higher denitrification rates at depth. This means that although an IWSZ is 

likely to increase denitrification rates, it must also provide amenable conditions for 

denitrifying bacteria. The Denton City rain garden is more than three years old, which 

suggests that ammonia oxidation gene expression will have had time to reach 

equilibrium. This is in contrast to laboratory studies where 3 months is considered a 

long set-up and stabilizing period before experimental work. As a result, the Denton City 

rain garden presented a real world scenario. 

Another suite of potential processes involved in N and P removal are real and 

apparent priming effects (Brown et al., 2013). Microbes are a major factor in real priming 

effects, but carbon and nitrogen levels within soil impact plant uptake of nutrients and 
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will theoretically impact both phosphorus and nitrogen uptake (Kuzyakov et al., 2000). 

Another aspect of priming effects are that dry spells which decrease soil moisture 

sufficiently cause bacteria to die off, increasing nitrate levels once decomposed. 

Temperature impacts soil drying and consequently priming effects, thus two variables of 

interest, dry spell duration and temperature, relate to priming effects. 

As may be seen, nitrogen removal, and in particular nitrate removal, in 

bioretention cells involves manifold and complex processes which often interact with 

each other. This study quantifies changes in nitrogen and nitrate removal across 

differing dry spell durations. The resultant view of a working rain garden under 

changing, real world conditions adds to this body of knowledge and was the primary 

research goal. 

The secondary goal of this research was to examine the phosphorus removal 

capacity of the Denton City bioretention cell. Phosphorus removal in bioretention is, for 

the most part, consistently high, with removal rates commonly found in the 90% range 

(Hsieh and Davis, 2005; Davis et al., 2006; Hsieh et al., 2007a; Bratieres et al., 2008; 

Hatt et al., 2009; Chen et al., 2013; Glaister et al., 2014). However, Hsieh et al. (2007a) 

theorized that removal capacity will eventually be reached, and sites will require 

remediation or retirement. The Denton City rain garden experienced multiple overflow 

events from an adjacent wastewater treatment facility over the winter of 2013-2014, and 

again in September, 2014.  

Soil tests prior to the latest wastewater inflow event showed elevated levels of 

phosphorus. Coupled with this is the particular soil composition of the Denton City 

bioretention cell. Expanded shale makes up approximately 25% of the upper 45 cm of 
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the cell (Fouad, date unknown). Forbes et al. (2004) showed that, in a wetland setting, 

expanded shale performs significantly better than masonry sand in terms of phosphorus 

removal. The calculated Langmuir sorption potential of phosphorus for expanded shale 

was 16 times greater than for masonry sand. Given the wastewater inflow event and the 

fractured shale content of the rain garden, it is salient to assess phosphorus removal 

efficiency and the remaining capacity of the rain garden to remove phosphorus.  

Sorption of phosphorus occurs over two time frames, fast and slow (McGechan 

and Lewis, 2002; Hsieh et al., 2007). Removal capacity of fast processes may be 

reached within individual events, but removal capacity is restored between events. 

Thus, fast processes determine removal over short time frames and long processes 

across the lifetime of the soil media. It was hypothesized that during the wastewater 

overflow events, short term removal processes will have been exceeded. Slow 

phosphorus processes will have then restored phosphorus sorption capacity. 

 

Study Site 

The study site for this thesis was a rain garden at the Denton City Waste Water 

Treatment Facility. Denton County is classed as humid subtropical and receives an 

average of 33 in (83.8 cm) of precipitation each year, with an average pan evaporation 

of 51 in (129.4 cm). The temperature average ranges from 34 F (1.1 C) in January to 96 

F (35.6 C) in July. The Denton City rain garden was designed to receive the runoff from 

a 0.75 in (1.9 cm) storm event. It is approximately 3 ft deep (91 cm), with the bottom 

foot filled with gravel. Atop the gravel layer lies a perforated underdrain pipe, which is 

covered (along with the entire gravel layer) by a filter fabric to prevent silting of the pipe 
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and gravel layer. A 1.5 ft (46 cm) layer of soil covers the filter fabric. A 2-in (5.1 cm) layer 

of shredded hardwood mulch sits atop the soil.  

 

Figure 5. Location of Denton City rain garden. 

The garden was designed to have a surface area of 900 ft2 (83.6 m2), or around 

20 x 45 ft (6.1 x 13.7 m). This represents 0.4% of the catchment, which is well under the 

typical percentage of 4-7% (PGC, 2007). This is acceptable as the majority of the 

catchment is permeable, whereas rain gardens usually drain highly developed areas 

with high imperviousness. Infiltration rates within the drainage basin will be far higher 

than in traditional settings, meaning less runoff will reach the rain garden, and the 

required area and volume to serve the watershed is smaller.  

The garden is designed to hold 6 in (15.2 cm) of pooled water atop the soil. 

Theoretically this allows for 15 in (38.1 cm) of water retention, 6 in (15.2 cm) as pooled 

water and 9 in (22.9 cm) retained in the soil, for a theoretical total capacity of around 

8,500 gal (32,176 L). The actual construction of the rain garden was not exactly as 

outlined. In the process of construction, it was dug slightly deeper than the design. 

Additionally, during construction compaction may have occurred, reducing the hydraulic 
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conductivity of the depression and potentially allowing a locally saturated zone to form 

beneath the underdrain and above the base of the rain garden. 
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METHODOLOGY 

 The first aim of this study was to assess nitrate removal across differing dry-spell 

durations of 5, 8, and 12 d. A dry spell was considered such if there was no inflow into 

the rain garden. As such, a minimal amount of rainfall was able to occur before a dry 

spell was considered broken. This definition of dry spell was necessary to ensuring a 

timely completion of the study. Nitrate removal is influenced by nitrification and 

denitrification rates, as well as biological uptake; in turn, these factors are influenced by 

soil conditions, especially moisture levels. As dry spell duration between flood events 

increases, soil moisture will decrease, reducing denitrification rates while providing ideal 

nitrifying conditions. Whilst not a year round study, the flood simulations encompassed a 

period of growing season (October through early December) and a dormant period 

(mid-December to early February). 

The second goal was to assess the rain garden’s phosphorus removal capacity. 

Phosphorus removal capacity will, in theory, be exceeded at some point in the rain 

garden’s lifetime (Hsieh et al., 2007). The Denton City rain garden has been flooded 

multiple times by a nutrient rich wastewater flow from an upslope anaerobic digester 

pond, which forms a part of the Denton City Waste Water Treatment Facility. The rain 

garden’s continued ability to remove phosphorus, given these overflow events, was 

assessed. 

The rain garden was flooded using a synthetic stormwater dosed with both nitrate 

and phosphorus. This allowed for repeatable flood events with controlled inputs, 

allowing insight into removal processes. Mass balances were calculated for nitrate and 

phosphorus across floods using the collected data. Employing a mix of pragmatism and 
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repeatability, this study provided a nuanced look at how exactly a working rain garden 

performed in a real world setting. 

 

Simulated Flood Set-Up and Experimental Procedure 

A simplified illustration of the experimental setup may be seen in Figure 3. Water 

from a fire hydrant flowed out of a 2-in (5.1 cm) polythene pipe, into a gutter 

immediately above the influent flume. A bucket and irrigation dripper system introduced 

a mix of N and P. Flow into the influent flume was turbulent and thoroughly mixed the 

nutrient load with the municipal water. Initially, a peristaltic pump was used to introduce 

the nutrient mix to the inflow. This method proved to be unreliable as battery charge 

across each flood event would alter the flow of solution. As a result, pressure 

independent irrigation drippers were used to introduce the nutrient mix from a 5-gal 

bucket. This proved to be more reliable, although not perfect. The system worked well 

as long as the solution was mixed regularly and topped up during the event to maintain 

something approaching a static hydraulic head. 

The water for the events was municipal water sourced from a nearby fire hydrant. 

The average composition of Denton municipal tap water may be seen in Table 1. While 

the Denton municipal water is chlorinated, it was considered both impractical to 

dechlorinate and not required for the processes under investigation. 
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Table 1. Denton City Tap Water Averages for 2013 (adapted from City of Denton) 
 

Analyte Total Average 
(mg/L unless 

stated) 
Bicarbonate 114.13 
Chloride 25.92 
Fluoride 0.44 
pH  8.13 
Total Phosphorus < 0.1 
Sulfate 50.89 
Total Alkalinity 115.72 
Total Ammonia 0.72 
Total Hardness 107.36 
Total Dissolved Solids 231.08 
Specific Conductance 
(µs/cm) 

380.51 

Nitrate (NO3-) 0.25 
 

 
Influent flow was determined by the maximum flow from the hydrant, and was 

approximately 8,000 gal/h (30,283 L/h). The capacity of the rain garden to overflow at 

any one time depended on existing soil moisture. The smallest flood volume to overflow 

during the study was 8,100 gal (30,662 L). The maximum volume was considered 

11,100 gal (48,018 L). An 11,100 gal (48,018 L) maximum simulated flood volume 

represented a compromise between completely filling the rain garden to capacity and 

keeping flood events at a similar volume. It is estimated that a volume approaching 

16,000 gal (60,567 L) would be required to reach overflow in dry conditions; this would 

have been approximately 2 times greater than the smallest flood volume. 

One issue which arose was that the hydrant flow meter and ISCO readings did 

not match. During a preliminary simulated flood to capacity, the flow meter on the 
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hydrant read a total volume of 7,900 gal (29,904 L), while the ISCO read 10,500 gal 

(39,747 L). It was hypothesized that this was due to the water passing through the 

influent flume at pressure due to the orientation of the hydrant pipe. The orientation of 

the pipe was changed such that it flowed uphill under pressure, then flowed back and 

through the flume under the influence of gravity alone. This resulted in a hydrant 

reading of 11,100 gal (48,018 L) and an ISCO reading of 13,160 gal (49,816 L). While 

closer proportionally, the difference was still too great to be of use. As a result, the 

reading from the hydrant flow meter was considered accurate. The effluent ISCO did not 

encounter this issue as it drained solely under the influence of gravity. 

A 60-deg v-notched flume combined with an ISCO sampler, with attached flow 

meter, recorded flow volume into the rain garden, and also collected flow-weighted 

influent samples continuously every 250 gal (946 L). The samples were flow-weighted 

across the entire event and gave an overall view of influent composition. The composite 

samples allowed mass balance calculations to be made. The synthetic stormwater then 

passed through the rain garden. The only metrics assessed while the synthetic 

stormwater filtered through the rain garden were water level, conductivity, and 

temperature. A data logger located slightly back from the center of the rain garden 

collected this data. As effluent flow left the rain garden, via the underdrain, it passed 

through another 60-degree flume and ISCO sampler. 

The influent flow was sampled as a composite for P and N levels; thus any minor 

irregularities in inflow of the nutrient solution did not have a great effect. The inflow of 

nutrients aimed to introduce a solution calculated to achieve the desired influent 

concentration of 1.95 mg/L NO3- and 0.4 mg/L P.  
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Table 2. Event Mean Influent Nutrient Concentrations 

Study Total Phosphorus 
(mg/L) 

Nitrate and Nitrite  
(NOx) (mg/L) 

Ammonia (NH3) 
(mg/L) 

NURP, 1983 0.33 0.68 - 
EPA, 2013 0.70 - - 
Li and Davis 
2014 

- 0.3 (as N) 0.15 (as N) 

Historical Data 
(Denton City) 

 1.90 (as N)  

Taylor et al., 2005 - 0.74 0.29 

 

The goal nutrient concentrations were based on five data sets, as seen in Table 

2. Phosphorus is based on the first dataset, the EPA’s 1983 Nationwide Urban Runoff 

Project (EPA, 1990), which reported a mean influent concentration of 0.33 mg/L P. This 

is lower than the average mean influent concentration of 0.7 mg/L P reported in a 2013 

meta-analysis by the EPA. The same study reported removal of P as correlated with 

higher P levels (EPA, 2013). The driver behind this relationship is the equilibrium 

phosphorus concentration (EPC), which is the concentration at which sorption equals 

desorption (Hoffman et al., 2009). Existing data for the rain garden did not include P 

levels and was thus unable to guide influent P concentration. It was decided to use a P 

concentration on the low end of the scale, 0.4 mg/L P, as it gave a realistic view of 

phosphorus removal, whereas a higher concentration would simply result in higher P 

removal.  

(NH4)2HPO4 Diammonium phosphate = 132.07 g/mol 

P = 30.974 g/mol 

Total desired concentration of P is 0.40 mg/L, 
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132.07 g/mol [(NH4)2HPO4] / 30.97 g/mol [P] * 0.40 mg/L [desired concentration 

of P] 

= 1.71 mg/L of DAP required to achieve 0.40 mg/L P 

1.71mg/L of DAP x 42,018 L per run  

= 71,851 mg of (NH4)2HPO4) required to achieve 0.4 mg/L of P per 42,018 

L maximum capacity run 

Additionally, one flood used an increased dose of P, while another did not introduce any 

P. This was done to confirm inflow concentration on P reductions.   

Nitrate goal concentrations were also based on the data found in Table 2. 

Historical data from the rain garden were not complete, but indicated a high nitrate-N 

influent concentration of 1.95 mg/L NO3- (mean) and 1.87 mg/L NO3- (median) over 

eight events. Li and Davis (2014) reported 1.33 mg/L NO3-, while NURP (1983) and 

Taylor et al. (2005) found lower levels.  It was decided to base nitrate levels off historical 

data with a goal of 1.95 mg/L NO3-. Nitrate concentration should not influence removal 

rates in the same way EPC would P. 

NaNO3 = 84.997 g/mol 

NO3- = 62.004 g/mol 

Total desired concentration of NO3− is 1.95 mg/L, municipal water contains 0.25 

mg/L NO3- 

1.95 mg/L [desired conc.] - 0.25 mg/L [in muni. water]  

= 1.70 mg/L of NO3− still required 

84.997 g/mol [NaNO3] / 62.004 g/mol [NO3−] x 1.70 mg/L [needed concentration]  

= 2.33 mg/L of NaNO3 required 
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Therefore 2.33 mg/L NaNO3 needed to achieve 1.70 mg/L NO3− 

2.33 mg/L NaNO3 x 42,018 L  

= 97,902 mg NaNO3 per 42,018 L maximum capacity run 

The elevated ammonia levels in the municipal water meant there was no need to 

dose directly for ammonia; however, the goal diammonium phosphate (DAP) dose 

contained ammonium, introducing 0.36 mg/L N as NH4+. 

1.71 mg/L of DAP, concentration from above, will give:  

(2 * 18.039 g/mol [NH4+]) / 132.07 g/mol [NH4)2HPO4] * 1.71 mg/L [DAP]  

= 0.47 mg/L of NH4+ from DAP 

Then 0.47 mg/L NH4+ from DAP + 0.72 mg/L NH3 from municipal water  

= 1.19 mg/L NH4+ + NH3 in total 

This brought the total concentration of ammonia plus ammonium in the dosed water to 

1.19 mg/L.  

Ammonia is preferentially uptaken by plants, with only the remaining ammonia available 

for nitrification and potentially, denitrification. This increased ammonium concentration 

may, however, influence nitrification rates as NH4+ is the first substrate in the nitrification 

process (Barnard et al., 2005). 

Municipal water contained a relatively high level of ammonia and nitrate. 

Accounting for the nitrate in municipal water was as simple as adjusting the mass of 

nutrient added. The problematic aspect was total ammonia. Total ammonia level in the 

municipal water is 0.72 mg/L. Taylor et al. (2005) found an average of .29 mg/L of 

ammonia in their analysis of Melbourne stormwater. The municipal water introduced a 

higher concentration of ammonia than this. As the only source of water sufficient to flood 
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the rain garden, this was a fundamental constraint and unavoidable. Ammonia input was 

analyzed for each event and taken into account in all nitrogen calculations. 

Table 3. Nutrient Sources and Concentrations for Synthesizing Stormwater 
 

Nutrients Chemical Target Nutrient 
Concentration (mg/L) 

Solubility (g/L at 
25°C) 

Nitrate NaNO3 1.95 912 

Phosphorous (NH4)2HPO4 0.40 250 

Ammonium and 
ammonia (NH4)2HPO4 1.19 250 
 

The chemicals used to create the synthetic stormwater may be seen in Table 3. 

The nutrient sources were ideal candidates, given their high solubility in water and 

safety in the volumes being used, as well as their low cost. Many studies have used 

nutrients similar to those used in Davis (2001), that is, sodium nitrate and dibasic 

sodium phosphate. While sodium nitrate was used, it was considered too expensive to 

use dibasic sodium phosphate. Diammonium phosphate was used instead. The sheer 

volume of water per run required a large mass of pollutant to achieve the desired 

concentrations, raising costs orders of magnitude higher than laboratory studies using 

filter columns or box plots, where flood volumes are on the order of 200 L, as opposed 

to 42,000 L. 

Other methods for synthesizing stormwater exist in the literature. The most 

prevalent alternative to the dosing regime found in Davis et al. (2001) is that used by 

studies involving Hatt et al. (2007b, 2009). Hatt used filtered sediment from local 

stormwater systems to produce semi-synthetic stormwater. These methods were 
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deemed problematic, as they are not easily calibrated for consistent influent nutrient 

concentrations. 

An YSI data sonde was used to sample influent (and effluent) flow for 

temperature, turbidity, conductivity, dissolved oxygen (DO), and pH at semi-regular 

intervals. The sondes were be calibrated within 48 h of the flood, in accordance with 

standard operating procedures, and as such the data are largely reliable. The influent 

sonde analyses were carried out in order to assess homogeneity of influent water 

across each event. Temperature was also measured at the influent and effluent flume, 

and in situ. Temperature of urban stormwater is an issue in of itself (Paul and Meyer, 

2001) and also impacts nitrification and denitrification rates. 

 Immediately prior to overflow, or 11,100 gal (48,018 L) of inflow, the rain garden 

was treated as at capacity and flow ceased. Stopping flow before overtopping occurred 

ensured inflow and outflow volumes were accurate, with water retained, 

evapotranspired, or lost to groundwater infiltration calculated as the difference between 

the two flows. Effluent flow left the rain garden via the underdrain, to be released at the 

effluent flume where flow rate and volume were measured with an identical set-up to the 

influent flume. A locally saturated zone above the base of the rain garden appeared to 

form, despite being above the water table. This was hypothesized to be due to either a 

clay-rich base or compaction during construction. 

The effluent flume was set up such that effluent flow had a tendency to back up, 

bringing the water into contact with parent soil upslope of the concrete flume system. It 

was assumed this interaction with non-rain garden soil was minimal and did not affect 

nutrient readings. The other potential issue that came to light during a preliminary run 
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was that the backed up water needed to be prevented from bypassing the flume 

system, this was achieved by constructing a soil berm. While some water was still lost, it 

was of a negligible volume. 

While effluent flow was collected on a flow-weighted basis by a setup identical to 

the inflow, flow from the underdrain was also collected using grab samples in order to 

assess the potential nitrate slug observed in the literature during the first hour of effluent 

flow. Intervals of 15, 30, 45, 60, and 90 min from effluent flow beginning were used, with 

later floods including a 120 min grab also. This temporal resolution of grab samples 

allows for a detailed analysis of effluent nitrate behavior.  

It was theorized that, when compared to the flow-weighted samples, there would 

be a spike in nitrate outflow. As the rain garden does not have an impermeable bottom, 

there is the potential that some of this slug was lost to infiltration. While this was likely, it 

represents typical rain garden behavior and as such was not considered deleterious to 

the study. Depending on the comparison between influent and effluent samples, the fate 

of this nitrate slug may be hypothesized. 

 

Lab Analysis 

Laboratory analysis was carried out to assess a range of analytes using standard 

analytical procedures. The nitrogenous analytes of interest were total kjeldahl nitrogen 

(TKN) (analyzed by AnaLab using the EPA method 351.2), nitrate and nitrite nitrogen, 

and ammonia nitrogen (SM 4500NH3-D). Nitrite and nitrate nitrogen were analyzed at 

the Denton City Lab using the EPA 353.2 protocol, whereas those carried out at the 

UNT Environmental Science Laboratory used the LaMotte method (giving only nitrate-
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nitrogen). TKN gave the sum of organic and reduced nitrogen and ammonia nitrogen. 

TKN plus nitrate nitrogen and nitrite nitrogen gave total nitrogen. Subtracting ammonia 

nitrogen from TKN gave total organic-N, while ammonia nitrogen plus nitrate nitrogen 

and nitrite nitrogen gave inorganic nitrogen. Organic nitrogen is not bioavailable, it must 

be decomposed first. Inorganic nitrogen is available for plant uptake and nitrification, 

and, in the case of ammonia and nitrite, subsequent denitrification.  Phosphorus 

analyses were likewise carried out using standard analytical laboratory procedures to 

establish total phosphorus (EPA 365.1) and orthophosphate-P (Hach 8048). 

 
Total Nitrogen = TKN + Nitrite-N +Nitrate-N 
 
Organic Nitrogen (Not bioavailable) = TKN - Ammonia-N 
 
Inorganic Nitrogen (Bioavailable) = Ammonia-N + Nitrite-N + Nitrate-N 
 

The samples for the above analytes were taken using two ISCO samplers, one of 

influent and one of effluent flow. Grab samples were also be taken, using the grab 

sample function on the ISCO samplers in order to keep sampling procedures equal. The 

correct handling procedures were used, ensuring hold times were not exceeded. 

 

Data Analysis 

 Using inflow and outflow rates and volume, as well as influent and effluent 

nutrient concentrations, mass reductions and concentration changes for nutrients were 

calculated. Mass reductions showed total removal of nutrients across events, while 

concentration changes show variability within simulated storm events. A graphical 

comparison of influent and effluent concentrations of the respective nutrients, across 
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differing dry spell durations, illustrated differences in efficiency based on different dry 

spell durations. This was the primary goal of the study: to elucidate the relationship 

between dry spell duration and nitrate removal in a working rain garden. Simple linear 

regression analysis were used, with r2 values showing the strength, or weakness, of any 

correlations. 

Dry spell temperature was also assessed as a factor in removal efficiency across 

events with different dry spell durations. Temperature across dry-spell intervals were 

sourced from the National Climatological Data Center. Average high and average low 

temperatures were then calculated for each dry spell. The secondary aim of the study is 

to assess the rain gardens ability to remove phosphorus. This was done by simply 

comparing influent and effluent concentrations, and evaluating mass removals. The data 

produced was non-parametric, as such, analyses available for use were somewhat 

reduced. This is not uncommon within the literature.  
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RESULTS AND DISCUSSION 

Introduction 

The primary aim of this study was to assess nitrate removal over differing dry 

spell durations. A secondary aim was to assess the Denton City rain garden’s ability to 

remove phosphorus, given two wastewater inflow events from the Denton City 

Wastewater Treatment Facility, one over the winter of 2013-2014 and the on the 11th of 

October, 2014. The results show relatively unique behavior in terms of nitrogen removal 

and must be viewed, at least in part, with the wastewater inflow events in mind.  

Total nitrogen numbers are unavailable from the effluent inflow event, but to put 

the event into perspective TKN numbers are available. TKN is a measure of organic 

nitrogen, ammonia nitrogen, and ammonium nitrogen. Typical inflow levels for TKN 

throughout the study were 0.9 - 2.5 mg/L; outflow levels were around 0.2 - 1.4 g/L. The 

influent TKN concentration for the effluent inflow event was 281 mg/L, and the outflow 

was 21.9 mg/L. It may be seen that the inflow nutrient concentrations were orders of 

magnitude above those of normal events. Nitrate analysis for the effluent event were 

unable to be carried out due to the slurry-like nature of the flow. This overflow event 

meant the initial conditions under which the study began were novel in terms of the 

current literature on rain gardens. Bratieres et al. (2008) noted the need for events such 

as these to be studied, thus the results presented herein should be germane to the field. 

Data collection went relatively smoothly. However, an incident of note is that 

while flood R08 was intended as a 12-d flood, subsequent analysis of flow data showed 

that eight days into the dry spell, a relatively small rainfall event of 8.9 mm resulted in 

both inflow and outflow from the rain garden. It was intended that light, misting rain 
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which did not result in inflow would be considered as dry spell. Although based on local 

weather reports it did not seem that the rainfall event was enough to generate overland 

flow, overland flow and subsequent effluent flow from the rain garden did occur. As a 

result of this rainfall, R08 had to be analyzed as a 4-d flood. Further to this, there is a 

weak to moderate positive linear correlation with a r2 of 0.386 between dry spell 

duration and date due to the reassessment of R08’s dry spell duration. Additionally, 

R03, which closely followed the effluent inflow event, was omitted from most nitrogen 

related analyses as an outlier or anomalous event. 

 

Figure 6. Time series of dry spells, precipitation, and simulated flood events. 

Figure 6 above shows precipitation throughout the study period, as well as days 

considered part of the dry spells for experimental floods. Also shown in figure 6 are the 

experimental floods. Note, the working definition of dry spell was that no inflow occurred 

during the dry spell, thus a negligible amount of precipitation was acceptable. A margin 
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of error of approximately 10 hours was considered necessary when defining the 5, 8, 

and 12 d periods. This was due to timing of rain events and experimental floods. 

 

Volume Removal 

The efficiency of rain gardens in removing nutrients lies in their ability to retain 

flood volume. If the majority of flood volume is removed, outflow concentrations may be 

higher than inflow but the cumulative mass of nutrient retained will result in a total 

reduction of nutrient flow out of the system.  

A preliminary flood event was simulated in dry conditions to establish the 

maximum capacity of the rain garden. High levels of infiltration into the surrounding 

highly pervious soil and low soil moisture culminated in a high storage capacity in 

excess of 12,000 gal (45,245 L). The maximum capacity for this study was considered 

11,100 gal (42,018 L). Although flow was capped at 11,100 gal (42,018 L) due to 

finances and in order to keep flood volumes comparable, the rain garden still functioned 

as intended, despite full ponding capacity not being reached in every flood. During the 

initial simulated floods, effluent flow was recorded as being reduced between 54% and 

72%; this represents a relatively modest retention of water. 

A further preliminary flood event was simulated to assess volume 4 d after a 

natural flood event to capacity. The influent volume to capacity (overflow) was found to 

be 7,900 gal (29,905 L) over the course of 64 min. This illustrates the variability to be 

found in a working rain garden, as opposed to a laboratory studies. Variation in capacity 

was taken into account, and while problematic in terms of dosing the stormwater, 

provided useful insight into how capacity altered with dry spell interval. 
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The Denton City Rain Garden performed slightly worse than others in the 

literature, with an average removal rate of 38% across all of the simulated flood events 

(Hunt et al., 2008; Fletcher et al., 2013). A likely cause for this were the relatively short 

turnaround times between floods, especially with the onset of winter and the contingent 

lower temperatures and dormancy of vegetation, which leads to lower 

evapotranspiration rates. Previous data from the rain garden does, however, validate 

the data, with similar flood volumes removing comparable percentages of inflow. Table 4 

shows the inflow and outflow volumes for the study period, and the percentage volume 

reduction, by flood event. 

Table 4 shows information salient prior to further discussing results of the 

experimental floods. A programming technicality on the effluent ISCO meant a portion of 

the outflow was not encompassed by the composite samples in all floods except R03, 

R05, and R11. The effluent ISCO was programmed initially to take a 500 mL grab 

sample every 250 gal (946 L). As the ISCO was sampling into a 9.5 L glass jar this 

meant only the first 4,500 gal (17,034 L) of outflow was included in composite samples.  

It is important to note that all composite values should be considered as over the 

first 4,500 gal (17,034 L) of outflow, except R03, R05 and the last flood, R11, which was 

over the entire duration of outflow. Table 4 shows the volume of flood the composite 

sample missed, in gal, and the percentage missed compared to the composite. 
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Table 4. Volume Removal of Flood Water by Flood Event 
 

Flood Dry Spell 
(d) 

Volume In 
(gal) 

Volume Out 
(gal) 

% 
Reduction 

Effluent Flow 
minus 4,500 

(gal) 

% of Outflow the 
Composite 

Missed 
R03 12 11,100 4,676 57.9 - 0 
R04 8 11,100 5,468 50.7 -968 17.71 
R05 12 11,000 2,520 77.1 - 0 
R06 5 11,000 7,798 29.1 -3,298 42.30 
R07 8 11,100 7,576 31.7 -3,076 40.61 
R08 4 8,600 6,705 22.0 -2,205 32.88 
R09 5 11,100 9,019 18.7 -4,519 50.10 
R10 5 9,000 6,308 29.9 -1,808 28.67 
R11 8 8,100 5,885 27.3 - 0 

 
 

Table 5. Composite and Grab Nitrate-N Concentrations 

Run Date Dry Spell (d) Composite 
NO3--N Out 

Concentration 

Average Grab 
NO3--N 

Concentration 

% 
Concentration  

Difference 

% Comp 
Missed 

R03 28/10/2014 12 36.3 31.5 13.1 0 
R04 13/11/2014 8 3.4 - - -17.71 
R05 04/12/2014 12 5.3 5.0 5.4 0 
R06 09/12/2014 5 2.7 2.4 11.2 -42.30 
R07 31/12/2014 8 3.9 4.3 -10.5 -40.61 
R08 15/01/2015 4 3.8 3.2 14.8 -32.88 
R09 20/01/2015 5 3.0 3.4 -11.5 -50.10 
R10 28/01/2015 5 3.9 3.8 2.0 -28.67 
R11 09/02/2015 8 4.1 4.0 2.8 0 

 

Due to the composite samples only encompassing the first 4,500 gal (17,034 L) 

of effluent flow, mass balance numbers are only tentatively useful. Table 5 shows 

composite concentration of nitrate-N in comparison to average concentrations based on 

grab samples (not flow-weighted), then percent variance between composite samples 
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and grab average, and percent of the flood the composite missed. R05 and R11, which 

had complete composite samples, had differences of 5.4% and 2.8% between grab 

averages and composite averages. Generally speaking, the composite samples will, at 

least in terms of nitrate, have underestimated nitrate levels due to a late stage spike in 

effluent nitrate-N concentrations seen in most floods.  

 

Figure 7. Flood volume removal vs. dry spell. 
 
The relationship between dry spell duration and percent flood volume removed is 

one of the most important relationships relevant to rain garden nutrient removal. This 

may be seen in Figure 7, as a positive linear relationship with a strong r2 of 0.77. 

Intuitively this makes sense, the longer the dry spell, the longer the drying time for the 

rain garden and the greater its capacity to remove flood volume. The wider implication 

being that the greater the flood volume removed, the greater the potential discrepancy 

between influent and effluent nutrient concentrations before overall output of nutrients 

occurs.  

A further nuance is that flood volume removal as percent also displays a 

relationship with date as seen in Figure 8. A moderate negative linear relationship is 

seen between date and percent flood volume removed (r2=0.52). This essentially 
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explains the discrepancies seen in relation to dry spell, as time of the year influences 

vegetation, temperature and insolation, and thus evapotranspiration. Low and high 

temperature showed low correlations with volume removal, with r2 values of 0.31 and 

0.35 respectively. 

 
Figure 8. Flood volume removal vs. date. 

It is important to note that as removal volume is so influential on rain garden 

efficiency, many of the following analyses look at concentration reduction rather than 

mass removal. The reason for this is that concentration reductions represent how well a 

nutrient is removed from the system, whereas mass removals are a function of flood 

volume removed and masks more nuanced behaviors and patterns within the rain 

garden. Flood volume reduction also has important impacts in restoring predevelopment 

hydrology to watersheds, an underlying aim of rain gardens, thus an increased volume 

removal capacity is beneficial on many levels (Olszewski and Davis, 2013). 

 

Total Kjeldahl Nitrogen 

Total Kjeldahl Nitrogen (TKN) is the sum of organic nitrogen, ammonia nitrogen (NH3-N), 

and ammonium nitrogen (NH4+-N). All TKN results were run by AnaLab using the EPA 

37 



method 351.2 for the determination of TKN using semi-automated colorimetry. TKN was 

relatively well removed throughout the experimental period with an average removal of 

66.87%. Unfortunately, the outflow results from R03 were erroneous, reading below 

detection levels. This was easy to verify as ammonia makes up a portion of TKN, so the 

ammonia would have to be similarly low for this flood. The outflow concentration of 

ammonia-N was 1.23 mg/L, thus TKN had to be greater than this value. Additionally, the 

effluent value for R09 was slightly below ammonia-N levels, indicating sampling error at 

some point in the collection-analysis chain.  

Table 6. Total Kjeldahl Nitrogen (TKN) Reduction Rates 

 

Table 6 shows TKN removal by flood, with inflow and outflow concentration in 

mg/L, concentration reduction, and mass reduction by percentage. All mass reductions 

for this study were calculated as: 

  

Flood Dry 
Spell (d) 

TKN in 
(mg/L) 

TKN out 
(mg/L) 

Concentration 
Reduction 

(%) 

Mass 
Reduction (%) 

R03 12 2.75 >1.23 - - 
R04 8 1.15 1.37 -19.13 41.31 
R05 12 1.73 1.43 17.34 81.06 
R06 5 - - - - 
R07 8 - - - - 
R08 4 0.91 0.53 42.28 55.00 
R09 5 1.58 0.60 62.34 69.40 
R10 5 0.67 0.20 70.24 79.14 
R11 8 2.52 0.86 66.03 75.32 
Average 
(excluding 
R03)  1.43 0.83 39.85 66.87 
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The average concentration reduction was 39.85% while mass reduction was 66.87%. 

This shows moderate TKN removal, even before flood volume removal was taken into 

account.  

Inflow concentration of TKN had little effect on effluent concentration, as 

indicated by a low positive correlation of 0.17. TKN effluent concentration did, however, 

correlate well with date, displaying an r2 of 0.65, as seen in Figure 9. This relationship is 

stronger if R11 is viewed as an outlier, as the influent TKN concentration was 2.52 mg/L, 

over two times the concentration of all simulated floods except R03. 

 
Figure 9. Effluent TKN concentration vs. date, excludes R03, R06, and R07. 

 

Ammonia 

Ammonia analysis was performed by the Denton City Municipal Lab, using the 

SM 4500 NH3-D, ammonia-electrode selective method. Ammonia is the initial substrate 

in the nitrification process and as such plays an important role in nitrification (Barnard et 

al., 2005). A high removal rate was seen throughout the experimental period. Even R03, 

which closely followed the wastewater overflow event had a removal rate of 36.81%, as 
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seen in Table 7. Omitting R03 as an exceptional event, ammonia was removed on 

average at 90.36%. This represents a high removal rate.  

Interestingly, the onset of winter and dormancy of vegetation did not appear to 

alter removal rates in the rain garden. Events R07, R08, and R10 actually had 

ammonia-N outflow concentrations below detection levels. For the purposes of 

calculations, ammonia-N values of 0.10 (the detection level) were used when levels 

were below detection. It may be seen in Figure 10 that removal rates were consistent 

almost regardless of inflow concentration, displaying a weak to moderate positive 

correlation with an r2 of 0.31. 

Table 7. Ammonia-N Reduction Rates 
 
Flood Dry Spell 

(d) 
NH3-N In 

(mg/L) 
NH3-N Out 

(mg/L) 
Concentration 
Reduction (%) 

Mass 
Reduction (%) 

R03 12 0.82 1.23 -50.00 36.81 
R04 8 1.10 0.11 90.00 95.07 
R05 12 1.10 0.23 79.09 95.21 
R06 5 0.99 0.11 88.89 92.12 
R07 8 0.91 0.10 89.01 92.50 
R08 4 0.70 0.10 85.71 88.86 
R09 5 1.60 0.73 54.38 62.93 
R10 5 1.00 0.05 95.00 96.50 
R11 8 1.68 0.10 94.05 95.68 
Average 
(excluding 
R03)  1.14 0.19 84.52 89.86 
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Figure 10. Influent ammonia-N vs. effluent ammonia-N. 

 

Nitrate 

Nitrate analysis was carried out at the UNT Environmental Science lab using a La 

Motte Test Kit for nitrate nitrogen. Standard operating procedures were followed 

throughout. It must be noted that the calibration curve on R06 was lower than desired, 

with an r2 = 0.98. Although the trend is correct, there is somewhat more margin for error 

in terms of the actual values. The numbers are reported herein to provide data but care 

must be taken in analysis of R06, due to this low r2. Additionally, R04 has only 

composite numbers available due to missing data from the nitrate analysis.  

In theory, based on the current literature, in a “normal” working rain garden, it 

would be expected that, after a prolonged dry spell, a slug of nitrate would pass through 

the system as an initial flush. This slug represents the inorganic nitrogen which has 

been mineralized then nitrified during the dry spell. After this, effluent nitrate 

concentrations often drop to those similar to inflow concentrations (Hsieh et al., 2007b). 

Due to the wastewater overflow event prior to the commencement of this study, this 

outcome was not seen. Indeed, the outflow concentration of nitrate-N remained, in all 
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nine floods, in excess of 5 times higher than inflow composite concentrations. 

Additionally, while initial spikes were seen, later flows experienced high, if not higher, 

nitrate-N concentrations.  

The observed pattern of effluent nitrate flow was, in part, in keeping with the 

expected pattern of an initial slug, followed by a drop in nitrate-N concentration. 

However, it was seen that an increase in effluent nitrate-N concentration occurred 

during the latter stages of outflow. It is theorized this is a function of flow patterns within 

the rain garden. The extreme edges of the rain garden are, in general, the last places to 

flood prior to overflow. This means the cumulative flow through this edge soil is less 

than areas where flow occurs preferentially. As a result of this flow pattern, the exterior 

edges flush stored nitrate only in the latter stages of inflow, causing a spike in the 

outflow at a late stage of flow. A typical flood, R11 is illustrated below in Figure 11. The 

fine temporal resolution of the grab samples may have been a factor in identifying this 

secondary spike. 

 

Figure 11. Influent and effluent nitrate-N concentration vs. time for R11. 
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In terms of effluent nitrate-N concentrations, an early peak, generally within the 

first 30-45 min of outflow, was observed. Nitrate-N levels then dropped to lower levels, 

before, during some floods, subsequently increasing at around ninety minutes. Charts 

showing effluent nitrate-N concentrations by time from effluent flow may be seen below. 

Note, grab samples were taken on slightly different schedules between floods, typically 

with more grabs being take as the experiment progressed. This pattern may be seen in 

the following scatter plots of nitrate outflow concentrations.  

 
Figure 12. Effluent nitrate-N concentration vs. time for R03. 

 

 
Figure 13. Effluent nitrate-N concentration vs. time for R05. 
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Figure 14. Effluent nitrate-N concentration vs. time for R06. 

 

 
Figure 15. Effluent nitrate-N concentration vs. time for R07. 

 

 
Figure 16. Effluent nitrate-N concentration vs. time for R08. 
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Figure 17. Effluent nitrate-N concentration vs. time for R09. 

 

 
Figure 18. Effluent nitrate-N concentration vs. time for R10. 

 

 
Figure 19. Effluent nitrate-N concentration vs. time for R11. 
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Given the wastewater inflow prior to the commencement of this study, it would be 

reasonable to expect a strong correlation between date and nitrate output. The theory 

behind this being that a large volume of nitrogen rich organic matter flooded into the rain 

garden in a single event. It was supposed that this organic matter would take a 

considerable time to decompose, thus over time the rain garden would slowly flush the 

excess nitrogen it incurred. Concentration reduction showed a strong relationship with 

date, with a positive linear relationship with an r2 of 0.70, as seen in Figure 20. While 

the r2 is relatively strong, it is salient that concentration reductions for R08 - R11 

stabilize. 

Table 8. Effluent Nitrate-N Concentration (mg/L) by Time 
Time 
(min) R03 R04 R05 R06* R07 R08 

 
R09 R10 R11 

15 30.66  5.54 2.726 5.24 3.65  3.83 4.47 4.12 
30 31.42  4.19 2.09 5.55 3.00  3.51 4.50 4.47 
45 32.55  4.21 2.268 3.61 3.23  3.30 4.06 4.28 
60 -  4.53 2.327 3.49 3.23  3.36 3.54 4.15 
90 -  6.46 2.564 3.69 2.84  2.97 2.92 3.14 
120         3.36 3.68 
150         3.73  
Average 31.54 3.44 (C) 4.99 2.40 4.31 3.19  3.39 3.80 3.97 

 
(C) Based on composite, not grab samples 
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Figure 20. Nitrate-N concentration reduction vs. date, excluding R03. 

As seen in Figure 21, outflow concentration of nitrate-N during R03 was 10 times 

higher than R04. Nitrate-N concentration increased slightly during R05 before the 

concentration leveled off for the remainder of the study period. This indicated that, 

although the first experimental run was grossly impacted by the effluent overflow event, 

the subsequent events were much more even. It is posited that the rain garden has 

reached an equilibrium point whereby it is gradually flushing nitrate as it is processed. 

The nitrate-N levels are higher than the two available historical data points from similar 

dates, especially when influent concentration and dry spell is taken into account. It is 

posited that the initial effluent overflow event introduced a large body of nitrogen into the 

rain garden and, after a few events of exceedingly high outflow values, it is now steadily 

processing and flushing this nitrogen as nitrate. 
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Figure 21. Effluent nitrate-N concentration vs. date. 

In terms of dry spell duration, a moderate correlation was seen for concentration 

reduction, with a r2 values of 0.59, as seen in Figure 22. It was expected that nitrate 

concentration would be reduced less efficiently the longer a dry spell progressed. This 

behavior was exhibited moderately well by the rain garden. An important point is that 

when flood volume reduction is catered for, this moderate correlation with dry spell is 

clouded by the relationship between dry spell duration and flood volume removal. Flood 

volume removal increases with dry spell duration, thus nitrate increases by 

concentration are effectively buffered when measured by mass. The pattern of 

decreased nitrate removal efficiency as dry spell increases is seen to reverse from a 

negative to positive correlation when mass removal is analyzed, with a r2 of 0.20. Flood 

volume removal is thus seen to have a large impact on nitrate, as with all other 

analytes, especially when considered as a function of dry spell duration. 
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Figure 22. Effluent nitrate-N concentration reduction vs. dry spell, excluding R03. 

 
Increased nitrification rates with higher temperatures, due to microbial activity, 

have been noted in the rain garden literature (Passeport et al., 2009; Blecken et al., 

2010; Brown et al., 2013). Nitrification is optimized between 20 and 35 C, while 

denitrification has a slightly higher optimal range; the majority of the floods were cooler 

than this ideal temperature range (Barnard et al., 2005). This relationship between 

nitrate concentration and temperature was not seen in terms of daily average high or 

low temperature in this study. However, only R03 had an average daily high 

temperature in excess of 20 C. A complicating factor in this may be the low resolution of 

the temperature metrics used. The temperature metrics were calculated as the average 

high or low temperature for each day of the dry spell. An hourly resolution average 

temperature may have resulted in a more nuanced analysis, unfortunately complete 

hourly data was unable to be sourced. 

In terms of overall nitrate removal, the Denton City rain garden was actually a 

source of nitrate over the course of the entire experimental period. The most efficient 

flood had a net increase of 202% nitrate-N by mass, and a modest removal of total 

nitrogen at 27.9%, the only flood to reduce total nitrogen. This flood, R05, was the most 
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efficient due to a high flood volume removal. Nitrate-N concentration reduction was in 

fact -1,221%, the third worst of the entire study. 

R03 had extremely high effluent values as it was preceded by the overflow event 

from the upslope anaerobic digester ponds at the Denton City Water Treatment Facility. 

This event occurred on the 11th of October. The same weekend the rain garden was 

flooded with around 3,000 gal (11,356 L) of municipal water and a natural flood event 

occurred; then, on the 16th, a 13,000 gal (49,210 L) preparatory simulated flood was 

undertaken. A dry spell of twelve days ensued after which the first experimental flood, 

R03, was run. Nitrogen was not added to the inflow, with an NO3--N inflow concentration 

of 0.14 mg/L.  

The effluent composite sample for R03 encompassed the entire flood outflow 

with an average nitrate-N concentration of 36.31 mg/L. Nitrate-N concentration 

increased over the first 45 min of the flood based on grab samples taken at 15, 30, and 

45 min. Interestingly, grab samples in the first hour, where one expects to see a nitrate 

spike, were the lowest levels when compared to the composite sample. The nitrate-N 

concentration reduction of -25,836% and the mass reduction of -10,825% represents a 

huge outflow of nitrate-N, 1,526 g to be precise (36.31 mg/L over 42,018 L). To put this 

in perspective, the total mass of nitrogen introduced to the rain garden over the entire 

course of the study was approximately 735 g (1.90 mg/L average TN over 387,384 L 

total), less than half the outflow by mass of nitrate-nitrogen from R03 alone. 
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Table 9. Nitrate-N Reduction Rates 

Flood Dry 
Spell (d) 

NO3--N In 
(mg/L) 

NO3--N Out 
(mg/L) 

Concentration 
Reduction (%) 

Mass Reduction 
(%) 

R03 12 0.14 36.31 -25,835.71 -10,825.35 
R04 8 0.26 3.44 -1,223.08 -551.81 
R05 12 0.40 5.27 -1,221.30 -202.72 
R06 5 0.34 2.70 -690.91 -460.71 
R07 8 0.42 3.91 -829.76 -534.62 
R08 4 0.49 3.76 -661.74 -493.86 
R09 5 0.53 3.04 -472.18 -364.90 
R10 5 0.57 3.88 -577.62 -374.97 
R11 8 0.57 4.09 -614.69 -419.25 
Average 
(excluding 
R03)  0.45 3.76 -786.35 -425.34 

 
 Overall, the nitrate analyses from this study showed a moderate correlation 

between dry spell duration and nitrate concentration reduction, as well as effluent 

concentration. It is hypothesized that, in the absence of the initial effluent inflow, an 

even stronger relationship would have been seen. Brown et al. (2013) hypothesize that 

internal processing of nutrients dictates nutrient outflow, as opposed to inflow 

concentrations. The rain garden behavior since the effluent overflow event substantiates 

this. The body of nitrogen introduced with the overflow has been released as it is 

processed, not simply during the overflow event. This is shown in the elevated 

concentration of effluent nitrate in regard to influent concentrations. R03 had 

significantly higher effluent concentrations of nitrate-N, however, all subsequent effluent 

concentrations have exceeded influent concentrations by five times.  

Collins et al. (2010) state that denitrification may be driven by the presence of 

electron donors such as carbon, iron, and sulfur. A soil analysis was run by Texas A&M’s 
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Agri Life Extension Lab for Denton City prior to the effluent inflow event of October 

2014. The analysis characterized both iron and sulfur levels as high to very high, with 

58-125 ppm and 36-177 ppm seen respectively. Additionally, nitrate availability controls 

denitrification rates, as it is the initial substrate in the process (Booth et al., 2005; 

Seitzinger et al., 2006). It may be inferred from this that denitrifying conditions were 

present, at least in terms of electron donors and nitrate availability. The third 

requirement for denitrification is suboxic conditions, something found on small scales in 

soil and larger scales in saturated soil (Reddy et al., 1989; Seitzinger et al., 2006; Minett 

et al., 2013) 

While Brown et al. (2013) found similar outflow concentrations, the extremely 

negative effluent nitrate concentration reductions seen in this study are, to be the best 

knowledge of the author, unique within the literature. Collins et al. (2010) 

comprehensively reviewed bioretention removal efficiency of nitrogen in low impact 

developments and found that, in some laboratory studies, outflow concentrations were 

reduced -500% to -650%, but only in specific situations. Their review of field studies 

showed the worst reduction of nitrate-N to be -13%. Thus it is seen that the conditions 

under which this study was performed represents a unique insight into rain garden 

behavior when impacted by sewage spills. 

 

Total Nitrogen 

Total nitrogen (TN) is calculated as TKN plus nitrate nitrogen and nitrite nitrogen. 

Nitrate nitrogen and nitrite nitrogen composites were analyzed by the Denton City 

Municipal Laboratory using the EPA 353.2 method for colorimetric automated cadmium 
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reduction analysis of nitrate and nitrite nitrogen. Nitrate nitrogen and nitrite nitrogen 

values are only available for R04 and R06. Nitrate-N values alone have been used for 

all other floods. While this means TN will be underestimated, it is judged acceptable but 

worthy of note. If TN levels were overestimated it would have exaggerated nitrogen 

removal, which the author considers a greater sin than underestimation. Additionally, 

values for R06 and R07 were unable to be calculated as TKN data was not available.  

Table 10. Total Nitrogen (TN) Reduction Rates 
 

Flood Dry 
Spell (d) 

TN In 
(mg/L) 

TN Out 
(mg/L) 

Concentration 
Reduction (%) 

Mass  
Reduction (%) 

R03 12 - - - - 
R04 8 1.41 4.81 -241.1 -68.1 
R05 12 2.13 6.70 -214.8 27.9 
R06 5 - - - - 
R07 8 - - - - 
R08 4 1.41 4.29 -204.9 -137.7 
R09 5 2.11 3.64 -72.3 -40.0 
R10 5 1.24 4.08 -227.7 -129.7 
R11 8 3.09 4.94 -59.9 -16.2 
Average 
(excluding 
R03) 

 

1.90 4.74 -170.1 -60.6 
 

In terms of TN removal, the rain garden performed relatively poorly. The average 

concentration reduction was -170%, while only one event removed nitrogen overall by 

mass. The average reduction by mass across the study was -61.06%. The relationship 

between TN removal and dry spell duration was extremely interesting. Effluent 

concentration reduction correlated strongly with dry spell, with a r2 value of 0.71, as 

seen in Figure 23. The likely reason is the relationship between nitrogen removal and 

temperature (Passeport et al., 2009; Blecken et al., 2010; Brown et al., 2013); however 
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TN correlates poorly with average high and low temperature, a pattern seen previously 

in the nitrate analysis. Thus in this case, dry spell is either a better predictor of nitrogen 

processing, or average low and high daily temperature is too crude a proxy for 

temperature. 

 
Figure 23. TN reduction vs. dry spell, excluding R03, R06, and R07. 

While the rain garden showed poor removal efficiency of total nitrogen, it 

outperformed the results seen in one field study within the literature (Hunt et al., 2006), 

at least in terms of concentration reduction. However, by mass, Hunt et al. (2006) 

estimated mass removal rates of around 40%. These low concentration reductions were 

hypothesized to be an influence of seasonal variations, in particular as a result of low 

removal during winter due to reduced nitrification processes. Mass removal was seen to 

be inferior in the Denton City rain garden due to lower volume reductions, thus the 

importance of volume removal is seen once more. 

 

Phosphorus and Orthophosphate 

Total phosphorus (TP) and orthophosphate-P were analyzed by the Denton 

Municipal Laboratory using, respectively, the EPA method 365.1, determination of 
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phosphorus by semi-automated colorimetry, and the Hach 8048 method for determining 

orthophosphate-P. TP and orthophosphate-P levels were essentially equivalent across 

all floods, with orthophosphate-P comprising approximately 97% of all influent and 

effluent TP for all floods except R08. As such, TP and orthophosphate-P will be 

discussed together.  

Effluent levels of orthophosphate-P proved relatively stable regardless of inflow 

values, with inflow versus outflow concentration displaying an exceptionally low r2 of 

0.000088. This reflects the idea of an equilibrium phosphorus concentration (EPC). An 

EPC is the concentration at which sorption equals desorption. Percent phosphorus 

removal is therefore dependent on influent phosphorus concentration, as sorption and 

desorption rates alter based on the EPC and influent P concentrations.  

 
Figure 24. Influent orthophosphate-P concentration, excluding R08. 

Orthophosphate-P made up the vast majority of TP throughout the study and 

followed EPC behavior, as seen in Figure 24. While various isotherm equations exist to 

represent this behavior, a simple linear regression analysis was deemed sufficient to 

highlight phosphorus behavior in the absence of sufficient data to construct an 

appropriate isotherm. Simply put, if inflow of orthophosphate-P is high, then removal will 
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be high as sorption occurs at higher rates; as concentration drops, removal also drops 

as desorption occurs. Fittingly, orthophosphate-P inflow concentration displayed an r2 of 

0.88 in relation to percent reduction. R08 was omitted from this analysis as no ortho-P 

was added to the inflow.  

Table 11. Orthophosphate-P Reduction Rates 

Flood Dry 
Spell (d) 

Ortho-P (as 
P) in (mg/L) 

Ortho-P (as P) 
out (mg/L) 

Concentration 
Reduction (%) 

Mass 
Reduction 

(%) 
R03 12 0.59 0.84 -42.3 40.0 
R04 8 0.34 0.85 -150.0 -23.2 
R05 12 0.37 0.88 -137.8 45.5 
R06 5 0.35 0.89 -154.3 -80.3 
R07 8 - - - - 
R08 4 0.04 0.78 -1,850.0 -1,420.5 
R09 5 0.83 0.79 4.8 22.7 
R10 5 0.35 0.76 -117.1 -52.2 
R11 8 1.20 0.90 25.0 45.5 
Average 
(excluding 
R03)  0.50 0.84 -339.9 -208.9 

 
Table 12 shows TP levels, for comparison with orthophosphate-P levels (Table 

11). As may be seen, there is a consistent pattern of orthophosphate-P slightly 

exceeding the measured TP levels. A filter blank was run for orthophosphate-P and 

showed 0.01 mg/L orthophosphate-P and was thus measurable. Reported phosphorus 

numbers have not been corrected to account for this discrepancy. While the filter blank 

explains the variation in the majority of cases, some errors exceeded this margin. It is 

likely this reflects the different analytical methods used for each test. TP was acidified 

and unfiltered, whereas ortho-P was filtered and not acidified.  
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The process of composing the composites is a further potential source of error. 

The sample jar is shaken and overturned prior to pouring each sample; however, each 

composite sample is a sample of the composite itself, and is likely to incur slight 

variations over time. Curiously, the effluent sample consistently showed a discrepancy 

towards orthophosphate-P. This could reflect that it was harder to ensure immediate 

filtration of effluent samples. Composite outflow spanned more than double the time of 

the influent sample in most cases and had an uncertain “finish” time. The support for 

this theory is slim, however, as even influent samples filtered immediately showed 

similar margins of error. 

Table 12. Total Phosphorus (TP) Reduction Rates 
 

Flood Dry Spell 
(d) 

TP in 
(mg/L) 

TP out 
(mg/L) 

Concentration 
Reduction (%) 

Mass  
Reduction (%) 

R03 12 0.61 0.82 -34.4 43.4 
R04 8 0.35 0.83 -137.1 -16.8 
R05 12 0.38 0.87 -129.0 47.6 
R06 5 0.37 0.86 -132.4 -64.8 
R07 8 - - -  
R08 4 0.09 0.73 -711.1 -532.4 
R09 5 0.80 0.78 2.5 20.8 
R10 5 0.34 0.72 -111.8 -48.4 
R11 8 1.17 0.76 34.8 52.6 
Average 
(excluding 
R03)  0.50 0.79 -169.2 -77.4 

 
 R03 through R06 showed a slight but consistent increase in effluent 

orthophosphate-P levels from 0.84-0.89 mg/L. R07 was not analyzed for 

orthophosphate-P due to short holding times making analysis impossible over the New 

57 



Year holiday period. R08 was carried out with no added phosphorus in order to assess 

how this would alter effluent orthophosphate-P results.  

R08 had an effluent orthophosphate-P concentration of 0.78 mg/L, a 12% 

decrease from the average of R03-R06. Effluent concentrations remained relatively 

consistent in subsequent floods, with orthophosphate-P values within 0.02 mg/L of 0.78 

mg/L. This may represent a slight rebound in phosphorus removal capacity but is, to the 

author’s understanding, in contradiction to the idea of slow and fast phosphorus removal 

processes.  

In simplified terms, fast, reversible phosphorus sorption processes will remove 

phosphorus almost instantaneously during flood events, as it sorbs onto soil particles. 

Between events sorption capacity will be restored as slow removal processes semi-

permanently remove phosphorus below surfaces of iron or aluminum oxide, or, as a 

precipitate, calcium phosphate. A rebound in removal capacity across floods should be 

seen as slow processes semi-permanently remove phosphorus sorbed during events 

through fast processes.  Thus, while fast processes will regenerate their removal 

capacity, phosphorus removal should remain relatively stable across similar flood events 

(McGechan and Lewis, 2002). 

However, as McGechan and Lewis (2002) point out, phosphorus sorption is more 

accurately thought of as a continuum describing a suite of processes. Dilution driven 

desorption, as seen in R08, is complicated by the presence of various sorption 

processes and, as such, difficult to parse out (McGechan and Lewis, 2002). Ultimately, 

the available data is insufficient to fully explain the observed phosphorus behavior. 
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 R11 was carried out with higher influent phosphorus levels to assess the impact 

of high P levels on removal. An influent concentration of 1.20 mg/L of orthophosphate-P 

was seen, with the effluent concentration reading 0.90 mg/L. This equates to a 

concentration reduction of 34.79%, and a mass removal of 52.62%. Thus it is seen that 

at higher influent concentrations, or higher than previous effluent concentrations and the 

observed EPC, phosphorus removal occurred. 

 A soil analysis was carried out prior to the study, and, importantly, prior to the 

October effluent inflow. Analysis was performed by Texas A&M’s Agri Life Extension 

Lab. Results showed very high levels of phosphorus, with a range of 313-520 ppm. 

These results support the idea that a high level of phosphorus is present in the rain 

garden. Given this, it would be reasonable to expect poor phosphorus removal. 

However, as seen by the results in R11, removal is still occurring. 

 In the larger context, the last flood of the study, R11, confirmed that the rain 

garden remains capable of efficiently removing phosphorus. The only requirement for 

efficient removal is an inflow concentration of P above approximately 0.8 mg/L. It is 

important to note, however, that this removal level may alter based on fast and slow 

sorption processes. Forbes et al. (2004) showed that expanded shale has a high 

capacity to sorb phosphorus. It is suggested that, given its high capacity to sorb 

phosphorus, the expanded shale content (approximately 25%) of the soil media helped 

contribute to the continued efficient removal of phosphorus.  
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Sonde and Level Logger Data 

 An YSI data sonde was used to record turbidity, temperature, dissolved oxygen, 

conductivity, and pH across the majority of flood events. In the case of R06 a series 

Hydrolab DataSonde 4 was used due to unavailability of the YSI. The sondes were 

calibrated prior to use according to standard procedures. Overall, data collected using 

the data sondes were consistent and reliable. However, in some cases data has been 

omitted from analysis due to erroneous readings from the YSI. This is especially true in 

the case of dissolved oxygen as it became apparent during the last three floods that the 

readings were incorrect. This was confirmed by readings from the Hydrolab sonde and 

as such, all data from affected events have been excluded. A rigorous data screening 

process has been undertaken and all data presented is shown confidently. 

 Level logger data was collected using a Solinist Level Logger 3001. The level 

logger was set back from the center of the rain garden, towards the downslope end. A 

reading was taken every 3 min, with level (m), temperature (C), and conductivity 

(μS/cm) recorded. The following data is presented below in part for a general analysis of 

patterns and in part for posterity to any interested in particulars. 

 

Turbidity 

Influent turbidity tended to remain relatively stable throughout flood events, with 

low readings between 1-4 Nephelometric turbidity units (NTU) typical. Higher initial 

readings were seen in some floods, likely due to a small amount of debris in the gutter 

system into which the hydrant flow was directed. 
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Turbidity tended to drop in the effluent flow from quite high readings of around 

25-30 NTU to quite low readings around 6-8 NTU, then fluctuate at lower levels. In 

Figure 25, one may see that in the example of R06, the flood with the most extensive 

readings, turbidity rose near the end of outflow. This increase in turbidity is unexplained. 

The turbidity readings are in reverse to natural events as the influent flow was municipal 

water and thus relatively clear. As such, a pattern of reduced turbidity is not seen. 

 
Figure 25. Effluent turbidity vs. time for R06. 

 

Dissolved Oxygen 

Dissolved oxygen (DO) was problematic to sample, with the latter floods being 

impacted by suspicious sonde readings. Influent DO was fairly consistent across floods, 

with readings of between 105-112%. A general trend of decreasing DO over time in the 

effluent flow was observed, with Figure 26 showing a typical trend. Typically, DO started 

out around 95-100%, then dropped to around 82-87% across outflow events. 

Denitrification requires anoxic conditions, thus it is seen that as flood events progress, 

conditions become more and more amenable for denitrification processing. 
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Figure 26. Effluent dissolved oxygen vs. time for R07. 

 

pH 

 In terms of inflow, pH remained relatively stable, typically fluctuating between 

8.00 and 8.20 between floods, with intra-flood variability around +/- 0.10. Outflow pH 

behavior was more variable. The pH for outflow tended to be highest on the first 

reading, then drop lower before recovering slightly. Figure 27 shows this pattern for a 

typical flood. The range for outflow pH was relatively constrained, with the majority of 

readings falling between 7.0 and 7.5. It may be seen from this data that in nearly all 

cases the pH of the rain garden, both in terms of inflow and outflow, was neutral to 

slightly basic.  

Soil analysis performed by Texas A&M’s Agri Life Extension Lab prior to the study 

found the soil to have a pH of 7.5. The ideal pH for nitrification has been shown to be 

between 7.8 to 9.0, thus the in situ conditions during flood events are slightly more 

acidic than optimal conditions (Barnard et al., 2005; Amatya et al., 2011). Although, 

Booth et al. (2005) contradicted, finding pH to be unrelated to nitrification in a large 

scale synthesis of the literature. 
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Figure 27. Effluent pH vs. time for R07. 
 

Conductivity 

Influent conductivity tended to be quite variable but a general pattern of relative 

stability was common for inflow readings. The range of conductivity across floods was 

large but tended to fall within a range from 350-450 μS/cm. Within floods, variability 

tended to be around 50-80 μS/cm. 

 
Figure 28. Effluent conductivity vs. time for R08. 

Effluent conductivity values were very variable, with a general range across 

floods of 350-550 μS/cm. Within each flood a slight rise was consistent across floods, 
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typically on the order of 50-100 μS/cm. R03 was an exception where, from limited 

values, conductivity dropped from 830 to 730 μS/cm. 

In-situ conductivity readings from the Solinst level logger show a typical pattern 

for most floods, with, again, R03 being an exception. Typically, levels would spike 

concomitant with an increase in local groundwater level, to around 270-390 μS/cm, then 

remain within +/- 10 μS/cm until dropping. In some floods it was seen that conductivity 

would spike sharply to 1,200-2,500 μS/cm prior to dropping to zero; this may be due to 

evaporation of water and an associated increase in ion concentration. Figure 29 shows 

a typical in situ conductivity profile from R07. 

 
Figure 29. In situ conductivity vs. time for R07. 
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Figure 30. In situ conductivity vs. time for R03. 

 
In-situ conductivity for R03 may be seen in Figure 30. Readings spike to around 

1,500 μS/cm, then drop to around 500 μS/cm before stabilizing until flood waters 

drained. This corroborates the high effluent conductivity readings seen from the YSI.  

 

Temperature 

Influent temperature across floods tended to move towards an equilibrium 

temperature relative to the hydrant outflow, due to warming or cooling of the concrete. If 

hydrant flow was warmer than the concrete it was flowing over, then it would gradually 

warm the concrete, thus temperature would begin low then rise. The opposite is also 

true. Effluent temperature was relatively similar, with outflow temperature initially 

attenuating flood temperature before moving towards that of the inflow, as shown in 

Figure 31.  
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Figure 31. Effluent temperature vs. time for R10. 
 

Solinst data for temperature supports the patterns seen in the influent/effluent 

readings, with flow temperature approaching ground temperature as the floods 

progressed. This may be seen in the examples below, one from a warm weather flood 

(Figure 32), the other from a cold weather flood (Figure 33).  

 
Figure 32. Warm flood in situ temperature vs. time for R03. 
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Figure 33. Cold flood in situ temperature vs. time for R07. 

 

Local Groundwater Level 

 The extended elevated groundwater level implies a lower than expected 

permeability of the base of the rain garden. From the collected data, it appears water is 

perching on the base of the rain garden, forming a temporary internal water storage 

zone. As would be expected, local groundwater level displayed a large, sharp spike 

followed by a gradual decline. This pattern was seen in all floods. Given the constant 

inflow rate of flood water, this pattern was to be expected. 

  

Figure 34. In situ water level vs. time for R03.   
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SUMMARY AND CONCLUSION 

Nitrate Concentration Reduction and Dry Spell Duration 

 The overriding goal of this study was to assess dry spell duration’s effect on 

nitrate removal. It was hypothesized that as dry spell duration increased, nitrate removal 

efficiency would decrease. Nitrification and denitrification rates drive this and are 

primarily controlled by soil moisture and temperature, alongside a suite of lesser factors. 

In a rain garden, short of physically removing vegetation, denitrification is the only 

means of permanently removing nitrogen from the system (Davis et al., 2006).  

Denitrification requires anoxic conditions to occur. In the initial period after a flood 

event, soil moisture content is high and anaerobic conditions prevail, leading to 

increased denitrification rates. As the dry spell between flood events increases, soil 

moisture decreases, leading to predominantly aerobic conditions. Under these aerobic 

conditions nitrification occurs at progressively higher rates, while denitrification 

decreases. Alongside this, temperature also plays a role in the rate of the microbial 

processes involved therein. Thus an interplay between soil moisture content and 

nitrogen removal is seen; more specifically, a strong relationship between dry spell 

duration and nitrate removal is theorized. In the end, results supported the idea that 

increased dry spells will lead to increased nitrate outputs. A moderate negative linear 

relationship was seen between dry spell duration and nitrate removal percentage, with 

an r2 of 0.59.  

An inflow of partially treated effluent from an upstream anaerobic digester pond 

at the Denton City Water Treatment Facility occurred just prior to the start of the study. 

Influent TKN alone from the effluent overflow was 281 mg/L, more than 100 times that 
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seen in a typical flood. The rain garden appeared to steadily process and flush the 

nitrogen rich organic matter introduced by the effluent inflow for the majority of the study 

period, excluding R03. The interplay between dry spell and nitrate concentration 

reduction was not masked due to the gradual and consistent nature of this flushing.  

An important aspect of the analysis is that when interpreting the results, it is 

necessary to realize that concentration reduction as a percentage is the appropriate 

measure to use in assessing dry spell and removal efficiency of nitrate. The use of mass 

removal percentage is misleading as there is an increased reduction due to flood 

volume removal, thus the extra nitrate seen during longer dry spell durations is offset by 

the greater flood volume removal. 

Nitrate removal as a percentage of concentration for the course of the study, 

excluding R03, was -786%; by mass removal it was -425%. Analysis of six historical 

floods with complete NO3- data showed a -22% removal rate, with two of those six 

floods actually reducing nitrate by percentage of concentration. This historical data is 

from prior to the first effluent inflow which occurred during December of 2013. It is 

therefore probable that the rain garden did, at one time, remove nitrogen (to a certain 

extent), but the volume of nitrogen currently residing within the rain garden has turned it 

from potential sink to consistent source of nitrate. Mass removal was not able to be 

analyzed for the historical data as inflow and outflow flow data is unreliable. 

A secondary observation is that, contrary to observed rain garden behavior 

(Hsieh et al. 2007b), nitrate outflow levels did not approach influent levels near the end 

of outflow. This is likely due to the effluent inflow event prior to the inception of the study. 
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The nitrogen incurred during the effluent inflow event is likely being gradually flushed 

from the rain garden, leading to consistently high outflow levels of nitrate. 

It is uncertain if nitrate concentrations would have altered if floods had continued 

beyond an initial inflow to capacity (or 11,100 gal). Nitrate-N outflow concentrations in 

later floods remained relatively stable at 3.0-4.0 mg/L of nitrate-N, implying that 3.0-4.0 

mg/L is a stable outflow concentration. Support for this idea lies in the fact nitrification is 

a continual process. If more nitrate was available to leach during longer floods, it would 

have done so. Natural flood events, which interspersed simulated floods, would have 

brought levels back to equilibrium if longer flushing times were required to reach inflow 

concentrations. 

In total, it appears the rain garden is processing and flushing, as nitrate, a body 

of nitrogen introduced by the effluent flow. An interesting aspect of this is that it appears 

to be in equilibrium whilst processing and flushing this body of nitrogen, with no 

correlation seen between nitrate concentration and date. The variation between floods 

is most tidily explained as being a function of dry spell duration.  

An implication of this is that the first 4-5 floods after the initial overflow event had 

very elevated levels of nitrate but outflow concentration stabilized within a month of the 

event. R03 was the fourth flood after the overflow event and had an outflow 

concentration of 36.3 mg/L NO3--N. One natural event occurred between R03 and R04, 

with R04 having a nitrate-N outflow concentration of 3.4 mg/L. R05 was the last flood to 

show substantially elevated levels of effluent nitrate-N with a concentration of 5.3 mg/L, 

however, this increase from R04 may be explained by the longer dry spell duration. 

70 



In terms of overall performance, total nitrogen was only reduced during one 

event, R05, which experienced the highest volume removal. Average removal by mass 

was -60.6%, which showed the rain garden acting as an overall source of nitrogen. The 

short turnaround times between floods impacted volume removal, and in turn mass 

removal, as the longer the dry spell, the greater the capacity of the rain garden to 

remove flood volume. A positive linear relationship, with a r2 of 0.77, was seen between 

dry spell duration and flood volume removal as percent. Thus longer dry spells (or 

greater flood volume removal) may have resulted in more efficient nitrogen removal.  

 

Efficiency of Phosphorus Removal 

A secondary aim of this study was to assess the remaining phosphorus removal 

capacity of the rain garden. Where nitrate removal was consistent, phosphorus removal 

proved to be more variable. Of the eight floods with phosphorus data, four removed 

overall phosphorus by mass, and two by percentage of concentration. It was seen that, 

as expected, phosphorus behavior was determined by the equilibrium phosphorus 

concentration. This is the concentration at which phosphorus sorbed equals that 

desorbed. In floods where influent phosphorus concentrations were low it was seen that 

phosphorus levels increased. Conversely, high inflow concentrations led to moderate 

removal as percentage of concentration.  

Overall, by mass removal, it was seen that phosphorus had a -77.4% removal 

rate, that is, 77.4% more phosphorus left the rain garden than entered it. Thus the rain 

garden proved to be a phosphorus source based on influent phosphorus levels in this 

study. This is misleading though, as lower levels of phosphorus were used in the 
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majority of floods. Therefore, a salient point is that any inflow in excess of ~ 0.8 mg/L P 

will likely be reduced in terms of concentration, and certainly in terms of mass. This is, 

again, a function of the equilibrium phosphorus concentration. 

 

Recommendations 

 The unique setting under which this study was performed presents a germane 

addition to the rain garden literature. Due to the effluent inflow prior to the 

commencement of this study, novel results were seen, at least as far as field studies go. 

The Denton City rain garden proved to act as a large source for nitrate (+495%, 

excludes R03) and a moderate source of total nitrogen (+61%, excludes R03). This 

means, excluding R03, almost 5 times more nitrate left the rain garden than entered it 

during the sampled flood events, while 61% more nitrogen was emitted from the rain 

garden than entered it. This was due to an extremely nutrient rich inflow event which 

provided a large body of inorganic nitrogen.  Ammonification and subsequent 

nitrification during dry spells led to high levels of nitrate in outflow across the entire flood 

as the body of nitrogen was gradually processed and eliminated from the system. 

 In terms of processing the inflow of effluent, the rain garden was effective in that 

it temporarily removed a large body of nutrients from the anaerobic digester flood, with 

TKN reduced from 281 mg/L to 22 mg/L. This prevented a massive volume of nitrogen 

from entering Pecan Creek. However, this nitrogen was subsequently flushed from the 

system across many flood events. R03, which closely followed the overflow event, was 

exceptional in that effluent output of nitrate nitrogen by mass was over double the input 

of total nitrogen across the entire study. Subsequent floods experienced lower, but still 
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elevated nitrate outputs. Thus an acute event was mitigated into what appears to be a 

chronic one. A relatively consistent, elevated outflow concentration is now seen as 

nitrogen is continually processed. This represents a success in that a more manageable 

volume of nitrogen is entering the creek during each flood. 

 It is suggested that the rain garden soil media might be remediated to remove the 

remaining body of nitrogen. The soil is very nutrient rich and could conceivably be re-

used as a supplementary compost or potting mix. Rain gardens in similar settings might 

be designed such that soil remediation is expected and incorporated into their design. 

This would result in the removal of high levels of nutrients during extreme events such 

as the effluent overflow, while the immediate removal of the soil would prevent the slow, 

intermittent flushing of nitrate into receiving bodies of water seen in this study. 

Failing remediation post-over flow events, it is suggested that an increase in 

flood volume removal capacity would lead to a quicker return to normal nitrogen 

removal. This is because a larger volume of nitrogen may be processed between floods. 

In addition, a larger removal capacity will not only increase nutrient reductions but also 

help restore predevelopment hydrology.  

 Phosphorus removal is dictated by the equilibrium phosphorus concentration; as 

such, phosphorous removal varied across the study based on dosage. It may be seen 

from the results that the rain garden will, in theory, effectively reduce concentrations in 

excess of around 0.80 mg/L P. Given the effluent inflow and assumed current high 

phosphorus levels (data is unavailable), one might say the rain garden has maintained a 

moderate to high capacity to remove phosphorus. It is theorized this is, at least in part, 
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due to the portion of expanded shale in the soil media. As such, it is recommended that 

expanded shale be used in similar settings. 
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