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Abstract
Population growth and human-induced landscape rakatipn has degraded water quality
around the world. This is due in large part to ridgglacement of natural wetlands and associated
pollution attenuation benefits with impervious suds and pollutant-producing development.
Natural mechanisms and engineering technologiese hbgen combined to form best
management practices that aim to improve watentgulioretention and constructed wetlands
are common facilities that show promise in imprgviwater quality in urban, suburban,
industrial, municipal, and agricultural environm&nThese facilities can be used separately or
together to achieve maximal nutrient removal efiicies. Research has shown high variability
in the efficiency of these treatment systems. Taigew aims to present recent research on the
type and removal processes associated with bidretefacilities and constructed wetlands and
to aid in improving their design. Nitrogen and pblosrus are the most targeted pollutants in
studies regarding bioretention and constructedamndf due to their ubiquitous occurrence in
effluent and their effects on eutrophication. Real@f these nutrients is dependent on treatment
system design that considers hydrology, vegetatéon] substrate. Hydrology in regards to
hydraulic load rate, retention time, and aerobiaéabic status is the main force behind the
operation of these systems. Selection of apprapriagetation and substrate is a critical design

consideration for nutrient assimilation and seqga#isin. Maintenance and management of

treatment systems are often required and may isereasts and direct design choices. The



literature reviewed for this paper exhibits coriitig information regarding best methodology for
nutrient removal within constructed wetlands andrétention facilities; however, current
research can be employed to create successfulhsystethin reasonable expectations. Further
studies are recommended to understand the meclanssponsible for optimum removal

efficiencies and development of constants to ptemitcomes than can better tune design.

Introduction

Anthropogenic manipulation of the landscape haddedegraded water quality in many parts of
the world (Davis, 2008). Manipulation such as depelent, agricultural practices, and

wastewater effluent negatively alter and replace treatment capabilities of the natural

environment. These alterations tend to result @vaked pollutant loading, reduced infiltration

and treatment, sedimentation, and voluminous peaksfthat natural systems cannot completely
absorb (Davis, 2008; Passeport et al., 2009). Asilations continue to expand, natural filtering

mechanisms become stressed. This effect is compdubyg the documented loss of natural
wetland systems, which is estimated to be appraeiypeb0 or greater percent worldwide

(Mitsch and Gosselink, 2000). The loss of naturahysting filtering mechanisms promoted by

wetlands has led to the loading of excess nutri@ndspollutants into water bodies causing water

guality degradation.

In an effort to improve water quality and offsesdoof natural wetland functions, a hybridization
of natural capacities with engineering technolodgires become a popular best management
practice (BMP) to treat polluted discharges andratate hydrology changes (Hunt et al., 2006;

James and Dymond, 2011). The two most common tegdtsystems are bioretention facilities



and constructed wetlands. Bioretention is typicalbnsidered a “dry” system where water
residence time is limited, while constructed wednretain water for longer periods.
Bioretention and constructed wetland systems haea Ishown to effectively remove pollutants
from point and non-point sources (Fink and Mits2004; Stone et al., 2004; Cui et al., 2008).
These systems differ in form and function to imgrowvater quality through similar natural

mechanisms.

Bioretention and constructed wetlands are gradubfgoming integrated within modified
landscapes as components of new development opradystems to existing infrastructure
(Tanner, 1996). The design and use of bioretergimmhconstructed wetlands is being considered
a prevalent method to treat pollutants in urbabusgoan, and agricultural environments (Brooks
et al.,, 2000; Hunt et al., 2006; Lieyu Zhang et dD11; Song et al., 2010). Although the
practical application and scientific research rdgay treatment system design is still developing,
regulatory agencies are progressively requiringr tise (Hunt et al., 2006; Passeport et al.,
2009; White et al., 2011). For example, the Unigtdtes Environmental Protection Agency
(EPA) has been working to set total maximum daolgds of pollutants into waterways to curb
concentration increases (White et al., 2011). Thiesés trigger the use of BMPs to treat runoff
as a means to meet EPA guidelines. Additionallgrehs a trend towards the use of sustainable
methods of water treatment, such as low-impact I[dpweent (LID), that reduce costs and
resource consumption (Hunt et al., 2006; Wong, 2006plementation of bioretention and
constructed wetlands affords the opportunity tdiagtinatural processes to purify water in a

sustainable, cost-effective, conservation-oriemw@sner (D. Zhang et al., 2009).



Constructed water treatment facilities have beeowshto be effective in the removal of
excessive nutrient pollutants and harmful bactésiang et al., 2010; White et al., 2011; Lan
Zhang et al., 2011). The removal efficiencies a@fréiention and constructed wetlands are highly
variable and considerable research has focuse@tennaining their true effectiveness. Removal
efficiencies of common nutrients such as nitrogénand phosphorus (P) and fecal coliform and
Escherichia coli bacteria strains have been reported to be nelglidly some, while other
research has elucidated pollutant abatement insex@e80% (Lan Zhang et al., 2011; Passeport
et al, 2009). As implementation of treatment systéimcomes commonplace and regulations are
set to achieve a determined removal efficiencyeiarg is critical that complex processes

controlling removal are identified and design isdocted sufficiently to apply them.

Although the use of treatment systems is promisthg, application of these facilities for
purposes of water quality improvement is not withcamplications. Dynamic processes within
wetlands related to temporal and spatial variatidmbit the prediction of nutrient flux and
resultant water quality improvement (Thorén et 2004). It has been reported that constructed
systems are not likely to mimic ideal natural cowdis from the outset (Campbell et al., 2002;
Fennessy et al., 2008; Reeder, 2011). With thieiimd, it may be difficult to assign performance
standards to a constructed system when referenuéitioms are not achievable. Short-term
results should not be expected to indicate sucaedyg, an indication of a trend towards the

intended goals.

The optimum design characteristics of these sysiesmst fully understood (Fink and Mitsch,

2004). Many factors are at work in the removal ollygants within a constructed wetland and



selection of design details need to coincide wgmeany as possible. Proper design is dependent
on detailed holistic data collection, which is paoaunt to the implementation of a treatment
system that will achieve desired goals (Campbedll ¢2002; Reeder, 2011; Lieyu Zhang et al.,
2011). Many constructed systems fail due to lackraferstanding of biogeochemical processes,
overall insufficient research regarding pollutaemoval, and a dependency on statistical models
(Lieyu Zhang et al., 2011). Although constructedtlareds and bioretention serve beneficial
functions, advancements in research and desigmitpets are not far enough along for
constructed facilities to completely replace offisigntly emulate natural wetland functions. It
may be advisable to consider constructed systerasjamp-start” or attendant feature to a fully

functional system and probably shouldn’t be relipdn for complete nutrient removal.

The purpose of this paper is to conduct a liteeateview regarding bioretention facilities and
constructed wetlands, including the types and m®eE® that govern removal efficiencies. The
information provided herein is intended to assiattips interested in utilizing constructed
systems for water quality improvement. The revigars the features, benefits, and potential
problems discovered by recent research. Hopefull information yields improved decisions

concerning constructed treatment system design.

Treatment System Characteristics

Bioretention areas and constructed wetlands aregbesed and researched in numerous
configurations to better understand what designbates achieve the best use efficiency.
Although the chosen design form depends heavilyingpetus of use, there are generalized

characteristics that are attributed to them. Thections realized by these systems are not



mutually exclusive and the combination of biorefmtand constructed wetlands is a beneficial

approach.

Bioretention Facilities

Bioretention facilities are commonly referred toragmgardens and bioswales and are most often
used as initial runoff treatment systems and tylyicanly detain runoff for a short period of
time. Therefore, these “dry” systems contribute pollutant removal during short pulses
associated with precipitation. Bioretention hasrb&sund to be best suited for treatment of
minor, less intense storm events (James and Dynifxid)). Although this may be considered a
limitation, it makes these systems suitable for inseonfined and numerous areas where other

alternatives are not feasible.

Typically these systems consist of a soil filterdmaethat is characterized by a high hydraulic
conductivity, which is responsible for rapid infdtion of stormwater and reduced residence
time. During percolation, pollutants are removeohfrthe water by the filtration media. Since
bioretention systems rely on hydraulic conductivity draw down pollutants through filter
material, restricted drainage would result in iased surface runoff and lack of pollutant
removal (James and Dymond, 2011). Oftentimes, & dystem is constructed within or below
the filter media to ensure aerobic conditions ér@tigure 1).The use of a drainage system is
particularly necessary in locations where the figcis underlain by a less pervious soil and risk
of perching exists or where the water table mayaaeh within the filter profile (James and

Dymond, 2011). A drainage system is also requiréere an impermeable liner intended to



inhibit translocation of pollutants to groundwatsrincorporated between the filter media and

native soil.
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Figure1: Typical bioretention facility to treat stormwater runoff
(Claytor and Schueler, 1996)

In addition to soil media and drainage, plants andch are typical features implemented for
both aesthetic and nutrient removal benefits. Tlaatp are efficient at nutrient assimilation and
mulch is a beneficial energy source for microbéspiration and water retention. Added benefits
of mulch include moisture retention for plant andcnmbial functions, contributions to soil

organic matter (OM) content, and aesthetics. Udaaktention is especially useful in areas that

are heavily traveled and aesthetics are importdnb{ et al., 2006). They allow otherwise static,



hard-surfaced areas to become both useful and@tatgaDue to the aesthetic value and pollutant
removal properties, these bioretention facilities aften selected for use in areas focusing on
LID, where a “softer” approach is desired (Huntaét 2006). A photograph of an attractive a
functional bioretention system treating shoppindl parking lot runoff in Maryland is provided

as Figure 2.

Figure 2: Bioretention facility treating parking lot runoff in Maryland
(Davis, 2004)

Because bioretention is effective as initial rurtofatment, these systems can be effectively used
as pre- and post-treatment of runoff and effluemrgo and after constructed wetland treatment
systems (Stone et al., 2004). Pre- and post-tredtplays an important role in affecting nutrient
loading into wetlands and the receiving wetlanéimoval efficiency. Since the dynamics related
to precipitation and temperature directly influenttee rate, species, and concentration of

nutrients into and exiting wetland systems, pred post-treatment can have a distinct effect on



transformation and fate prior to reaching the wetlaroper or receiving waters (Thorén et al.,
2003). Combining bioretention as pre- and/or posattment with constructed wetlands allows
for dedicated aerobic and anaerobic benefits (B@tla and Tanner, 2010). However,
bioretention areas have also been designed topgaraie anaerobic zones to take advantage of

fate pathways where they are not combined withtcocted wetlands (Hunt et al., 2006).

Constructed Wetlands

In contrast to bioretention systems that are mausdgd to treat moderate stormwater runoff,
constructed wetlands are utilized to treat runaifl seffluent composed of high pollutant
concentrations in larger scales. These systems aelyonger hydrologic residence time to
capitalize on anaerobic effects. Constructed wddahave been used to treat runoff and
wastewater effluent from agricultural, industriedsidential (e.g, urban, suburban), commercial,
and municipal sources (Brooks et al., 2000; Davialge 2003; Kohler et al., 2004; Mbuligwe,
2004; Thorén et al., 2004; Hunt et al., 2006; Dazdy et al., 2009; Dickopp et al., 2011; Lieyu

Zhang et al., 2011).

There are numerous constructed wetland types #mbe employed and are generally described
based on flow. Commonly used constructed wetlapéddynclude surface, subsurface, vertical,
or horizontal flow systems (Tanner, 1996; Kadleg97). Of these systems, surface horizontal
flow, or surface-flow, systems are intended to nsimatural wetlands (Burchell et al., 2007);

while subsurface systems are a hybrid between teiatien and surface-flow systems. Figure 3
provides a photograph of a constructed subsurfiove Wetland designed to treat septic tank

effluent in New Zealand (Tanner and Sukias, 2002undation is a common design



specification within surface flow systems. Surfdlosv wetlands rely heavily upon macrophytes
and the soil-water interface for nutrient removaamanism. Subsurface wetlands are designed
to have higher hydraulic conductivity to permit tieal exposure of nutrients to substrate
profiles, although not exclusive of vegetation realgpathways. Improved drainage integrated
into subsurface systems generally precludes desitin standing water. A typical schematic

depicting subsurface and surface-flow constructetlands is provided as Figure 4.

Figure 3: Constructed subsurface flow wetland treating septic tank
effluent (Tanner and Sukias, 2002)
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Figure4: Typical schematic of surface-flow constructed wetlands
(United States Department of Energy, n.d.)

The use of constructed wetlands to effectively ebidesired removal rates may require larger
areas than what has conventionally been used fluest treatment and bioretention. This is

primarily due to the tendency for pollutant concatibns to decline with increased distance
from the input source and with saturation of adgonpsites within existing substrate (Stone et

al., 2004).

Whereas bioretention often aligns filtering meckars with aesthetic appeal, constructed
wetlands are left more as natural or “wild” in apece. Bioretention relies primarily on below-

surface removal mechanisms, leaving vegetatiomagtandant benefit. In constructed wetlands



the use of vegetation is equally important to mumtiriremoval as substrate. Therefore, prolific
growing herbaceous vegetation used in constructedamds does not require aesthetic
maintenance. The inundated state typically assatiaith constructed wetlands also precludes
the ability to conduct regular maintenance. Largedl requirements, retention of water
increasing chance of nuisance insects (e.g., mmsg)j and a “wild” appearance often prohibits

the use of these systems in areas with high huropualg@tions or confined spaces.

Functions and Components

Nutrients

Water quality degradation is due heavily in partly influx of excess nutrients from landscape
changes and human activities (Owens et al., 200RjteMet al.,, 2011). Bioretention and
constructed wetlands have been the focus on rdsdarcthe sustainable nutrient removal
benefits they provide. Although bioretention andstoucted wetlands are capable of reducing a
wide range of pollutants, N and P are consideredntibst ubiquitous nutrients to be related to
water quality degradation and will be focused orrelme (Brooks et al.,, 2000; Geta
et al.,, 2004; Hunt et al, 2006). Of N species #rat of most interest, ammonium, nitrite, and
nitrate are the most targeted; while phosphateaatitbphosphate are the most discussed forms
of P focused upon (Lieyu Zhang et al., 2011). Thasients are found in heavy quantities of
fertilizers and agricultural and human waste thataften related to point and non-point source
pollution (Taylor et al.,, 2006; White et al., 201N and P are directly linked to primary
productivity with even minor concentrations exaeiry eutrophication (Brooks et al., 2000;
Hunt et al., 2006; White et al., 2011). N and B fand removal within wetlands occurs through

numerous complex pathways and varies dependingnarnoemental factors. According to Hunt



et al. (2006) design of treatment systems currdatligs the substantial removal efficiencies that
are often expected. The nutrient input species amtentrations into a constructed treatment
facility must be assessed to determine the apm@tgpand reasonable removal rates. Study of the
controlling removal factors and continued reseaf@tused on pollutant removal and fate

mechanisms is critical to successful design ofdlsystems.

Hydrology

Hydrology is the primary controlling factor thattdemines the nutrient removal characteristics
and functional capacity of treatments systems (@hat al., 2004; Song et al., 2010). As stated
earlier, bioretention systems are typically aeraobidesign to only receive hydrologic inputs of
short duration. Nitrification processes and sulbstieedsorption are the dominant pathways in
aerobic conditions to remove N and P. When hydiplsgmanipulated in lieu of an aerobic
condition the fate pathways for N and P differ astypically associated with constructed

wetlands.

Unmixed and reduced flow conditions within constegc wetlands leads an anaerobic water
column. Coupled with increased water depths, diffusof oxygen is limited. This anoxic
condition shifts N removal to denitrification anitbdrates P that is otherwise strongly held in
aerobic sediments (Ballantine and Tanner, 2010hitB&cation is an important water quality
benefit and is regulated by the microbial commumitthin anaerobic zones (Song et al., 2010;
Lieyu Zhang et al., 2011). Shallow wetland systérage been shown to become a source for N

export; therefore, it is recommended that watew floagnitude (flow and depth) be varied as an



additional maintenance function to reduce N expamtlencies (Thorén et al., 2004; Song et al.,

2010).

Manipulated hydrology that allows drying and relattbn cycles leads to elevated rates of
mineralization and removal of N through leaching #lashing (Song et al., 2010). Intermittent
hydroperiod also affects the microbial communitgusture and relationship to denitrification
processes (Song et al., 2010). The anaerobic ni@&@robmmunity and resultant denitrification
benefits occur maximally at the point where satarand inundation are juxtaposed. During a
drying cycle, the transformation of nitrate-N tasga halted and nitrification is reinstated, which
causes surplus nitrate-N that is available for kgotar mobilization (Song et al., 2010). Song et
al. (2010) suggest that frequent hydrologic marmpah resulting in drastic dry and saturated
conditions severely alters the microbial commuaitg denitrification processes that may lead to
degraded water quality. Ensuring hydrologic inpatsl predicting or planning hydrological
manipulations is important since constructed weldarare typically intended as filtration
structures prior to discharge. Reduction of defication in wetlands intended to treat nitrate-N
can lead to deleterious effects within the wetlamdl receiving waters (Song et al., 2010).
Whether it is aerobic or anaerobic, a constructgstesn can only attenuate a particular
hydrologic input and pollution concentration overspecified period of time. The pollution
concentration, hydraulic loading rate, and residemme will determine the pollutant removal

pathways and design requirements within a system.

The amount of surface water entering the systerhydraulic loading rate, determines the input

required for the system to effectively remove eropgllutant to achieve a desired outflow



concentration. Based on nitrification/denitrificatiand P immobilization processes, researchers
have identified hydraulic loading rates that catel to nutrient removal for a particular
treatment system. Hydraulic load rates of 0.1 -m@3were found to be the point at which
maximum N export occurs in various constructed avets (Thorén et al., 2004; Spieles and
Mitsch, 2000). Although, even at considerably low@ading rates (0.02 il N can still be
removed at acceptable rates (35%), but P removgl moabe as efficient (8%) (Stone et al.,

2004).

The hydraulic load rate may need to be fine turetime progresses for a particular system to
continually achieve desired removal targets. Fimetrol of hydraulic entry may not always be
feasible, which may result in elevated outflow rarit concentrations. Hunt et al. (2006) found
that effluent concentrations of P were elevateNanth Carolina bioretention systems during the
wet season when hydraulic loading was higher aod flvas unrestricted. Similarly, other
research has indicated an increased loss of Pgiweh weather seasons compared to dry season
flows (Fink and Mitsch, 2004). This may be due tmaerobically induced P liberation or
translocation of eroded P-bound soil particleseither scenario, it is evident that differences in
hydraulic loading rate will affect nutrient mobylitAdditionally, the concentration gradient of
nutrients will dissipate as distance increases frieeninfluent source (Stone et al, 2004; Burchell
et al, 2007). Flushing of a system with rapid irspregleases and exports nutrients with larger
amounts exporting during initial flushes (Thorén at, 2004). Nutrient concentrations are
reduced due to increased water volume, but remeffadiency is unengaged (Thorén et al,
2004). Therefore, when hydraulic rates exceed ystesr’'s assimilative capacity, threat of

nutrient export may occur.



Residence time needs to be assessed in concertoating rate to allow the system ample time
to process nutrients before outflow (Thorén et 2004). Residence time may be reduced in
constructed systems designed to encourage suifagettiat results in high hydraulic loading
rates. This may reduce the ability for P to be readofrom a system. For this reason, Brooks et
al. (2000) chose a vertical flow wetland setup toreneffectively remove P in a New York
research wetland and illustrated P removal increasth increased hydraulic residence (Figure
5). Optimal P removal was realized when hydraidgidence was greater than 40 hours (Brooks
et al., 2000). Longer residence times may be reduor removal of P to allow for compounds to
precipitate and ions to adsorb to substrate pesticln Virginia subsurface flow wetlands
designed to treat domestic wastewater, Huang e2@D0) found that ammonium and Total
Kjeldahl N (TKN) removal was exponentially more exffive as residence time increased. The
removal rates were irrespective of wetland configon and input concentrations, suggesting

residence time is a critical factor in nutrient maral efficiencies in any system.
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Climate

P and N-species presence and concentration vattieselation to temporal and climatic regimes
(Thorén et al., 2004; Passeport et al., 2009).aMitivas found to be the dominant N-species
found in constructed wetlands during spring andreemmonths in Sweden, but ammonium was
more prevalent during the colder periods of ther {@aorén et al., 2004). In Figure 6, Lieyu
Zhang et al. (2011) illustrated the seasonal vanabn the removal of N from constructed

wetlands in China. Clearly, their results indicamoval rate spikes during the summer months.
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Figure 6: Nitrogen removal rate variation respective to season
(Lieyu Zhang et al, 2011).

Within the same wetlands, they found that the o&td species transformation was more rapid in
warmer water temperatures (correlated with seaswaahtion) (Figure 7). During warmer

periods and within the growing season, microbialvég and plant assimilation occurs at higher
rates. It is during these periods that the loadily into wetland areas are lower as the fate of N

is captured prior to entering the system or moaalitg within the system (Thorén et al., 2004).



This suggests there may be implications regardamgoral efficacy within constructed systems
in areas with colder climates. These temperaturpemient fluctuations make design
specifications difficult. As an interesting solutido this conundrum, Huang et al. (2000) were
able to develop temperature dependent rate cosstanmt predict nutrient (i.e., TKN)

concentrations. Such constant predictions woulohathe simplification of constructed system

design and confidence in expected performance meso
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Figure 7: Rate of ammonium transformation rate correlated with water
temperature (Lieyu Zhang et al, 2011).

Substrate

Variations in chemical properties of soil determmgrobial, plant, and animal communities as
well as the capacity of the soil to bind nutrieatel contaminants (Gagnon., 1996; Bradshaw et
al., 2005). Soil substrates within treatment syst@movide a rooting matrix and nutrient source

for vegetation establishment and habitat for mimbobommunities (Burchell et al., 2007). In



turn, vegetation and microorganisms contribute @d aggregate formation and organic C
production. The substrate composition within bienéion and constructed wetlands will have a

direct influence on pollutant removal efficienc{€ui et al., 2008).

The selection of media will depend on the influpotlutants, concentration of pollutants, and
desired outcome. For example, in watersheds withwknexcess P concentrations, the use of
substrates with a low P-index, high cation exchaogeacity (CEC), and binding compounds
will provide enhanced absorption (Brooks et al.Q@0Hunt et al., 2006). Similarly, the use of
soil with more organic carbon content will providigher C:N and microbial N transformation in

areas with N-species removal goals.

Whereas N removal is primarily related to nitritioam and denitrification pathways, P removal is
dominated by adsorption to clay colloids and bigdio oxides and compounds (e.g., iron,
aluminum, calcium). P can be precipitated from soluby iron and calcium or adsorbed to
substrate exchange sites (Brooks et al., 2000xeStne fate of P and is not liberated from a
treatment system, as is potential with N (e.g.atrlization, denitrification), removal efficiencies
may be more difficult to predict. Stone et al. (2p@oncluded that P removal isn’'t optimally
effective in constructed wetlands used to treahewagoon effluent. Hunt et al. (2006) found
total P removal efficiencies in bioretention sysseranging from 65% to -240%. Lack of P
removal efficiency is often attributed to the swatd chosen to be used within a treatment
system (Brooks et al., 2000; Ballantine and Tange1,0). The dramatic increase in P effluent
compared to influent in Hunt et al.’s (2006) reskawvas associated with soil media type and P

saturation of the substrate. Therefore selectiosutistrates for use in treatment systems that



require P removal need to consist of soil with hogition exchange capacity and/or substances
with tendencies to precipitate P. For example, Bsagt al. (2000) selected wollastonite (calcium
metasilicate) to be used as a P removal substiadewastewater treatment wetland with good
results (98% removal in 12 hours). This was furtt@nfirmed by studies performed by Hunt et
al. (2006) where they found the material with a I®ndex and high CEC is of utmost
importance to effectively remove P. Additional infation regarding substrate composition will

be discussed later in more detail.

The properties of soil conditions for nutrient rerabare not always ideal upon construction of a
treatment system. Oftentimes, maturation of a wdtig necessary to develop biogeochemical
removal functions. In part, this is due to sequain of C into the soil profile that is available
for microbial-induced nutrient flux. Aside from @nandments incorporated during construction
of a system, soil C contributions are through plats and leaf litter, which may take time to
develop. In a comparison of natural and construetetiands, Fennessy et al. (2008) presented
that natural wetlands have significantly more orgararbon than constructed systems, 15.1%
and 3.1% respectively. They also discovered that whgetation within natural wetlands
assimilated more nutrients than constructed sitgetation. Adding C to constructed systems
may increase construction and maintenance costhaytprovide enhanced denitrification rates

(Burchell et al., 2007).

Care should be taken during construction of treatragstems to reduce impacts to native soil. It
has been hypothesized that soil compaction and vaimaf layers of organic matter (e.g. A

horizon) reduces the ability for a system to pr@pagegetation, colonize microbial populations,



and flux nutrients (Burchell et al., 2007; Fennestgl., 2008). Experiments conducted by Cui et
al. (2008) suggest that there was a negative @biwal between soil compaction characteristics
(bulk density, hydraulic conductivity, and totalrpsity) of substrates with P sorption. Reducing
the physiochemical properties of the substratendugonstruction can result in a delay of
achieving system equilibrium and nutrient removahdfits. Addition of organic matter to

constructed system substrate has been shown tadiexpg@iomass production and nutrient
removal efficiencies in constructed systems (Buicke al., 2007). Burchell et al. (2007)

recommends locating sources for recycled substratierial that may be dredged or removed
from construction sites or impacted wetlands elselas OM rich substrate that will jump-start

the system.

Additives specific to particular pollutant remove#eds may also be required, such as calcium-
rich byproducts (e.g., wollastonite) (Brooks et @D05). Soil amendments other than OM are
usually incorporated to target the removal of Reamstructed settings due to physiochemical
pathways inherent in soil attenuation of P (Cuakt 2008). Amendments are best utilized if
sources can be located in close proximity to tloppsed treatment facility to reduce importation
costs. Ballantine and Tanner (2010) presented gramnsive list of soil amendments and filter
media that could be used to improve P removaliefides in constructed treatment wetlands
(Table 1). Although these materials may not scamelaly in different geographic areas, the
table provides a good reference for potential ammmds and filter media and illustrates the
abundant choices available to increase substratetifmality. It is also recommended that
different amendments are mixed to obtain optimedg®f P sorption and include both a high P-

index and percolation rate to avoid export issas €t al., 2008). Substrate and amendment



choices should consider their ability to suppod propagate macrophytes necessary for nutrient

abatement (Calheiros et al., 2009).

Table 1: Potential soil amendment and filter mediafor usein constructed treatment of P
(Ballentine and Tanner, 2010).

Material Useful for P removal Availability Likely cost Reuse Score
Allophane Soil amendment High Medium Low Beneficial 9
Pumice soil Soil amendment Low Medium Low Beneficial 7
Sand Seil amendment Low Medium Low Neutral 6
Amended sand Soil amendment Medium Medium High Difficult 4
Tephra (P) Soil amendment High Medium Low Beneficial 9
Pumice Filter Medium Medium Medium Neutral 5
Shale Soil amendment High Low Low Beneficial 8
Shell-sand Filter Medum Low Low Beneficial f
Limestone Both Medium High Low Beneficial 9
Serpentinite Filter Medium Medium Medium Neutral B
Wollastonite Filter Medium Medium Medium Neutral f
Zeolites Filter Medmum Medium Medium Beneficial 7
Phosphate rock Filter Medium (based on Low High Beneficial 5
apatitic performance)
Alum Soil amendment High High Medium Difficult ]
Amended zeolites Filter High Low High Difficult 4
Filtralite-P Both High Low High Beneficial b
LECA Both High Low High Beneficial 8
Phoslock™ Both High Low High Beneficial 8
DWTRs Soil amendment High Medium Low Diffacult 7
Fly ashes Soil amendment High Medium Low Difficult 7
Seashells Filter Medium High Low Beneficial 7
Slag Both High Medium Medium Beneficial B
Fe-based materials Soil amendment High Medium Medium Difficult 6
Tree bark Filter Low High Low Useful 8
Subsoil Substrate Medium High Low Beneficial 9

Score denved by addition as follows:

P-removal potential: 1 =low, 2 =medium, 3 = high
Availability in NZ: 1 =low. 2 =medium, 3 =high
Likelv cost: 1 =high, 2 =medium, 3 =low

Reuse potential: -1 =difficult, 0 = neutral, 1 =beneficial

Dependency of P removal on substrate choice ineBcdie need for an increased areal treatment
extent to reduce potential for P saturation withilable substrate. Furthermore, a pretreatment
of P laden water should be utilized for increasadaval efficiency of P prior to discharge into a
constructed wetland (Brooks et al., 2000; Stonal.et2004). The combination of bioretention
and constructed wetlands may be a more sustaisahléon to remove P. Pre-filtering of P in a
bioretention area may be beneficial in delayingirdribiting P saturation of the receiving

constructed wetland. Fink and Mitsch (2004) offeradternative configuration where a bioswale



is utilized as a polishing system of effluent desgjed after treatment within a constructed
wetland, not pretreatment. Although, this configiora may be more suited for N removal than

that of P when considering P-saturation issues.

The soil-water interface is an active zone of mufritransformation and removal pathways
(Burchell et al., 2007). The removal of nutrients1de disrupted or enhanced in this zone by
infaunal perturbation of treatment facility sedirteenBioturbation has been shown to both
adversely and positively affect removal efficierscend eutrophication (Angeler et al., 2001).
Sediment remixing increases oxygen flux into suwtetrand modifies nitrification and
denitrification rates. Macrofaunal sediment rewngkiand burrowing has been shown to flux
nutrients between sediment and the overlying watdumn (Kristensen and Hansen, 1999;
Aigars and Carman, 2001; Mermillod-Blondin et @005). Bioirrigation nutrient flux can lead
to elevated internal loads and also limit primargduction (Angeler et al., 2001). Bioturbation
increases the flux of reduced substances stimgla&roxidation in oxygenated burrows to lead
to reduced and liberated nutrients {GOrriza et al., 1999). Webb and Eyre (2004) fouhdt
bioturbation was responsible for reducing N conedidn levels by 99%. Conversely, the
reworking of sediment can release P from anoxierayand contribute to export loading
(Angeler et al., 2001). The role of bioturbation ynbe a consideration for the removal
expectations of constructed wetlands, particulestiyen determining nutrient removal rates over
time. Recolonization of defaunated or newly cordtd systems has been shown to promote
mineralization and accelerate nutrient flux (Hansewl Kristensen, 1997).The magnitude of
bioturbation-related nutrient flux may increase aswetland matures and substrate fauna

communities develop.



Vegetation

Both bioretention and constructed wetland desigstrmcorporate vegetation as a component in
the sustainable functioning of each system (Tand®96; Wong, 2006). The species

composition and community structure varies betwdentwo types of treatment centers. The
persistence of water typical in constructed wettanéten precludes entry for maintenance or
pedestrian recreational use; therefore, thesemesdt systems are often left in a naturalized
vegetative state. In contrast, bioretention faesitare usually associated with urban and
suburban landscapes where human interaction is iikalg. In areas where aesthetics are a
consideration the use of landscape grade vegetetiarviable option and maintenance is more
easily conducted. Additionally, wetlands requires thse of hydrophytic vegetation that can

withstand extended periods of soil saturation amuhdation. Facultative or upland species are a
more sustainable option for bioretention facilitibst drain rapidly. The effectiveness of one

species over another to immobilize pollutants cary widely and is a consideration when trying

to attain maximal removal efficiencies. The followilist, modified from Tanner (1996), is a

general guideline when considering plant seledioora constructed treatment system:

¢ Climate conditions and plant adaptability — Usespécies suited for growth in local
climatic and soil conditions.

e Tolerance to target nutrients/pollutants and |laathgonists — Use of species that will
withstand high concentrations of pollutants carrigd input water and tolerance to

disease and pests.



e Hydrological requirements and tolerance — Use @cigs suitable for the anticipated
hydrological regime (e.g., hydrophilic vs. hydropia).

e Assimilation capabilities — Use of species that expected to uptake the pollutants
targeted for removal within the system.

e Ecological suitability (e.g., native vs. invasivedtic species) — Use of species that do not
threaten the local ecological structure and are $essceptible to issues, such as disease
and drought.

e Ease of installation and establishment — Use otorhies and bare-root plants to
accelerate propagation opposed to seeding.

e Additionally, vegetation selection with depend twe bverall project objectives, type of
system, plant availability, maintenance expectati@esthetic requirements, and system

size.

Evidently there is some disagreement regardingrobe of vegetation in the effectiveness of
nutrient removal in constructed system (D. Zhanglt2009). Some researchers have found no
reasonable correlation between plant uptake andenttremoval efficiency (Saunders and
Kaliff, 2001), but others have found that plantsevsignificantly valuable in N and P removal
(Liu et al., 2000; Tanner, 1996). Tanner (1996)nthat eight emergent wetland plant species
were responsible for the removal of over 90% ofrd & from wastewater treatment wetlands.
The contribution of plant assimilation to nutrieetnoval efficiency is related to temporal and

climatic conditions and plant species compaosition.



Plant species composition and primary productivityi often determine nutrient removal
efficiency of a wetland (Reeder, 2011). Furthermaemoval efficiency differences may not
always be evident between species. Research caadictNew Zealand compared various
wetland plant species efficiencies with resultsiagating removal of nutrients was relatively
consistent, regardless of emergent plant specesn@r, 1996). Research conducted by Huang et
al. (2000) echoes this assertion, where they foundifference in ammonium and TKN removal
between cattail Typha lattifolia) and woolgrass Sirpus cyperinus) plots. Reeder (2011)
reported, at the Beaver Creek Wetlands Complex enticky, that macrophytes within
constructed emergent wetland habitats showed higéieprimary productivity than submerged
and open water systems. Comparisons regarding Tan{i®96) and Reeder’s (2011) results
point to aggressive productivity found in submergetl emergent species and associated
enhanced removal efficiencies in both experimemtss evidence suggests that constructed
wetlands may be more functional if designed respedio submerged/emergent community

persistence opposed to a canopy-related or woedynséd structure.

Functions and nutrient removal efficiency shiftsaawetland matures (Campbell et al., 2002).
Thorén et al. (2004) hypothesized that in earlgesaof constructed wetland inception, when
plants are immature and natural senesce is stiiimail, nutrient removal is elevated. This is
attributed to plant uptake for use in biomass aadation through growth and the rapid
colonization of the sediments by microbes (Thoréale 2004). This is further corroborated by
Tanner (1996) where a positive linear relationsthgs discovered between biomass quantity and

N removal in wastewater wetlands (Figure 8).
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Figure 8: Positive linear relationship between total emer gent species
biomassand TN removal (Tanner, 1996)

As a wetland matures, its nutrient removal efficierecreases as a result of a plant species
limitation to uptake nutrients. This effect is comopded by processes such as mineralization
from senesced plant material and plant exudatesremiutrients are released back into a system
after assimilation (Thorén et al., 2004). Howeveature wetlands may show increased rates of
denitrification as they tend to accumulate orgamitter (Fink and Mitsch, 2004). Vegetative
cover is also expected to increase as a wetlandregtthereby detaining flow and hydrological
residence time (Fink and Mitsch, 2004), which leedsnplications regarding hydraulic loading

rates and retention discussed earlier.

Vegetation removal capacities are centered on #dation of nutrients for use in biomass
production and biogeochemical processes assoamthdhe root-zone. Plants uptake N and P
for generation of plant tissue thereby making thas&ients unavailable for mobilization.

Rhizosphere-related processes such as nitrificalii@tt the fate of nutrients in close proximity



to roots (Tanner, 1996). Oxygen leakage withina&don-rich rhizosphere provides a favorable
environment for aerobic microorganisms that arpaasible for these processes (D. Zhang et al.,
2009). The use of hydrophytic vegetation with higheounts of aerenchyma tissue, such as
Typha and Phragmites, will provide more oxygen to the root-zone (Fersyesgt al.,, 2008;
Dickopp et al., 2011). It is then further advisatuleselect vegetation known to possess extensive
root systems to maximize the positive removal ¢$fgromoted by rhizospheres. Furthermore,
senescence of aboveground biomass contributesiltoasbon additions that further stimulate
soil faun activity. The rate of senesce will vagpdnding on vegetative cover density, species,

and climate, which in turn will affect nutrient rewal efficiency (D. Zhang, et al., 2009).

Microbial communities influence the rate of decomifon of leaf litter and associated soil
conditions and nutrient pathways. Fennessy et 2008) suggested that the microbial
communities in constructed wetlands may be mucferiiit than natural systems; therefore,
contributing to conflicting information in companis research between natural and constructed
wetlands. Constructed systems may also have adessse microbial community due to
limitations in the quantity and quality of N and i@ constructed sediments (Fennessy et al.
2008). This assertion is further defined by Dong &weddy (2010) who found diversity and
enumeration of bacterial communities was directlgrrelated with nutrient and OM
concentrations. Retention and proliferation of mial communities may be more pronounced
by manipulating plant communities. Calheiros et(aD09) found that a positive relationship
may exist between macrophyte density and diveesity bacterial communities within adjacent
soil and rhizospheres of wetland plants. RhizospHegnefits to microorganisms discussed

previously assist in understanding the validityo$ correlation.



It has been found that microbe population densitg apecies distinction varies within a
particular constructed wetland based on vegetdtioat al., 2008). The benefits between plants
and microbes are often symbiotic and can have faectedn treatment effectiveness. Fennessy et
al. (2008) discovered the assimilation of N by wagen within natural wetlands was
considerably higher compared to constructed systéhsy hypothesized the lack of carbon and
nutrient sources within the constructed wetlandiced the microbial community structure and
activity, thereby decreasing the nutrients avaddol plant uptake. This indicates the nutrients
and carbon sources are limiting the productivitytiedé system through a chain reaction of
insufficient constituents. Natural systems have t@aasiderable more time to develop sufficient

limiting components and a more efficient biologicahdition.

Maintenance

Maintenance of constructed wetlands and bioreterfaoilities may be necessary to continually
achieve pollutant removal rates. As previously assed, a maturing system may tend to become
a source of the nutrient it was intended to abHbterefore, maintenance or contingency actions
may be required to ensure perpetual removal efficdssuming hydrologic inputs do not
change and were designed correctly, maintenanck beil associated with substrate and
vegetation. Removal of substrate and vegetatioh ha sequestered excess nutrients is the

typical course of action.

Some suggest that maintenance of constructed wistlamthe form of harvesting plant material,

may be helpful in reducing N loading rates (Thoe¢ral., 2004). Other studies have concluded



that vegetation harvesting has no effect on thaenitremoval efficiencies of a system (Wetzel,
2001). Since vegetation is responsible for asstioilaof abundant quantities of nutrients the
removal of this vegetation after the growing seasay be warranted. Harvesting is intended to

avoid release of pollutants back into the systenmdumineralization processes.

It should be noted that the removal of senescedt ptaaterial thereby removes available C
sources utilized by the microbial community durnegpiration. The lack of C availability as an
energy source for microorganisms can drasticallguce the denitrification and removal
efficiency as depicted in Figure 9 (Song et al.J@0Passeport et al., 2009). The presence of
labile C permits the achievement of a favorable @Nmicrobial respiration, which leads to
removal of N from the system (Passeport et al. 920@n Zhang et al., 2011). Where labile C
sources are not readily available, such as bidieterareas that are heavily managed for
aesthetics, it may be necessary to add C sourcdsettreatment facility in order to achieve
maximal microbial activity and denitrification etfis. Laboratory experimentation where C
amendments such as newspaper, mulch, compostiramdreve been used for microbial energy
sources, removal rates of N approached 100% (Kiad.e2003). Kim et al. (2003) concluded
that newspaper clippings were the most favorabden€@ndment. Although the addition of highly
labile C sources would be relatively simple to ierpknt during initial facility construction, the
benefits of post-construction amelioration may heéweighed by cost of maintenance and
periodic testing of C requirements. Lack of fietddies related to the improved denitrification
properties associated with amendments may alsolugieecdesigns with C amelioration

management plans (Hunt et al., 2006).
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Figure 9: Linear regression of denitrification ratesincreasingin
relation to dissolved organic carbon concentration (Song et al.,
2010).

Although the removal of senesced and standing piaaterial after the growing season may
reduce reintroduction of N in the system, thereesm@omic, training, and consistency issues to
consider. Entities that require the use of constdigvetlands to treat stormwater runoff typically
do so to satisfy regulatory requirements and a® likely to commit to a long-term maintenance
plan. If harvest maintenance is an applicable aggrpit is recommended that harvest occur

after senesce and prior to the next growing seasawvoid undue disturbance. This is when

cooler temperatures and photoperiod reduce midrahihplant activity and senesced biomass is

mineralized, adding N to the system.

As a wetland matures, P removal efficiency tendddorease as the site become saturated with
removal capabilities and may eventually becomeuacsoof exported P (Ballantine and Tanner,
2010; Fink and Mitsch, 2004). Removal of P-satutatabstrate may be required to avoid P
export. This would require the mechanical removathe substrate and appropriate disposal,

which may be reuse as fertilizer (Ballantine andhriea, 2010). The site would then require



reintroduction of suitable substrate to “reactiVdke P removal properties of the system. This is
potentially expensive procedure that should be idensd in areas where P loading rates are a

concern.

Because these systems are often incorporated urt@m-centric areas, maintenance may also
need to include aesthetic grooming, damage repgam ¥andalism, and periodic monitoring and
inspections (Somes et al., Furthermore, it shoeldiétermined at what frequency and to what
intensity maintenance should occur. If the wetladapable of removing enough N to satisfy
goals on a three year cycle, maintenance shouldcmir more frequently. Baseline studies to
determine success requirements are valuable ircirgglunnecessary costs. Identifying a balance
between constructed wetland maintenance requirenagt project objectives will be integral to

a cost-benefit analysis during the planning andgtlgshases of a constructed wetland project.

Discussion and Conclusion

Use of bioretention facilities and constructed aetls as treatment systems is a growing and
effective method for attenuation of pollutants fmint and non-point source loads. Selection of
the appropriate treatment BMP will depend on tleegat’'s goal and objectives. For treatment of
stormwater runoff in urban and suburban environsigéhe use of a bioretention facility is
warranted. Since bioretention facilities have bestiown to exhibit effective P removal
efficiencies there use is also suited in areas avReftoading is a concern. Conversely, in areas
where nitrate-N removal is desired, the use of astacted wetland system with persistent
hydrology to maximize denitrification effects isbatter choice. Oftentimes N and P are found

together in nutrient lade water. In areas where dbgective is to reduce both N and P



concentrations the design should include a shdlloxing wetland section close to inputs and a
deeper water system with persisting anaerobic zoaas facility exits (Fink and Mitsch, 2004).
Dong and Reddy (2010) showed that N removal in ttooted wetlands designed to treat swine
effluent depended heavily on aerobic nitrificaticarly in the treatment process and
denitrification processes in following aerobic zoden alternate solution may be to combine
bioretention and constructed wetlands. Bioretentian be used as a pre- and/or post-treatment

to constructed wetlands to capture the full spectofi nutrients and increase system longevity.

One of the most important factors in treatmentesyssuccess is the hydrologic approach. The
hydraulic load rate, depth, and retention time ddtermine the biogeochemical process that will
occur and the resultant nutrient efficiencies. &mmple, inundated systems with moderate load
rates and extended retention time may be best ddvéor use in targeting denitrification
processes to reduce nitrate-N concentrations. @selg in projects targeting ammonium or P
removal, a more aerobic condition may desire a dlgdic regime with lower retention time,
reduced depth, and higher flow rates. Climatic aoors and seasonality will play critical roles

in determining the hydrologic fluctuations.

Substrate selection should include characterighies promote adsorption, moisture retention,
appropriate C:N, and suitability for biological pagation. Substrates can be amended to
increase these capabilities and further enhancesélg@estration properties of the treatment
system. Replacement of substrates may be requined the adsorption capacity of the system is

reached, increasing maintenance and managemest cost



Incorporation of vegetation communities to enhafitering mechanisms should focus on
aesthetic in bioretention areas and primary prodactin constructed wetlands. Since
bioretention relies more heavily on substrate remhovechanisms, the use of vigorous biomass
producers is likely unnecessary. In constructedlands, the assimilation of nutrients and
promotion of rhizosphere-inhabited microbes wilhbft from the use of emergent herbaceous
vegetation. Biomass reduction may be required uadeaintenance plan to remove assimilated
nutrients prior to natural senescence and reloadfngutrients to the system. In bioretention
areas, maintenance will be more associated witlclmimg and grooming to enhance aesthetic

value.

The degree of desired removal efficiency will dietéghe size of the constructed system. Land
area required for implementation of a treatmentesyss a common constraint, which is dictated
by factors such as land cost and facility size regufor effective treatment. When considering
use of a treatment BMP in urban and suburban avhese land area is limited, it may be best to
utilize bioretention systems. They require lessllaarface to implement and can be included as
an aesthetic focal point. For constructed wetlandssiderably more area is required. Size of the
system and required land should be considered twinmmee retention capabilities without
inducing export of trapped nutrients (Kohler et 2004). Consideration regarding placement of
a treatment system should include landscape positoo achieve the most sustainable
configuration. To reduce excavation and potentiehping energy costs, it is advisable to locate
treatment systems in low-lying areas where topdgcapelief can direct influent. The cost of

land in low-lying areas may also be more affordabén desirable upland, buildable lots.



Constructed systems tend to be homogenous in dasigrack the complexity found in nature
(Fennessy et al., 2008). Focusing design on atiagipd mimic natural wetland functions and
allowing sufficient time to transpire will improve®nstructed system efficacy. It takes time for a
wetland to mature to a point where all contributarsemoval processes are in place. Because of
this, it may take considerable time to realize shecess or failure of a constructed system as
shifting dynamics begin to reach equilibrium. Nitand Wilson (1996) suggest that it may take
15 to 20 years or longer for the potential of astnrcted system to be achieved. During the time
leading up to an equalized state, it may be nepgss@ngage contingency actions when deficits

in performance are discovered.

As a result of this review, it is clear that thaesestill a lack of knowledge regarding the
mechanisms surrounding nutrient removal in congtdisystems. Further research is required to
understand the design characteristics that bessth®iremoval goals of a particular project. It is
then important to identify the constants that carubed to predict removal efficiency rates with
respect to climate, hydraulic load rate, retentiore, substrate type, and pollutant concentration.
Understanding these facets will further expandstinecessful use of bioretention and constructed
wetlands. Although research to this point has shbhigh variability in removal efficiencies by
bioretention and constructed wetland facilitieg tonsiderations stated herein can be helpful in

the design of these systems.
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