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Abstract

Bioretention systems have been implemented as stormwater best management practices (BMPs) worldwide to treat non-point
sources pollution. Due to insufficient research, the design guidelines for bioretention systems in tropical countries are modeled
after those of temperate countries. However, climatic factors and stormwater runoff characteristics are the two key factors
affecting the capacity of bioretention system. This paper reviews and compares the stormwater runoff characteristics, bioretention
components, pollutant removal requirements, and applications of bioretention systems in temperate and tropical countries.
Suggestions are given for bioretention components in the tropics, including elimination of mulch layer and submerged zone.
More research is required to identify suitable additives for filter media, study tropical shrubs application while avoiding using
grass and sedges, explore function of soil faunas, and adopt final discharged pollutants concentration (mg/L) on top of percentage
removal (%) in bioretention design guidelines.

Keywords Best management practices - Bioretention - Filter media - Nutrient removal - Stormwater management - Tropical
climate

Introduction

Rapid development of land, including industrialization and
urbanization, has changed the surface runoff characteristics
by increasing the volume of stormwater runoff and the amount
of pollutants flowing downstream to the receiving water.
Understanding the problems of urbanization and further
implementing mitigation steps on urban stormwater hydrolo-
gy is critical in addressing the issues (Liu et al. 2014a).
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Bioretention systems were developed in the 1990s by
Prince George’s County, Md. (PGC 2007) as one of the prom-
ising “at source” structural stormwater best management prac-
tices (BMPs). Basic components of a bioretention system are
shown in (Fig. 1). The advantages of bioretention systems are
the following: (1) providing water quality control by remov-
ing sediment loads, nutrients (Davis et al. 2006; Dietz 2007;
Luell et al. 2011), heavy metals (Chapman and Horner 2010;
Sun and Davis 2007), and pathogens (Zhang et al. 2011a;
Hathaway et al. 2009) that exist in stormwater runoff, and
(2) being able to reduce the stormwater peak flow and volume
by infiltration and evapotranspiration (Roy-Poirier et al.
2010).

Extensive studies have been conducted on the performance
of bioretention cells to understand their function, improve
their performance, and lengthen their lifespan (Liu et al.
2014a) in temperate regions such as Australia, the USA, and
New Zealand. Despite having successful studies that show
effective removal of pollutants and reduction of runoff vol-
ume, the performance of bioretention system varies due to
geological locations as different regions have different runoff
characteristics, i.e., rainfall regimes, population density, and
land use (Duncan 1999). However, the performance of
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bioretention in regions where the climate differs significantly
from temperate climates, especially the tropics is uncertain
(Wang et al. 2017).

Although different countries should develop their own
bioretention design criteria based on their local climate and
runoff condition, the studies focused on utilizing bioretention
systems in tropical countries are still at an early stage of de-
velopment. As the bioretention design guidelines in tropical
countries are modeled after those of temperate areas (Wang
etal. 2017), substantial knowledge gaps exist in various areas.
There are questions that need to be answered: (1) Can
bioretention systems developed based on tropical design
guidelines adopted from temperate countries perform effec-
tively under tropical rainfall regime and pollutant composi-
tions? (2) What is the performance and advancement of cur-
rent bioretention designs in both tropical and temperate coun-
tries? (3) Are the recommended components (i.e., usage of
mulch layer or submerged zone) and plants in these guidelines
appropriate for tropical bioretention systems? (4) How should
the current bioretention design guidelines be modified for
tropical countries to suit their climates and the corresponding
runoff characteristics?

To address these questions, this review paper: (1) com-
pares the runoff characteristics and composition between
temperate and tropical countries to discuss the suitability
of adopting bioretention design guidelines from temperate
countries for tropical countries; (2) summarizes the state
of performance and advancement in published laboratory-
scale and on-site bioretention studies; (3) discusses the
application of some design recommendations on mulch
layer, submerged zone, additives, plant selection, and
macrofauna in tropical bioretention systems; (4) provides
a greater refinement of bioretention components to en-
courage wider usage of this stormwater BMPs especially
in tropical climate.

Gravel bed
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drainage layer

Review of bioretention components
and pollutant removal requirements
under temperate and tropical climate

Characteristics and composition of urban runoff

Rainfall patterns are mostly affected by factors such as geo-
graphical location, seasons, and climate change (Suhaila and
Jemain 2012). In the tropics, frequent, short, and intense thun-
derstorms are the norm (Wang et al. 2017), which are less
common in temperate climates. The average annual precipita-
tion in temperate countries such as Australia, the UK, and the
USA are below 800 mm, while in tropical countries such as
Singapore and Malaysia are about 2500 mm (Goh et al. 2017).
This is crucial to the design of bioretention systems especially
in sizing consideration, as an undersized design might have
insufficient storage capacity that may cause runoff to bypass
the system (Wang et al. 2017). Therefore, for large countries
such as Australia, the USA, and China, different stormwater
BMPs guidelines have been used for different regions within
these countries.

Bioretention basins designed for temperate countries are
expected to capture the first flush of runoff which normally
contains high concentration of pollutants. However, as rainfall
tends to be intense and frequent in tropical climate, the first
flush effect could be weak (Wang et al. 2017) while the urban
runoff characteristics and nutrients concentration in tropical
regions are also different from temperate regions. Duncan
(1999) determined the typical nutrients composition of urban
runoff based on the extensive review of 40 years of data for
more than 60 cities worldwide, a summary of which is shown
in (Table 1).

This review revealed that the concentration of total
suspended solids (TSS), total nitrogen (TN), and total
phosphorus (TP) were, on average, highest in agricultural
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lands while concentration of total lead, biochemical oxy-
gen demand (BODs), chemical oxygen demand (COD),
total coliforms, fecal coliforms, and fecal streptococci
were, on average, highest in high urban catchments.
Stormwater runoff in a mix development catchment in
the USA showed a wide range of TSS, TN, and TP con-
centrations (Hudak and Banks 2006) due to the higher
concentration of TSS and pesticides in earlier storm while
lower in later storm. In developing countries, such as
Malaysia and China, high concentration of pollutants, par-
ticularly TSS (204 to 1110 mg/L), BODs (58.3 to 112 mg/
L), and COD (37 to 352 mg/L), as well as TP (0.9 to
8.2 mg/L), are reported (Chow and Yusop 2014; Luo
et al. 2012). On the contrary, the concentration of TSS
(36.5-54.4 mg/L), TN (1.36-1.57 mg/L), and TP (0.21-
0.34 mg/L) in Australia is much lower (Lucke et al.
2018). Pollutants concentration of stormwater runoff, es-
pecially nutrients, is much higher in developing countries
compared to developed countries. This could be attributed
to the leaching from agricultural and farming activities,
rapid urbanization, and industrialization that increase the
impervious surfaces in developing countries. Therefore,
the bioretention systems should be designed to perform
at national and regional basis.

Bioretention components requirement

In both tropical and temperate countries, stormwater BMP
manuals employed specific guidance on the selection and
sizing of bioretention systems according to the range of
applications, configuration, drainage profile, and design
themes. Urban runoff characteristics also vary between
countries within the same climatic region due to the lo-
calized differences in soil properties, rainfall patterns, sea-
sons, land use, and the level of development. The

bioretention systems are widely applied in some devel-
oped countries with temperate climate, especially
Australia and the USA, where various design guidelines
have been developed according to their climatic patterns.

Two example guidelines from Australia and three from
the USA, are shown in (Table 2) to compare their differ-
ences in terms of required design components and pollut-
ant removal efficiency. China, as a developing country
with temperate climate, has implemented the Sponge
City Construction initiative (Jia et al. 2017) for which
the Guide of Sponge City Construction Technology—
low-impact development (LID) Technique (Trial) has
been developed and used as the main guideline
(MHURC 2014). There are also several other localized
guidelines being implemented in China, including
Wuhan sponge city design guideline (trial) and Suining
sponge city design guideline (trial). Since China is in
the early stage of implementing the Sponge City concept,
the complete guidelines on bioretention design are yet to
be finished. The bioretention classification in this guide-
line is relatively simpler compared to other temperate
countries.

For tropical climates, majority of design guide mostly
adopt design criteria from temperate region, regardless of eco-
nomic status. As an example, for developed countries in tro-
pics (Singapore), the Engineering Procedures for Active,
Beautiful, Clean (ABC) Waters Design Guidelines is modeled
after those of temperate areas (primarily Australia) such as
Adoption Guidelines for Stormwater Biofiltration Systems,
Australia (Wang et al. 2017). For developing countries in
tropical climate, Urban Stormwater Management Manual for
Malaysia (MSMA) adopted bioretention design guidelines of
temperate countries, such as Maryland Stormwater Design
Manual (MDE). This shows a lack of design criteria tailored
to tropic regions.

Table 1  Reported nutrient compositions of urban runoff in various countries
Country Source Pollutant (mg/L) Author
TSS TN TP BODs COD

Worldwide Mixed residential, commercial, 45 to 580 1.5t055 0.15t0090 5.5t031  32to400 Duncan (1999)
industrial catchment

Malaysia Mixed residential, commercial 411+379  N/A 82+2.8 58.3+20.4 37.0+29.5 Ho and Tan (2013)
catchment

Malaysia Mixed residential, commercial, 204+182 3.0+£12 09+0.2 82.7+75.0 222.3+197.5 Chow and Yusop
industrial catchment (2014)

China Storm sewer 1110£1560 6.1+3.7 2.0+1.5 112+88 352+207 Luo et al. (2012)

United States of ~ Mixed development catchment 4510 982 0.1t08.0 0.36t02.46 N/A N/A Hudak and Banks

America (2006)
Australia Urban residential 544+739 1.57+£1.74 034+0.73 N/A N/A Lucke et al. (2018)
Australia Commercial 36.5+41.95 1.36+1.08 0.21+0.29 N/A N/A Lucke et al. (2018)

N/A, not available
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Filter media composition

The main purpose of filter media is to filter and/or retain
pollutants and to provide water and nutrients for vegetation.
Sand and sandy loam are generally used as filter media in
bioretention systems, due to their adequate hydraulic
conductivity, low nutrients content, and structural stability.
Payne et al. (2014) suggested using sand with different parti-
cles size (between 0.05 and 3.4 mm) to establish a stable
media that provides sufficient infiltration rate and ensures
enough water holding capacity to support plants’ growth.

Different recommendations are given for filter media com-
position by different design manuals. Some guidelines recom-
mend homogenous type of soil, while other manuals recom-
mend mixture of different soil types. Water By Design (2014)
recommends 100% sand and loam mix while PUB (2014) that
follows the Australia guidelines also recommends 100%
sandy loam. However, Davis et al. (2009) highlighted that
the use of loam, which has low infiltration rate, may lead to
failure of the system due to its high clay content (more than
30% by volume). Considering the lower average annual rain-
fall in Australia, the loam-based filter media may be accepted
but this may not be suitable for application in Singapore, due
to the much higher rainfall intensity. In China, the guidelines
for bioretention suggests the soil composition of 100% plant-
ing soil, which may lead to high amount of nutrients leaching
and lower hydraulic conductivity (MHURC 2014). As the
China guidelines are still in the developing stage, the recom-
mendations for filter media are yet to be finalized.

The three USA stormwater BMPs manuals recommended
different soil compositions for bioretention design in different
regions to ensure the consistency between County Soil Survey
Data and soil test result at different location (NJDEP 2016).
Stormwater BMPs manuals for Malaysia and the USA have
more specific requirements on filter media as it is divided into
different compositions including topsoil, sand, and organics
(leaf compost). Sand provides highly saturated hydraulic con-
ductivity, soft clay in the topsoil provides high pollutant re-
moval especially heavy metals, and organics (compost) helps
to sustain vegetation. Thus, the combination of filter media
provides optimum performance of bioretention. Although
Malaysia guideline for bioretention soil composition is similar
to the one provided in PGC manual, lower leaf compost per-
centage is recommended in Malaysia guideline to prevent nu-
trients leaching (DID 2012).

Filter media depth

The filter media is the central component of bioretention sys-
tems that controls the flow and determines the water quality of
the effluent. The depth of filter media will affect the runoff
storage volume of the system and pollutants removal (Brown
and Hunt IIT 2010). The recommended soil media depth by
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several BMPs manuals ranges between 0.4 and 1.0 m accord-
ing to the plant selection, are given in (Table 2). Shallower soil
media is to be used with herbaceous plant species while
deeper soil media is to be used for woody shrubs or trees.
PGC (2007) suggests a higher depth of filter media, from
0.75 to 1.20 m, following the recommendation in Maryland
stormwater design manual (MDE 2000). Bioretention manual
in China recommends a wider range of filter media depth
varies from 0.25 to 1.20 m as it serves as a general guideline
across the country.

Hydraulic conductivity

Saturated hydraulic conductivity (k) is another parameter be-
sides filter media depth that affects the capacity and pollutant
removal performance of a bioretention systems, as it influ-
ences the capability of a bioretention filter media to achieve
the ponding draw down time (surface infiltration rate). The
purpose of draw down duration is to allow sufficient contact
time for pollutants removal. The recommended £ values in
stormwater BMPs manuals varies across a wide range
(Table 2) due to the consideration that different pollutants will
be removed at different targeted infiltration rates. For exam-
ple, as rainfall intensity in tropical countries is normally higher
than temperate countries, a higher &, requirement is expected
to optimize the amount of runoff flowing through the
bioretention media. However, lower &, will cause longer re-
tention time, thus enabling more reaction time between soil
microbes and pollutants and the removal efficiency will be
increased.

Studies have been conducted to determine the most appro-
priate k, to maximize the amount of runoff treated by optimiz-
ing the contact time of runoff with filter media so that the
quality of treated runoff will not be compromised.
According to LeFevre et al. (2014), a bioretention system
should infiltrate water at a minimum rate of 20 mm/h. Hunt
and Lord (2006) recommended a targeted infiltration rate of
25.4-50.8 mm/h for TN, 50.8 mm/h for TP, and 50.8—
152.4 mm/h for TSS, metals, and pathogens. Hsich et al.
(2007a) reported the usage of a high-conductivity media layer
over a low-conductivity media layer to increase contact time
for removal of dissolved phosphorus. Study of Lucas and
Greenway (2011) revealed an increase in nitrogen removal
with an extended hydraulic residence time in the system. To
date, most studies on bioretention hydraulic conductivity were
conducted for temperate climates. Hence, more research is
required to obtain the optimum hydraulic conductivity to suit
tropical climate.

Plant selection

Bioretention design guidelines recognize the functional effect
of vegetation in the performance of bioretention systems.
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Plants are particularly critical in uptake of nutrients, maintain-
ing infiltration capacity of bioretention, and also provide ad-
ditional benefits of enhancing biodiversity, creating microcli-
mate, and improving aesthetical value (Payne et al. 2015).

Various guidelines with detail plants selection have been
established and developed in temperate countries such as the
USA and Australia which provide detail information on plant
characteristics, planting method, and the capability of nutri-
ents removal (NJDEP 2009; PGC 2007; Water By Design
2014). PGC (2007) provides requirements for plant growth
in bioretention, including light, soil moisture, and drought
tolerance. Besides, plants characteristic, such as blooming
time, mature size, and wildlife value are also provided.
Water By Design (2014) outlines the core and supplementary
vegetation species, planting density, and minimum number of
plant species that are suitable to be planted in certain regions
(wet tropics, dry tropics, subtropics, arid zones). NJDEP
(2016) provides planting methods (seeds, bare-root, or
plants) and inundation tolerance of plants. Moreover, DEP
(2006) mentions about wildlife value, light requirement, and
inundation and drought tolerance of vegetation.

On the other hand, stormwater BMPs guideline in tropical
countries, for example, Malaysia, only provides a list of native
plants (DID 2012), whereas Singapore’s and China’s guide-
lines do not include plants selection guides. It was stated that
the National Parks Board of Singapore should be consulted in
determining suitable plantings for bioretention basins in
Singapore (PUB 2011). To date, there has been a lack of de-
tailed information on planting method and nutrients removal
capability in these guidelines used in the tropics. Therefore, a
comprehensive guideline on the plants’ selection for
bioretention system needs to be developed in which details
such as vegetation planting methods, growth characteristics
and requirements, ecological value, and pollutants uptake ca-
pability according to tropical climate condition should be
included.

Pollutant removal requirements

The importance of nutrients removal from urban runoff has
been emphasized in stormwater BMP manuals. PUB (2011)
has listed TSS, nutrients, BODs, COD, and pathogens as the
pollutants that contribute the most significant impacts on
Singapore’s ecology, whereas the Malaysia Environmental
Quality Report (DOE 2012) stated that the major pollutants
detected from rivers in Malaysia are BODs, ammoniacal ni-
trogen (NH3-N), and TSS. However, in most of the
stormwater BMP manuals, only three water quality parame-
ters: TSS, TN, and TP, are considered for performance assess-
ment of bioretention basins. According to various stormwater
BMPs manuals Table 2, bioretention basins are generally de-
signed for removal rates of 75-97% for TSS, 30-66% for TN,
and 35-85% for TP. These design requirements are guidelines

for further research in enhancing the performance of the cur-
rent bioretention design.

Although most of the guidelines around the world provide
recommendations for pollutants removal percentage,
Singapore’s guideline includes maximum pollutants concen-
tration (mg/L) in the effluent as the design criteria. The inclu-
sion of recommended pollutants concentration in the effluent
is beneficial as relying on percentage removal as the only
reported performance measure can generate misleading con-
clusions on bioretention performance (Davis et al. 2009). For
example, influent with high concentration may result in higher
removal. On the other hand, when the runoff concentration is
relatively low, the effluent discharges may not have much
difference from the influent. In this case, the percent removal
(%) will be low, but the discharged water is of good quality.
Therefore, it is suggested for bioretention design guidelines to
provide recommended final discharged pollutants concentra-
tion (mg/L) on top of removal percentage.

Review of bioretention systems performance

Since the introduction of bioretention in the 1990s (PGC
2007), various researches have been conducted to improve
bioretention performance and create cost-effective
bioretention design under different climate conditions. This
section will discuss on general nutrient removal performance
of bioretention, and also the performance of bioretention cat-
egorized under three classes: filter media, plants, and
components.

General TSS, TN, and TP removal performance

TSS comprises a variety of solid particles (organic and inor-
ganic matters) such as silt, decaying plants fallen leaves, and
wastes that are suspended in runoff water. TSS can be cap-
tured via settling and filtration while they will be further re-
moved effectively through a sedimentation process in the ba-
sin (Davis 2007; LeFevre et al. 2014; Liu et al. 2014a). High
concentration of TSS can impair water quality and cause clog-
ging in the conveyance system of the bioretention (Roy-
Poirier et al. 2010). Generally, TSS removal was high in
bioretention systems, and the removal performance was not
affected greatly by bioretention components such as filter me-
dia type and vegetation. Studies conducted using different
filter media, including concrete and masonry sand (Barrett
et al. 2013); vegetated skype sand and loamy sand (Glaister
etal. 2014); and fine sand, sandy loam, mixture of sandy loam
with mulch, charcoal, perlite, or compost (Hatt et al. 2008)
showed TSS removal in the range of 88 to 99%. Barrett et al.
(2013) revealed that TSS removal is not significantly affected
by vegetation, where bioretention with plants achieved TSS
removal of 90 to 96%, and without plants (91 to 95%).
Comparison of (Tables 3 and 4) shows that the general
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removal performance of TSS in laboratory studies (85% to
more than 90%) was better than on-site studies (53% to more
than 90%). Although most of the bioretention studies show
positive TSS removal, there are some exceptions where the
system may even leach TSS (Hunt et al. 2006). Moreover, in
bioretention studies, TP removal is mainly correlated with
TSS removal. This is evident in studies by Hunt et al. (2006)
and Glaister et al. (2014) where TP removal is associated with
TSS removal. It is worth mentioning that TN removal in
bioretention systems is generally linked to the formation of
an anaerobic zone in the soil mass, which promotes denitrifi-
cation in the system (Dietz and Clausen 2006), indicated that
TN removal in bioretention was not associated with TSS and
TP in the soil.

TP removal is through filtration, adsorption, and microbial
action (Davis et al. 2006). Factors affecting TP removal in-
clude existence of plants, types of filter media, and soil
conductivity. Lucas and Greenway (2008) laboratory scale
study found that the TP retention in vegetated loam was
92% while non-vegetated loam was 56%. Besides, TP reten-
tion in loam, sand, and gravel were 56%, 39%, and 14%,
respectively, which showed that TP retention was affected
by different filter media and vegetation (Lucas and
Greenway 2008). In another study, high conductivity filtration
media was found capable of retaining more TP when com-
pared with low conductivity filter media. This was evident as
the TP retention for high conductivity filter media was 85%
compared to 65% for low conductivity (Hsieh et al. 2007a).

TP removal performance is effective in both laboratory and
site studies Tables 3 and 4 with general removal rate of 65 to
97%. A study by Hsieh and Davis (2005) reported wide range
of TP removal, due to the chemical properties of filter media
and flow behaviors of runoff through the media. Blecken et al.
(2007) revealed that phosphorus can be removed well in cold
temperature (2 and 8 °C). Hunt et al. (2006) found an increase
of TP (65 to 240%) in the effluent of bioretention site due to
the use of high phosphorus index (86 to 100) soil.

The performance of TN removal is in wide range from only
1% (Hsieh and Davis 2005) to 99% (Milandri et al. 2012).
Factors affecting TN removal include existence of plants,
types of filter media, and hydraulic retention time (HRT).
Nitrogen removal could be increased with plants through the
roots’ uptake (Henderson 2009). Moreover, study of Lucas
and Greenway (2008) resulted in TN removal of 76% in veg-
etated loam while only 18% removal was achieved in non-
vegetated loam. Besides, filter media could affect TN remov-
al. Lucas and Greenway (2008) conducted mesocosm study
using “Wheelie-bin” and achieved 76% TN removal in vege-
tated loam while only 40% removal happened in vegetated
gravel. Column study by Hatt et al. (2008) revealed that sand
as filter media gives better TN removal rate of 38% while the
use of sandy loam and mixture of sandy loam caused 18 to
164% increase in TN concentration in the effluent. Hatt et al.
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(2008) suggested that the large nutrients leaching was due to
the outflow of native materials rather than failure of the system
in retaining the pollutants. Unlike the high TN leaching prob-
lem in the Hatt et al. (2008) study, the greenhouse mesocosm
study by Goh et al. (2017) showed promising TN removal,
with 52.2% as the bioretention was allocated adequate period
for mesocosm establishment.

HRT has strong influence on denitrification (POP et al.
2013). A study conducted by Brown and Hunt (2011) revealed
that HRT less than 3 h can be effective for stormwater volume
reduction but ineffective for nitrogen removal. Blecken et al.
(2007) conducted a study on the effect of temperature and
found that nitrogen cannot be reduced under low temperature
(2 and 8 °C) because there are insufficient denitrification and
high leaching from the column. The astounding TN leaching
in laboratory study has been reported by Bratieres et al. (2008)
and Blecken et al. (2007) with the leaching of 208 and 241 %,

respectively, while Brown and Hunt III (2010) found TN
leaching of 75% at a field study which was attributed to the
potential export of nitrate from the used fertilizer.

HRT has strong influence on denitrification (POP et al.
2013). A study conducted by Brown and Hunt (2011) revealed
that HRT less than 3 h can be effective for stormwater volume
reduction but ineffective for nitrogen removal. Blecken et al.
(2007) conducted a study on the effect of temperature and
found that nitrogen cannot be reduced under low temperature
(2 °C and 8 °C) because there are insufficient denitrification
and high leaching from the column. The astounding TN
leaching in laboratory study has been reported by Bratieres
et al. (2008) and Blecken et al. (2007) with the leaching of
208% and 241%, respectively, while Brown and Hunt III
(2010) found TN leaching of 75% at a field study which
was attributed to the potential export of nitrate from the used
fertilizer.

Filter media

This section will discuss on the performance of filter media in
bioretention, which are mulch layer, additives, and soil
macrofauna.

Performance with mulch layer

Various bioretention basin design guidelines suggested a
mulch layer above an engineered soil layer (DEP 2006; DID
2012; MHURC 2014; NJDEP 2016; PGC 2007; PUB 2014;
Water By Design 2014). The main function of the mulch layer
is to keep the soil moisture, aid plants growth, suppress weeds,
and protect underlying soil from drying and eroding
(Trowsdale and Simcock 2011). Mulch layer is also found to
be able to act as a filter for certain pollutants. Hsieh et al.
(2007b) explained that mulch layer can enhance nitrification
process, as higher organic content from mulch with a
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Table 3 Reported pollutants removal performance of bioretention at site studies
Name of site Pollutant load reduction (%) Use of additives  Use of Author
submerged
TSS TN TP zone
University of Maryland, College Park, MD,  96.4 41 55.1 WTR* No Liu and Davis (2013)
USA Li and Davis (2014)
Lenexa, Kansas, USA 90 56 N/A ‘Wood mulch No Chen et al. (2013)
Nashville, NC, USA 60 to 71 -75t0—-21 —2to19 N/A No Brown and Hunt 11T
(2010)
Lawrence Technological University in 79310979 1991t 90.8 7691t097.2 N/A No Carpenter and Hallam
Southfield, MI, USA (2009)
Charlotte, NC, USA 59.5 322 314 N/A No Hunt et al. (2008)
University of Maryland, College Park, MD, 54 to 59 90 to 95 77t0 79 Mulch/newspaper No Davis (2007)
USA
Largo and Greenbelt, MD, USA N/A 49 to 59 65 to 87 Mulch No Davis et al. (2006)
Greensboro, NC, USA -170 40 —6510-240 N/A No Hunt et al. (2006)
“Coomera Waters” residential estate, Gold 61.81-80.78 38.70-47.93 36.42-75.33 N/A No Mangangka et al.
Coast, Australia (2015)
McDowall, Australia 93 37 86 N/A No Hatt et al. (2009)
Kongju National University, Chungnamdo, 94.1 58.6 74.1 N/A No Geronimo et al. (2013)
South Korea
Balam Estate Rain Garden, Singapore 53 25 46 N/A No Wang et al. (2017)

N/A, not available; WTR, water treatment residue

corresponding greater cation exchange capacity can promote
ammonium adsorption. Jang et al. (2005) found that hard-
wood bark mulch has the best physicochemical properties
for adsorption of heavy metals while Hsieh et al. (2007a)
reported that mulch layer could prevent clogging after repeti-
tive TSS input. In addition, the use of mulch layer may result
in a media with less uniform and smaller grain size which can
enhance the capability of capturing smaller particles (LeFevre
et al. 2014).

Although there are substantial benefits reported from vari-
ous researches in temperate countries, the appropriateness of
mulch layer for bioretention design in the tropical climate is
questionable. Bratieres et al. (2008) and Paus et al. (2014)
reported that organic matter such as mulch used in
bioretention practices can increase the phosphorus concentra-
tion in the infiltrating water as the organic matter decomposes
and releases both organic and inorganic phosphorus. Davis
etal. (2009) suggested that mulch layer may require a periodic
replacement or removal. Consideration should be given to the
application of mulch layer due to the problem of scouring and
flotation of mulch during storm events as mulch is subjected
to wash off from the site (NJDEP 2016; PGC 2007). In labo-
ratory studies conducted by Palmer et al. (2013) and Goh et al.
(2017), the mulch layer was excluded; however, the perfor-
mance of bioretention system was still promising.

Considering the fact that the main function of mulch layer
in bioretention systems is protecting the underlying filter me-
dia and helping plants’ growth, the use of mulch layer in

tropics may not be necessary due to the high rainfall condition.
Tropics have enough rainfall to keep the soil wet and support
plant growth. In addition, tropics do not have prolonged dry
season that inhibits plant growth or extremely cold weather
that causes soil freezing. Furthermore, tropics often receive a
large amount of stormwater in a short period, which may
cause scouring and flotation of mulch that can lead to an
increase in nutrients leaching.

Performance with additives

Additives were tested in bioretention systems as one of the
approaches to enhance nutrients removal. Although in stan-
dard bioretention design, removal of TSS and TP are relatively
better than TN removal performance, additives have been ap-
plied to further enhance the P removal. In some studies, water
treatment residual (WTR) has been used as an additive in
bioretention system in which aluminum-based WTR is sug-
gested as amendments in bioretention soil media for better
phosphorus removal (Palmer et al. 2013). O’Neill and Davis
(2011) also used aluminum-based WTR as bioretention soil
media amendments, and the result showed an applied-P mass
reduction of 88.5% compared to an increase of 71.2% in P
mass in effluent water when system was without the amend-
ments. Goh et al. (2017) tested several additives and found
cockle shells the most suitable additives for TP removal (per-
centage removal = 95.2%).
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In order to overcome poor TN removal and N leaching
problem, researches have been conducted to find possible
effective additive to be used. Additives such as shredded
newspaper (Goh et al. 2017), shredded hardwood bark
mulch (Barrett et al. 2013), woodchips (Peterson 2015;
Gilchrist et al. 2013; Payne et al. 2014; Zhang et al.
2011b), and Skye sand (Glaister et al. 2014) have been
used in bioretention system where reduction of nitrate
leaching, as well as higher removal of TN (ranging from
59% to more than 90%), have been reported. Kim et al.
(2003) was the first researcher that utilized additives to
perform column studies. The study found that newspaper
was the best additive for denitrification (with TN removal
up to 80%), out of various additives tested (alfalfa, leaf
mulch, compost, sawdust, wheat straw, wood chips, and
elemental sulfur). The same finding is also reported by
Goh et al. (2017) that found significant improvement in
TN removal (80.4%) by using shredded newspaper.

Besides removal of TN and TP, Stander and Borst
(2009) found addition of shredded newspaper layer in
bioretention media can reduce the volume of urban runoff,
with suggestion that newspaper layer may absorb
stormwater. There is a recent study by Hermawan et al.
(2018) in Malaysia that found halloysite nanotube
achieved both high heavy metal ions removal and high
infiltration rate. Despite of the promising performance of
additives in treating stormwater runoff as mentioned,
there are several essential factors to be considered to
choose a suitable additive, including the targeted pollut-
ants to be removed, long-term effect on the overall per-
formance of bioretention, availability of the additives, and
cost.

For application in tropics, additives that enhance denitrifi-
cation in tropics are suggested as an alternative for submerged
zone to ensure the effectiveness of bioretention system, espe-
cially in removing nitrogen. Although newspaper is proven to
increase nitrogen removal in bioretention system in both tem-
perate and tropical (Goh et al. 2017; Kim et al. 2003), news-
papers are slowly phasing out due to paperless era. Besides
newspaper, there were a few researches that have been carried
out for other purposes. For example, Hermawan et al. (2018)
used synthesized stormwater in lab-scale soil columns to iden-
tify proper soil filter media that can remove heavy metal ions
efficiently, and Guo et al. (2014) suggested that coconut fiber
could also potentially be used as an alternative organic source
for filter media. Additional research is still needed to provide
qualitative and quantitative design, and performance informa-
tion in order to recommend the most suitable additives com-
position in filter media. Promising additives in bioretention
systems for nutrients removal as discussed (shredded hard-
wood bark, woodchips, skye sand, and water treatment resid-
uals) that have been tested in bioretention system in temperate
countries could also be tested in the tropics.

Performance with macrofauna

Soil invertebrates, also known as soil macrofauna, may play
an important role in nutrients retention and/or removal in
bioretention systems. A study of street-scale bioretention ba-
sin in Washington, DC, USA, revealed that the most common
soil-dwelling taxa are earthworms, potworms, springtails,
mites, fly larvae, adult and larval beetles, millipedes, centi-
pede, isopods, ants, spiders, and snails (Ayers 2009), with
earthworms recognized as major ecosystem engineers
(Meysman et al. 2006). Leaves litter (Kazemi et al. 2009)
and soil pH (Kappes et al. 2006) are the two main factors
affecting soil fauna abundance and diversity. Considering
the geographical and climatic factors, the studies of soil mac-
rofauna vary spatially.

Soil macrofauna could affect the performance of
bioretention by affecting infiltration rate, pollutants retention
and/or removal, and plant growth. The burrowing activity of
earthworm, millipedes, scarab beetles, spiders, bee, and wasps
(Colloff et al. 2010) facilitate water and gas transport, improve
infiltration, enhance drainage, and reduce clogging, hence fur-
ther possessed the ability to delay the time before maintenance
is needed (Mehring and Levin 2015, Shipitalo and Le Bayon
2004). Adugna et al. (2015) found that earthworms could
extend the lifespan of filters as the experimental result of the
unit without earthworm started to clog after 4 months while
the unit with earthworm started to clog after 10 months.
Conversely, the study of Jouquet et al. (2012) found that earth-
worm burrowing activity caused leaching of nitrate.

Despite the burrowing activities that may prevent clogging
of filter media, casting activities of soil macrofauna could play
an important role in affecting soil function especially in N
removal. Taylor et al. (2003) found that more ammonium
can be removed in the soil column with earthworm due to
the production of earthworm casts. Earthworm cast can oxy-
genate the influent and assist in nitrification of ammonium.
Although the soil condition is aerobic, anoxic condition in
earthworm gut could facilitate the production of dinitrogen
and nitrous oxide through denitrification (Horn et al. 2006),
thus enhance nitrogen removal.

Studies by Chapuis-Lardy et al. (2011) and Wurst et al.
(2003) found that earthworms enhance mobility and availabil-
ity of nutrients to plants and stimulate plants growth.
Bioturbation by earthworm can also enhance the expansion
of roots and increase roots’ density (Wurst et al. 2003). The
enhancement of plant growth may indirectly improve the run-
off effluent quality, as plants are able to uptake more nutrients
from the runoff. However, the enhancement of nutrients mo-
bility may also lead to an increase in leaching of nutrients
(Suarez et al. 2004). The degree to which the effects of soil
faunas counteract each other has not been explored yet but
there are clear possibilities that the presence of soil fauna in
bioretention system will change laboratory-based estimates of
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bioretention system performance in the field (Mehring and
Levin 2015).

Soil macrofauna may alter the function of bioretention sys-
tem in stormwater management, thus incorporating soil mac-
rofauna in the studies of bioretention system may help man-
ager and researches to understand, optimize, and predict lon-
gevity of bioretention systems (Mehring and Levin 2015). To
date, there is lack of research on bioretention soil macrofauna
in tropical countries. Tropical land has the highest density of
soil fauna (Gonzalez and Seastedt 2001), indicating that trop-
ical land serves a favorable habitat for variety of soil faunas.
As soil is readily inhabited by a wide array of soil fauna, the
studies of the influence of soil macrofauna in bioretention
system are crucial to understand and improve bioretention
system in managing stormwater runoff. Therefore, future re-
search on tropical bioretention systems should be focused on
the distribution and composition of soil macrofauna through
running controlled experiments that can assess the influence
of soil macrofauna on the performance of bioretention
systems.

Performance of plants

Generally, the main criteria for selection of plant species for
bioretention design are suitability for the local landscape and
ecology, ability to survive under extreme conditions, and ca-
pability of rapid but not invasive establishment (Hunt et al.
2015). The appropriate type of plants and species should be
chosen based on their effectiveness in removing the pollutants
(Muerdter et al. 2018).

Barrett et al. (2013) revealed that columns with vegetation
showed improvement in nutrients removal (59-79% of TN
and 77-94% of TP), while columns without vegetation were
found to export substantial amount of nitrate/nitrite. Root
depth is an important factor in determining the effectiveness
of nitrogen removal. In a study conducted in Texas, Big
Muhly grass (Muhlenbergia lindheimeri) with root depth of
~460 mm removed more nitrate and nitrite than Buffalo grass
609 (Buchloe dactyloides), a turf grass with root depth of ~
100 mm (Barrett et al. 2013). Besides that Carex sp. with a
dense root architecture and many fine root hairs has been the
most favorable plant species for nitrogen removal (Zinger
et al. 2013; Bratieres et al. 2008). Payne et al. (2018) investi-
gated 20 plants species which consist of sedges, reeds, trees,
and shrubs with various morphological traits, growth rate,
biomass allocation, and scale. It was found that extensive root
system (high root length, high root surface area, high root
mass, and high length of fine roots (4 < 0.25 mm) as well as
high total biomass are the critical traits to TN and nitrate
removal. These traits provide effective contact between root
and infiltrated stormwater through the filter which influence
plants growth and their nutrients uptake.

@ Springer

The presence of plants in the bioretention cell can increase
TP retention in unsaturated media (Lucas and Greenway
2008). Vegetative mesocosms were found to be more effective
in removal of P at the longest hydraulic residence times (Liu
et al. 2014b). A study in Korea concluded that Rhododendron
indicum Linnaeus gives the greatest TP uptake (Geronimo
et al. 2014). However, there was a different view by Glaister
et al. (2014) who revealed that the presence of plants has a
significant effect on phosphate removal but not TP, as phos-
phate is chemically and biologically driven, while TP removal
is primarily related to the removal of total suspended solids
(TSS). Nevertheless, type of plant does not give a significant
effect to the efficiency of P removal (Muerdter et al. 2018), but
it appears to be significant in limiting clogging problem (Le
Coustumer et al. 2012). In reducing clogging problem, thick
roots are suggested as it is able to increase hydraulic conduc-
tivity and minimize the overflows which leads to maintaining
efficient pollutants removal (Muerdter et al. 2018; Le
Coustumer et al. 2012). A study of Le Coustumer et al.
(2012) revealed that bioretention tend to clog over time, and
plants species with thick roots (Melaleuca ericifolia) helped in
reducing clogging problem.

The climatic condition is different across various regions
where tropics receive high rainfall while temperate regions
face prolonged dry period and seasonal winter. Hence, the
plants’ selection criteria for tropical and temperate regions
should be different. As shown in Table 5, Carex, Melaleuca,
and Juncus spp. are widely used in past studies due to their
effectiveness in reducing the concentration of some pollutants
(Read et al. 2008). In temperate countries such as Australia
and the USA, Carex apressa, a native sedge species, is one of
the most commonly used species for bioretention studies due
to its adaptability in dry and wet regimes (Bratieres et al. 2008;
Zinger et al. 2013). Zhang et al. (2011b) recommended that
the selected native species such as B. juncea, B. rubiginosa,
J. subsecundus, and M. lateritia are suitable for being used in
biofilters in Western Australia due to their effective nutrient
removal.

Although plant species such as grass and sedge are widely
used in temperate countries, this kind of species could be
invasive in tropical countries, such as Malaysia and
Singapore, due to high rainfall, hot and humid climate, as well
as high nutrient content in runoff. Possible widespread of
sedge and grass in tropical climate may be hard to control as
they can re-establish from seeds or remaining roots (Goh et al.
2017). Furthermore, more periodic maintenance is needed for
cutting grass or sedge as they tend to spread very quickly due
to frequent rainfall. Therefore, it is not advisable to use the
sedge and grass in tropical biofilters due to their invasive
behavior.

In tropical climates, the ability of plants to tolerate dry
weather and short-term inundation are the key factors in se-
lection of plant, thus hardy plant species was recommended.
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Besides, with the frequent rainfall, the vegetated bioretention
system should be able to support more variety of plants such
as shrubs and trees with various root systems to uptake differ-
ent types of pollutants. As stormwater runoff in developing
countries consists of high nutrient concentration, the role of
vegetation to uptake excessive nutrients is crucial. A tropical
shrub Hibiscus rosa-sinensis has been recommended in trop-
ical country as it is a fast-growing and easy-to-propagate na-
tive tropical shrub (Goh et al. 2017). In another study conduct-
ed by Chen et al. (2014), E. tapos plants were found a good
phytoremediator for both nitrate and phosphate in bioretention
systems. In Korea, the shrub species (R. indicum and
S. japonica) and tree species (B. microphylla) has been used
to investigate the removal of nutrients in bioretention systems
(Cho et al. 2009; Geronimo et al. 2014).

Research also showed that maximal nutrients removal
would be achieved by planting different suitable species with
complementary effects within the same system. Ellerton
et al. (2012) revealed that mixed planting of C. appressa
and L. longifolia can improve pollutants removal over mono-
culture of L. longifolia. Further research is required to inves-
tigate the effectiveness of using mixture of different plants
species on nutrient removal in tropical bioretention systems.
To conclude, there is a lack of studies on plants selection for
tropical bioretention systems, their efficiency in nutrient re-
moval, and their maintenance requirement; therefore, more
research is required to fill these gaps of knowledge in devel-
oping and implementing bioretention systems in tropical
countries.

Performance with submerged zone

Researchers have suggested using submerged zone in
bioretention, as it is essential for plants and microbes survival
during prolonged dry periods, and able to create an anoxic
condition which could facilitate nitrogen removal (Payne
et al. 2015; Glaister et al. 2014; Zinger et al. 2013; Zhang
et al. 2011b). The problem of the reduction of pollutants up-
take by plants during dry periods in temperate countries has
been mitigated with submerged zone (LeFevre et al. 2014).
Bioretention systems with submerged zone also enhance
plants growth, improve denitrification, and increase removal
of total dissolved nitrogen (TDN) and TN (Zhang et al.
2011Db). Table 5 shows the results of laboratory studies con-
ducted in the USA and Australia incorporating the use of
submerged zone in bioretention system. The study of Palmer
et al. (2013) concluded that the utilization of saturated zone
enables better removal of nitrate with 71% rate compared to
33% rate which was resulted for a bioretention system without
saturation zone. The study of Gilchrist et al. (2013) also con-
firmed higher removal rate of nitrate and nitrite (75%) in a
system with submerged zone compared to 7% resulted from a
system without saturation zone. However, the presence of
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saturation zone significantly decreases ammonia-N reduction
(Gilchrist et al. 2013).

Certain criteria need to be fulfilled to obtain the benefit
from incorporation of the submerged zone. Barrett et al.
(2013) found that submerged zone does not have influence
on evapotranspiration rate due to the limited thickness
(150 mm). Zinger et al. (2013) also reported that a minimum
submerged zone depth of 450 mm is needed for denitrification
to occur. It is worth mentioning that TP removal becomes less
efficient with submerged zone due to the presence of organic
matters in the filter media within the submerged zone (Barrett
et al. 2013). Although there are lack of studies in tropical
countries that included submerged zone in their researches,
N and P removal in bioretention basin without submerged
zone has been still promising (Goh et al. 2017; Guo et al.
2014). Like any landscape feature, bioretention systems must
be maintained through pruning and watering. A bioretention
maintenance guideline published by Hunt et al. (2015) recom-
mended watering of plants every 2 to 3 days until a rainy
period if the plant establishment occurs near a drought period.
This has indicated that submerged zone is not a critical com-
ponent for bioretention in tropical climate.

There were several factors to be considered for application
of submerged zone in bioretention systems in tropics. Goh
et al. (2017) suggested the use of submerged zone becomes
inappropriate in tropical climates due to their different rainfall
regime. As tropical countries have average annual precipita-
tion of 2500 mm, submerged zone becomes less important.
Unlike temperate countries where extended dry period is a
danger for plants, amount of rainfall in tropical countries is
sufficient to support the plants’ growth all around the year.
Besides, soil moisture could be maintained due to the higher
water table level and high air humidity in tropical regions.
Moreover, implementing submerged zone imposes an addi-
tional depth for the bioretention which may increase the cost
of construction.

Conclusion

Bioretention system is one of the on-site stormwater manage-
ment solutions (solutions at the source) that has been widely
implemented in temperate countries such as the USA and
Australia while it has been getting attention in tropical coun-
tries such as Singapore and Malaysia. There were plenty of
researches conducted in the USA and Australia, providing
substantial data and findings on the design components and
the overall performance of bioretention systems. Based on
aforementioned studies, guidelines are developed in temperate
countries which may not be suitable for being used in tropical
countries due to several reasons including geographical and
climatic differences. In fact, the research studies on tropical
bioretention systems have been relatively insufficient, thus the
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implementation of bioretention systems and achieving the
targeted design goals are uncertain. Therefore, the major dif-
ferences between temperate countries and tropics including
rainfall amount and patterns, runoff generation processes, nu-
trients concentration, and land use need to be considered in
developing a design guideline that can cater bioretention sys-
tems design in tropics. This review study provides the follow-
ing suggestions and recommendations for future research
studies which are aimed to enhance the bioretention systems
design and their performance in tropical regions:

» It is recommended to adopt certain pollutants concentra-
tion (mg/L) for system’s effluent rather than considering
percent removal (%) as a criterion to measure the perfor-
mance of a bioretention system.

* Usage of mulch layer is not recommended for tropical
regions as rainfall amount in tropics is sufficient to provide
reasonably good soil moisture that can support the plants’
growth. Moreover, the usage of mulch layer in tropics may
lead to the problem of scouring and flotation of mulch in
the system due to the fact that tropical regions often re-
ceive large amount of stormwater in a short period of time.

» Usage of submerged zone is not recommended in tropical
bioretention systems. This is due to the fact that the
amount of rainfall in tropical countries is sufficient to sup-
port the plants’ growth all over the year.

» Usage of suitable additives can help in nutrient removal.
Promising additives tested in bioretention systems for nu-
trients removal in tropical countries are newspaper and
water treatment residuals (WTR). However, further re-
search studies are still needed to suggest more suitable
additives and provide more quantitative measures on their
usage and performance to maximize their role in pollut-
ants removal.

» Usage of suitable local plants are recommended for
tropical bioretention systems as plants have good po-
tential to (1) improve nutrients removal by their nutri-
ent uptake, (2) slow down the horizontal flow, and (3)
maintain a reasonable infiltration rate in filter media
by help of their roots that can limit the clogging prob-
lem. Plants species classified as grass and sedge,
which are normally used in temperate countries, are
not suitable in the tropics as they are invasive and
hard to control upon widespread. Therefore, more
studies on tropical shrubs are necessary.

» It is recommended to incorporate soil faunas in tropical
bioretention systems as there are clear possibilities that the
presence of soil fauna in bioretention systems will change
laboratory-based estimation on bioretention systems per-
formance in the field. The performance of bioretention
system facilitated with soil faunas remains an open re-
search area. The influences of soil fauna in bioretention
systems in the tropics should be studied.
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