
sustainability

Review

A Review of Nitrogen Removal for Urban Stormwater
Runoff in Bioretention System

Manal Osman 1,2,* , Khamaruzaman Wan Yusof 1, Husna Takaijudin 1, Hui Weng Goh 3,
Marlinda Abdul Malek 4, Nor Ariza Azizan 3 , Aminuddin Ab. Ghani 3

and Abdurrasheed Sa’id Abdurrasheed 1

1 Department of Civil and Environmental Engineering, Universiti Teknologi PETRONAS,
Bandar Seri Iskandar 32610, Perak, Malaysia; khamaruzaman.yusof@utp.edu.my (K.W.Y.);
husna_takaijudin@utp.edu.my (H.T.); abdurrashee_16000331@utp.edu.my (A.S.A.)

2 Department of Agricultural Engineering, University of Bahri, Khartoum-North 12217, Khartoum, Sudan
3 River Engineering and Urban Drainage Research Centre (REDAC), Engineering Campus, Universiti Sains

Malaysia, Seri Ampangan, Nibong Tebal 14300, Penang, Malaysia; redac_gohhuiweng@usm.my (H.W.G.);
ariza_azizan@usm.my (N.A.A.); redac02@usm.my (A.A.G.)

4 Institute of Sustainable Energy (ISE), Universiti Tenaga National, Kajang 43000, Selangor, Malaysia;
marlinda@uniten.edu.my

* Correspondence: manal_17005662@utp.edu.my; Tel.: +60-1671-955-48

Received: 3 July 2019; Accepted: 19 September 2019; Published: 30 September 2019
����������
�������

Abstract: One of the best management practices (BMPs) for stormwater quality and quantity control
is a bioretention system. The removal efficiency of different pollutants under this system is generally
satisfactory, except for nitrogen which is deficient in certain bioretention systems. Nitrogen has a
complex biogeochemical cycle, and thus the removal processes of nitrogen are typically slower than
other pollutants. This study summarizes recent studies that have focused on nitrogen removal for
urban stormwater runoff and discusses the latest advances in bioretention systems. The performance,
influencing factors, and design enhancements are comprehensively reviewed in this paper. The review
of current literature reveals that a bioretention system shows great promise due to its ability to remove
nitrogen from stormwater runoff. Combining nitrification and denitrification zones with the addition
of a carbon source and selecting different plant species promote nitrogen removal. Nevertheless,
more studies on nitrogen transformations in a bioretention system and the relationships between
different design factors need to be undertaken.

Keywords: stormwater runoff; bioretention; nitrogen removal; leaching

1. Introduction

Urban areas are constantly expanding in terms of space and density [1], with their population
around the world expected to rise by 66% in 2050 [2]. As a result of population growth and
urbanization, water pollution has increased exponentially [3]. Furthermore, stormwater runoff has
a considerable impact on water pollution. It has long been recognized as a source of nonpoint
source pollutants [4,5]. Excessive nitrogen pollution has been globally identified in a large portion
of water bodies. Future land use activities are expected to intensify nitrogen loading [6]. Therefore,
the prevalence of nitrogen has become a primary concern in stormwater management [7]. There are
several alternatives for stormwater runoff control, namely filter strips, infiltration trenches, vegetated
roofs, permeable pavement, rain gardens, bioretention, and swales [8]. Of these, a bioretention system
is increasingly being used worldwide and is considered a good alternative for treating stormwater
runoff [9]. The removal efficiency of stormwater pollutants in this system is generally satisfactory,
except for nitrogen removal which is deficient in some operating systems [10–13].
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This paper summarizes the recent studies that have focused on nitrogen removal from urban
stormwater runoff in bioretention systems. It also discusses the recent advances, performances,
and influencing factors of a bioretenton system.

1.1. Stormwater Runoff Characteristics

In urban areas, water pollution is a major challenge leading to chemical, physical, and biological
damage to the environment [4,14], and therefore it contributes to ecological degradation and health
risks [14,15]. Water pollution can be classified into two sources, namely point source and nonpoint
source. A point source pollution refers to any single specific source from which pollutants can be
discharged such as wastes from sewages and industries [16]. It is regulated through the implementation
of standards, systematic laws, and high-quality engineering measures [4,5]. On the other hand, nonpoint
source pollution originates from different sources including agricultural runoff, atmospheric deposition,
and urban stormwater [17]. It comprises inorganic pollutants including nitrogen, phosphorus, metals,
and sediments, as well as organic pollutants including pesticides and pathogens. To date, point source
pollution has been recognized as a leading cause of water pollution [18], representing approximately
half of the total pollutants in the world, with 57% being nitrogen [19].

Stormwater can be defined as the runoff from pervious and impervious surfaces in urban
areas [20]. It includes some sewer discharges, flow from impervious surfaces such roads and parking
lots, and flow from open spaces and construction sites. Groundwater flooding also can act as a
contributory source especially during heavy storm events [21]. As runoff accelerates from these lands,
it carries more pollutants to water bodies and increases loading of toxic contaminants. Excess pollutants
impact water quality when water and soil containing pollutants wash into nearby waters or leach
into ground waters [22,23]. There are two types of stormwater pollutants, namely gross pollutants
and dissolved pollutants. Gross pollutants include sediments of different sizes such as vegetation,
plant debris, paper, plastic, and others, and dissolved pollutants include nutrients, heavy metals,
and hydrocarbons [10,24]. Pollution can also occur by direct runoff or by infiltration through the
root zone which is then discharged to surface water [25]. There are typical pollutants characterizing
stormwater runoff, with the most common pollutants being total suspended solids (TSS), nutrients
including total nitrogen (TN), ammonium-nitrogen (NH4-N), nitrate-nitrogen(NO3-N), nitrite-nitrogen
(NO2-N), total phosphorus (TP), and orthophosphate (PO4

3−) [26]. The classification of pollutant load
according to water quality standards [27,28] is shown in Table 1. In total there are five classes, namely
Class I (clean water), Class II (moderately polluted), Class III (heavily polluted), Class IV (excessively
polluted), and Class V (extremely polluted).

Table 1. Water quality standards.

Parameter Unit
Classes *

I II III IV V

TSS mg/L <25 25–50 50–150 150–300 >300

TP mg/L ≤0.05 ≤0.15 ≤0.6 ≤1.2 >1.2

PO4
3− mg/L ≤0.02 ≤0.1 ≤0.4 ≤0.8 >0.8

TN mg/L ≤1 ≤3 ≤12 ≤24 >24

NH4-N mg/L ≤0.04 ≤0.3 ≤1.2 ≤2.4 >2.4

NO3-N mg/L ≤1 ≤2.5 ≤10 ≤20 >20

NO2-N mg/L ≤0.01 ≤0.1 ≤0.4 ≤0.8 >0.8

* Class 1, excellent; class II, good, conventional treatment is required; class III, extensive treatment is required;
class IV, for major agricultural activities which may not cover minor application to sensitive crops; class V, Bad which
do not meet any of the above-mentioned classes.
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Nitrogen represents the highest rated nutrient in stormwater runoff [7] and its concentration
depends on the land use activities such as residential, parking lots, highways, commercial areas,
and agricultural lands [6]. Figure 1 shows the variation of nitrogen concentration associated with
different land use activities and it clearly shows that the higher concentration of nitrogen is found
from emissions and agricultural activities. Emissions are produced from fluid leaks from vehicles, i.e.,
high density traffic areas, highways, and urban areas. The agricultural activities ultimately result in a
greater load of sediment and nutrient accumulating in water bodies. In agricultural lands, pollution
is primarily caused from fertilizers, herbicides, pesticides, and insecticides, all of which are rich in
nitrogen [29].
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Figure 1. Summary of available data on nitrogen concentrations in stormwater runoff from several
studies [30–37].

1.2. Best Management Practices (BMPs) and Low Impact Development (LID)

In order to minimize the environmental impacts of water pollution, it is necessary to establish
water quality monitoring and intelligent watershed management [1,6,20,22,31,38,39]. Low impact
development (LID) and best management practices (BMPs) are two innovative water management
approaches to manage runoff as close as possible to its source [40]. Both have recently attracted
interest from urban planners and researchers. To date, there have been various practices with regards
to LID and BMPs for stormwater runoff control. Such practices include filter strips, infiltration
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trenches, vegetated roofs, permeable pavement, rain gardens, bioretention, and swales [8]. Stormwater
management could be divided into two main functions, stormwater quantity control and stormwater
quality control. Stormwater quantity control is measured to curb flooding problems by facilitating
detention to reduce the peak flow rate through the temporary storage and slow release of stormwater
over an extended detention time. The main objective of stormwater quantity control is to prevent
the occurrence of flash floods. Stormwater quality control, however, is intended to reduce nonpoint
source pollution problems, whereas the primary objective of stormwater quality control is to achieve
good water quality standards [41]. The use of these practices for water quality control is believed to
be cost effective [42,43]. They take advantage of natural processes such as infiltration to reduce the
volume and rate of runoff, while at the same time improving water quality [44,45]. The advantages
of the infiltration process include groundwater recharge, runoff volume reduction, low stream flow
augmentation, and water quality enhancement [46]. In these practices, flood mitigation can be achieved
by promoting stormwater infiltration, storage, percolation, and evapotranspiration. Soil promotes
water infiltration, storage, and percolation, whereas soil and vegetation together help to remove water
through the evapotranspiration process. In the evapotranspiration process, water is transferred to
the atmosphere through evaporation from the soil surface and transpiration by the plant. Pollutant
mitigation can be achieved by allowing stormwater to be treated by vegetation and soil, thereby
possessing complex chemical reactions as well as physical and biological processes [41,47].

LID and BMPs reduction targets for stormwater pollutants have been classified into categories in
order to evaluate the performance of these practices in terms of stormwater quality control. For example,
the pollutant reduction targets according to LID and BMPs in Malaysia were classified into three main
categories, i.e., low, medium, and high [26]. The classification of reduction targets for the most common
pollutants in stormwater runoff in Malaysia is shown in Table 2.

Table 2. Classification of reduction targets according to LID and BMPs in Malaysia.

Pollutant Low Medium High

TSS
Less than 40% of

particulates greater than
0.125 mm retained

40%–70% of particulates
greater than 0.125 mm retained

>70% of particulates greater
than 0.125 mm retained

Nutrients
(TN & TP) Less than 10% reduction 10%–40% reduction >40% reduction

1.3. Bioretention as a Promising BMPs and LID

A bioretention system is part of stormwater best management practices (BMPs) for stormwater
quantity and quality control. In recent years, interests in bioretention systems for stormwater quality
treatment have piqued [5,20,24,31,36]. They are typically used to treat stormwater that has run over
pervious and impervious surfaces in urban areas. A bioretention system is easily defined as the process
in which biological processes and rapid infiltration occur along with the storage of water to reduce
pollutants [48–50]. It can be a good process to treat runoff as it maximizes water storage, and therefore
water can be infiltrated easily [51]. It also reduces runoff volume which reduces pollutants [52,53].
The facility size for a bioretention system is often designed for treating the first flush of stormwater [51].
Water quality enhancements can be achieved through infiltration and sedimentation. Filtration through
vegetation is the primary mechanism for pollutant removal followed by the settling of particles and
infiltration into the subsurface zone. As runoff travels through the system, the vegetation reduces peak
velocity while infiltration reduces flow volume, which promotes pollutant removal [54]. In addition
to direct plant nutrient uptake, the vegetation increases microbial activity through nitrifying and
denitrifying processes which lead to increased nutrients removal [55]. A bioretention system comprises
basins or trenches that are filled with porous media and planted with vegetation for treating stormwater
runoff. Bioretention media consists of different layers which mainly include a filter media layer,
a transition layer, and a drainage layer, as shown in Figure 2. The filter media layer is generally
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composed of sand mixed with small amounts of silt, clay, and organic matter (mulch) [33]. The organic
matter has several functions including retaining moisture in the plant root zone, providing a medium
for biological growth and decomposition of organic matter, and offering some filtration of pollutants,
as well as protecting the soil bed from erosion [56]. The transition layer of sand is recommended to
prevent the filter layer from being washed into the drainage, and to provide an additional detention
medium. The drainage layer can be either gravel or coarse sand with sufficient hydraulic conductivity
to allow infiltrated water to flow towards the underdrain and also to facilitate saturation conditions.
A bioretention system operates by filtering the stormwater through a vegetated surface and then
percolating the runoff through different filter layers where the extended treatments can take place.
During percolation, pollutants can be mitigated by different processes including adsorption, infiltration,
and some chemical and biological processes [38].
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2. Nitrogen Removal Processes

Nitrogen compounds include both organic and inorganic forms that are indispensable for biological
life. The most important inorganic forms of nitrogen are ammonium (NH4

+), nitrate (NO3
−), and nitrite

(NO2
−). Gaseous nitrogen may exist as dinitrogen (N2), nitrous oxide (N2O), nitric oxide (NO2 and

N2O4), and ammonia (NH3). The organic forms are dissolved organic N, and particulate organic
N [57,58]. Nitrogen is primarily present in stormwater as an organic and a dissolved form [59]. Nitrogen
has a complex biogeochemical cycle and is more difficult to remove because it is highly soluble [30,60].
Thus, the removal processes of nitrogen are typically slower than the removal of other pollutants [60].
An efficient removal of nitrogen is significantly dependent on physical processes, biological processes,
and chemical reactions [61]. The main processes include assimilation (as N uptake), adsorption,
mineralization (ammonification), nitrification, and denitrification [62,63]. Nitrogen removal processes
always occur at varying rates [64]. Assimilation is the process in which inorganic nitrogen forms
(NH4

+, NO2
−, and NO3

−) are transformed into plant biomass by microorganisms and stored as organic
nitrogen [6]. This organic nitrogen is temporarily stored in plant tissues and may be released again by
decaying plants [63,65]. Mineralization is the conversion of organic nitrogen to ammonium (NH4

+) [5].
Nitrification, on the other hand, is usually defined as the biological oxidation of ammonium to nitrate
with nitrite [66].

2NH4
+ + 3O2→ 2NO2

− + 2H2O + 4H+ (1)

2NO2
−+ O2→ 2NO3

− (2)

Denitrification is the process where nitrate is converted into dinitrogen gas (N2) which is later
released into the atmosphere or fixed to the plant roots [65,67]. A process called anaerobic ammonium
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oxidation (anammox) was recently discovered in the 1990s [68]. It involves ammonium oxidation to
N2 gas using NO2 in anoxic conditions. The simplified nitrogen cycle is shown in Figure 3.

NO3
−
⇒NO2

−
⇒ NO⇒ N2O⇒ N2 (3)

6CH2O + 4NO3
−
→ 6CO2 + 2N2 + 6H2O (4)
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Nitrogen removal is a major area of interest for stormwater quality control. Previous works have
intensively focused on nitrogen removal in a bioretention system [9,66,69]. Nitrogen removal in a
bioretention system is always variable and mainly dependent on factors such as vegetation, soil filter
media, influent concentration, and hydraulics factors [10,62,67].

2.1. The Effect of Vegetation

Vegetation is an essential component of a bioretention system which facilities oxygen transport
to the soil and enhances the biological processes. Vegetation plays a crucial role in the performance
of nitrogen removal [62,70]. Previous studies have shown that a vegetated bioretention system
removes a greater amount of nitrogen than a nonvegetated bioretention system [10,67,70]. As runoff

travels through the system, the vegetation reduces peak velocity while infiltration reduces flow
volume, and thus pollutant removal is promoted [54]. Barrett et al. [10] compared the pollutant
removal efficiency of bioretention systems for different media and plant species. The results showed a
significant improvement in nutrient removal by a filter with the presence of plants. The presence of
vegetation enhanced nitrogen removal and had a significant effect on TN and NOx removal [10,70].
A more recent study on nitrogen removal from stormwater runoff in mountainous cities was conducted
by Wang et al. [67] using different stepped bioretention systems with different plant species. The results
showed successful nitrogen removal. It was confirmed that the plant species play an important role
for nitrogen removal. There are wide variations in nitrogen removal by different plant species in
bioretention systems [9,11,30,50,66,69] as shown in Appendix A, Table A1. The variation among plant
species in nitrogen removal is due to differences among species in plant size and plant uptake [65,71].
Each plant species, in different growth stages, has a different uptake rate. The plant uptake contributes
towards NH4

+ and NO3
− removal and is an important mechanism for NO3

− removal. NO3
− retention

occurs through two mechanisms, plant uptake and denitrification. The uptake rate usually depends on
the plant type and plant growth rate. In fact, good plant growth with higher biomass will result in a
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better plant uptake and nitrogen removal [72–76], however, rapid plant growth rate also contributes to
TN removal [77]. A study by Milandri et al. [78] found that the rapid growth rate of the turf grasses,
Pennisetum and Stenotaphrum, was effective in NH3 (97%) and NO3

− removal (>80%). A study by
Chen et al. [79] showed that TKN concentration was significantly higher in the leaves and roots as
compared to the stems of the Elateriospermum tapos plants. Plant roots also affect nitrogen removal,
since thicker roots can take up a large amount of nitrogen [77]. In addition to direct plant nutrient
uptake, vegetation can enhance microbial activity, and thus nitrogen removal [55].

2.2. The Effect of Soil Filter Media

Soil filter media play an important role in the removal of pollutants from stormwater [80]. Soil filter
media supply plants with a suitable medium for growth and provide a well-drained soil [81]. Several
studies have focused on nitrogen removal using different bioretention media. Lintern et al. [82]
emphasized that TN removal efficiency was more affected by soil media depth for shallow rooted
plant systems. Two studies conducted by Davis et al. [11,12] focused on the removal efficiency of
nutrients from synthetic stormwater runoff using shallow bioretention depths. Their results indicated
good removal efficiency of total nitrogen while nitrate reduction was poor. Soil media depth played a
significant role in N removal. A deeper soil layer with low infiltration rate was needed to provide more
detention time. It could enhance nitrogen removal by reducing the peak flow through storing water
within the filter media layers. Increasing soil depth offered better removal efficiency of nitrogen [83].
Deeper soil media were more effective for ammonia removal due to increasing contact time, and thus
enhanced the nitrification process [84,85]. There was, however, no significant effect of filter media
depth on nitrate removal, which could be attributed to the limited denitrification process by contact
time under anoxic conditions [86]. It is recommended that a bioretention system should contain 50% to
60% sand and 40% to 50% mixture of loam or sandy loam or loamy sand. Clay content should be 5% to
8% because too much clay can reduce infiltration into the soil [73].

2.3. The Effect of Nitrogen Concentration

Nitrogen influent concentration is one of the factors that affects nitrogen removal processes.
Previous studies have shown that the uptake rate of nitrogen was influenced by the inflow concentration;
the removal efficiency was more satisfied with the low nitrogen concentration than the high
concentration [72,73]. S. Wang [67] observed that the removal efficiency of NO3

− was low (20.5%) for an
influent concentration ranging from 6.15 to 9.61 mg/L. Moreover, TN removal efficiency was poor (∼15%)
for an influent concentration ranging from 10.23 to 14.11 mg/L. The low concentration of NO3

− could
be effectively removed through the denitrification process, whereas NH4

+ at different concentrations in
the influent could be significantly removed by the bioretention system which may be attributed to the
removal by the adsorption process through the bioretention media [66,87]. An investigation carried out
by Bučiene and Gaigalis [88] revealed that nitrogen concentration in effluent was positively correlated
with its concentration in the runoff. In addition, NO3

− concentration in the effluent was linearly
increased with an increasing TN concentration in the effluent [89]. Furthermore, a comprehensive load
reduction was always better under a lower concentration than under a high concentration [84].

2.4. The Effect of Hydraulic Factors

The most important hydraulic factors affecting nitrogen removal in a bioretention system are flow
rate, runoff volume, retention time, and hydraulic conductivity [90,91]. As early as 1978, a study that
characterized urban runoff by Whipple et al. [16] revealed that nutrient loadings in the effluent are
directly proportionate to the flow rate of the runoff. The ability of a bioretention system to treat high
stormwater runoff volume is relatively low [92]. Therefore, better nitrogen removal can be achieved
with a low runoff volume rather than a high runoff volume [70], due to low stormwater runoff volume
being effectively captured by the bioretention system. Meanwhile, high stormwater runoff volume
may bypass the system without achieving the desired treatment target [92]. Retention times in the
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bioretention system need to be adjusted accordingly to prevent nitrate leaching to the effluent [93].
A bioretention system with low infiltration rates can effectively remove NH4

+ with sufficient retention
time [94]. Increasing retention time can significantly improve nitrate removal and, consequently,
enhance nutrient removal efficiency [90]. The denitrification process needs longer retention time to
allow more nitrate removal [56,95]. The recommended hydraulic conductivity in bioretention media is
within 13 to 200 mm/hr. Higher hydraulic conductivity will not maintain soil moisture for sustainable
plant growth, whereas lower hydraulic conductivity will not allow for runoff capturing [96].

3. Nitrogen Leaching

Numerous studies have indicated that a bioretention system tends to be an effective stormwater
treatment [10–12,69], however, nitrogen leaching has been observed by many researchers [82,97–99].
Nitrogen is mainly leached in dissolved forms such as NH4

+ and NO3
− [59,100]. Organic N can also

be leached due to decomposition of the dead plants [63]. This occurs when assimilation exceeds the
mineralization process [68]. Ammonia is continuously released due to the mineralization of organic
nitrogen to ammonia [5,11]. Bioretention exports NH4

+ and NO3
− because of the large nutrient content

of organic matter used within soil media [35,101]. The accumulation of organic matter may also
contribute to leaching in organic N [101,102].

In addition, some studies have shown that higher nitrogen load discharged from a bioretention
system is due to nitrate and nitrite [13,99], as it is difficult to separate soluble nitrate and nitrite from
water through the filtration process. The studies suggest that the change in chemical species from one
to another occurs simply during infiltration [50]. Nitrate leaching is always higher than ammonia
due to the negative charge of the nitrate ion, whereas ammonia has a positive charge which interacts
easily with the media. Therefore, NO3

− concentration in the effluent is always higher than NH4
+.

Some nitrate leaching is assigned to the accumulation of the nitrate that resulted from the nitrification
process [87,92]. which is also an indicator of a low denitrification process [65]. Nitrate leaching is
increasing over time [35,101], however, temperature has also shown a clear effect on nitrate leaching.
In cold areas (2 to 20 ◦C), the nitrogen removal was poor and leaching was observed and this increased
as the temperature decreased [103]. The percentage of nitrogen leaching in different bioretention
systems is shown in Table 3.

Table 3. Percentage of nitrogen leaching in different bioretention systems.

System Description NH4
+ (%) NO3− (%) TN (%) Reference

Bioretention planted with different types of water tolerant plants −39 −384 to −57 −48 [13]

Bioretention filled with sandy loam soil and shredded wood
and planted with different plant spices (−205) ± 181 [5]

Bioretention planted with high diversity and low-diversity
plant- mix of iron and aluminum oxide −46 −14 [104]

Bioretention amended by compost −37 to −216,000 [35]

Bioretention with no saturation zone planted with Microlaena
stipoides and Dianella revoluta −300 to −400 [105]

Bioretention box filled with a sandy loam soil and topped with a
thin layer of mulch with different plant spices (−73) ± 18 [11]

4. Design Features that Enhanced Nitrogen Removal

Nitrogen removal is mainly dependent on the nitrification and denitrification processes [104]. In the
nitrification process, NH4

+ removal occurs in an aerobic condition. It is always obtained in the upper
layer of bioretention media. In the conventional bioretention cell, the media layers are almost aerobic
due to the high content of sand. NH4

+ can also be removed by adsorption through soil layers [50,98]
and nitrogen removal by denitrification accounts for 79.5% of total nitrogen removed [106]. A portion
of nitrate removal can be achieved by the sorption process through bioretention soil media [107].
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This removal is often insufficient due to a lack of denitrification [105]. An aerobic condition is likely
to increase nitrification, while at the same time, limit the denitrification process. Thus, this system is
capable of removing ammonium and incapable of removing nitrate [108].

Poor nitrogen removal in bioretention systems has been reported by some researchers [97–99,105,109].
Therefore, nitrogen removal has become a major concern in recent studies. There have been many
attempts to improve nitrogen removal efficiency, with different methods being used such as adding a
carbon source and saturation condition [63,110,111]. Several studies have pointed to an advancement
of nitrogen removal in a bioretention system amended by a carbon source [77,95,112–114]. Carbon
source additives including newspaper, woodchips, compost, biochar, cockle shell, and coconut husk
have been widely used. The use of a carbon source has been recommended for engineering designs to
promote N transformation. It plays a significant role in N removal through maintaining plant growth,
soil properties, absorption, infiltration, and retention [115]. Plant uptake is significantly improved by
increasing plant growth. These additives have created small anoxic zones for a further nitrification
process [63,77]. Biological denitrification is also improved [109] by creating anaerobic conditions in
the soil media, which, subsequently, leads to efficient N removal [110]. High nitrate removal rates are
observed with soil media containing higher organic matter [116]. In fact, the use of a carbon source has
been proven to be successful in various systems [110,111,117,118], however, reducing the amount of
carbon source additives in the soil media is also recommended to avoid N leaching [5,119], because
excessive use of carbon source additives can sometimes be the source of nutrients leaching [35,101].

In some bioretention systems, poor nitrogen removal could be enhanced by retrofitting the
saturated zone to create anaerobic conditions for an effective denitrification process. It is recognized
that high removal efficiency of nitrogen requires the ability of the system to provide aerobic and
anaerobic conditions to ensure good removal and avoid leaching [120]. An aerobic condition can be
achieved through a soil filtration media layer, whereas an anaerobic condition requires a saturated
zone to increase the bacterial activity for the denitrification process. A system with a saturation zone
can effectively remove nitrate as opposed to a system without a saturation zone [121]. Increasing
the saturation zone depth can significantly enhance ON and NO3

− removal. NO3
− removal rate is

correlated with the saturation zone depth. By increasing the saturation zone depth from 0 to 600 mm,
the NO3

− removal efficiency can be significantly increased, whereas NH4
+ removal is not affected by

saturation zone depth [122–124]. An anaerobic zone would have a remarkable effect on denitrification
and present very little opportunity in the nitrification process, however, nitrification also can take
place in an anaerobic zone [50]. The system combining a saturation zone and a carbon source performs
better in nitrogen removal. It is very effective in increasing the denitrification process and improving
plant growth [75]. Furthermore, the denitrification process is generally limited by contact time under
anoxic conditions. As such, a deeper anoxic zone is needed for more denitrification process as it can
provide greater detention time [56]. The denitrification rate will also increase with the supply of soil
water content as it determines the oxygen transfer rate from the atmosphere to the site where biological
degradation takes place [125,126]. As suggested by Klein and Logtestijn [125], the minimum volumetric
water content for denitrification in loam soil should be 40%. Table 4 shows the different design features
that have been used in previous studies to improve nitrogen removal in bioretention systems.

Table 4. Design features to improve nitrogen removal.

Design Features to Improve Nitrogen Removal TN (%) NH4
+ (%) NO3− (%) Ranking Reference

Bioretention column with less permeable soil layer 82 83 84 High [94]

Wood chips 88 High [127]

Saturation zone 49.8 Medium [128]

Different depths of saturation zone 80 62 Medium-high [124]

Combination of saturated to unsaturated sequence 91 High [129]

Newspapers 80.4 High [130]
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Table 4. Cont.

Design Features to Improve Nitrogen Removal TN (%) NH4
+ (%) NO3− (%) Ranking Reference

Planted bioretention with saturation zone 93 95 67 High [75]

Bioretention with biochar and poultry litter 90 High [131]

Bioretention planted with vegetables 47 Low [74]

Saturation zone containing shredded newspaper 99 High [111]

A large-scale column study with different plant
species, filter media types and

depths, and pollutant concentrations
93 High [70]

Box prototype bioretention system filled with sandy
loam soil and mulch 60–80 Medium-high [9]

Bioretention contains carbon source and anoxic zone 71.1 Medium [63]

Two-layered bioretention system amended with
wood chips 80 High [110]

Bioretention columns with filter media contains 8%
organic material 60–90 Medium-high [119]

Saturated zone containing woodchips 61.9 82.4 Medium-high [95]

Bioretention amended with biochar 30.6–95.7 Low-high [117]

Columns study for anoxic sand packed amended
with wheat straw, wood chips, and sawdust 95 High [132]

Saturated zone combined with carbon source 85–94 High [133]

Bioretention amended with biochar coupled with
saturated zone 20–30 50–60 50–60 Low-medium [123]

Bioretention combined with saturated and
unsaturated conditions 42–63 Medium- high [90]

The type of filter media has shown different effects on nitrogen removal [9,94]. For example,
the removal efficiency of sandy loam soil for NH4

+ ranged between 60% and 80%, whereas a less
permeable soil performed better with a removal efficiency of approximately 83%, and using different
plant species and increasing the depth of filter media substantially enhanced NH4

+ removal up to
93% [70]. On the other hand, the addition of carbon source additives to the filter media has shown a
beneficial influence by enhancing nitrogen removal efficiency [110,117,127,130]. Furthermore, the use
of a saturated zone and increasing its depth has provided additional removal of nitrogen, particularly
for NO3

− [75,124,133]. Significant improvement in nitrogen removal was achieved by combining the
saturated and unsaturated zones [90,129]. In addition, amending the saturated zone with a carbon
source significantly removed NO3

− [134], up to 99% [111].
Overall, advanced nitrogen removal in bioretention systems can be achieved by combining

nitrification and denitrification conditions with the addition of a carbon source. It is considered to be an
optimal method for enhancing nitrogen removal and a promising way for stormwater runoff treatment.

5. Conclusions

The current study has reviewed recent advances in nitrogen removal for stormwater runoff in
bioretention systems. Various studies have indicated that a bioretention system tends to be effective in
nitrogen removal, however, several studies have reported nitrogen leaching. Nitrogen has a complex
biogeochemical cycle and is more difficult to remove as it is highly soluble. Thus, the removal processes
of nitrogen are typically slower. It is mainly dependent on physical and biological processes and
chemical reactions. The main processes include assimilation, adsorption, ammonification, nitrification,
and denitrification. In conclusion, advanced nitrogen removal in a bioretention system can be achieved
by selecting an appropriate design. Combining nitrification and denitrification conditions by adding a
carbon source has shown a beneficial influence on promoting nitrogen removal. It is a promising way for
stormwater runoff treatment as it effectively enhances nitrogen removal. Additionally, proper selection
of plant species can facilitate nitrogen removal, particularly where nitrogen concentrations are of
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critical concern. Nonetheless, more studies on nitrogen transformations through a bioretention system
and factors affecting them need to be undertaken. The relationships between various design factors
and their combined effects on nitrogen removal must be considered for better design optimization.
In addition, greater focus is needed on the development of bioretention design criteria which can
promise more nitrogen removal enhancements.
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Appendix A

Table A1. Summary of nitrogen removal (%) by different plant species in bioretention studies.

1. Field study

Type of plants used NH3 NH4
+ NO2

− NO3
− TKN TN TDN ON DON PON Use of C

source
Use of
plant Site Name Reference

chokeberry (Aronia prunifolia), winterberry
(Ilex verticillata), and compact inkberry

(Ilex glabra compacta)
82 67 26 51 14 no yes Haddam,

Connecticut., US
Dietz and Clausen

(2006) [135]

river birch (Betula nigra), common rush (Juncus
effuses), yellow flag iris (Iris pseudacorus),

sweetbay (Magnolia virginiana)
−1 75 −5 40 no yes Greensboro, N.C.,

US
Hunt et al. (2006)

[50]

Southern wax myrtle (Myrica cerifera), Virginia
sweetspire (Itea virginica), winterberry
(Ilex verticillata) inkberry (Ilex glabra)

86.0 13 45 40 no yes Chapel Hill, N.C.
US

Hunt et al. (2006)
[50]

Blueflag iris (Iris virginica), cardinal flower
(Lobelia cardinalis), common rush (Juncus

effusus), hibiscus (Hibiscus spp.), red maple
(Acer rubrum), sweet pepperbush (Clethra

alnifolia), Virginia sweetspire (Itea virginica),
wild oat grass (Chamanthium latifolium)

73 44 32 no yes Charlotte, N.C.,
US

Hunt et al. (2008)
[136]

red maple (Acer rubrum), sweet bay (Magnolia
virginica), Virginia sweetspire (Itea virginica),

liriope (Liriope sp.), verbena (Verbena sp.),
and blackeyed Susan (Rudbekia hirti).

74 to 82 −209 to −477 −21 to −75 −2 to −8 no yes Nashville, N. C.,
US

Brown and Hunt
(2011) [86]

n/a 19.9 to 90.8 no yes LTU, Southfield,
MI, US

Carpenter et al.
(2010) [137]

prairie cord grass (Spartina pectinata) sumpweed
(Iva annua) 33 56 no yes Lenexa, Kansas,

US
Chen et al. (2013)

[66]

Creeping juniper plants 16 52 49 no yes Greenbelt,
Maryland

Davis et al (2006)
[11]

Creeping juniper plants 15 67 59 no yes Largo, Maryland Davis et al (2006)
[11]

Trees 58.6 no yes
KNU,

Chungnamdo,
Korea

Geromino et al.
(2013) [138]

Dianella species, C. appressa 96.0 −17.0 37.0 58 79 no yes McDowall,
Australia

Hatt et al. (2009)
[30]

Carex appressa, Carex tereticaulis, Lomandra
longifolia, Isolepis nodosa, Caleocephalus

lacteus, and Juncus spp.
64 −13 -7 −129 38 no yes

Monash
University,
Australia

Hatt et al. (2009)
[30]

n/a 82 82 −137 9.7 −146 83 no yes College Park,
Md., US Li et al. (2014) [102]

n/a 86 no yes College Park,
Md., US Davis (2007) [69]
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grass 79.4 43.1 60.9 no yes Piedmont of
North Carolina

Smith and Hunt
(2007) [139]

n/a 77.4 to 78.7 no no Daxing District,
Beijing, China Liu et al (2017) [85]

Lomandra longifolia (Matt Rush) 11 to 75 no yes Sunshine Coast,
Australia

Nichols and Lucke
(2016) [140]

hardy native perennials, shrubs, and trees 99 no yes Blacksburg,
Virginia

Debusk et al. (2011)
[141]

30.6 to 95.7 yes no

University of
Delaware,

Newark, DE,
USA

Tian et al. (2019)
[117]

n/a 10 −56 9 37 25 53 no yes
Balam Estate
Rain Garden,

Singapore

Wang et al. (2017)
[142]

2. Laboratory study

Type of plants used NH3 NH+ NO2
− NO3

− TKN TN TDN ON DON PON Use of C
source

Use of
plant Type of study Reference

Creeping juniper plants <20 55 to 65 no yes Pilot boxes Davis et al. (2006)
[11]

Carex rostrata Stokes (Bottle sedge) 51.7 NOx = −1461 −208 −240 no yes Lab column Blecken et al. (2007)
[143]

Carex appressa, Melaleuca ericifolia, Microleana
stipoides, Dianella revoluta, Leucophyta brownii >93 NOx = 96 to −630 79 to −241 no yes Lab column Bratieres et al.

(2008) [70]

Chrysanthemum zawadskii var. latilobum,
Aquilegia flabellata var. pumila, Rhododendron

indicum Linnaeus, Spiraea japonica
40 to 54 35 to 41 49 to 55 no yes BR reactors Geromino et al.

(2014) [144]

38 to −164 no no Lab column Hatt et al. (2008)
[145]

Swamp Foxtail Grass (Pennisetum
alopecurioides) Flax Lily (Dianella

brevipedunculata), two woody shrubs, Banksia
(Banksia integrefolia), Bottlebrush

(Callistemon pachyphyllus)

NOx = 88 to 95 76 no yes Lab column
Lucas and

Greenway (2008)
[76]

Twenty native plant species from Victoria and
Western Australia and two common lawn grasses 58 to 89 no yes Lab column Payne et al. (2014)

[146]

Monocots and Dicots −303.5 NOx = 78.9 −66 −115.4 −509.9 21.6 no yes Lab column Read et al. (2008)
[71]

Narrowleaf Blue-eyed grass
(Sisyrinchium angustifolium) −1.14 60 36.4 no yes Lab column O’Neill and Davis

(2012) [147]

>90 yes no Pilot boxes Kim et al. (2003)
[109]

Buffalograss 609 and Big Muhly NOx = −232 to 62 65 to 89 59 to 79 yes yes Lab column Barret et al. (2013)
[10]
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Carex appressa 88 to 99 NOx = 80 to 99 69 to 95 yes yes Lab column Glastier et al. (2014)
[148]

59.8 yes no Lab column Guo et al. (2014)
[149]

Twenty native plant species from Victoria and
Western Australia and two common lawn grasses 79 to 93 yes yes Lab column Payne et al. (2014)

[146]

Baumea juncea, Melaleuca lateritia, Baumea
rubiginosa, Juncus subsecundus 95 NOx = 67 93 93 yes yes Lab column Zhang et al. (2011)

[75]

Dianella revoluta, Microlaena stipoides and
Carex appressa 9.8 to 75.6 NOx = −66.7 to 100 −11.6 to 68.8 −96.1 to 41.2 yes yes Lab column Zinger (2013) [105]

Creeping juniper plants 60 to 80 65–75 no yes Pilot boxes Davis et al. (2001)
[9]

Buxus Microphylla var. Koreana 97.5 no yes Lab column Cho et al. (2009)
[87]

96.2 86.4 no no Lab-scale
(vertical tubes)

Yafei et al. (2017)
[98]

Carex appressa. 90 yes yes Lab column Zinger (2007) [150]

Spinach (Ipomoea aquatic) 64–78 68–89 no yes Prototype system
in green house

Endut et al. (2009)
[151]

Turf-grass, succulent-perennial and reed 90 69 no yes Glasshouse Milandri et al.
(2012) [78]

Zoysia matrella 42.6 no yes Lab column Wu et al. (2017)
[128]

Iris pseudacorus and Zoysia matrella 49.8 no yes Lab column Wu et al. (2017)
[128]

n/a >90 21 39 yes yes Lab column Qiu et al. (2019)
[152]

Ophiopogon japonicus and Radermachera
hainanensis Merr. >95 43.0–79.6 68.4–83.0 yes yes Lab column Gongduan et al.

(2019) [153]



Sustainability 2019, 11, 5415 15 of 21

References

1. Czemiel Berndtsson, J. Green roof performance towards management of runoff water quantity and quality:
A review. Ecol. Eng. 2010, 36, 351–360. [CrossRef]

2. Nations, U. World Urbanization Prospects; United Nations: San Francisco, CA, USA, 2014.
3. Kabir, M.I.; Daly, E.; Maggi, F. A review of ion and metal pollutants in urban green water infrastructures.

Sci. Total Environ. 2014, 470, 695–706. [CrossRef] [PubMed]
4. Park, D.; Song, Y.-I.; Roesner, L.A. Effect of the Seasonal Rainfall Distribution on Storm-Water Quality

Capture Volume Estimation. J. Water Resour. Plan. Manag. 2013, 139, 45–52. [CrossRef]
5. Shrestha, P.; Hurley, S.E.; Wemple, B.C. Effects of different soil media, vegetation, and hydrologic treatments

on nutrient and sediment removal in roadside bioretention systems. Ecol. Eng. 2018, 112, 116–131. [CrossRef]
6. Collins, K.A.; Lawrence, T.J.; Stander, E.K.; Jontos, R.J.; Kaushal, S.S.; Newcomer, T.A.; Grimm, N.B.;

Ekberg, M.L.C.; Johnson, T.N. Opportunities and challenges for managing nitrogen in urban stormwater:
A review and synthesis. Ecol. Eng. 2010, 36, 1507–1519. [CrossRef]

7. Koch, B.J.; Febria, C.M.; Cooke, R.M.; Hosen, J.D.; Baker, M.E.; Colson, A.R.; Filoso, S.; Hayhoe, K.;
Loperfido, J.; Stoner, A.M.; et al. Suburban watershed nitrogen retention: Estimating the effectiveness of
stormwater management structures. Elem. Sci. Anthr. 2015, 3, 63. [CrossRef]

8. Stovin, V.; Vesuviano, G.; Kasmin, H. The hydrological performance of a green roof test bed under UK
climatic conditions. J. Hydrol. 2012, 414, 148–161. [CrossRef]

9. Davis, A.P.; Shokouhian, M.; Sharma, H.; Minami, C. Laboratory Study of Biological Retention for Urban
Stormwater Management. Water Environ. Res. 2001, 73, 5–14. [CrossRef]

10. Barrett, M.E.; Limouzin, M.; Lawler, D.F. Effects of Media and Plant Selection on Biofiltration Performance.
J. Environ. Eng. 2013, 139, 462–470. [CrossRef]

11. Davis, A.P.; Shokouhian, M.; Sharma, H.; Minami, C. Water quality improvement through bioretention
media: nitrogen and phosphorus removal. Water Environ. Res. 2006, 78, 284–293. [CrossRef]

12. Davis, A.P.; Shokouhian, M.; Sharma, H.; Minami, C.; Winogradoff, D. Water quality improvement through
bioretention: lead, copper, and zinc removal. Water Environ. Res. 2003, 75, 73–82. [CrossRef] [PubMed]

13. Line, D.E.; Hunt, W.F. Performance of a Bioretention Area and a Level Spreader-Grass Filter Strip at Two
Highway Sites in North Carolina. J. Irrig. Drain. Eng. 2009, 135, 217–224. [CrossRef]

14. Hou, X.; Zhou, F.; Leip, A.; Fu, B.; Yang, H.; Chen, Y.; Gao, S.; Shang, Z.; Ma, L. Spatial patterns of nitrogen
runoff from Chinese paddy fields. Agric. Ecosyst. Environ. 2016, 231, 246–254. [CrossRef]

15. Regan, J.; Fenton, O.; Healy, M. A review of phosphorus and sediment release from Irish tillage soils, the
methods used to quantify losses and the current state of mitigation practice. Boil. Environ. Proc. R. Ir. Acad.
2012, 112, 1–27. [CrossRef]

16. Whipple, W.; Berger, B.B.; Gates, C.D.; Randall, C.W. Characterization of Urban Runoff. Water Resour. Res.
1978, 14, 370–372. [CrossRef]

17. Zhang, T.; Ni, J.; Xie, D. Assessment of the relationship between rural non-point source pollution and
economic development in the Three Gorges Reservoir Area. Environ. Sci. Pollut. Res. 2016, 23, 8125–8132.
[CrossRef] [PubMed]

18. Chow, M.F.; Yusop, Z. Storm runoff quality in a residential catchment in Malaysia. J. Environ. Hydrol. 2009,
17, 1–9.

19. Kumwimba, M.N.; Meng, F.; Iseyemi, O.; Moore, M.T.; Zhu, B.; Tao, W.; Liang, T.J.; Ilunga, L. Removal of
non-point source pollutants from domestic sewage and agricultural runoff by vegetated drainage ditches
(VDDs): Design, mechanism, management strategies, and future directions. Sci. Total Environ. 2018, 639,
742–759. [CrossRef]

20. Saraswat, C.; Kumar, P.; Mishra, B.K. Assessment of stormwater runoff management practices and governance
under climate change and urbanization: An analysis of Bangkok, Hanoi and Tokyo. Environ. Sci. Policy 2016,
64, 101–117. [CrossRef]

21. Lundy, L.; Ellis, J.B.; Revitt, D.M. Risk prioritisation of stormwater pollutant sources. Water Res. 2011, 6,
6589–6600. [CrossRef]

22. Konrad, C.P.; Booth, D.B.; Burges, S.J. Effects of urban development in the Puget Lowland, Washington,
on interannual streamflow patterns: Consequences for channel form and streambed disturbance.
Water Resour. Res. 2005, 41, 1–15. [CrossRef]

http://dx.doi.org/10.1016/j.ecoleng.2009.12.014
http://dx.doi.org/10.1016/j.scitotenv.2013.10.010
http://www.ncbi.nlm.nih.gov/pubmed/24184546
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0000204
http://dx.doi.org/10.1016/j.ecoleng.2017.12.004
http://dx.doi.org/10.1016/j.ecoleng.2010.03.015
http://dx.doi.org/10.12952/journal.elementa.000063
http://dx.doi.org/10.1016/j.jhydrol.2011.10.022
http://dx.doi.org/10.2175/106143001X138624
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000551
http://dx.doi.org/10.2175/106143005X94376
http://dx.doi.org/10.2175/106143003X140854
http://www.ncbi.nlm.nih.gov/pubmed/12683466
http://dx.doi.org/10.1061/(ASCE)0733-9437(2009)135:2(217)
http://dx.doi.org/10.1016/j.agee.2016.07.001
http://dx.doi.org/10.3318/BIOE.2012.05
http://dx.doi.org/10.1029/WR014i002p00370
http://dx.doi.org/10.1007/s11356-016-6344-7
http://www.ncbi.nlm.nih.gov/pubmed/26936476
http://dx.doi.org/10.1016/j.scitotenv.2018.05.184
http://dx.doi.org/10.1016/j.envsci.2016.06.018
http://dx.doi.org/10.1016/j.watres.2011.10.039
http://dx.doi.org/10.1029/2005WR004097


Sustainability 2019, 11, 5415 16 of 21

23. Doan, L.N.; Davis, A.P. Bioretention–Cistern–Irrigation Treatment Train to Minimize Stormwater Runoff.
J. Sustain. Water Built Environ. 2017, 3, 4017003. [CrossRef]

24. Lien, S.J.; Ahmed, N.A. Flow pattern and hydraulic performance of the REDAC Gross Pollutant Trap.
Flow Meas. Instrum. 2011, 22, 153–164. [CrossRef]

25. Zhang, M.K.; Wang, L.P.; He, Z.L. Spatial and temporal variation of nitrogen exported by runo ff from sandy
agricultural soils. J. Environ. Sci. 2007, 19, 1086–1092. [CrossRef]

26. Department of Irrigation and Drainage. Government of Malaysia Department of Irrigation and Drainage Urban
Stormwater Management Manual for Malaysia MSMA, 2nd ed.; Department of Irrigation and Drainage:
Kuala Lumpur, Malaysia, 2012.

27. Standards, C.Q. Chemical Assessment Methods EU-Wide Environmental Quality Standards—Chemical Status
National Environmental Quality Standards—Ecological Status; The Contact. 2–3; EEA: Boston, MA, USA, 2018.

28. WEPA. National Water Quality Standards for Malaysia CLASS UNIT Source: EQR2006; WEPA: Swalmen,
The Netherlands, 2016; pp. 1–4.

29. Han, J.; Li, Z.; Li, P.; Tian, J. Nitrogen and phosphorous concentrations in runoff from a purple soil in an
agricultural watershed. Agric. Water Manag. 2010, 97, 757–762. [CrossRef]

30. Hatt, B.E.; Fletcher, T.D.; Deletic, A. Hydrologic and pollutant removal performance of stormwater biofiltration
systems at the field scale. J. Hydrol. 2009, 365, 310–321. [CrossRef]

31. Ivanovsky, A.; Belles, A.; Criquet, J.; Dumoulin, D.; Noble, P.; Alary, C.; Billon, G. Assessment of the treatment
efficiency of an urban stormwater pond and its impact on the natural downstream watercourse. J. Environ.
Manag. 2018, 226, 120–130. [CrossRef]

32. Taylor, G.D.; Fletcher, T.D.; Wong, T.H.; Breen, P.F.; Duncan, H.P. Nitrogen composition in urban
runoff—implications for stormwater management. Water Res. 2005, 39, 1982–1989. [CrossRef]

33. Wang, S.; He, Q.; Ai, H.; Wang, Z.; Zhang, Q. Pollutant concentrations and pollution loads in stormwater
runoff from different land uses in Chongqing. J. Environ. Sci. 2013, 25, 502–510. [CrossRef]

34. Alam, M.Z.; Anwar, A.F.; Sarker, D.C.; Heitz, A.; Rothleitner, C. Characterising stormwater gross pollutants
captured in catch basin inserts. Sci. Total Environ. 2017, 586, 76–86. [CrossRef]

35. Chahal, M.K.; Shi, Z.; Flury, M. Nutrient leaching and copper speciation in compost-amended bioretention
systems. Sci. Total Environ. 2016, 556, 302–309. [CrossRef] [PubMed]

36. Lucke, T.; Drapper, D.; Hornbuckle, A. Urban stormwater characterisation and nitrogen composition from
lot-scale catchments—New management implications. Sci. Total Environ. 2018, 619, 65–71. [CrossRef]
[PubMed]

37. Lang, M.; Li, P.; Yan, X. Runoff concentration and load of nitrogen and phosphorus from a residential area in
an intensive agricultural watershed. Sci. Total Environ. 2013, 458, 238–245. [CrossRef] [PubMed]

38. Gold Coast Planning Scheme, Section 13 Water Sensitive Urban Design (WSUD) Guidelines Policies. Policy 11:
Land Development Guidelines, 13.4 Bioretention Swales. In Our Living City, 5th ed.; 2007; pp. 1–30.

39. Niemczynowicz, J. Urban hydrology and water management—Present and future challenges. Urban Water
1999, 1, 1–14. [CrossRef]

40. Fletcher, T.D.; Shuster, W.; Hunt, W.F.; Ashley, R.; Butler, D.; Arthur, S.; Trowsdale, S.; Barraud, S.;
Semadeni-Davies, A.; Bertrand-Krajewski, J.L.; et al. SUDS, LID, BMPs, WSUD and more—The evolution
and application of terminology surrounding urban drainage. Urban Water J. 2015, 12, 525–542. [CrossRef]

41. Md Noh, M.N.B. Role of MSMA in Promoting Sustainable Urban Drainage Systems in Malaysia; Department of
Irrigation and Drainage: Kuala Lumpur, Malaysia, 2008.

42. Simpson, M.G.; Roesner, L.A. Hydrologic Modeling and Capital Cost Analysis of Low-Impact Development.
J. Sustain. Water Built Environ. 2018, 4, 05018003. [CrossRef]

43. Jia, Z.; Evans, R.O.; Smith, J.T. Effect of controlled drainage and vegetative buffers on drainage water quality
from wastewater irrigated fields. J. Irrig. Drain. Eng. 2006, 132, 159–170. [CrossRef]

44. Liu, Y.; Yang, W.; Yu, Z.; Lung, I.; Yarotski, J.; Elliott, J.; Tiessen, K. Assessing Effects of Small Dams on Stream
Flow and Water Quality in an Agricultural Watershed. J. Hydrol. Eng. 2014, 19, 5014015. [CrossRef]

45. Guitjens, J.; Ayars, J. Drainage Design for Water Quality Management: Overview. J. Irrig. Drain. Eng. 1997,
123, 148–153. [CrossRef]

46. Abida, H.; Sabourin, J.F. Grass Swale-Perforated Pipe Systems for Stormwater Management. J. Irrig.
Drain. Eng. 2006, 132, 55–63. [CrossRef]

http://dx.doi.org/10.1061/JSWBAY.0000820
http://dx.doi.org/10.1016/j.flowmeasinst.2011.01.004
http://dx.doi.org/10.1016/S1001-0742(07)60177-6
http://dx.doi.org/10.1016/j.agwat.2010.01.007
http://dx.doi.org/10.1016/j.jhydrol.2008.12.001
http://dx.doi.org/10.1016/j.jenvman.2018.08.015
http://dx.doi.org/10.1016/j.watres.2005.03.022
http://dx.doi.org/10.1016/S1001-0742(11)61032-2
http://dx.doi.org/10.1016/j.scitotenv.2017.01.210
http://dx.doi.org/10.1016/j.scitotenv.2016.02.125
http://www.ncbi.nlm.nih.gov/pubmed/26977536
http://dx.doi.org/10.1016/j.scitotenv.2017.11.105
http://www.ncbi.nlm.nih.gov/pubmed/29145055
http://dx.doi.org/10.1016/j.scitotenv.2013.04.044
http://www.ncbi.nlm.nih.gov/pubmed/23660519
http://dx.doi.org/10.1016/S1462-0758(99)00009-6
http://dx.doi.org/10.1080/1573062X.2014.916314
http://dx.doi.org/10.1061/JSWBAY.0000843
http://dx.doi.org/10.1061/(ASCE)0733-9437(2006)132:2(159)
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0001005
http://dx.doi.org/10.1061/(ASCE)0733-9437(1997)123:3(148)
http://dx.doi.org/10.1061/(ASCE)0733-9437(2006)132:1(55)


Sustainability 2019, 11, 5415 17 of 21

47. EPA. Green Infrastructure in Arid and Semi-Arid Climates Adapting innovative stormwater management
techniques to the. Am. Recover. Reinvestment Act (ARRA). Green Proj. Reserv. 2009, 2009, 1–9.

48. States, U. Storm Water Technology Fact Sheet Bioretention; EPA: Washington, DC, USA, 1999.
49. Christianson, R.D.; Barfield, B.J.; Hayes, J.C.; Gasem, K.; Brown, G.O. Modeling Effectiveness of Bioretention

Cells for Control of Stormwater Quantity and Quality. World Water Environ. Resour. Congr. 2004. [CrossRef]
50. Hunt, W.F.; Jarrett, A.R.; Smith, J.T.; Sharkey, L.J. Evaluating Bioretention Hydrology and Nutrient Removal

at Three Field Sites in North Carolina. J. Irrig. Drain. Eng. 2006, 132, 600–608. [CrossRef]
51. Ming-Han, P.L.; Li, P.E. Bioretention for Highway Stormwater Quality Improvement in Texas; Final report; National

Transportation Library: Washington, DC, USA, 2013.
52. Winston, R.J.; Dorsey, J.D.; Hunt, W.F. Quantifying volume reduction and peak flow mitigation for three

bioretention cells in clay soils in northeast Ohio. Sci. Total Environ. 2016, 553, 83–95. [CrossRef] [PubMed]
53. Batalini, M.; Macedo, D.; Ambrogi, C.; Mario, E. Stormwater volume reduction and water quality improvement

by bioretention: Potentials and challenges for water security in a subtropical catchment. Sci. Total Environ.
2019, 647, 923–931.

54. Yu, S.L.; Kuo, J.T.; Fassman, E.A.; Pan, H. Field Test of Grassed Swale Performance in Removing Runoff

Pollution. J. Water Resour. Plan. Manag. 2001, 127, 168–171. [CrossRef]
55. Muerdter, C.; Özkök, E.; Li, L.; Davis, A.P. Vegetation and Media Characteristics of an Effective Bioretention

Cell. J. Sustain. Water Built Environ. 2016, 2, 04015008. [CrossRef]
56. Hunt, W.F.; Asce, M.; Davis, A.P.; Asce, F.; Traver, R.G.; Asce, M. Meeting Hydrologic and Water Quality

Goals through Targeted Bioretention Design. J. Environ. Eng. 2012, 138, 698–707. [CrossRef]
57. Pellerin, B.A.; Kaushal, S.S.; McDowell, W.H. Does anthropogenic nitrogen enrichment increase organic

nitrogen concentrations in runoff from forested and human-dominated watersheds? Ecosystem 2006, 9,
852–864. [CrossRef]

58. Kaushal, S.S.; Lewis, W.M.; McCutchan, J.H. Land use change and nitrogen enrichment of a rocky mountain
watershed. Ecol. Appl. 2006, 16, 299–312. [CrossRef]

59. Miguntanna, N.P.; Liu, A.; Egodawatta, P.; Goonetilleke, A. Characterising nutrients wash-off for effective
urban stormwater treatment design. J. Environ. Manag. 2013, 120, 61–67. [CrossRef] [PubMed]

60. Stone, R.M. Evaluation and Optimization of Bioretention Design for Nitrogen and Phosphorus Removal.
Master’s Thesis, University of New Hampshire, Durham, NH, USA, May 2013.

61. O’Reilly, A.M.; Wanielista, M.P.; Chang, N.B.; Xuan, Z.; Harris, W.G. Nutrient removal using biosorption
activated media: Preliminary biogeochemical assessment of an innovative stormwater infiltration basin.
Sci. Total Environ. 2012, 432, 227–242. [CrossRef] [PubMed]

62. Dagenais, D.; Brisson, J.; Fletcher, T.D. The role of plants in bioretention systems; does the science underpin
current guidance? Ecol. Eng. 2018, 120, 532–545. [CrossRef]

63. Sun, Y.; Zhang, D.; Wang, Z.-W. The potential of using biological nitrogen removal technique for stormwater
treatment. Ecol. Eng. 2017, 106, 482–495. [CrossRef]

64. Klocker, C.A.; Kaushal, S.S.; Groffman, P.M.; Mayer, P.M.; Morgan, R.P. Nitrogen uptake and denitrification
in restored and unrestored streams in urban Maryland, USA. Aquat. Sci. 2009, 71, 411–424. [CrossRef]

65. Rycewicz-Borecki, M.; McLean, J.E.; Dupont, R.R. Nitrogen and phosphorus mass balance, retention and
uptake in six plant species grown in stormwater bioretention microcosms. Ecol. Eng. 2017, 99, 409–416.
[CrossRef]

66. Chen, X.; Peltier, E.; Sturm, B.S.M.; Young, C.B. Nitrogen removal and nitrifying and denitrifying bacteria
quantification in a stormwater bioretention system. Water Res. 2013, 47, 1691–1700. [CrossRef]

67. Wang, S. Nitrogen removal from urban stormwater runoff by stepped bioretention systems. Ecol. Eng. 2017,
106, 340–348. [CrossRef]

68. Gold, A.C.; Thompson, S.P.; Piehler, M.F. Nitrogen cycling processes within stormwater control measures:
A review and call for research. Water Res. 2019, 149, 578–587. [CrossRef]

69. Davis, A.P. Field Performance of Bioretention: Water Quality. Environ. Eng. Sci. 2007, 24, 1048–1064.
[CrossRef]

70. Bratieres, K.; Fletcher, T.D.; Deletic, A.; Zinger, Y. Nutrient and sediment removal by stormwater biofilters:
A large-scale design optimisation study. Water Res. 2008, 42, 3930–3940. [CrossRef] [PubMed]

71. Read, J.; Wevill, T.; Fletcher, T.; Deletic, A. Variation among plant species in pollutant removal from
stormwater in biofiltration systems. Water Res. 2008, 42, 893–902. [CrossRef] [PubMed]

http://dx.doi.org/10.1061/40737(2004)37
http://dx.doi.org/10.1061/(ASCE)0733-9437(2006)132:6(600)
http://dx.doi.org/10.1016/j.scitotenv.2016.02.081
http://www.ncbi.nlm.nih.gov/pubmed/26906696
http://dx.doi.org/10.1061/(ASCE)0733-9496(2001)127:3(168)
http://dx.doi.org/10.1061/JSWBAY.0000804
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000504
http://dx.doi.org/10.1007/s10021-006-0076-3
http://dx.doi.org/10.1890/05-0134
http://dx.doi.org/10.1016/j.jenvman.2013.02.027
http://www.ncbi.nlm.nih.gov/pubmed/23507244
http://dx.doi.org/10.1016/j.scitotenv.2012.05.083
http://www.ncbi.nlm.nih.gov/pubmed/22742948
http://dx.doi.org/10.1016/j.ecoleng.2018.07.007
http://dx.doi.org/10.1016/j.ecoleng.2017.05.045
http://dx.doi.org/10.1007/s00027-009-0118-y
http://dx.doi.org/10.1016/j.ecoleng.2016.11.020
http://dx.doi.org/10.1016/j.watres.2012.12.033
http://dx.doi.org/10.1016/j.ecoleng.2017.05.055
http://dx.doi.org/10.1016/j.watres.2018.10.036
http://dx.doi.org/10.1089/ees.2006.0190
http://dx.doi.org/10.1016/j.watres.2008.06.009
http://www.ncbi.nlm.nih.gov/pubmed/18710778
http://dx.doi.org/10.1016/j.watres.2007.08.036
http://www.ncbi.nlm.nih.gov/pubmed/17915283


Sustainability 2019, 11, 5415 18 of 21

72. De Rozari, P.; Greenway, M.; El Hanandeh, A. Nitrogen removal from sewage and septage in constructed
wetland mesocosms using sand media amended with biochar. Ecol. Eng. 2018, 111, 1–10. [CrossRef]

73. Liu, J.; Sample, D.J.; Bell, C.; Guan, Y. Review and Research Needs of Bioretention Used for the Treatment of
Urban Stormwater. Water 2014, 6, 1069–1099. [CrossRef]

74. Ng, K.T.; Herrero, P.; Hatt, B.; Farrelly, M.; Mccarthy, D. Biofilters for urban agriculture: Metal uptake of
vegetables irrigated with stormwater. Ecol. Eng. 2018, 122, 177–186. [CrossRef]

75. Zhang, Z.; Rengel, Z.; Liaghati, T.; Antoniette, T.; Meney, K. Influence of plant species and submerged zone
with carbon addition on nutrient removal in stormwater biofilter. Ecol. Eng. 2011, 37, 1833–1841. [CrossRef]

76. Lucas, W.C.; Greenway, M. Nutrient Retention in Vegetated and Nonvegetated Bioretention Mesocosms.
J. Irrig. Drain. Eng. 2008, 134, 613–623. [CrossRef]

77. Goh, H.W.; Zakaria, N.A.; Lau, T.L.; Foo, K.Y.; Chang, C.K.; Leow, C.S. Mesocosm study of enhanced
bioretention media in treating nutrient rich stormwater for mixed development area. Urban Water J. 2017, 14,
134–142. [CrossRef]

78. Milandri, S.G.; Winter, K.J.; Chimphango, S.B.M.; Armitage, N.P.; Mbui, D.N.; Jackson, G.E.; Liebau, V.
The performance of plant species in removing nutrients from stormwater in biofiltration systems in Cape
Town. Water SA 2012, 38, 655–662. [CrossRef]

79. Chen, X.C.; Huang, L.; Ong, B.L. The phytoremediation potential of a Singapore forest tree for bioretention
systems. J. Mater. Sci. Eng. 2014, 7, 220–227.

80. Lim, H.S.; Lim, W.; Hu, J.Y.; Ziegler, A.; Ong, S.L. Comparison of fi lter media materials for heavy metal
removal from urban stormwater runoff using bio fi ltration systems. J. Environ. Manag. 2015, 147, 24–33.
[CrossRef] [PubMed]

81. Clar, M.; Laramore, E.; Ryan, H.; Depth, A.P. Rethinking Bioretention Design Concepts. In Low Impact
Development: New and Continuing Applications; ASCE: Reston, VA, USA, 2008; pp. 119–127.

82. Lintern, A.; Daly, E.; Duncan, H.; Hatt, B.E.; Fletcher, T.D.; Deletic, A. Key design characteristics that influence
the performance of stormwater biofilters. In Proceedings of the 12th International Conference on Urban,
Porto Alegre, Brazil, 11–16 September 2011; pp. 11–16.

83. Takaijudin, H.; Puay, H.T.; Ghani, A.A.; Zakaria, N.A.; Lau, T.L. The Influence of Filter Depths in Capturing
Nutrient Contaminants for Non-Vegetated Bioretention Column: A Preliminary Study. In Proceedings of the
E-Proceedings 36th IAHR World Congr, Hague, The Netherlands, 28 June–3 July 2015; p. 986.

84. Li, J.; Zhao, R.; Li, Y.; Chen, L. Modeling the effects of parameter optimization on three bioretention tanks
using the HYDRUS-1D model. J. Environ. Manag. 2018, 217, 38–46. [CrossRef] [PubMed]

85. Liu, T.; Dong, H.; Zhu, Z.; Shang, B.; Yin, F. Effects of biofilter media depth and moisture content on removal
of gases from a swine barn. J. Air Waste Manag. Assoc. 2017, 67, 1288–1297. [CrossRef] [PubMed]

86. RBrown, A.; Hunt, W.F. Impacts of Media Depth on Effluent Water Quality and Hydrologic Performance of
Undersized Bioretention Cells. J. Irrig. Drain. Eng. 2011, 137, 132–143. [CrossRef]

87. Cho, K.W.; Song, K.G.; Cho, J.W.; Kim, T.G.; Ahn, K.H. Removal of nitrogen by a layered soil infiltration
system during intermittent storm events. Chemosphere 2009, 76, 690–696. [CrossRef] [PubMed]
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