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Constructed Wetlands for Management
of Urban Stormwater Runoff

PIYUSH MALAVIYA and ASHA SINGH
Department of Environmental Sciences, University of Jammu, Jammu, J&K, India

In urban and suburban areas, stormwater runoff has been iden-
tified as a significant contributor to water quality impairment.
The quality of the stormwater and the characteristics of the pollu-
tants present are dependent on the types of surfaces the stormwater
encounters. The scientific research within this field has been fo-
cused on pollutants such as nutrients, heavy metals, organic and
particulate matter, herbicides, and polycyclic aromatic hydrocar-
bons. These constituents may pose risks to life forms along with
technical and aesthetic problems and thus require implementa-
tion of management practices for mitigating stormwater pollution.
Structural best management practices are now commonplace for
stormwater management in urban developments and range from
simple filter strips, to the latest green technology methods such as
constructed wetlands. Physicochemical and biological properties
of wetlands provide many positive attributes for remediating con-
taminants. Specifically, wetland stormwater treatment areas offer
the advantages of water storage and peak-flow attenuation, nutri-
ent cycling and burial, metal sequestration, sediment settling, and
breakdown of organic compounds along with certain ancillary
benefits such as recreational facilities as well as functioning as a
wildlife habitat. In this context, the authors summarize information
on stormwater and different structural best management practices
used for stormwater treatment. They critically examine the poten-
tial of constructed wetlands for stormwater treatment by looking
at the present research initiatives toward execution of this tech-
nology. Future considerations in choosing constructed wetlands
as stormwater treatment systems are also highlighted by discussing

Address correspondence to Piyush Malaviya, Department of Environmental Sciences,
University of Jammu, Jammu-180 006, J&K, India. E-mail: piyushmalaviya@rediffmail.com

2153



2154 P. Malaviya and A. Singh

benefits and inadequacies as well as economic facets of constructed
wetlands.

KEY WORDS: macrophyte, metal, pollution, stormwater, wetland

1. INTRODUCTION

Proliferation of urban sprawl has caused dilapidation of receiving waters
owing to amplification of point as well as nonpoint source (NPS) pollutants.
Unlike point source pollutants, that could be substantially reduced by ap-
plying various conventional treatment technologies, NPS pollutants remain a
disquieting trouble, as they are dispersed, making collection and centralized
treatment exigent. Among NPS of pollution, urban stormwater runoff (i.e.,
the water that originates when precipitation from rain or snowmelt flows
over the ground; U.S. Environmental Protection Agency [EPA], 2003), repre-
sents one of the great challenges of modern water pollution management,
and worldwide, it is a principal contributor to impairment of water bod-
ies. In addition to its highly unsteady inflows with much greater volumes,
a variety of contaminants are present in stormwater, including physical ob-
jects, from large debris to microscopic particles, and chemical constituents,
both dissolved and immiscible, exhibiting technological complexities in its
management (National Research Council [NRC], 2008).

Although stormwater has long been regarded as a major culprit in
urban flooding, only in the past 30 years policymakers have appreciated the
significant role stormwater plays in the deterioration of urban watersheds.
This rise in recognition has led to a search of different effectual management
programs for stormwater runoff (NRC, 2008). As the traditional use of
end-of-pipe control technologies and automated effluent monitors used for
point source pollutants do not work for the episodic and variable loading
of pollutants in stormwater, structural best management practices (BMPs)
such as filter strips and swales, infiltration systems, storage facilities, and
alternative road structures (Eriksson et al., 2007b) act as crucial tools for
stormwater management. Among all these BMPs, phytopurification or green
technologies are gaining increased popularity due to their cost effectiveness
especially suitable for developing countries. The most common phytopu-
rification technology involves constructed wetland (CW) treatment systems,
which have been successfully used for the treatment of a wide range of
wastewaters (cf. municipal sewage, landfill leachates, industrial wastewa-
ters); however, the treatment of stormwater runoff in CWs is still at its infancy
(Sundaravadivel and Vigneswaran, 2001). CWs reduce nutrients, organic
substances, pathogens, and various heavy metals present in stormwater
runoff (Langergraber et al., 2008). Keeping in view the importance of CWs for
stormwater treatment, in the present article we critically review the research
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pertaining to stormwater and its treatment by CWs, in addition to providing
a brief description about different BMPs employed for stormwater treatment.

2. URBAN STORMWATER POLLUTION: A GLOBAL SCENARIO

Urban stormwater is the term used to describe runoff associated with a
rain or snow storm that can be measured in a downstream river, stream,
ditch, gutter, or pipe shortly after the precipitation has reached the ground
(NRC, 2008). It also includes water that has percolated into the ground but
nonetheless reaches a stream channel relatively rapidly (typically within a
day or so of the rainfall), contributing to the high discharge in a stream that
commonly accompanies rainfall. This diffuse, NPS pollutant load consists
of litter, debris, and sediment as the visually apparent components, and
nutrients, coliforms, heavy metals, and toxic chemicals (e.g., polycyclic
aromatic hydrocarbons [PAHs], polychlorinated biphenyls, organochlorines)
as a hidden component (Taebi and Droste, 2004). These stormwater con-
stituents may represent risks to exposed humans, animals, or plants, as well
as technical and aesthetic tribulations. For instance, suspended solids can
have a detrimental impact on aquatic environments, by smothering aquatic
plants, silting waterways, resulting in an increase in water turbidity and
reduced light penetration. High organic content results in high biochemical
oxygen demand (BOD) and oxygen depletion, which can cause fish kills
(Greenway, 2000). Nutrients such as nitrogen and phosphorus are also often
found in stormwater in high concentrations and play an important role in
algal blooms in open water bodies (Kasper and Jenkins, 2007). Pathogenic
organisms are washed into swimming areas and create health hazards,
often making beach closures necessary. Debris, plastic bags, bottles, and
cigarette butts washed into water bodies can choke, suffocate, or disable
aquatic life such as ducks, fishes, turtles, and birds. Likewise, hazardous
wastes such as insecticides, pesticides, paint, solvents, used motor oil, and
other auto fluids present in stormwater can poison aquatic life (U.S. EPA,
2003).

Urban development results in an increase in the amount of impervious
areas, such as pavements, roads, or roofs within any defined catchment.
Consequently, the infiltration capacity of the catchment is reduced and the
volume of stormwater runoff increases, which leads to higher flood peaks in
urban creeks and rivers (Kasper and Jenkins, 2007). Structural drainage con-
trols then bring the urban runoff to a point of discharge into the receiving wa-
ter body. In this manner, the diffused pollution generated and accumulated
over a wide area is transformed into a point source of pollution upon entry
into the aquatic environment (Taebi and Droste, 2004). Unable to handle
the increased water volume and flow, these water bodies often experience
eroded banks, incised channels, loss of habitat and aquatic life, and increased
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flooding and property damage. The quality of the stormwater and the char-
acteristics (physical, chemical, or microbial) of the pollutants are dependent
on the types of surfaces the stormwater encounters (e.g., roads, parking lots,
roofing materials, recreational areas). For example, lawns appear to have
the highest runoff concentration of phosphorus and total Kjeldahl nitrogen
(TKN) while streets have high runoff concentrations of total suspended solids
(TSS) and many metals (Steuer et al., 1997). The major sources of stormwa-
ter runoff include releases from building materials and other constructions,
traffic-related discharges (e.g., exhaust from vehicles, tires, brakes, road ma-
terial, painting markers on roads, use of deicing agents), human activities
(e.g., application of fertilizers and pesticides, leaching and corrosion of pol-
lutants from exposed materials, washing of cars, disposal of paint, oil in the
stormwater sewer), and wet and dry air depositions (Eriksson et al., 2007a).

Stormwater runoff scours contaminants mainly from impervious sur-
faces, where pollutants are deposited during dry periods, and transports
them to receiving waters such as rivers, lakes, and estuaries (Hwang
and Foster, 2006). Persistent pollutants present in stormwater runoff are
particularly damaging when short duration intense summer storms follow
a long dry period during which these pollutants have accumulated on the
road surface and in the drainage system itself. A sudden flush of road
drainage can harm receiving water ecology. More extensive rainfall would
have less impact due to the greater dilution of pollutants in the runoff
(Mungur et al., 1995). Though diluted, the pollutant impact and shock load
associated with stormwater runoff is significantly higher than the secondary
treated domestic sewage (Goonetilleke et al., 2005).

Various factors such as rainfall characteristics (intensity and depth), an-
tecedent dry days before individual storm, and the specific activities in the
catchment together determine the amount of pollutants being washed off
during a particular rain/storm event (Chui, 1997; Davis et al., 2001; Granier
et al., 1990). However, some elements such as As, Cr, and Cu did not follow
the phenomenon, which could be due to the difference in solubility char-
acteristics of these elements (Sansalone and Buchberger, 1997). In a study
conducted by Brezonik and Stadelmann (2002), the event mean concentra-
tions of dissolved phosphorus (DP), chemical oxygen demand (COD), TKN,
nitrate plus nitrite–nitrogen (NN), and total nitrogen (TN) were found to
be negatively correlated with precipitation amount. Further, all variables in
their study except soluble reactive phosphorus (SRP) and Pb were negatively
correlated with rainfall duration, which suggested that long storms generate
more diluted runoff. Likewise, Maniquiz et al. (2010) observed that the rain-
fall variables did not display significant correlations to pollutant event mean
concentrations (EMCs) and mostly were negatively correlated. The strongest
relationships were observed for organics: biological oxygen demand (BOD;
r = −0.44), COD (r = −0.30), and dissolved organic carbon (DOC; r =
−0.29). The same observation was found in the case of rainfall duration
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(RAINDUR) and average rainfall intensity (AVGINT), where most EMCs were
either negatively correlated or the coefficients were low. Due to the mini-
mal interparameter correlations between EMC and rainfall variables, it was
hypothesized that big rainfalls with longer duration and high intensities pro-
duce more dilute runoff. However, the weak correlations also explain that not
only rainfall variables contribute to runoff pollutant loads and EMCs, while
other factors should also be considered. In another study, consistently nega-
tive response of DOC concentration to increased flow in wetland-dominated
catchments suggested a dilution effect across peatlands (Eimers, 2008).

Stormwater runoff from urbanized watersheds has received increasing
attention from the public and scientific community in recent years because
it is perceived to be a large source of pollutants to water bodies (U.S. EPA,
1995). Throughout the United States, NPS pollution is a major contributor to
the impairment of receiving waters (U.S. EPA, 2002). In Southern California,
despite separate stormwater and sanitary sewer systems, the stormwater
runoff from urbanized watersheds has contributed substantial loadings of
a variety of constituents to receiving water environments (Schiff, 1997).
For instance, the cumulative loads of Pb and Zn from all of the urbanized
watersheds in the Southern California Bight to the coastal oceans were
estimated to be 39 and 316 metric tons during the years of 1994 and
1995, respectively. These inputs represent over half of the combined mass
emissions from all sources, which include traditional point sources such as
publicly owned treatment works, industrial facilities, and power generating
stations (Schiff et al., 2000).

The U.S. Environmental Protection Agency reported that 35% of assessed
rivers and streams (in length) and 44% of assessed estuaries (in area) were
impaired for one or more designated uses (e.g., aquatic life support, fish con-
sumption, drinking water supply) mainly due to stormwater runoff, including
storm sewer overflows, and agricultural runoff (U.S. EPA, 2000). Of the water
bodies that have been assessed in the United States, urban runoff is respon-
sible for about 38,114 miles of impaired rivers and streams, 948,420 acres of
impaired lakes, 2,742 square miles of impaired bays and estuaries, and 79,582
acres of impaired wetlands. Urban stormwater is listed as the primary source
of impairment for 13% of all rivers, 18% of all lakes, and 32% of all estuar-
ies (NRC, 2008). Walker et al. (1999) reported that urban stormwater runoff
alone ranks as the third most common source for rivers in the United States.

The Selected Stormwater Priority Pollutants (SSPP) list derived from the
DayWater Project consists of 25 SSPPs that are shown in Table 1. It includes
the following categories: basic water quality parameters (6), metals (7), PAHs
(3), herbicides (4), and miscellaneous organic compounds (5; Eriksson et al.,
2007b). More specifically, these parameters may be used to evaluate the po-
tential for environmental problems related to eutrophication (elevated nutri-
ents loads), oxygen depletion (high organic matter inputs), aesthetical prob-
lems and erosion (e.g., high concentrations of suspended solids resulting in
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TABLE 1. List of selected stormwater priority pollutants (indicator parameters) (Eriksson
et al., 2007b)

Type Name

Basic parameters Biochemical oxygen demand
Chemical oxygen demand
Suspended solids
Phosphorus
Nitrogen
pH

Metals Chromium as chromate
Cadmium
Platinum
Copper
Nickel
Lead
Zinc

PAH Benzo[a]pyrene
Naphthalene
Pyrene

Herbicides Phenmedipham
Pendimethalin
Terbutylazine
Glyphosate

Miscellaneous Nonylphenol ethoxylates and degradation products
(e.g., nonylphenol)

2,4,4′-Trichlorobiphenyl (Polychlorinated biphenyl 28)
Di(2-ethylhexyl) phthalate
Methyl tert-butyl ether
Pentachlorophenol

Bacterial indicators Fecal coliforms (Escherichia coli,b Enterococci sp.b)
pathogens (Pseudomonas aeruginosa,a

Staphylococcus aureus,a Clostridium perfringensb)

aOliveri et al. (1977). bCharacklis (2005).

significant turbidity and damage to flora and fauna), direct toxicity problems
(change of pH resulting in altered speciation and complexation of ammonia
and metals), and long-term environmental risks (e.g., changes in the aquatic
community due to elevated loads of organic matter; Eriksson et al., 2007b).

Heavy metals in the urban environment predominantly enter stormwa-
ter by the wash-off of atmospherically transported material, such as vehicle
emissions, and by the dissolution of common building materials such as
concrete, galvanized materials, bricks, and tiles (Davis et al., 2001). As all
the heavy metals are inherently persistent, this characteristic is not enough
for discrimination and hence, the seven metals were selected for inclusion
following an evaluation of factors such as their level and mode of toxicity
(i.e., highly acute or chronic) as well as being representative of a range
of sources (Eriksson et al., 2007b). Walker et al. (1999) summarized the
concentrations of heavy metals in urban runoff and reported them to
be in the following concentration ranges: Cu (0.00006–1.41 mg L−1), Pb
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(0.00057–26.0 mg L−1), and Zn (0.0007–22.0 mg L−1). Platinum is included
as a representative of the platinum group elements (PGE; i.e., platinum,
palladium, and rhodium) because of its presence in vehicle exhaust catalysts.
Lead was previously used as an antiknock agent in petrol but the primary
sources are now lead fishing sinkers and ammunition (Sörme et al., 2001).

The group of PAHs identified as potentially present in stormwater
runoff consisted of more than 50 compounds of which seven were found
to be potentially hazardous with respect to the water phase and 35 in the
solid phase (Eriksson et al., 2007b). Two PAH compounds that represented
potential hazards in the solid phase were pyrene (4 aromatic rings) and
benzo[a]pyrene (5 aromatic rings and a known carcinogen), and the 2-ring
compound naphthalene constituted a potential hazard in the water and solid
phases. Out of the large number of herbicides defined as potential stormwa-
ter pollutants, 23 were found to be used in large quantities in Europe, and
14 of these were identified as potential stormwater priority pollutants. Out
of these 14 herbicides, three herbicides (pendimethalin, phenmedipham,
and terbutylazine) were selected as SSPPs owing to there potential hazards
in the water and solid phases with the additional selection of glyphosate
due to its prevalence in monitoring programs (Eriksson et al., 2007b).

Another five compounds (pentachlorophenol [PCP], polychlorinated
biphenyl-28 [PCB-28], di (2-ethylhexyl) phthalate [DEHP], nonylphenol
ethoxylates [NPEO], and methyl tert-butyl ether [MTBE]) were selected
from the group of miscellaneous xenobiotic organic compounds (XOCs) as
representatives reflecting a range of sources, impacts, and political/public
concerns in relation to XOCs. PCP is used as a wood preservative and
is persistent to degradation, highly toxic to aquatic organisms and causes
long-term adverse effects. PCBs are well known for their persistence and for
their diffuse leakage from buildings and insulated electrical equipment (e.g.,
transformers). PCB-28 was selected as the representative PCB being the
most water soluble of the seven PCBs confirmed to be present in stormwater
runoff (Eriksson, 2002). DEHP is used as a plasticizer in tubing and is
ubiquitous in the technosphere. It is one among 356 registered different
phthalates and 28 high production volume chemicals (HPVC; European
Chemical Substances Information System, 2005). Nonionic detergents such
as NPEO are used as car wash detergents and have been shown to release
the ethoxylate side chain on degradation producing compounds (e.g.,
nonylphenol), which have been confirmed to have endocrine disrupting
effects. Likewise, Methyl tert-butyl ether was also included due to its
presence in petrol, its high water solubility, and mobility in soils and
because of concerns over its use in relation to odor (Eriksson et al., 2007b).

Even though, not specified in the SSPP list derived from the DayWater
project, the presence and distribution of microorganisms in stormwater and
wet weather discharges also need to be considered. This can be achieved
by either using traditional parameters (total fecal coliforms, E. coli) or more
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recently identified indicators of fecal pollution (fecal sterols). Bacterial indi-
cators such as fecal coliforms and pathogenic organisms are also specified
as stormwater priority pollutants and are given in Table 1 (Characklis,
2005; Oliveri et al., 1977). Besides, recently, the European Commission
supplemented the list with an additional eight compounds or compound
groups. These eight new compounds are all chlorinated industrial products
including pesticides (e.g., p,p′-DDT, aldrin, dieldrin) and solvents (e.g., tetra-
chloromethane, trichloroethylene; Eriksson et al., 2007b). On account of the
presence of all the previously mentioned toxic contaminants, proper man-
agement practices are needed to bring down the concentration of pollutants
in stormwater before their ultimate discharge into the receiving waters.

3. STRUCTURAL BEST MANAGEMENT PRACTICES
FOR STORMWATER

Owing to the shift of the world’s population to urban settings accompanied
by continued landscape alteration to accommodate booming population,
the magnitude of the stormwater problem is expected to aggravate further.
As individual controls on stormwater discharges are inadequate as the sole
solution to stormwater pollution in urban watersheds, stormwater control
measures (SCMs) or BMPs implementation needs to be designed as a system,
integrating structural and nonstructural BMPs and incorporating watershed
goals, site characteristics, land use development, erosion and sedimentation
controls, aesthetics, monitoring, and maintenance. Stormwater cannot be
adequately managed on a piecemeal basis due to the complexity of the
hydrologic and pollutant processes and their effects on habitat and stream
quality. Nonstructural SCMs or BMPs such as product substitution, better site
design, conservation of natural areas, and watershed and land-use planning
can dramatically reduce the volume of runoff and pollutant load from a new
development. Such SCMs should be considered first before structural prac-
tices. For example, lead concentrations in stormwater have been reduced
by at least a factor of four after the removal of Pb from gasoline. Likewise,
not creating impervious surfaces or removing a contaminant from the runoff
stream simplifies and reduces the reliance on structural SCMs (NRC, 2008).

For reduction of contaminants from stormwater runoff to acceptable
level before being discharged into water bodies, numerous conventional
and emerging methods (e.g., ion exchange, electrolyte or liquid extraction,
electrodialysis, precipitation, reverse osmosis) could be applied. However,
most of the available physicochemical technologies are either economically
unfavorable or too technically complicated (Brown et al., 2000a; Brown
et al., 2000b). Contrary to standard domestic or industrial wastewater
treatment technologies, stormwater treatment systems have to be robust
to highly variable flow rates and water quality variations (Scholz and Lee,
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2005). To resolve these problems, and to reduce the urban runoff peak
flows as well as the amount of stormwater based pollutants entering the
receiving water environment, structural BMPs or sustainable urban drainage
systems (SUDs) are widely used nowadays (Eriksson et al., 2007b).

Structural BMPs (Table 2) can be categorized into four main groups:
filter strips and swales, infiltration systems (soak ways, infiltration trenches
and infiltration basins), storage facilities (detention basins, retention ponds,
lagoons, CWs, storage tanks, roof storage), and alternative road structures
(porous paving, porous asphalt surfaces; Scholes et al., 2005). Depending on
the nature of the stormwater pollutants being targeted and available space,
a specific type of structural BMP is applied. In many cases, a sequence

TABLE 2. Descriptions of different structural BMPs (Scholes et al., 2005)

System type Description

Filter strip Grassed or vegetated strip of ground that stormwater flows
across

Swales Vegetated broad shallow channels for transporting
stormwater

Soakaways Underground chamber or rock-filled volume; stormwater
soaks into the ground via the base and sides; unplanted
but host to algal growth

Infiltration trench A long thin soakaway; unplanted but host to algal growth
Infiltration basin Detains stormwater above ground, which then soaks away

into the ground through a vegetated or rock base
Detention basin Dry most of the time and able to store rainwater during

wet conditions; often possess a grassed surface
Retention pond Contain some water at all times and retains incoming

stormwater; frequently with vegetated margins
Sedimentation tank Symmetrical concrete structure containing appropriate

depth of water to assist the settling of suspended solids
under quiescent conditions

Extended detention basin Dry most of the time and able to store rainwater during
wet conditions for up to 24 hr; grassed surface and may
have a low basal marsh

Filter drains Gravelled trench systems where stormwater can drain
through the gravel to be collected in a pipe; unplanted
but host to algal growth

Lagoons Pond designed for the settlement of suspended solids;
fringing vegetation can sometimes occur

Constructed wetlands Vegetated system with extended retention time
(a) Subsurface flow Typically contain a gravel substrate, planted with reeds,

through which the water flows
(b) Surface flow Typically contain a soil substrate, planted with reeds, over

which the water flows
Porous asphalt Open graded powdered/crushed stone with binder: high

void ratio; no geotextile liner present
Porous paving Continuous surface with high void content, porous blocks

or solid blocks with adjoining infiltration spaces; an
associated reservoir structure provides storage; no
geotextile liner present; host to algal growth
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(often called a treatment train) of measures may be used. For example,
linear infiltration or biofiltration systems may be placed within the urban
streetscape that may pass on water to a sedimentation basin and CW, before
discharging to an ornamental pond (Lloyd et al., 2001).

Heightened concern during the 1980s about the deleterious effects of
urbanization on watersheds of densely populated Mid-Atlantic States in the
United States has resulted in adopting a variety of stormwater management
regulations intended to mitigate the damage by these states. Many states such
as Delaware, New Jersey, and Pennsylvania allow a range of practices and
regulatory approaches from extended detention in Pennsylvania through
the latest green technology methods promoted in Delaware to the recharge,
quality, and peak reduction approaches of New Jersey (Balascio and Lucas,
2009).

Although, all the previously mentioned BMPs have been devised for
attenuating hydrologic flows and removing contaminants from stormwater
runoff, the major constraint continues to be its diffuse delivery, which ne-
cessitates extensive regional infrastructure in conjunction with a system that
allows degradation as well as removal of pollutants present in stormwater
runoff and thus, among all the structural BMPs, CWs hold a promising
answer to these problems. In comparison with other technologies, a CW
is a sustainable means of treating stormwater and also proves to be more
economical (in terms of construction and maintenance) and energy efficient
(Kadlec et al., 2000). Furthermore, wetlands enhance biodiversity and are
less susceptible to variations of loading rates (Cooper et al., 1996).

4. CONSTRUCTED WETLANDS: AN ECO-TECHNOLOGICAL
ADVANCEMENT

Using plants to purify wastewater has always fascinated researchers and
holds instinctive appeal to the general public as well. Consequently, natural
wetland systems, that use the ability of plants for uptaking or degrading
the pollutants, were developed. Studies have shown that natural wetlands
characteristically portrayed as kidneys of the landscape (Lai and Lam, 2009)
are able to provide high levels of wastewater treatment. Physicochemical
characteristics prevailing in natural wetlands provide many positive attributes
for remediating contaminants. However, there has been concern over pos-
sible harmful effects of toxic materials and pathogens in wastewaters and
long-term degradation of natural wetlands due to additional nutrient and
hydraulic loadings from wastewater (Kivaisi, 2001). New regulations in the
United States, aiming to protect natural wetlands, now restrict their use for
stormwater runoff (Debusk et al., 1996). The remarkable ability of wetlands
to remove contaminants from water, however, makes them a desirable
choice of treatment method (Carleton et al., 2001; Haberl et al., 2003; Kivaisi,
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2001). CWs that are designed to mimic natural wetland systems offer a com-
promise between preservation of existing natural systems and exploitation of
the unique biological and physicochemical processes of wetlands to remove
low levels of contamination from large volumes of stormwater runoff.

CWs are among the recently proven (Vymazal, 2011) efficient technolo-
gies for wastewater treatment. These are engineered treatment systems that
encompass a plurality of treatment modules including biological, chemical,
and physical processes, which are all akin to processes occurring in natural
treatment wetlands (Babatunde et al., 2008). They are intended to take
advantage of many of the same processes that occur in natural wetlands,
but do so within a more controlled environment. They are created from a
nonwetland ecosystem or a former terrestrial environment, mainly for the
purpose of pollutant removal from wastewater.

Major advantages of CWs include:

• They operate on ambient solar energy and require low external energy
input.

• They achieve high levels of treatment (Carleton et al., 2001) with little or
no maintenance, making them especially appropriate in locations where
no infrastructure support exists.

• They are relatively tolerant to shocks induced by hydraulic and pollutant
loads that ensure the reliability of treated wastewater quality.

• Unlike the conventional treatment systems, no specific design and life
period is generally prescribed for CWs and as such they tend to have
increased treatment capacity over time, by setting up feedback loops that
result in self-repairing systems.

• Wetland vegetation generates oxygen and consumes carbon dioxide,
thereby helping in improving air quality and fight global warming. While
the wetlands cover only 6% of the world’s surface, they are estimated to
hold 771 gigatons of greenhouse gases, or 10–20% of the globe’s terrestrial
carbon (Anonymous, 2008). No doubt, the emission of N2O and CH4 from
CWs is high, however, their global influence is not significant, as Teiter
and Mander (2005) established that even if all global domestic wastewater
will be treated by wetlands, their share in the trace gas emission budget
would be less than 1%. Moreover, greenhouse gas (GHG) fluxes are
higher in unplanted and nonaerated treatments and, thus, the addition of
artificial aeration reduces CH4 fluxes (Maltais-Landry et al., 2009).

• Wetland vegetation provides indirect benefits such as green space,
wildlife habitats, and recreational and educational areas (Sundaravadivel
and Vigneswaran, 2001).

Although initially designed and used for domestic wastewater treatment,
through the efforts of research and operation for over 50 years, CWs have
now been successfully used for environmental pollution control by treating
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a wide variety of wastewaters including industrial effluents, urban and agri-
cultural stormwater runoff, animal wastewaters, leachates, sludges, and mine
drainage (Kadlec et al., 2000; Scholz and Lee, 2005). Significant advances
have been made in the engineering knowledge of creating CWs that can
closely imitate the specialized treatment functions that occur in the natural
wetland ecosystems. Among different natural treatment systems, various
advantages such as simplicity of design and lower costs of installation, opera-
tion, and maintenance offered by CWs make them an appropriate alternative
for developed and developing countries (Sundaravadivel and Vigneswaran,
2001). However, these systems have not found widespread use, due to lack
of awareness and expertise in developing the technology on a local basis.

4.1 Classification of Constructed Wetlands

According to the life form of the dominating macrophytes, CWs for
wastewater treatment may be classified into three types (Brix, 1994):
(a) free-floating macrophyte-based systems, (b) submerged macrophyte-
based systems, and (c) rooted emergent macrophyte-based systems. Another
classification of wetlands based upon the water flow regime of different
rooted emergent systems distinguishes CWs into (a) surface flow systems,
(b) horizontal subsurface flow systems, (c) vertical subsurface flow systems,
and (d) hybrid systems.

Surface flow wetlands (SF) are densely vegetated by a variety of plant
species and typically have water depths less than 0.4 m. Subsurface flow
wetlands (SSF) use a bed of soil or gravel as a substrate for the growth
of rooted emergent wetland plants. Mechanically pretreated wastewater
flows by gravity, through the bed substrate, where it contacts a mixture of
facultative microorganisms living in association with the substrate and plant
roots (Haberl et al., 2003).

Depending on the direction of flow of the wastewater, SSF wetlands can
be either horizontal flow type or vertical flow type. In horizontal SSF systems,
the substrate is maintained water saturated through continuous application
of wastewater. The bed depth of horizontal SSF wetlands is typically less
than 0.6 m and the bottom of the bed is sloped to minimize flow above the
surface. In vertical SSF wetlands, wastewater is applied through different
arrangements of wastewater feeding and collection mechanisms to maintain
a vertical direction of flow. This is achieved either by intermittent wastewater
application or by burying inlet pipes into the bed at a depth of 60–100 cm.
The total depth of bed is in the range of 2–3 m. Because the wastewater
infiltrates through the substrate bed, this type of wetland is also called
an infiltration wetland (Sundaravadivel and Vigneswaran, 2001). However,
subsurface flow systems are susceptible to clogging; therefore, they are not
recommended for wastewater with a high concentration of total solids (Ham-
mer, 1994). Recently, the combinations of various types of CWs incorporated
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into a single system referred to as hybrid CW systems have been used to
enhance the treatment effect, especially for nitrogen (Cui et al., 2009).

The use of surface water treatment wetlands (reed beds) to remove
various pollutants from water began with the work of K. Seidel at the Max
Planck Institute in Germany in 1960s (Seidel, 1961, 1964, 1965a, 1965b, 1966).
The first full-scale free water surface (FWS; surface flow) CW was built in the
Netherlands to treat wastewaters from a camping site during the period of
1967–1969. Within several years, there were about 20 FWS CWs built in the
Netherlands. However, FWS CWs did not spread throughout the Europe and
CWs with horizontal subsurface flow (HF CWs) became the dominant type of
CWs in Europe. The first full-scale HF CW was built in 1974 in Othfresen in
Germany. The early HF CWs in Germany and Denmark used predominantly
heavy soils, often with high content of clay. These systems had a very high
treatment effect but because of low hydraulic permeability, clogging occurred
shortly and the systems resembled more or less FWS systems. In late 1980s in
the United Kingdom, soil was replaced with coarse materials (washed gravel)
and this setup has been successfully used since then (Vymazal, 2005).

In the 1980s, treatment technology of CWs rapidly spread around the
world. In 1990s, increased demand of nitrogen removal from wastewaters
led to more frequent use of vertical flow (VF) CWs, which provide higher
degree of filtration bed oxygenation and consequent removal of ammonia
via nitrification. In late 1990s, the inability to produce simultaneously
nitrification and denitrification in a single HF or VF CW led to the use of
hybrid systems that combined various types of CWs. Though the concept
of combination of various types of filtration beds was suggested by Seidel
in the 1960s but only few full-scale systems were built (e.g., Saint Bohaire
in France or Oaklands Park in England) in the 1980s and early 1990s. At
present, hybrid CWs are commonly used throughout Europe as well as
other parts of the world. The VF–HF combination is the dominant setup but
the HF–VF combination is also used along with FWS CWs in hybrid systems.
In the 1970s and 1980s, CWs were nearly exclusively built to treat domestic
or municipal sewage. However, since the 1990s, the CWs have also been
used for all kinds of wastewaters including landfill leachate, runoff (e.g.,
urban, highway, airport, agricultural), food processing (e.g., winery, cheese
and milk production), industrial (e.g., chemicals, paper mill, oil refineries),
agriculture farms, and mine drainage (Vymazal, 2005).

4.2 Mechanisms Operating in Constructed Wetlands
for Pollutant Removal

CW systems may be converted natural or constructed shallow ecosystems de-
signed to capitalize on intrinsic physical, chemical, and biological processes
for the primary purpose of water quality improvement (Imfeld et al., 2009).
These are characterized by the presence of vegetation adapted to saturated
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conditions, sediments and soil, microbial biomass, and an aqueous phase
loaded with the pollutants. Wetland treatment systems are effective in treating
organic matter, nitrogen, and phosphorus, and additionally for decreasing the
concentrations of heavy metals, organic chemicals, and pathogens (Haberl
et al., 2003). In several aspects, CWs are complex bioreactors characterized
by considerable fluxes of material and energy governing chemical reactions
over spatial and temporal gradients. These fluxes are particularly pronounced
in certain zones such as the rhizosphere and permit the maintenance of ther-
modynamic nonequilibrium conditions and enable various reactions with
exergonic free energy changes to occur (Hanselmann, 1991). In CWs, the
biogeochemical reactions affecting contaminant removal primarily depend
on two types of processes simultaneously occurring at different scales:
(a) the variety of coexisting redox processes at the wetland system scale and
(b) the processes occurring at the rhizosphere scale (Imfeld et al., 2009). The
relative importance of a particular process can vary significantly, depending
on the contaminant being treated, the wetland type (e.g., SSF or SF, HF, VF)
and operational design (e.g., retention time), the environmental conditions,
the type of vegetation within the system, and the nature of soil matrix.

Several elimination pathways may occur in a complex CW system.
Kadlec (1992) listed volatilization, photochemical oxidation, sedimentation,
plant uptake, sorption, biological degradation, and metabolic transformation
as the major processes affecting the contaminant loads in wetlands. The
mere reduction of contaminant concentration within the aqueous phase via
nondestructive partitioning processes, such as sorption and volatilization,
may only relocate the contamination. Therefore, the mass transfer of
contaminants from the aqueous phase to other compartments (soil and
atmosphere) has to be considered carefully when evaluating potential
environmental hazards (Imfeld et al., 2009). Different mechanisms operating
in CWs for improvement of water quality are described subsequently.

4.2.1 NONDESTRUCTIVE PROCESSES

4.2.1.1 Volatilization and Phytovolatilization. In addition to direct
contaminant emission from the water phase to the atmosphere (volatiliza-
tion), some wetland plants take up contaminants (e.g., benzene, toluene,
ethylbenzene, xylene [BTEX]) and MTBE through the root system and
transfer them to the atmosphere via their transpiration stream, in a process
referred to as phytovolatilization (Hong et al., 2001; Ma and Burken,
2003). In the case of halophytes, this transfer may also occur via the
aerenchymatous tissues (Pardue, 2002). If the atmospheric half-lives of
VOCs are reasonably short such as the one for MTBE (three days at 25◦C
and the toxicological risk is assumed to be low), the water-to-atmosphere
contaminant transfer occurring in wetlands may constitute a possible
remediation option (Winnike-McMillan et al., 2003). However, volatilization
of VOCs may also lead to dispersal of the contaminants in the environment
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resulting into air pollution. This fact and the lack of reliable risk assessment
technology presently discourage the regulatory acceptance of phytoreme-
diation as a strategy for VOCs removal (McCutcheon and Rock, 2001).
Phytovolatilization may be of particular relevance in SSF systems, where
direct volatilization is restrained due to slow diffusion rates of contaminants
through the unsaturated zone as well as laminar flow in water saturated soil
zones that may result in relatively low mass transfers. Direct contaminant
volatilization is expected to be more pronounced in SF wetlands, as water
remains in direct contact with the atmosphere (Kadlec and Wallace, 2008).

4.2.1.2 Plant Uptake and Phytoaccumulation. Phytoaccumulation
occurs when the sequestered contaminants such as heavy metals are not
degraded in the plant, resulting in its accumulation within the hyperaccu-
mulator plant tissues (Susarla et al., 2002). The potential for plant uptake is
highest in SSF CWs due to the increased contact between stormwater and
the elaborate root systems of aquatic macrophytes (Scholes et al., 2005).

4.2.1.3 Sorption and Sedimentation. Sorption of a chemical to soil
or sediment may result from the physical or chemical adhesion of molecules
to the surfaces of solid bodies, or from partitioning of dissolved molecules
between the aqueous phase and soil organic matter. During the early stages
of CW operation, sorption onto soil substrate will naturally be higher due to
the high adsorption capacity of previously unexposed material (Omari et al.,
2003). As long as no sorption–desorption equilibrium is reached, the system
acts as a sink for the contaminant. After reaching steady-state conditions,
contaminants will still be retained by reversible sorption processes. This
retention may increase contaminant residence time within the CW and
support bioremediation by increasing exposure to degrading microorgan-
isms (Pardue, 2002). Chemical reactions between substances, especially
metals, can lead to their precipitation from the water column as insoluble
compounds. However, such sorptive processes may also negatively affect
the bioavailability of contaminants. The long-term P storage in the wetland
can be achieved via peat accumulation and substrate fixation (Healy et al.,
2007). During this long-term storage, phosphorus-containing particles settle
to the substratum and are rapidly covered by a continuous accumulation of
settled sediments. This continuous accumulation of sediments, leave some
phosphorous too deep within the substratum to be reintroduced back into
the water column later on. The efficiency of long-term peat storage is a
function of the loading rate and also depends on the amount of native
iron, calcium, aluminum, and organic matter in the substrate (Shatwell
and Cordery, 1999). In point of fact, under aerobic conditions, insoluble
phosphates are precipitated with ferric iron, calcium, and aluminum.
These phosphates are adsorbed onto clay particles, organic peat, and fer-
ric/aluminum hydroxides and oxides (Scholz and Lee, 2005). The capacity
for phosphorus adsorption by a wetland, however, can be saturated in a few
years if it has low amounts of aluminum and iron or calcium (Richardson,
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1985). This is the reason why wetlands along rivers have a high capacity
for phosphorus adsorption because as clay is deposited in the floodplain,
aluminum and iron in the clay accumulate as well (Gambrell, 1994).

4.2.2 DESTRUCTIVE PROCESSES

4.2.2.1 Phytodegradation. Phytodegradation occurs when a plant
has taken up the contaminant into its tissues, and enzymes or other
plant-based biomolecules within the plant, act to transform the organic con-
taminants by either mineralizing them completely to inorganic compounds
(e.g., CO2, H2O, Cl2) or degrading them partially to a stable intermediate
that is stored in the plant or released in root exudates (McCutcheon and
Schnoor, 2003). This enzymatic degradation of organics can happen in root
and shoot tissues. Degradation within plant tissues is generally attributed to
the plant, but may in some cases involve endophytic microorganisms (Barac
et al., 2004).

4.2.2.2 Microbial Degradation. Microorganisms present in the
wetland system, including bacteria as well as fungi, coagulate, stabilize,
and remove dissolved and colloidal organic matter by converting them into
various gases and new tissues (Sundaravadivel and Vigneswaran, 2001). The
nature and extent of microbial degradation of contaminants within a CW
is expected to be strongly dependent on the physicochemical properties
of the contaminant. Additionally, microbial degradation is facilitated by the
availability of attachment sites and nutrients within a CW and aerobic and
anaerobic processes are enhanced by the occurrence of high contact ratios
between stormwater and substrate material. Owing to this reason, microbial
degradation is strongly encouraged within SSF CWs (Ellis et al., 2003)

The removal of nutrients and solids in wetlands is facilitated by
shallow water (which maximizes the sediment to water interface), high
primary productivity, presence of aerobic as well as anaerobic sediments,
and accumulation of litter (Mitsch and Gosselink, 1993). In addition, slow
water flow causes suspended solids to settle from the water column in
wetlands. BOD is reduced by the settling of organic matter and through
the decomposition of BOD-causing substances. Coliforms are reduced
within wetlands for a number of reasons such as exposure to sunlight,
predation, competition for resources, and toxins. In addition, they may be
buried beneath sediment or adsorbed (Gersberg et al., 1989). Bactericidal
excretions by plants also play a role in removal of pathogens in wetlands,
but this is unlikely to be a significant removal process, as it may otherwise
prevent biofilm development on the substrate surface. Likewise, exposure to
atmospheric gases and sunlight can lead to breakdown of organic pesticides
and destruction of pathogens (Sundaravadivel and Vigneswaran, 2001).

Nitrogen (N) removal in CWs is accomplished primarily by physical
settlement, denitrification, and plant/microbial uptake. However, plant
uptake does not represent permanent removal unless plants are routinely
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harvested. Phosphorus (P) is removed through short- or long-term storage.
Uptake by bacteria, algae, duckweeds, and other macrophytes provides an
initial removal mechanism (Kadlec, 1997). However, this is only a short-term
P storage as 35–75% of P stored is eventually released back into the water
upon dieback of algae and microorganisms (Richardson and Craft, 1993;
White et al., 2000). Anaerobic conditions that exist at the soil/water interface
may also cause release of P back into the water column.

4.3 Macrophytes as Purifiers in Constructed Wetlands

Wetland plants or aquatic macrophytes are central to wastewater treatment
wetlands. Submerged macrophyte systems have plants species that are
submerged in the water column and do protrude beyond the water surface.
Isoetes lacustris, Lobelia dortmanna, Egeria densa, and Elodea canadensis
are among the submerged aquatic plant species (Sundaravadivel and
Vigneswaran, 2001).

Floating macrophytes are plant species that float on the surface of the
water, and do not require a substrate for their growth. Duckweeds (Lemna
sp., Spirodela sp.), water hyacinth (Eicchornia crassipes), Myriophyllum
aquaticum, and Salvania sp. are some of the floating macrophytes adapted
for wastewater treatment (Sundaravadivel and Vigneswaran, 2001). Free
floating plants are superior to the submerged aquatic macrophytes as their
removal requires neither extensive filtration equipment nor they produce
significant disruption to the water body (Srivastava et al., 2008).

Rooted emergent macrophytes are plants that are generally attached
to the substrate in the wetland with leaves extending above the water
surface. Reeds (Phragmites sp.), cattails (Typha sp.), bulrushes (Scirpus
sp.), and sedges (Carex sp.) are common among the emergent aquatic
plant species used in treatment wetlands. Unless specifically mentioned
otherwise, wetland treatment systems indicate CWs planted with rooted
emergent macrophyte species (Sundaravadivel and Vigneswaran, 2001).

The principle in selecting a suitable plant species for use in CW systems
depends on the type of wetland design (e.g., surface or subsurface, VF or
HF), the mode of operation (e.g., continuous, batch, or intermittent flow),
and the loading rate and characteristics of wastewaters (Cui et al., 2009). All
the previously cited macrophytes are effective in removing pollutants from
wastewaters, but the common reed (Phragmites australis) and the reedmace
(Typha latifolia) are particularly efficient in this context. They have a large
biomass both above (leaves) and below (underground rhizome system)
the surface of the substrate. Additionally, the subsurface plant tissues grow
horizontally and vertically and create an extensive matrix that binds the soil
particles and crafts a large surface area for the uptake of nutrients and ions
(Shutes, 2001).
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Stormwater treatment areas (STAs) incorporate a variety of dominant
plant communities ranging from emergent macrophytes to periphytic algae.
Although emergent macrophytes show effective removal of contaminants
(Shutes, 2001), in Florida it was observed that many shallow aquatic systems
dominated by submerged aquatic vegetation (SAV) often show better
water quality (clarity, TSS, pH, total phosphorous [TP], and total nitrogen
[TN]) than other systems (Canfield and Hoyer, 1992; O’Dell et al., 1995).
Submerged macrophytes have also been used in wastewater treatment for
nutrient removal (Gu et al., 2001), as there are several advantages of using
SAV as opposed to cattail dominated systems as a means for removing P.

First, SAV systems utilize nutrients from both the water column and
sediments. Nonrooted submerged macrophytes such as Ceratophyllum
demersum and Chara sp. appear to rely exclusively on dissolved nutrients
from the water column (Barko and James, 1997). Moreover, the ability of
SAV to occupy most of the water column allows it to remove nutrients from
the water column effectively and to minimize effects of hydraulic currents.
Second, the high rate of photosynthesis by SAV raises the water column’s
pH, which in turn may lead to coprecipitation of soluble reactive P (SRP)
with CaCO3 (Murphy et al., 1983). Third, a dense SAV community provides
extensive surface area for periphyton growth that in turn helps in nutrient
removal from the water column. Lastly, an SAV plant community may
physically filter, detain, and cause sedimentation of suspended solids that
contain organic P or adsorbed inorganic P. A treatment system dominated
by SAV is one of several advanced treatment technologies being evaluated
by the South Florida Water Management District and Florida Department of
Environmental Protection (Knight et al., 2003).

SAV has also been associated with increased releases of P from the
sediments of shallow aquatic systems. Two potential processes for increased
P cycling in SAV-dominated ecosystems are uptake of sediment P through
the roots with further nutrient release after plant tissue decomposition and
the altered redox potential in the surface sediments due to high rates of
SAV metabolism resulting into releases of iron-bound P under chemically
reducing conditions (Knight et al., 2003).

Originally, the basis for employing CWs for wastewater treatment was
the ability of water plants to translocate oxygen to their roots and the
surrounding wastewater owing to the presence of hollow vessels in the plant
tissues. Additionally, within the water column, the stems and leaves of the
wetland plants significantly increase surface area for biofilm development.
Plant tissues, moreover, are colonized by photosynthetic algae as well as by
bacteria and protozoa (Brix, 1997). The extensive rhizosphere of wetland
plants provides an enriched culture zone for the microorganisms involved
in degradation. It has been reported that, vegetated wetlands are more
effective in pathogen removal than those without plant growth, because
the plants provide habitat for a variety of microorganisms, some of which
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(such as zooplanktons) are pathogen predators (Kadlec and Knight, 1996).
Predation may be highly efficient in removing pathogens, especially in and
around the root zones where zooplanktons are likely to shelter and feed.

Macrophytes can assimilate pollutants in their tissues and provide a
surface and an environment for microorganisms to grow (Vymazal, 2002).
Moreover, macrophytes create good conditions for the sedimentation of
suspended solids and prevent erosion by reducing the velocity of the water
in the wetland. The growth of roots within the aggregated sediments helps
to decompose organic matter and prevents clogging by creating channels
for the water to pass through the intermittently loaded vertical-flow system.
The macrophytes transport approximately 90% of the oxygen available in
the rhizosphere. This stimulates both aerobic decomposition of organic
matter and the growth of nitrifying bacteria (Brix, 1997; Scholz, 2006).
However, when compared with microorganisms, macrophytes only play a
secondary role in the degradation of organic matters in wetland systems
(Stottmeister et al., 2003). Organic matter accumulates in wetlands over time
through the annual turnover of macrophytes in terms of leaves and shoots.
This organic matter binds heavy metals directly, and provides a carbon and
energy source for microbial metabolism. Thus, macrophytes are vital for the
long-term functioning of wetlands (Batty, 2003; Scholz, 2006).

The selection of the aquatic plant species is one of the tricky tasks
prior to the designing of a treatment facility. Among different macrophytic
species, variation in pollutant removal occurs owing to various reasons, in-
cluding variation among species in biomass, root architecture, and the area of
absorptive surface (Skene, 2003), as well as in physiological uptake capacity,
growth rate, and effects of roots on the physical and chemical characteristics
of the soil medium and the microbial community (Read et al., 2008). Differ-
ences among species in their mycorrhizal associations may also account for
some of the variations (Smith and Read, 1997). Species are not usually univer-
sally effective in removing different pollutants. Hence, consortia of species
may be most suitable for CWs to maximize the spectrum of pollutant removal.

4.4 Constructed Wetlands: Management Tools for Wastewaters

CWs are used for treating various wastewater types (e.g., domestic wastewa-
ter (Schreijer et al., 1997), acid mine drainage (Howard et al., 1989), agricul-
tural wastewaters (Rivera et al., 1997), and landfill leachate (Trautmann et al.,
1989), and for polishing advanced treated wastewater effluents for return to
fresh water resources (Gschlobl et al., 1998). To treat municipal and domestic
(single house or cluster of houses) wastewaters, HF CWs are commonly used
at the secondary and tertiary treatment stages (Vymazal, 2009). In general,
HF CWs are not used to treat raw municipal wastewater as the amount
of oxygen transported from the roots into zones under the water table is
too little to facilitate aerobic processes. Therefore, anoxic and anaerobic



2172 P. Malaviya and A. Singh

processes play the most important role in HF CWs. Additionally, insufficient
oxygen supplies results in incomplete nitrification (Langergraber and Haberl,
2001).

A variety of industrial wastewaters has been treated in CWs, such as
wastewaters from petrochemical and chemical industries (Dias et al., 2006;
Yang and Hu, 2005), the pulp and paper industry (Abira et al., 2005), the
textile industry (Bulc et al., 2006; Mbuligwe, 2005), the tannery industry
(Calheiros et al., 2007; Dotro et al., 2006), winery and distillery (Grismer
et al., 2003; Sheridan et al., 2006), the food processing industry (Khalil
et al., 2005; Mantovi et al., 2007), and the abattoir and meat processing
industry (Gasiunas et al., 2005). Similarly, wastewaters from various feedlot
operations such as pig farms effluents (Kantawanichkul and Somprasert,
2005), fish farm effluents (Schulz et al., 2003), and dairy effluents (Drizo
et al., 2006), are commonly treated with free water surface CWs with series
of lagoons as pretreatment step (Vymazal and Kröpfelová, 2008).

The removal of fecal indicator bacteria from wastewater by CWs is well
documented (Gersberg et al., 1987; Perkins and Hunter, 1999). Reported
removal efficiencies for coliforms generally exceed 90% (Kadlec and Knight,
1996) with significantly higher removal in extensively vegetated systems
compared with unvegetated systems (Garcia and Becares, 1997; Gersberg
et al., 1987). Similarly, removal efficiencies for fecal streptococci by wetlands
generally go beyond 80% (Kadlec and Knight, 1996).

CWs are also employed for effective abatement of heavy metal pollution
from acid mine drainage, landfill leachate, thermal power plant, municipal,
agricultural, refinery, and chlor-alkali industry effluent (Rai, 2008). Concen-
tration of different heavy metals such as Pb and Cd (DeBusk et al., 1996), Cd
(Wang et al., 2002), Ni (Zurayk et al., 2002), Cr, Ni, Zn (Hadad et al., 2006),
and Fe and Cu (Rai, 2007) were reduced by employing CWs for treatment of
heavy metal–containing wastewater. Various other compounds commonly
found in wastewaters such as endocrine-disrupting chemicals (EDCs; e.g.,
phthalates, pesticides, PCBs, dioxins, PAHs, alkylphenols, bis phenols and
steroid estrogens; Vymazal, 2009), MTBE (Rubin and Ramaswami, 2001),
trichloroethylene (TCE), BTEX, cyanide, herbicides and pesticides such as
atrazine (Anderson et al., 2002), metaloxyl, simazine (Wilson et al., 2000),
and DDT (Garrison et al., 2000) have been successfully treated by CWs.
CWs have also shown promise for cleaning up explosives-related wastes
such as TNT, hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX; Best et al., 1997),
and perchlorate (Susarla et al., 2000). In addition to these pollutants, urban
stormwater is also a major source of aquatic pollution, leading to widespread
environmental degradation (U.S. EPA, 2000). However, as compared with
the previously discussed pollutants and wastewaters, stormwater manage-
ment has received little attention. More recently, CWs have been used for the
retention and treatment of all kinds of urban wet weather flows, including
runoff from airports, parking lots, agricultural runoff, combined sewer
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overflows, and stormwater in general (Debo and Reese, 2003; Fink and
Mitsch, 2005; Hathaway et al., 2010; Revitt et al., 2001; Wang et al., 2009).

5. CONSTRUCTED WETLANDS FOR STORMWATER TREATMENT

The use of CWs represents a relatively new approach for stormwater treat-
ment (Dittmer et al., 2005; Line et al., 2008). The idea of employing wetlands,
both natural and manmade, for capturing stormwater runoff and pollutants,
has been materialized from an understanding of the role, wetlands naturally
play in landscapes (Leibowitz et al., 2000). Specifically, wetland stormwater
treatment areas (WSTAs) can provide the services of water storage and
peak-flow attenuation (DeLaney, 1995), nutrient cycling and burial (Reddy
et al., 1993), metal sequestration (Odum et al., 2000), sediment settling
(Kadlec and Knight, 1996), and breakdown of organic compounds (Knight
et al., 1999). CWs are particularly suited for treating urban stormwater runoff
because they can operate under a wide range of hydraulic loads.

CWs offer a potentially cost-effective, practical option for treatment of
these highly pulsed sources of diffuse pollutants before they reach streams,
rivers, lakes, and estuaries. There is now a substantial database on the
performance of wastewater treatment wetlands with relatively constant
inflows (Kadlec et al., 2000), but this is hard to apply directly to systems
receiving less organic-enriched drainage discharges with highly variable
flow characteristics. In recent years, CW systems for managing highly pulsed
urban stormwater flows are developing rapidly (Tanner et al., 2005). Histor-
ically, urban stormwater management was only concerned with collecting
and distributing stormwater to minimize flooding (Chow et al., 1988). In the
United States, amendments to the Clean Water Act addressing the impacts of
nonpoint pollution sources on receiving water bodies (Federal Water Pollu-
tion Control Act, 1948) has forced stormwater management efforts of many
municipalities to focus on providing treatment and modifying the discharge
pattern of urban runoff so that it more closely resembles stormwater coming
from undeveloped landscapes, as is provided in 40 C.F.R. Section 131b of
US Code of Federal Regulations (US Code of Federal Regulations, 1995).

The use of CWs to treat stormwater has become widespread, although
the pollutant removal efficiencies of wetlands are often highly variable
and heavily dependent on the suitability of the design and implementation
(Birch et al., 2004; CWP, 2007; Rushton, 2004; Somes et al., 2000). Studies
suggest that wetland performance in treating stormwater is generally a
function of inflow or hydraulic loading rate (HLR) and detention time
(Dt), which are in turn functions of storm intensity, runoff volume, and
wetland size (area and volume; Barten, 1987; Carleton et al., 2001; Meiorin,
1989). Inflow rate presumably influences pollutant retention by affecting
the degree of bottom scouring and resuspension of settled solids, and
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therefore, the retention of solids and solids-associated pollutants. Wetland
volume determines the fraction of a runoff event potentially captured, and
hence made available for treatment, especially during quiescent periods
between events (Woodward-Clyde, 1986). Thus, clear treatment goals and
an evaluation of the occurrence and extent of putative removal processes
are preliminary requirements for defining appropriate design and operation
parameters for CWs (Imfeld et al., 2009).

Numerous workers have highlighted constraints, benefits, and design
considerations for using wetlands to treat stormwater (Loucks, 1990; Rushton
et al., 1997; Stockdale, 1991) and enhanced stormwater treatment wetland
emerges where ecological and treatment objectives are simultaneously met
(Otto et al., 2000). SFs (Greenway et al., 2006; Revitt et al., 2001) and horizon-
tal SSFs (Shutes et al., 1999; Geary et al., 2006) have been used for the treat-
ment of urban wet weather flows. Emerging research also focuses on the use
of vertical flow CWs for the treatment of Combined Sewer Overflows (CSOs;
Dittmer et al., 2005; Frechen et al., 2006; Welker, 2006). Several researchers
have shown that wetlands are effective at reducing nutrient, sediment,
organic carbon, and heavy metal loadings of urban stormwater runoff (Carr
and Rushton, 1995; Reinelt and Horner, 1995; Rochfort et al., 1997; White and
Myers, 1997). More recently, wetlands have been used for the retention and
treatment of all kinds of urban wet weather flows, including runoff from
airports, highways, parking lots, agricultural runoff, CSOs, and stormwater
in general (Debo and Reese, 2003; Fink and Mitsch, 2005; Revitt et al., 2001).

While wetlands are effective at treating urban stormwater runoff, appro-
priate methods for determining stormwater wetland area requirements at a
regional scale are also vital to enable feasibility studies and planning efforts.
De Laney (1995) reviewed the approaches and suggested incorporating
treatment wetlands into an agricultural landscape. While discussing how to
select sites for wetlands created for intercepting agricultural runoff, van der
Valk and Jolly (1992) suggested that placing small wetlands in the headwater
subbasins or locating a large wetland in the downstream reach were practical
alternatives. Likewise, Knight (1993) proposed that the location of treatment
wetlands within the landscape should be driven by the goal chosen for the
wetland; if water quality or attenuation of normal flooding is desired, then
many small upstream sites are likely the best choice but if concern existed
for controlling large episodic flow volumes or for creating wildlife habitat,
then a large downstream wetland would prove as most useful.

As the intensity of land use activity increases within a watershed, so does
the need for stormwater treatment wetlands. According to fitted estimates of
the ratio of area of the neighborhood treatment wetlands to urban area, ev-
ery 1% increase in urban area requires roughly 0.1% of the watershed area
which should be used as wetland for treating stormwater runoff. The ratio of
wetland treatment area to urban area for the basin scale should be in order of
magnitude less (0.01% wetland area per 1% urban area), while at the subbasin
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scale the ratio of wetland treatment area to urban area lies in between the es-
timates for the neighborhood and basin treatment wetlands (0.05% per 1%).
Perhaps, these ratios indicate general guidelines useful for planning stormwa-
ter management systems in urban development (Tilley and Brown, 1998).

However, it is necessary to realize that the need for stormwater treat-
ment not only varies with the level of urbanization but that it also changes
with the intensity of the urban use. If, for example, the classification of urban
area is more heavily weighted toward industrial or commercial land, then the
need for stormwater treatment would be higher than the land, more inclined
toward residential uses. If subbasin treatment wetlands are sized to retain
suspended sediments, then every one unit of land classified as commercial
would require 0.12 units of stormwater wetland but each one unit of residen-
tial land would only require 0.045 units. Because each size class of wetland
is designed for a particular purpose (e.g., nutrient sink, sediment trap, hy-
drologic pulse dampening), it is reasonable that all three size classes are
necessary to achieve effective stormwater management. If the wetland areas
for the three scales are simply summed, then for the most urbanized basins
(urban area > 60% of total), the total wetland area needed for treatment is
approximately 25% of the total basin, for basins of medium intensity (10% >

urban area <60%) the wetland area is about 10% of basin area, while for the
least urbanized (urban area <10%) the area required is less than 5% of the
basin. However, if treatment wetlands are incorporated at each scale, then
some synergism between the scales would likely emerge, leading to a smaller
overall demand for land area. Therefore, the next step in evaluating the bene-
fits of a network of stormwater wetlands, organized according to hierarchical
principles, should be to investigate the cumulative or synergistic effects of
including all three levels of the networks together (Tilley and Brown, 1998).

6. CONSTRUCTED WETLANDS FOR TREATMENT
OF URBAN RUNOFF

Urban runoff is surface overflow of rainwater caused by urbanization due
to construction of impervious surfaces such as roads, parking lots, and
sidewalks. During rainstorms, these surfaces (built from materials such
as asphalt, cement, and concrete), along with rooftops, carry polluted
stormwater to storm drains, instead of allowing the water to percolate.
Various studies regarding treatment of different SSPPs using CWs are
arranged pollutant type wise as given in the SSPP list (Eriksson et al.,
2007b), and discussed in subsections 6.1–6.5 (Table 3).

6.1 Basic Parameters

Basic parameters in the SSPP list include biochemical oxygen demand, chem-
ical oxygen demand, suspended solids, phosphorus, nitrogen and pH. In a
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study conducted by Tilley and Brown (1998), at each spatial scale in urban-
ized watersheds south of Miami, Florida, the wetland area needed to treat N,
P, TSS, BOD, and the water quantity was calculated. Results indicated that
at the neighborhood scale, P runoff generated by a five-year 24-hr design
storm, required the largest wetland treatment area (i.e., between 2.3 and
10.8% of total basin area). Likewise, at the subbasin scale, the loading of
TSS, derived from land use specific criteria, required the largest treatment
area, ranging from 0.2 to 4.5% of basin area. The basin scale treatment, based
on retaining drainage canal discharge for at least 72 hr, required between
0.1 and 2.5% of basin area.

Kadlec and Hey (1994) reported that CWs receiving diverted water from
a river that drained a watershed with 80% agricultural and 20% urban land
use, reduced sediment loads by an average of approximately 90% and TP
loads by about 80% over a two-year period. Rushton et al. (1995) tested the
effect of hydraulic residence time on the removal rate of various pollutants in
a CW receiving urban runoff in Tampa, Florida. They found that the sediment
load was reduced by 94% and TP by 90% for the wetland with the 14-day
residence time but sediment was only reduced by 67% and TP by 57% when
residence time was five days. Likewise, Reinelt and Horner (1995) observed
that the percent removal of the TP load to a wetland was 8% when the
residence time was only 3.3 hr. On the other hand, wetland with a 20-hr
residence time removed 82%.

In a study conducted by Nairn et al. (2000), water quality changes
and biogeochemical development were evaluated for over two years in
two newly created freshwater riparian wetland ponds (1 ha each) in
an agricultural and urban watershed. One wetland was planted with 13
species of vegetation while the other received no planted vegetation. Both
wetlands significantly decreased turbidity (from 62 to 27 NTU) and increased
DO (9–11 mg L−1). Inflow dissolved reactive phosphorus (DRP) and TP
concentrations (1793 and 169911 mg P L−1, respectively) were significantly
higher than outflow concentrations (DRP: 591 and 691 mg P L−1; TP: 6998
and 7499 mg P L−1) for planted and unplanted wetlands, respectively. The
higher phosphorus removal was related to decrease in turbidity and the high
level of biological activity. Extensive and highly productive algal growth
in wetlands and the subsequent deposition and decomposition of the algal
mat influenced P retention through biological uptake as well as by chemical
sorption and coprecipitation. In another experiment, nitrate removal rates
were studied by using three free-surface marsh vegetation treatments (bul-
rush or Scirpus sp., cattail or Typha sp., and a mixed stand of macrophytes
and grasses) in replicated macrocosms (Bachand and Horne, 2000). Average
nitrate removal rates differed significantly between vegetation treatments
with the mixed treatment removing over three times more nitrate than the
bulrush treatment. Mass balance computations demonstrated that bacterial
denitrification rather than plant uptake was the main mechanism for nitrate
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removal. Both water temperature and organic carbon availability affected
denitrification rates whereas DO and nitrogen concentrations showed no
impact on the denitrification rates.

In another study, a CW design, consisting of 16 repeating cells was pro-
posed for Henley Brook (Perth, Western Australia) to optimize the removal
of filterable reactive phosphorus (FRP) from urban stormwater (Lund et al.,
2001). Three replicate experimental ponds (15 × 5 m) were constructed and
three 5-m zones of each pond were sampled such as shallow (0.3 m) in-
flow and outflow zones vegetated with Schoenoplectus validus and a deeper
(1 m), V-shaped central zone. A removal efficiency of 5% (first year) and
10% (second year) was obtained for FRP and initial uptake was reported to
be mainly in plant biomass, although the sediment became an increasingly
important sink. Occurrence of very low biofilm biomass (<1 g m−2) during
the treatment duration was attributed to the dark color of urban stormwater.
Further, benthic flux experiments showed that anoxic conditions did not
cause release of P from sediments, indicating that most of the P was bound
as apatite rather than associated with Fe or Mn.

Sim et al. (2008) evaluated the performance of Putrajaya Wetlands in
Malaysia, a 200-ha CW system consisting of 24 cells and created in 1997–1998
to treat surface runoff caused by development and agricultural activities from
an upstream catchment before entering Putrajaya Lake (400 ha). The nutrient
removal performance was found to be 82.11% for total nitrogen, 70.73%
for nitrate–nitrogen, and 84.32% for phosphate along six wetland cells.
Additionally, nutrient removal studies in pilot-scale tank systems (Figure 1),
simulating a CW and planted with the common reed (Phragmites karka) and
tube sedge (Lepironia articulate) revealed 42.1% TKN; 28.9% P and 17.4%
TKN; and 26.1% P uptake by the common reed and tube sedge, respectively.

In a different study, Ko et al. (2010) assessed loss in the pollutant
removal efficiencies of FWS CW located in the Danshui River Basin of
metropolitan Taipei, having total open surface water area of 3.29 ha and
treating 4000 m3 day−1 of combined domestic wastewater and rainfall runoff
from the urban drainage watershed, with a hydraulic retention time of seven
days. They reported that the mean influent BOD values of the CW before and
after the typhoon Krosa that hit in 2007 were 28 and 26 mg L−1, respectively,
while the effluent BOD values were 8 and 13 mg L−1, respectively. Likewise,
the mean influent NH4–N values before and after the typhoon were 16.5 and
12.3 mg L−1, respectively, and the effluent NH4–N values before and after
the typhoon were 1.7 and 6.9 mg L−1, with removal efficiencies of 78% and
46%, respectively. This 33% reduction in the removal rate of NH4–N after
the typhoon was attributed to increased hydraulic loading, damage to the
wetland plantation, and a change in the bacterial population.

Han et al. (2010) monitored the performance of experimental field-scale
wetland systems (four sets, 0.88 ha each) of Seokmoon watershed on the
west coast of the Korean peninsula, where water depth was maintained
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FIGURE 1. Schematic diagram of a surface-flow wetland mesocosm at University Putra
Malaysia (Sim et al., 2008).

at 30–50 cm and hydraulic loading rate was at 6.3–18.8 cm day−1 and re-
ported that average removal rate for TN in winter (about 30%; M effluent
TN = 3.7 mg L−1) was lower than that in the growing season (about 50%;
M effluent TN = 1.5 mg L−1). This was attributed to temperature depen-
dence of various processes responsible for TN reduction in wetlands such
as ammonification, nitrification, and denitrification (Werker et al., 2002).
However, no difference was observed in the removal rate of TP between
the growing season and winter with average effluent TP concentration of
0.14 mg L−1 in both seasons. This was explained as phosphorus removal,
being largely a physical (sedimentation) and chemical (adsorption) process,
was less likely sensitive to temperature (Wittgren and Mæhlum, 1997). The
calibrated integrated modeling system estimated that constructing wetlands
on 0.5% (about 114 ha) of the watershed area at the mouth of reservoir could
reduce 11.61% and 13.49% of total external nitrogen and phosphorus loads,
respectively.

In another study, a retention pond receiving stormwater runoff from
a portion of a 273-ha Midwestern rail yard including fuel storage tanks
was redesigned to have a 6.25 million L storage capacity and configured
into a CW to control a 50-year storm event and increase its ability to treat
stormwater runoff (Schaad et al., 2008). A network of riparian plants (5,700)
was placed within the stormwater wetland to treat runoff prior to discharge
off site. Significant improvements in the retention and treatment ability were
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observed during postconstruction flow analysis with 45% reduction in mean
TSS and oil and grease concentrations.

The nursery industry is one of the fastest growing segments and it uses
insecticides, fungicides, growth regulators, and fertilizers to aid production.
In addition, high-intensity irrigation practices may create large volumes of
wastewater. Traditional overhead, hand, or sprinkler irrigation may generate
18,000–90,000 L of wastewater per hectare daily (Aldrich and Bartok, 1994).
Runoff from nurseries and greenhouses typically contains high concentra-
tions of nitrogen (mostly as nitrate) and very low concentrations of organics.
Prystay and Lo (1996) tested the potential use of an HF CW with a surface area
of 254 m2 for the treatment of low organic carbon, high-nutrient wastewaters
(TOC: 21 mg L−1, TP: 126 mg L−1, NH4–N: 38 mg L−1, NOx–N: 240 mg L−1)
generated during the greenhouse operations in Canada. They suggested that
the treatment efficiency appeared to be related to the organic carbon concen-
tration in the system, which indicated that increased treatment efficiencies
can be achieved as the wetland matures and larger litter layer accumulates.

Merlin et al. (2002) tested in Nimes, France, HF constructed experi-
mental units to treat tomato greenhouse drainage solutions with the mean
nitrate–N concentration of 329 mg L−1. Up to 70% of nitrate was reduced
in Phragmites-planted units. Likewise, Headley et al. (2001) noted that in
New South Wales, Australia, the introduction of legislation to charge for the
water used in agricultural production and to control runoff, has encouraged
commercial plant nurseries to collect and recycle their irrigation drainage.
They tested HF pilot-scale units filled with 10 mm basaltic gravel and
planted with Phragmites australis. TN and TP load removal was found to
be >84% and >65%, respectively, at HRTs between 2 and 5 days.

To assess the role of the macrophyte Phragmites australis (Cav.) Trin.
ex Steud. in treatment of urban stormwater, Lee and Scholz (2007) used
different experimental temporarily flooded vertical-flow wetland filters (four
planted and four unplanted filters). Out of the four typical reed bed filters
containing gravel and P. australis, two of them contained Filtralite (3% cal-
cium oxide having diameters between 1.5 and 2.5 mm) as well as Frogmat
(a natural product based on raw barley straw) as adsorption media. The
results revealed that planted filters had a negative impact on the five-day N-
allylthiourea BOD removal processes, although they provided good filtration
conditions by preventing the filters from clogging. The possible reason for
the relatively low effluent BOD concentration in the unplanted filters was
assigned to the lack of vegetation cover, which resulted in extra aeration and
oxidation of the organic load (Thomas et al., 1995). Furthermore, plant debris
decayed within the wetland filters, and, hence, subsequently increased the
organic loading in planted filters during the winter season. In contrast, the
ammonia-nitrogen removal performance of planted filters was more efficient
and stable throughout the year (particularly after the filters have matured)
as compared with the unplanted filters. This was explained as the mature
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root system enhances the capacity of transporting oxygen to the substrate
and provides a large surface area for microorganisms to grow on (Cooper
et al., 1996; Scholz, 2006). Furthermore, a substantial amount of total nitrogen
(80–140 mg per filter) was removed by harvesting P. australis. In contrast
to this study, Vymazal (2002) reported that the removal of total nitrogen
from wastewater was lower for vegetated beds compared with nonvegetated
beds. However, he had only assessed horizontal-flow systems for wastewater
treatment. With regard to pH change in the wetland filters, it was explained
that the conversion of ammonium to nitrite results in the formation of H+

ions (Eq. 1) and, subsequently, the H+ are neutralized by HCO3
− ions during

the nitrification process (Eq. 2). A decrease in bicarbonate alkalinity and an
increase in the CO2 lower the pH. Thus, a low pH significantly reduces the
rate of nitrification, particularly at a pH of 7.2, when the rate falls rapidly,
approaching zero at a pH of 6 (Rich, 2005; Tchobanoglous et al., 2003).

NH+
4 + 1.5O2 → 2H+ + H2O + NO−

2 (1)

H+ + HCO−
3 → CO2 + H2O

− (2)

A lower pH level in a planted filter as compared with an unplanted
filter was most likely attributed to the more active nitrification process. In
addition, plants utilized nitrogen and thus contributed to the lowering of
pH through respiration and litter decomposition processes (Collins et al.,
2004). A similar relationship between pH change and nitrogen removal was
observed by Sun et al. (2003) during treatment of agricultural wastewater.

6.2 Metals

Metals in the SSPP list comprise chromium as chromate, cadmium, platinum,
copper, nickel, lead, and zinc. To study Cr and As removal by CWs, five
sediment trap stations were set up in a long and narrow stormwater wetland
(Barker Inlet wetlands, Australia) and it was found that the concentration
of Cr remained relatively constant and that of As actually increased by 150%
(Walker and Hurl, 2002). The performance of the different metals could be
explained in terms of their chemical behavior and the role of organic matter
in the wetland. In another study, the treatment efficiencies of vertical flow
CWs containing P. australis were assessed for two years by Scholz (2004).
In his trial, hydrated nickel and copper nitrate were added to sieved gully
pot liquor to simulate contaminated primary treated stormwater runoff. For
the CW filters receiving heavy metals, an obvious breakthrough of dissolved
Ni was recorded after road salting during the first winter. However, after the
first year of operation, breakthrough of Ni was not observed because the
inflow pH was raised to 8 as high pH facilitated the formation of particulate
metal compounds such as nickel hydroxide. During the second year,
reduction efficiencies for heavy metals, BOD and SS improved considerably.
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FIGURE 2. Biofilter column: (a) configuration, (b) filter media set-up and vegetation, (c) in
greenhouse (Blecken et al., 2009).

Blecken et al. (2009) reported that the presence of a submerged zone
(SZ) with added cellulose carbon (C) did significantly affect heavy metal
removal, generally enhancing its uptake by the biofilter. A combination
of SZ and C helps to meet target concentrations (ANZECC, 2000; Swedish
EPA, 2000) which are usually not met without their incorporation. This
enhancement was explained by the introduction of C that supports removal
of Cu by forming Cu–OM complexes. The most efficient treatment was
achieved for a SZ of 450 mm. Thus, in stormwater biofilters of 900 mm
height, introduction of a 450 mm submerged zone (created by lining the
whole system and raising the outlet to create a permanent pool at the base
of the system) and a cellulose based carbon source was recommended
(Figure 2). The authors further suggested verifying the observations in
a field study of stormwater biofiltration system under real operating
conditions.

In a different study, moderate to high but highly variable removal of
trace metals from urban stormwater (draining a residential urban catchment
of about 480,000 m2) by a wetland constructed in the Sydney catchment
was reported (Birch et al., 2004). In this study, 67–84% removal of Cr was
reported during four of the six high-flow events while removal efficiency of
Cu was reported to be 56–86% for all events except during the largest event
(21%). Pb and Zn also displayed substantial removal by the wetland during
five of the six events monitored (Pb 44–89%; Zn 33–87%), but efficiencies
were again markedly reduced during the highest flow event (Pb 27% and Zn
–5%). Further, the removal of Ni was highly variable and ranged from −76%
to 72%. However, the concentrations of Ni in stormwater were generally
below 0.005 mg L−1 and do not represent a threat to aquatic biota. A
surprising outcome of the present work was the identification of the wetland
as a source of Fe and Mn with the mean removal efficiencies of −84% for
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Fe and −294% for Mn. Further, weighted average concentrations (WACs) of
Mn were up to fivefold greater than influent concentrations, indicating that
the wetland contributed rather than removing this element from stormwater.
This increase in concentrations of Mn, and to a lesser extent Fe, was
explained by the occurrence of medium to coarse-grained Fe- and Mn-oxide
coated grains. They explained that these grains settle and accumulate in the
wetland during low-flow conditions and are removed during periods of high
flow when the resuspension threshold velocity for coarse grains is exceeded.

During the highest rainfall event, the removal efficiency of trace metals
and TSS was substantially lowered than other events due to the intensity
of rainfall (6.50 mm during the first hour of the event and peak intensity of
4.00 mm during a 10-min period). The peak rainfall intensity was greater
during this event than during other events monitored, and a maximum flow
of 140 L s−1 was observed at the inflow point to the wetland. The rainfall
intensity and the resulting large flow volumes through the wetland during
this high-flow event had contributed to the resuspension of fine-grained
sediment and the transport of suspended particulates out of the wetland.
The authors suggested maintenance dredging to minimize the release of
acid-volatile, sulfide-bound trace metals from the wetland during the periods
of high flow and sediment resuspension (Birch et al., 2004).

While assessing the role of the macrophyte P. australis in experimental
temporarily flooded VF wetland filters for treatment of urban stormwater,
reduction rates of Cu were found to be high (>95%) regardless of the
planting regime during the two years of operation while the removal of
Ni by the planted filter (0.057 g m−2 day−1) was found to be lower than
that by the unplanted filter (0.062 g m−2 day−1; Lee and Scholz, 2007). The
higher concentration of Ni in the effluent of planted filters was attributed
to their lower pH values (6.72–6.93), compared with those of unplanted
filters (7.19–7.31) as explained in section 6.1. These findings indicated that
metal retention in the wetland filters is more susceptible to the change of
environmental conditions such as pH and redox potential in the long term.
Furthermore, metal loads removed by harvesting (0.3% and 0.1% of Ni and
Cu loads) were negligible compared with those retained in the filters. There-
fore, it was concluded that most of the heavy metal loads were accumulated
in the sediment rather than taken up by P. australis in the filters. This
confirms earlier findings of Scholz and Xu (2002) and Du Laing et al. (2006).

6.3 PAHs

In the SSPP list, PAHs comprise benzo[a]pyrene, naphthalene, and pyrene. In
a study conducted by Terzakis et al. (2008), two FWS and two SSF pilot-size
CWs treating highway drainage or runoff waters (HRO) were monitored
over a period of two years. One FWS and one SSF were designed with a
HRT of 12 hr, with each one capable of treating a maximum HRO of 12.6 m3
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day−1. The other pair was designed with a HRT of 24 hr, with each receiving
a maximum HRO of 6.3 m3 day−1. The influent flowed from a highway
section with a total surface 2752 m2 on the island of Crete, Greece, in the
heart of the South-Central Mediterranean region. The outcome of the study
showed that the performance of the SSF wetlands for PAHs removal was
better than the two FWS wetlands, which may be attributed to the nature
of the pollutants (attached to the surfaces of solids or low organic matter
concentration) and the way these pollutants could be removed (mostly
physically through filtration and sedimentation with little biological action).

In another study, Weiss et al. (2006) studied uptake of contaminants
from the nutrient solution simulating HRO by three wetland species, soft-stem
bulrush (Scirpus validus), prairie cordgrass (Spartina pectinata), and reed
manna grass (Glyceria grandis). Consistent with other studies (Qian et al.,
1999; Zhu et al., 1999), all three species accumulated a higher concentra-
tion of the target contaminants in their belowground tissues than the above-
ground tissues. The data demonstrated that plants grown hydroponically had
a higher concentration of contaminants than those grown in sand and also the
plants grown in flow reactors removed a greater mass of contaminants than
those grown in nonflow reactors. In another study, the hydrology and water
quality of an urban wetland receiving stormwater runoff from a municipal
maintenance garage were measured to evaluate the wetland’s water quality
enhancement function. Hydrological and analytical data together suggested
that sedimentation was the primary mechanism for actively reducing concen-
trations of lead and petroleum hydrocarbons from the water column, which
were introduced to the wetland via stormwater runoff (Thurston et al., 1999).

6.4 Miscellaneous

Miscellaneous category in the SSPP list of pollutants consists nonylphe-
nol ethoxylates and degradation products, 2,4,4′-trichlorobiphenyl (PCB-28),
DEHP, MTBE, and PCP. Airport runoff contains deicing and anti-icing com-
pounds applied to the aircraft, runways, and taxiways. The principal materi-
als involved are ethylene, di-ethylene, and propylene glycols (Worrall et al.,
2002). Probably the first full-scale HF CW for airport runoff was a 5500-m2

system, built in 1994 to treat deicing runoff water at Zürich-Kloten Airport,
Switzerland (Röthlisberger, 1996). After the reed bed experiment in 1994 (Re-
vitt et al., 2001), a full-scale system at London Heathrow International Airport
was completed in 2002 with the primary aim to treat deicing compounds con-
taminated runoff from an extensive catchment of some 600 ha of runways,
taxiways, cargo areas, and terminal buildings. The system comprised of a
series of aerated balancing ponds combined with 2.08 ha of gravel-based HF
CWs together with a kilometer of rafted reed beds (Richter et al., 2004). Karrh
et al. (2002) reported on the use of an HF CW for the treatment of anti- and
deicing runoff built at Westover Air Reserve base in western Massachusetts,
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USA. Deicing runoff was also treated in HF CWs at Edmonton International
Airport, Canada (Higgins and Dechaine, 2006), and Berlin-Schönefeld, Ger-
many (Vymazal, 2009). The catchment area at Edmonton is very large, and
this, coupled with the airport’s tight clay soil, results in very large amount of
stormwater runoff. The HF CW used by Higgins and Dechaine (2006) con-
sisted of 12 square gravel-filled cells with sides of 47.5 m, each arranged in
six trains of two cells each. Wetland surface area was 2.7 ha and design con-
ditions for the wetland were for the treatment of stormwater runoff contami-
nated with up to 1350 mg L−1 of ethylene glycol at flows up to 1500 m3 day−1.

6.5 Bacterial Indicators

Bacterial indicators in stormwater include fecal coliforms (Escherichia coli,
Enterococci sp.) and pathogens (Pseudomonas aeruginosa, Staphylococcus
aureus, Clostridium perfringens). In a study conducted by Davies and Bavor
(2000) on stormwater from residential catchment of Plumpton Estate, New
South Wales, Australia, mean removal efficiencies for the CW over a six-
month period were reported to be 79%, 85%, and 87% for thermotolerant
coliforms (TTC), enterococci (ENT), and heterotrophic bacteria, respectively.
The concentrations of bacteria in sediments were reported to be higher than
the water column concentrations, often by several orders of magnitude. This
difference was most pronounced for Clostridium perfringens spores, the con-
centrations of which ranged from <1 to 40 spores per 100 ml in the water
column and from 104 to 107 spores per 100 g d.w. of the sediment. Addi-
tionally, the bacterial concentrations in the top 10 cm remained relatively
constant with time. This suggests that the bacteria were almost exclusively
associated with the smaller particles (<2 mm) that remained suspended
throughout the duration of the settling experiment, and not attached to the
larger particles that settled out within the experimental duration. However, it
has been shown that the process of bacterial adsorption to particles increases
bacterial persistence in aquatic environments by protecting them from envi-
ronmental stresses that may otherwise be responsible for their mortality (e.g.,
solar radiation, starvation and attack by bacteriophages (Gerba and McLeod,
1976; Roper and Marshall, 1974). Further, the greater effect of predation on
TTC compared with ENT concentrations may be related to the hydrophobic
properties of streptococci, which enable them to bind more efficiently than
coliforms to clay particles (Huysman and Verstraete, 1993). Consequently,
ENT may be protected from predators to a greater degree in CWs. Addition-
ally, it is reported that the protozoa preferentially prey on coliform bacteria
as compared with ENT (Gonzalez et al., 1990).

In addition, several workers have found a significant relationship
between bacterial mortality rates and sediment particle size. TTC mortality
rates were shown to be significantly lower in sediment with predominantly
clay-sized particles than in coarser sediments (Howell et al., 1996). Burton



2188 P. Malaviya and A. Singh

et al. (1987) found that particle size was the only sediment characteristic
that was related to the survival of Escherichia coli and Salmonella newport,
both of which survived significantly longer in sediments containing at
least 25% clay. The persistence of microorganisms in wetland sediments
suggest that the sediments may act as reservoirs of viable bacteria. It has
been shown that sediment-bound bacteria may be resuspended back into
the water column by storm activity, thereby resulting in deterioration in
the quality of the overlying water (Crabill et al., 1999). The TTC removal
efficiencies for the wetland in the study of Davies and Bavor (2000) were
somewhat lower than values previously reported which usually exceeded
90%. However, most of the previous microbiological studies have focused
on the assessment of wetlands for the treatment of municipal and industrial
wastewater rather than for the treatment of stormwater (Kadlec and Knight,
1996). In point of fact, poor performance of CWs for stormwater treatment
was attributed to presence of higher proportions of fine particles (<2 mm)
in comparison with municipal wastewater treatments.

Birch et al. (2004) in their study on treatment of urban stormwater runoff
by CW reported that the number of fecal coliform colonies (FC) in stormwater
was very high (1,10,000 cfu 100 ml−1), representing a level that was 110 times
above the recommended number for human health safety for secondary con-
tact (e.g., boating). Although fecal coliform counts in effluent water during
high-flow events were below 5500 cfu 100 ml−1 for two events, substantially
greater FC contents of up to 2,20,000 cfu 100 ml−1 were recorded during the
largest of the high-flow events monitored. This indicated a high removal ef-
ficiency of FC during moderately intense high-flow events (∼1.0 mm of rain
hour−1), but efficiency was substantially reduced during periods of intense
rainfall (>4.0 mm of rain hour−1). The mean removal efficiency of fecal col-
iforms was reported to be 98%, 83%, and 99% during three high flow events
but decreased to 26% during the largest high-flow event sampled. During
the latter, settling and removal of suspended particulates was substantially
reduced and resuspended particulates likely contributed to the elevated TSS
and fecal coliforms contents in outflowing stormwater during this event.

7. STORMWATER TREATMENT WETLANDS: DESIGN CRITERIA
AND ECONOMIC PERSPECTIVE

Stormwater treatment wetlands are CW systems designed to maximize the
removal of pollutants from stormwater runoff via several mechanisms such
as microbial breakdown of pollutants, plant uptake, retention, settling, and
adsorption. They also promote the growth of microbial populations that can
utilize soluble carbon and nutrients and potentially reduce BOD and fecal
coliform levels concentrations. Stormwater wetlands temporarily store runoff
in shallow pools that support conditions suitable for the growth of wetland
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plants (Schueler, 1992). In addition, organic soils found in mature wetland
act like a sponge to retain water and allow infiltration of surface water into
the groundwater. This decreases not only runoff volume, but also peak
discharges, which may otherwise cause flooding or erosion downstream.
As channelized flow enters a wetland, the velocity is reduced as the water
spreads out over the wetland. Velocity is further reduced by the frictional
resistance of aquatic vegetation. It is this reduction in velocity that is most
responsible for sediment and nutrient retention in CWs (Jones, 1996).

The Metropolitan Council of Governments has developed guidelines
for constructing wetland stormwater basins (Schueler, 1992). These guide-
lines recommend a wetland surface area of 1–2% of the watershed area,
depending on the nature of the watershed and the design of the facility.
Effective wetland design displays complex microtopography. In other
words, wetlands should have both very shallow (<6 inches) and moderately
shallow (<18 inches) zones created by underwater earth shelves (California
Stormwater Quality Association, 2003). However, the use of stormwater
wetlands is limited by a number of site constraints, including soil types,
depth to groundwater, contributing drainage area, and available land area. A
pondscaping plan should be developed for each stormwater wetland. This
plan should include hydrological calculations (or water budget), a wetland
design and configuration, elevations and grades, a site/soil analysis, and esti-
mated depth zones. This plan should also contain the location, quantity, and
propagation methods for the stormwater wetland plants. A site appropriate
for a stormwater wetland must have adequate water flow and appropriate
underlying soils. Base flows from the drainage area or groundwater must
be sufficient to maintain a shallow pool in the wetland and support the
vegetation, including species susceptible to damage during dry periods.

Underlying soils that are Natural Resources Conservation Service
(NRCS) types B (sandy loam), C (clay loams), or D (heavy plastic clays)
will have only small infiltration losses. Sites with type A (sandy) soils have
high infiltration rates and may require a geotextile liner or a 15-cm (6-inch)
layer of clay. Medium-fine texture soils (e.g., loams and silt loams) are best
to establish vegetation, retain surface water, permit groundwater discharge,
and capture pollutants. At sites where infiltration is too rapid to sustain
permanent soil saturation, an impermeable liner may be required. Even,
where the potential for groundwater contamination is high, such as runoff
from sites with a high potential pollutant load, the use of liners should be
required. After excavation and grading of a basin, at least 10 cm of soil
should be applied to the site. This material, which may be the previously
excavated soil or other suitable material, is needed to provide a substrate in
which vegetation can become established (Schueler, 1992).

For planning of stormwater wetlands, sites must be carefully evaluated.
Soils, depth to bedrock, and depth to water table must be investigated before
designing and siting stormwater wetlands. Site preparation requirements and
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a maintenance schedule are also necessary components of the plan. The
water budget should demonstrate that there will be a continuous supply of
water to sustain the stormwater wetland. The water budget should be devel-
oped during site selection and checked after preliminary site design. Drying
periods of longer than two months have been shown to adversely affect
plant community richness, so the water balance should confirm that drying
will not exceed two months. After excavation and grading, the wetland
should be kept flooded until planting. Six to nine months after being flooded
and two weeks before planting, the wetland is typically drained and sur-
veyed to ensure that depth zones are appropriate for plant growth. Revision
may be necessary to account for any changes in depth (Schueler, 1992).

The wet basin should be configured as a two-stage facility with a
sediment forebay and a main pool. Sediment forebays are recommended
to decrease the velocity and sediment loading to the wetland. The forebays
provide the additional benefits of creating sheet flow, extending the flow
path, and preventing short circuiting. They should contain at least 10% of the
wetland’s treatment volume and should be 4–6-ft deep to prevent vegetation
from encroaching on the pond open water surface. The forebay is typically
separated from the wetland by gravel or by an earthen shelf (Schueler,
1992). The bottom of the forebay may be hardened (concrete) to make
sediment removal easier. A fixed vertical sediment depth marker should
be installed in the forebay to measure sediment accumulation (California
Stormwater Quality Association, 2003). The wetland design should include a
buffer to separate the wetland from surrounding land. Buffers may alleviate
some potential wetland nuisances, such as accumulated floatables, odors,
and or geese. A buffer of 25 ft is recommended, plus an additional 25 ft
when wildlife habitat is of concern. Leaving trees undisturbed in the buffer
zone will minimize the disruption to wildlife and reduce the chance for
invasion of nuisance such as cattails and primrose willow (Schueler, 1992).

Flow from the wetland should be conveyed through an outlet structure
that is located within the deeper areas of the wetland. Before the outlet,
a 4–6-ft deep micropool (having a capacity of at least 10% of the total
treatment volume), should be included in the design to prevent the outlet
from clogging. The outlet from the micropool should be located at least one
foot below the normal pool surface. Because of the abundance of vegetation
in the wetland, a trash guard should be used to protect the outlet. A trash
guard large enough, so that velocities through it are less than 2 fps (feet
per second) will reduce clogging problems (Schueler, 1992). High velocities
can wash out rooted vegetation and clean deposited sediments. Ideally, flow
velocities should be less than 0.6 fps. Water depths less than 40 inches result
in greater resistance to flow and favor aquatic vegetation. The preferred
depth ranges are 0–1 ft of water for emergent plants, 1–2 ft for rooted
surface plants, and 1.5–6.5 ft for rooted submerged plants. Pools deeper than
40 inches should be included in the wetland design to maximize sediment
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deposition and provide winter fish habitat. The terrestrial-aquatic boundary
should have a very gradual slope. This allows for the establishment of a
continuum of emergent species and reduces the erosive effects of waves
hitting a sharp shoreline boundary (Jones, 1996).

Wetland vegetation can be established by three methods: allowing
volunteer vegetation to become established (not recommended), planting
nursery vegetation and seeding. A higher diversity wetland can be estab-
lished when nursery plants are used. Vegetation from a nursery should
be planted during the growing season (not during late summer or fall) to
allow vegetation to store food reserves for their dormant period. Species
adaptable to the broadest ranges of depth, frequency and duration of
inundation (hydroperiod) should be selected (Schueler, 1992). Among
different aquatic vegetation, persistent emergent vegetation have stems that
persist even after the growing season. This provides year-round resistance
to water flow. These plants include cattail (Typha sp.), iris (Iris pseudacorus
or I. versicolor), rush (Juncus sp.), cordgrass (Spartina sp.), reedgrass
(Calamagrostis sp.), sawgrass (Cladium jamaicense), and switchgrass
(Panicum virgatum). Woody plants, such as alder (Alnus sp.), buttonbush
(Cephalanthus occidentalis), and black willow (Salix nigra), are useful edge
species with persistent stems. On the other hand, submerged vegetation
removes nutrients seasonally, but does not offer significant frictional
resistance to suspended sediments (Jones, 1996).

A generalized layout of urban stormwater treatment wetland (California
Stormwater Quality Association, 2003) is given in Figure 3. Schueler (1992)
has described four types of basic stormwater wetland designs that are
explained as the following.

Design 1: Shallow Marsh System
Shallow marsh systems are configured with different low marsh and high

marsh areas, which are referred to as cells. They also include a forebay
for coarse particulate settlement before the wetland cell and a micropool
at the outlet. Shallow marshes are designed with sinuous pathways to
increase retention time and contact area. Most shallow marsh systems
consist of pools ranging from 6 to 18 inches during normal conditions.
Shallow marshes may require larger contributing drainage areas than
other systems, as runoff volumes are stored primarily within the marshes,
not in deeper pools where flow may be regulated and controlled over
longer periods of time.

Design 2: Pond/Wetland Systems
Multiple cell systems, such as pond/wetland systems, utilize at least one

pond component in conjunction with a shallow marsh component. The
first cell is typically the wetpond that provides for particulate pollutant
removal. The wetpond is also used to reduce the velocity of the runoff
entering the system. The shallow marsh provides additional treatment of
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FIGURE 3. A generalized layout of urban stormwater treatment wetland (California Stormwa-
ter Quality Association, 2003).

the runoff, particularly for soluble pollutants. These systems require less
space than the shallow marsh systems and generally achieve a higher
pollutant removal rate than other stormwater wetland systems.

Design 3: Extended Detention Wetlands
Extended detention wetlands provide a greater degree of downstream chan-

nel protection. These systems require less space than the shallow marsh
systems since temporary vertical storage is substituted for shallow marsh
storage. The additional vertical storage area also provides extra runoff
detention above the normal elevations. Water levels in the extended
detention wetlands may increase by as much as three feet after a storm
event and return gradually to normal within 24 hr of the rain event. The
vegetated area in extended detention wetlands expands from the normal
pool elevation to the maximum surface water elevation. Wetland plants
that tolerate intermittent flooding and dry periods should be selected for
the extended detention area.

Design 4: Pocket Wetlands
These systems may be utilized for smaller sites of 1–10 acres. To maintain

adequate water levels, pocket wetlands are generally excavated down to
the groundwater table. Pocket wetlands that are supported exclusively
by stormwater runoff generally have difficulty in maintaining marsh
vegetation due to extended periods of drought.
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Stormwater wetlands require routine maintenance, for instance, the
small forebay should be dredged every year to protect the wetland from
excessive sediment buildup. In the first three years after construction, twice-
yearly inspections are needed during both the growing and nongrowing
season. Regulating the sediment input to the wetland is the priority mainte-
nance activity. The majority of sediments should be trapped and removed
before they reach the wetlands either in the forebay or in a pond com-
ponent. Gradual sediment accumulation in the wetland results in reduced
water depths and changes in the growing conditions for the emergent plants
and its removal within the wetland can destroy the wetland plant com-
munity. Thus, shallow marsh and extended detention wetland designs in-
clude forebays to trap sediment before reaching the wetland. These fore-
bays should be cleaned out every year. Harvesting of wetland vegetation
can also be considered to remove nutrients from the wetland system and
to minimize nutrient release when vegetation dies in the autumn. This is
generally not recommended, but in special cases it will remove the nu-
trients contained in the vegetation from the system (Schueler, 1992). CWs
should be stocked regularly with mosquito fish (Gambusia sp.) to enhance
natural mosquito and midge control. An annual vegetation harvest in sum-
mer appears to be optimum, because it is after the bird breeding season
and mosquito fish can provide the needed control until vegetation reaches
late summer density, and there is time for re-growth for runoff treatment
purposes before the wet season (California Stormwater Quality Association,
2003).

Wetland based stormwater treatments are relatively inexpensive. Con-
struction cost data for wetlands are rare, but one simplifying assumption
is that they are about 25% more expensive than stormwater ponds of an
equivalent volume. Using this assumption, Brown and Schueler (1997) de-
veloped following equation to estimate the cost of stormwater wetlands: C
= 30.6V0.705. Where C is construction, design, and permitting cost, and V is
wetland volume needed to control the 10-year storm (ft3).

Using this equation, the following typical construction costs are ob-
tained: $57,100 for a 1 acre-foot facility, $289,000 for a 10 acre-foot facility,
and $1,470,000 for a 100 acre-foot facility.

Wetlands consume about 3–5% of the land that drains to them, which
is relatively high compared with other stormwater management practices.
In areas where land value is high, this may make wetlands an impracticable
option. For ponds, the annual cost of routine maintenance has typically been
estimated at about 3–5% of the construction cost; however, the published
literature is almost totally devoid of actual maintenance costs. Because CWs
are long-lived facilities (typically longer than 20 years), major maintenance
activities are unlikely to occur during a relatively short study (California
Stormwater Quality Association, 2003).
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Highway runoff is responsible for serious environmental impacts, espe-
cially in the long term. Roads represent approximately 20% of urban catch-
ment areas, but the HRO can contribute as much as 50% of the TSS, 16% of
the total hydrocarbons, and between 35 and 75% of the total metal pollutant
inputs to receiving watercourses (Shutes et al., 1997). Traffic characteristics
(e.g., mean vehicle speed, traffic load), climate, long dry/wet periods, and
rainfall event intensity and duration are regarded as important factors in gen-
erating pollutants in HRO (Crabtree et al., 2006). CWs have been employed
successfully as a viable solution for the treatment of HRO. There are several
studies regarding performance of wetlands in treating HRO (e.g., Bulc and
Slak, 2003; Mitchell et al., 2002; Shutes et al., 1999; Shutes et al., 1997).

The variable quality and quantity of HRO requires a more complex
design for a CW treatment system. Figure 4 shows the use of pretreatment

FIGURE 4. An idealized design of constructed wetland for HRO treatment (Shutes et al.,
1999).
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structures including an oil separator, silt trap, spillage containment basin,
and settlement pond in an idealized HRO treatment system incorporating
a horizontal subsurface flow CW. A final settlement tank provides post
treatment followed by discharge to a receiving water body. An overflow
structure from the settlement basin prevents excessive flows passing
through the wetland and damaging the plants (Shutes, 2001). Bresciani et al.
(2007) reported on the HRO treatment project for the highway connection
Villesse-Gorizia in Italy. The project included a total of 60 CWs along 17 km
of highway. Each system consisted of a first flush sedimentation tank, HF
CW, wet pond, and a final vegetated retention area.

As CWs require 1–3 years to mature and become capable of efficient
wastewater treatment, bypass oil separators, silt traps, and spillage contain-
ment facilities must be installed prior to the discharge of HRO into the CW
owing to the phytotoxic nature of HRO (Shutes et al., 1999). If sufficient
land is available, a final settlement tank with a minimum capacity of 50 m3

extending across the width of the wetland can be installed. It will help to
prevent fine sediment from the wetland being transferred into the receiving
water body especially during the highway construction period. A SSF system
provides very little flood storage and thus, where significant flood storage
of runoff is required, it would be necessary to combine the treatment facility
with separate storage (Shutes et al., 1999).

The CW should be large enough to retain the first flush of the longer
storms to achieve partial treatment and delay transfers to the watercourse
until normal flows have returned. They should ideally have a minimum
retention time of 30 min. An ideal design should retain the average annual
storm volume for a minimum of 3–5 hr and preferably for 10–15 hr to
achieve good removal efficiency. For the CW design, the following criteria
are recommended: a retention time of 24 hr, an aspect ratio (width:length)
of 1:1 to 1:2, a slope of wetland bed of 1% maximum, a minimum substrate
bed depth of 0.6 m, a substrate of 0.15 m of soil over 0.45 m pea gravel,
a hydraulic conductivity of substrate of 10−3 m s−1 to 10−2 m s−1 (Shutes
et al., 1999). During storm events, high rates of HRO may discharge over
CWs, but optimal hydraulic loading should not exceed 1 m3 m−2 day−1 in
order to achieve a satisfactory treatment. Flow velocity should not exceed
0.3–0.5 m s−1 at the inlet zone if effective sedimentation has to be achieved.
At velocities greater than 0.7 m s−1, high flow may damage the plants
physically and cause a decline in system efficiency (Shutes et al., 1999).

The inlet pipe should be constructed in such a way that influent flow is
evenly distributed across the width of the bed. This may be achieved using
slotted inlet pipes where the slots are sufficiently large to prevent clogging
by algae. A stilling structure under the inlet, usually a 1-m-wide stone trench
is necessary to either dissipate high water flows or to contain the inlet
distributor pipe. The lowest level in the wetland should be 300 mm below
the substrate surface and during dry periods an additional source of water
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may be needed to supply the reed beds. A grid of slotted plastic pipes with
diameter of about 100 mm should be installed vertically in the substrate
at 5-m intervals to aid aeration of the root zone. Nonmetallic items should
be incorporated into the construction of the wetland so that metals in the
wetland only arrive from road runoff. The location of CWs depends on low
points in the road drainage system, location of the receiving waters, and
local topography. It is not necessary to site CWs beside the road. However,
the centers of roundabouts and areas between the arms of slip roads are
spaces that may be utilized in wetland construction. Gravel provides the
most suitable substrate for emergent plants growing in CWs, supporting
adequate root growth and superior permeability (Shutes et al., 1999). Natural
boulder or bentonite clay or geotexile liners may be used as reed bed bases,
in instances where prevention of leakage to groundwater is imperative. An
impermeable layer is also necessary to retain water in the wetland during dry
periods.

Similar to general stormwater treatment wetlands, the operation and
maintenance procedures connected with a CW treating HRO include re-
moval of sediments, maintenance of the substrate and plants, harvesting,
maintenance of water levels, maintenance of nutrient levels, general struc-
ture maintenance, and control of weed growth. Finally, different water quality
parameters (pH, DO, TSS, BOD, COD, nitrates, phosphates, heavy metals,
and hydrocarbons) should be regularly monitored to assess the performance
of wetland (Shutes et al., 1999).

Scholes et al. (1998) compared the performance of two wetlands, one in
Brentwood (north of London) including SSF (main system) and FWS wetlands
(storm event system), and one FWS wetland in Dagenham (a large suburb in
northeast London). Even though the authors compared the two systems, they
indicated that there are limitations, as the physicochemical characteristics of
the HRO vary considerably and it is very difficult to estimate the amount
for HRO due to its direct relation to the amount of rainfall. Thus, wetlands
operating in England have provision for balancing tank or pond for regulating
the incoming HRO. In the event of a storm, this reduces the threat of flushing
retained pollutants from the wetlands and provides some retention time for
the wetland system to treat the influent (Pontier et al., 2004).

There is very little published information regarding economics of CWs
treating HRO, with Weiss et al. (2007) providing the most interesting data.
They conducted a comparative study between various HRO treatment
options and concluded that wetlands are the most cost-effective systems in
North America, as long as the land cost is not included in the relevant esti-
mations. However, none of the publication had a cost breakup, which would
have made the data more useful to potential end users, especially local
authorities and highway operators. Only Soderqvist (2002), in a cost analysis
for wetlands in Sweden, presented a cost breakup of the different tasks
involved in the project. One of the main observations was that excavation
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activities form the major cost of such constructions, emphasizing the im-
portance of detailed excavation planning for more accurate budget estimate
predictions.

In the study conducted by Manios et al. (2009), a good understanding
of construction and operation costs, as well as the resources required for
the establishment and implementation of CWs systems, was presented. The
construction of wetland in this study represented 25% of the total construc-
tion cost, while 5% was spent on the influent automated (and sun-powered)
control and distribution system from the storage tank to the wetlands. The
respective total cost allocated to the two SSF systems (€14,676) was approx-
imately 10% higher than that of the FWS (€13,596), mainly due to the three
different-sized gravel layers used in the SSF substrate compared with the
topsoil used in the FWS, which tripled the cost and placement time. The
total annual economic cost (TAEC) was €1,799 year−1 and €1,847 year−1 for
the FWS and SSF pair, respectively.

They also suggested that the excavation cost for the construction of
wetlands should be taken into consideration very carefully. It is a parameter
often ignored by designers of wetland systems, as they do not know what
lies 50 cm below the surface of the site. Excavation constitutes at least 20% of
the construction cost. The construction of a storage tank was recommended
as a control device, smoothing the flow into the wetlands. Its cost represents
at least 25% of the construction. If all the tasks involving the use of reinforced
concrete are added, this cost represents almost 35% of the budget allocated.
Tasks directly related to the wetland, such as membrane liner installation,
substrate addition, and planting, represent about 30% of the total cost. To-
gether with excavation they make up 50% of the total cost, further supporting
the idea that wetlands are a low-cost system. It should be noted that most
competing systems (such as packed bioreactors) also require pretreatment,
resulting in a substantially higher construction cost. SSF systems are gener-
ally far more difficult to construct, especially with the new design demand
to layer the gravel in various sizes. Additionally, they also cost almost 10%
more than FWS. The economical and construction superiority of the FWS
is further supported by analyses of the TAEC, where the performance of
the systems was taken into account. Financially and construction-wise, FWS
systems are more suitable than SSF systems for stormwater such as highway
runoff (Manios et al., 2009).

8. CONCLUSION

CWs are increasingly being installed to polish urban drainage and stormwa-
ter by reducing contaminants before disposal into receiving waters. Given
proper considerations, they can greatly enhance water quality in a variety of
urban settings such as municipal, industrial, and agricultural. The CW systems
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reduce or remove contaminants including organic matter, inorganic matter,
trace organics and pathogens from the stormwater. As already discussed,
reduction is said to be accomplished by diverse treatment mechanisms in-
cluding sedimentation, filtration, chemical precipitation, adsorption, micro-
bial interactions, and uptake by vegetation. However, these mechanisms are
complex and not yet entirely understood.

In context of stormwater treatment, CWs have been looked at as a black-
box, as only influent and effluent concentrations are measured without any
further investigations. There is a strong need to enlighten the black-box to un-
derstand the basic elimination and transformation processes for specific con-
taminants and to design CWs for optimized treatment of stormwater priority
pollutants. For most of the contaminants, data on removal rates are not avail-
able such as cadmium and platinum among heavy metals; benzo[a]pyrene,
naphthalene, and pyrene among PAHs; phenmedipham, pendimethalin,
terbutylazine, and glyphosate among herbicides; and nonylphenol, 2,4,4′-
trichlorobiphenyl, DEHP, MTBE, and PCP among miscellaneous contami-
nants. Particular attention should also be given to the improvement of the
effectiveness of microbial and molecular biology methods to measure mi-
crobial reaction rates (Truu et al., 2009). Therefore, there is a great need of
research to determine process rates for proper designing of CWs.

As is evident, CWs have been commissioned as stormwater treatment
facilities in many parts of the world (Vymazal, 2009), but to date, the tech-
nology has been largely ignored in developing countries where effective,
low-cost wastewater treatment strategies are critically required. Even though,
the potential for application of wetland technology in the developing world
is enormous, as tropical and subtropical regions are known to sustain a
rich diversity of biota that may be used in wetlands (Kivaisi, 2001). For the
temperate and subtropical climates found in the Northern Hemisphere, ba-
sic principles related to design, application, operation, and maintenance of
CWs have been established, and comprehensive guidelines and recommen-
dations are available. However, these established road maps may not be
directly transferable to tropical environments.

Additionally, developed world advisors may be entrenched in appropri-
ate technologies for their countries and are unable to transfer their concep-
tual thinking to the realities and cultures of the third world. Thus, rather than
assisting developing countries to develop their own CW technologies, the
tendency has been to translocate northern designs to tropical environments
(Kivaisi, 2001). The developing countries need to create in-house expertise
through establishment of research units in the regions where CWs will be es-
tablished, as they better understand the technology and economic scenario of
their countries. Exchange of knowledge with external institutions should be
encouraged. Well-qualified scientists, engineers, and managers are needed
to formulate and implement strategies for overall environmental protection.
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To determine whether CW treatment technology is cost-effective, en-
vironmentally sensitive, and technically reliable option for a given project
location, its careful and exhaustive analysis must be conducted. It should be
remembered that CWs might not always be the best alternative for low-cost
and effective stormwater treatment. Different factors such as cost of devel-
opment, suitable free-land availability, a relatively flat topography, nature
of soils, and operating and maintenance costs including harvesting of veg-
etation and nuisance control must be cautiously considered in determining
the suitability of CW technology as an appropriate option for stormwater
treatment, especially in developing nations. This is because economic and
technological constraints and lack of effective environmental pollution con-
trol laws or law enforcement in developing nations discourage them to adopt
CWs and even other BMPs for stormwater runoff.

Although there are well-established design criteria of CWs for municipal
wastewater treatment, criteria for urban and highway runoff treatment sys-
tems have yet to be fully agreed upon because urban storm runoff is much
more difficult to control due to the random nature of rainfall and uncertainty
of the pollution source. Particularly, the presence of heavy metals in urban
runoff is of great concern, as they are most toxic due to enhanced bioavail-
ability and nonbiodegradability in the environment. Further, the partitioning
of heavy metals into different particle size classes in terms of their adsorption
to particulates has major implications for urban water quality management
(Herngren et al., 2005). Therefore, further approaches adopted to mitigate
the impacts of urban runoff on receiving waters should include the use of
structural or regulatory measures such as extended detention basins, gross
pollutant traps, and restrictive zoning. However, for these measures to be
effective, an in-depth understanding of the different processes involved in
interaction of urban runoff contaminants is highly essential.

Further, variability in contaminant concentrations in urban stormwater
runoff from one location to another has been observed, that is attributed
to differences in land use, climatic influences, traffic density, atmospheric
deposition, maintenance, road drainage designs, and vehicular traffic density
(Brezonik and Stadelmann, 2002). Thus, stormwater management requires
collection of local data that ultimately determines the local designing of CWs.

Additionally, stormwater treatment wetlands may pose a risk to the sur-
rounding environment as heavy rainfall events may cause a breakthrough
of contaminants and pathogens. Further, the first flush phenomenon gener-
ates very high loads of contaminants that are very difficult to be predicted
and needs additional amendments in structural designing of CWs. Thus, the
long-term efficiency and sustainability of these systems is critically dependent
on an integrated understanding of their biological, chemical and hydrolog-
ical processes as well as hydrometeorological effects of rainfall on them.
Furthermore, management plans and budgets need to be prepared at the
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design stage and provision should be made for resolving unforeseen opera-
tional problems.

Natural treatment systems are too often considered to be a build-and-
forget solution not requiring further attention at all. However, when de-
nied the minimal amount of maintenance that even natural systems need,
failing treatment systems are often reported. Proper functioning of CWs for
stormwater treatment also presents various tribulations, such as clogging, tox-
icity effects of heavy metals and organic contaminants, disposal of biomass
enriched with heavy metals, mosquito problems, seasonal growth of aquatic
macrophytes, and requirement of a large area to accommodate huge runoff.
Therefore, CWs could not be considered as panacea for stormwater pollu-
tion; however, in combination with other structural and nonstructural BMPs,
effective performance could surely be obtained.

On the whole, for effective and sustainable urban wastewater man-
agement, further research is required to define optimal plant species and
microorganisms prevalent in wetlands and to quantify rates of individual
processes in the field. Laboratory studies are best suited to acquire such
data on treatment wetlands. Additionally, genetically modified plants should
be considered to enhance the treatment effectiveness of CWs for specific
compounds, though biosafety apprehensions are always there. Performance
data are also required for microbial activity and contribution of the plants
to the overall removal process. The application of approaches and tech-
niques recently developed in related fields, such as contaminant hydrology,
environmental microbiology and biotechnology, environmental chemistry,
phytoremediation, statistics, and environmental modeling, will tremendously
enhance the research on stormwater treatment wetlands and will open new
possibilities for process characterization and understanding of treatment wet-
lands. Future challenges will surely consist of optimizing CWs for more sus-
tainable and reliable treatment of stormwater priority pollutants.
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