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ABSTRACT
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PHOSPHOROUS FROM URBAN RUNOFF

Mark Randall
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University of Guelph, 2011

Dr. Andrea Bradford

Bioretention gardens are stormwater management practices that offer numerous water
quantity and quality benefits. However, previous studies have reported inconsistent
removal of nitrogen and phosphorous in these systems. The first phase of this research
involved the construction and monitoring of ten vegetated, mesoscale, bioretention cells
in a field setting to provide a comparison of the performance of five alternative designs
intended to provide nutrient removal. Results indicated that concentrations of total
nitrogen and total phosphorous may be reduced by up to 53 and 79%, respectively, in
specially designed bioretention gardens. In the second phase of the research, a GIS-based
site selection tool was used to identify areas suitable for bioretention implementation
based on physical site requirements. Applying this tool to selected urban catchments
demonstrated that bioretention gardens may be integrated into existing urban landscapes
on a scale large enough to accommodate runoff and associated nutrient loads from small
(<15mm) storms.
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Introduction

Throughout the history of urban stormwater engineering, the primarily focus has been on
the management of water quantity, with very little emphasis on water quality. Advanced
networks of drains and pipes comparable to modern urban water systems were discovered
in the ruins of early civilizations such as the Indus, Mesopotamian and Minoan Empires
(Burian et al. 1999; Angelakis et al. 2005). Although the details of stormwater
infrastructure designs have evolved in many ways throughout the history of urbanized
areas, flood prevention has always remained the primary objective (Burian et al. 1999).

It is now known that there are numerous problems associated with urban stormwater
management practices which emphasize expedient removal of stormwater from
communities for the protection of human health and property, but place a low priority on
ecosystem preservation (Roy et al. 2008). The rapid conveyance of runoff from urban
areas has been associated with increases in both peak runoff flow rates (Leopold 1968)
and runoff volumes (Moore and Morgan 1969). In addition, runoff from urbanized areas
typically contains a variety of pollutants including sediment, nutrients (nitrogen and
phosphorus), salt, metals, hydrocarbons, pathogens, pesticides, herbicides, oil and grease,
and polycyclic aromatic hydrocarbons (PAHs) (Shaver et al. 2007). These alterations to
the natural hydrology and water chemistry caused by runoff from urban areas may alter
aquatic habitat and ecosystem processes and lead to declines in the richness of aquatic
communities in receiving waters (Paul and Meyer 2008).
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During the 1960s, wet weather flows were identified as a major cause of reduced water
quality in receiving waters and methods for the control and treatment of urban
stormwater were devised (Burian et al. 1999). Best Management Practices (BMPs), both
structural and non structural, gained popularity as a method to treat nonpoint sources of
pollution such as urban runoff. However, it was not until 1990 that the National Pollutant
Discharge Elimination Systems (NPDES) Stormwater program legally recognized the
need to control stormwater quality in the United States (National Research Council
2009).

In order to address the problem of contaminant loads in urban runoff, innovative
alternatives to “conventional” stormwater management were investigated throughout the
1990‟s. In 1997, the Department of Environmental Resources in Prince George‟s County,
Maryland, described in detail a comprehensive approach to sustainable stormwater
management called Low Impact Development (LID) (Prince George's County 1997).
Restoration of the predevelopment hydrologic regime in urban catchments by using
various sustainable practices is the central idea of the LID stormwater management
philosophy. One structural LID practice that has gained popularity in recent years is the
bioretention garden. These sustainable stormwater practices have been demonstrated to
offer numerous water quantity and quality benefits by employing the ecosystem
processes provided by soils and vegetation. However, there are still many aspects of
bioretention garden design, modeling and implementation which provide challenges to
the widespread adoption of these practices.
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Although bioretention gardens have been shown to provide impressive removal rates for
many stormwater pollutants, there have been numerous reports of low nitrogen and/or
phosphorous removal rates and in some cases even leaching of these nutrients (Dietz and
Clausen 2005; Hunt et al. 2006; Denich 2009). Developing bioretention gardens capable
of consistently treating both nitrogen and phosphorous in urban runoff is vital, as
eutrophication of surface waters remains a high priority water quality challenge in
Canada and around the world (Smith 2003). The overall objective of this thesis will
therefore be to investigate the potential role of bioretention gardens as a partial solution
to the problem of nitrogen and phosphorous loads in urban runoff.

The primary focus of this thesis is the evaluation of designs intended to improve nutrient
removal in bioretention gardens, with an emphasis on the soil mixtures and soil
amendments used in the construction of these systems. The associated physical, chemical
and biological nutrient removal mechanisms occurring within a bioretention garden will
be discussed in detail. A secondary focus of this thesis is the investigation of the potential
for bioretention garden implementation on an urban catchment scale. Even with
improvements in the designs and construction methods of bioretention gardens,
effectively integrating these practices into the urban landscape often remains a challenge.
This thesis will evaluate the potential for bioretention implementation in selected urban
watersheds (residential, commercial and industrial) using a GIS (geographic information
system) platform. The potential effects on nutrient loads of extensive use of bioretention
across these catchments will also be discussed.
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In this thesis, a literature review (Chapter 2) will provide background information on
these research focus areas and outline previous related studies. In Chapter 3, research
gaps highlighted throughout the literature review will then be used to develop specific
research objectives. Chapters 4-6 will describe the methodology of the field and lab
experiments and GIS modeling used to address the research objectives. The results of the
research will be presented and discussed in Chapter 7-9. Finally, Chapter 10 will
summarize the research findings, present recommendations related to bioretention garden
design and implementation, as well as identify opportunities for future research.
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2

Literature Review

2.1

Low Impact Development Stormwater Management

The term Low Impact Development (LID), introduced in Maryland, United States
describes a stormwater design approach which aims to mitigate the negative effects of
increasing urbanization and impervious surfaces (Prince George‟s County 1999). The
primary goal of LID is to mimic predevelopment site hydrology by using site design
techniques that store, infiltrate, evaporate, and detain runoff. These goals may be
achieved by a combination of the following methods: minimizing impervious areas,
conserving ecosystems, maintaining natural drainage courses, reducing use of pipes,
minimizing clearing and grading, maintaining predevelopment time of concentration by
strategically routing flows as well as providing runoff storage measures using a variety of
detention, retention, and runoff practices (Prince George‟s County 1999). LID objectives
are typically achieved using a combination of best management practices (BMPs) such as
bioretention areas, greenroofs, porous pavement and swales. Although this thesis focuses
on a structural LID practice (i.e. the bioretention garden) it should be noted that the term
LID can also describe non structural practices such as the encouragement of public
education in environmental protection (Prince George‟s County 1999).

Although LID has become a commonly used term in the United States and Canada,
alternative terms may be used to describe similar stormwater management philosophies
in other parts of the world such as Sustainable Urban Drainage Systems in the United
Kingdom, Water Sensitive Urban Design (WSUD) in Australia, and Low Impact Urban
Design and Development (LIUDD) in New Zealand (van Roon 2007). These sustainable
5

stormwater management approaches have been embraced in many cities, implemented as
demonstration projects, and endorsed by state and federal agencies. However, in most
locations the vast majority of new stormwater management remains in the form of
conventional storm sewers with limited treatment by detention or retention basins (Roy et
al. 2008).

2.2

Bioretention Gardens

A bioretention garden is a shallow vegetated depression designed to retain or detain
stormwater before it is infiltrated or discharged downstream (Malcolm and Lewis 2008).
Inspired by terrestrial ecosystems, these BMPs use the chemical, biological, and physical
properties of plants, microbes, and soils to improve water quality (Prince George‟s
County 2007). Bioretention gardens have become a key component of LID stormwater
management and have been shown to reduce flood peaks and runoff volumes, while
increasing runoff lag times, groundwater infiltration, and evapotranspiration (Davis et al.
2009).
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2.2.1

Bioretention Garden Design

There are currently many engineering manuals with recommendations for the design of
bioretention gardens. Many of the most extensive and commonly referenced manuals
originate in the United States (e.g. Maryland (Prince George‟s County 2007), Washington
(Hinman 2005) and North Carolina (Perrin et al. 2009)). However, in recent years there
have also been extensive bioretention documents published in several other countries,
including; The Toronto Region Conservation Authority‟s Low Impact Development
Stormwater Design Guide from Canada (TRCA 2010) and the North Shore City‟s
Bioretention Guidelines from New Zealand (Malcolm and Lewis 2008). While specific
design recommendations may vary regionally, the main components of bioretention
gardens (outlined below) are reiterated throughout many of these comprehensive design
manuals.

Bioretentions are typically constructed by excavating native soils and back filling with a
mixture of sandy soil and organic matter designed to maximize infiltration and pollutant
removal while accommodating growth of vegetation. The excavation is deep enough to
allow for a filter bed of 0.5 to 1m of soil and the surface is graded to provide depression
storage with about 0.2m of ponding depth. Plants used are often native species selected
for their resistance to environmental stresses, and can range from flowers to large trees
depending on the site. The soil is often covered by a thin layer of mulch to prevent soil
erosion and moisture loss. Pretreatment, such as a settling forebay or vegetated filter strip
may precede the bioretention to reduce input of sediment. Figure 1 shows the typical
elements of a basic bioretention garden.
7

Figure 1. Cross section of basic bioretention garden (Hinman 2005).

Variations of the basic bioretention garden design may be used depending on the specific
site characteristics. For example, in areas where flooding is not acceptable, an overflow
or bypass to a sewer drain is necessary to accommodate large storm event flows. Areas
where native soils have very low permeability require an under drain at the bottom of the
bioretention to allow water to drain from the unit in an acceptable period of time. A
bioretention variation, sometimes referred to as a stormwater planter or foundation
planter may be used in areas adjacent to buildings provided an impermeable liner is used
to prevent water damage to foundations (TRCA 2010).

8

2.2.2

Development of the Bioretention Garden

Some of the earliest BMPs (e.g. storage tanks, storage ponds and detention basins) were
relatively simple and effective in managing stormwater flows, but were often unable to
meet stormwater quality regulations (Roy-Poirier et al. 2010). Natural treatment systems
relying on ecosystem functions to improve water quality, such as constructed wetlands
gained popularity during the early 1980s (Reed et al. 1995). However, volumes and
intensities of storm flows may vary greatly, making the specific hydrologic conditions
required by wetlands a limitation on where they may be implemented (USEPA 2004).
Bioretention areas are based on a terrestrial ecosystem and are therefore able to tolerate a
much broader range of hydrologic conditions compared to a constructed wetland. This
versatility means that bioretention gardens can be implemented in a large variety of
different geographies and climates. Since its initial development in the early 1990s by
Prince George‟s County, Maryland (Prince George‟s County 2007), bioretention has
rapidly become one of the most widely used stormwater BMPs throughout many parts of
the world (Davis et al. 2009).

2.2.3

Bioretention Garden Site Requirements

Bioretention gardens may be adapted for variety of different situations; however, there
are some general site guidelines which should be adhered to for all bioretention
placement. Although the site requirements outlined below are adapted from the Toronto
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Region Conservation Authority‟s LID manual (TRCA 2010), other comprehensive
bioretention manuals (mentioned in section 2.2.1) contain similar recommendations.

The slope of the bioretention site should be enough to allow water to flow into the
bioretention system but preferably no greater than 5%. Smaller drainage areas (<0.8
hectares) are preferred for bioretention gardens, as flow distribution over the filter bed is
easier to achieve. Typical ratios of impervious drainage area to bioretention cell area
range from 5:1 to 15:1.

Sites with native soils in hydrologic soil groups A and B are preferred so that adequate
infiltration can be achieved. In soils with lower infiltration rates (i.e. groups C and D), an
underdrain can be implemented to assist drainage of the bioretention. To avoid water
damage to foundations, bioretentions should be positioned no closer than 4m from
buildings unless an impermeable liner is used. The bottom of a bioretention unit should
be a minimum of 1m above the high water table to ensure groundwater does not become
contaminated by infiltrating stormwater.

To protect groundwater from possible contamination, bioretention gardens should not be
located within two year time-of-travel wellhead protection areas. Also, sites where land
uses or human activities have the potential to generate highly contaminated runoff (e.g.
vehicle fueling or servicing, industries where hazardous materials are stored) should not
be treated by bioretention facilities unless an impermeable liner is used.
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2.2.4

Implementation Challenges

Conventional end of pipe stormwater practices remain common because they are
considered reliable and relatively simple to maintain, the collection and conveyance
approach is relatively easy to model for regulatory requirements, and construction costs
are readily estimated (Hinman 2005). Although bioretentions (and LID practices in
general) are increasing in popularity, they are still far from becoming standard. Roy et al.
(2008) indentified impediments to watershed-scale implementation of sustainable
practices including: uncertainties in performance and cost; insufficient engineering
standards and guidelines; a lack of institutional capacity and legislative mandate; and
insufficient funding and effective market incentives (Roy et al. 2008). Roy-Poirier (2010)
outlined additional challenges to widespread bioretention adoption such as difficulties in
obtaining permits from regulatory bodies; promoting public adoption; and educating
landowners on bioretention system maintenance. Locating bioretention systems on
privately owned land has also been identified as a barrier as it requires the enforcement of
proper installation, use, and maintenance of the units (Morzaria‐Luna et al. 2004).
Solutions to these many implementation challenges could help facilitate the use of
bioretention systems as stand-alone stormwater management practices (Roy-Poirier et al.
2010).

An additional barrier to widespread implementation of bioretention is the limited ability
to incorporate bioretention gardens into computer models which have become a standard
component of modern day stormwater planning. In recent years the ability to model
bioretentions has been introduced in some mainstream stormwater models such as the
11

Stormwater Management Model (SWMM) (Poresky 2008; Lucas 2010b) as well as the
Model for Urban Stormwater Improvement Conceptualization (MUSIC )(Wong et al.
2002). However, the most widely used large-scale surface flow models still use very
primitive routing methods for bioretention systems (Lucas 2010a). In addition to the
limitations of the models themselves, the lack of detailed bioretention performance
information for many regions means that the model inputs used may often not be suitable
(Davis et al. 2009). Heasom (2006) suggested that it is critical to develop these model
inputs to create a successful physical model, and that such a model can provide a logical
way to move from general performance measures and site observations to the specifics
for the design of bioretention gardens (Heasom et al. 2006).

There have also been several tools designed to aid in the sizing of individual bioretention
gardens. For example, the RECHARGE model determines sizing based on infiltration
calculated using the Richard‟s equation (Duss, 2004). Heasom (2006) developed a HECHMS based hydrological model to predict the hydrologic impact of a bioretention
facility. Such tools are useful for the design of individual bioretention gardens, however
to facilitate the implementation of bioretention on a large scale, additional tools are
needed.

Roy (2008) suggested that sustainable urban stormwater management must be planned
and implemented at the watershed scale. A GIS-based empirical model has its advantage
as a decision support tool for preliminary planning of sustainable stormwater
infrastructure since it is easily applied to large watersheds with fewer data requirements
12

than physical models (Huang and Hong 2010), and can potentially inform stakeholders of
the benefits achieved by the appropriate selection of BMPs (Viavattene et al. 2010). Li
(2010) used a GIS-based model to identify opportunities for the implementation of LID
technologies and to quantify, at a planning level, the benefits that could be provided in
terms of reduced pollutant loading to Lake Simcoe in Ontario. Studies such as this can
provide guidance to municipalities for incorporating LID technologies into their
stormwater management master plans (Li et al. 2010). However, additional modeling
tools are needed to support the selection and evaluation of viable LID options and decide
where these options are best placed in a watershed to most effectively address
environmental protection needs in urban areas. In 2003, the United States Environmental
Protection agency, recognizing that there was no comprehensive modeling system
available to systematically evaluate the location, type, and cost of stormwater BMPs,
developed a decision-support system called SUSTAIN for the selection and placement of
BMPs at strategic locations in urban watersheds (Lai et al. 2007).

Current bioretention regulations and design guidelines are still being developed, and
some resemble “rules of thumb” rather than specific and objective criteria (Heasom et al.
2006). Well developed computer models with extensively researched model inputs can
help to develop appropriate bioretention guidance. Although there has already been effort
to model various aspects of bioretention gardens, there is still a need for additional
modeling tools to accurately predict the hydrologic and water quality performance of
bioretention system designs and verify the suitability of current guidelines (Roy-Poirier et
al. 2010).
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2.2.5

Overview of Functions

Bioretention facilities are designed to capture and infiltrate rainwater runoff from the
“first flush” of a rainfall event and then filter it through a soil medium (Davis et al. 2001).
The “first flush” or first 12.5mm of a rainfall typically generates runoff with the highest
pollutant loading (USEPA 2000). Implementing enough bioretention gardens to control
this initial volume of runoff may therefore have the potential to remove the majority of
pollutants mobilized during a precipitation event (Coffman 2000).

Bioretention gardens are designed to facilitate the physical, chemical, and biological
processes which occur in a natural terrestrial ecosystem (as illustrated in Figure 2).
Sedimentation, adsorption, filtration, volatilization, ion exchange, decomposition,
phytoremediation and bioremediation, are some of the natural processes contributing to
water quality improvement within a bioretention garden (Prince George‟s County 2007).

Stormwater infiltrating the bioretention garden may recharge groundwater or be collected
in subsurface perforated pipes and conveyed to traditional storm drains (Davis et al.
2001). By storing, detaining and infiltrating stormwater, bioretention gardens are able to
reduce runoff volumes (Hunt et al. 2006) as well as peak flows (Hunt et al. 2008).
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Figure 2. Hydrological and water quality processes in a bioretention garden (Brix 1993).

In addition to the numerous stormwater quality and quantity benefits provided by
bioretention gardens, these systems can also provide a host of other benefits such as
improved site aesthetics and community pride, reduced noise, traffic calming, improved
air quality, increased real estate values, shade and wind cover, as well as the creation of
habitat for native wildlife and plant species (Prince George‟s County 2007; TRCA 2010;
Roy-Poirier et al. 2010).
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2.2.6

Pollutant Removal

Bioretention gardens have demonstrated impressive pollutants removals including, 95%
removal of oil and grease (Hsieh and Davis 2005a); 99% removal of total suspended
solids (Hsieh and Davis 2005a); and greater than 95% removal for metals (i.e. copper,
lead, and zinc) (Davis et al. 2001). Research has indicated that nitrogen and phosphorus
removal are typically the most variable pollutants examined (Hsieh and Davis 2005b). In
some studies bioretention gardens have demonstrated leaching of phosphorous and/or
nitrogen rather than removal of these nutrients (Dietz and Clausen 2005; Hunt et al. 2006;
Denich 2009; TRCA. 2006). The influent and effluent concentrations as well as removal
efficiencies for total phosphorous and total nitrogen from selected studies are displayed in
Tables 1 and Table 2, respectively. Inflow and outflow volumes used to calculate mass
load reductions are not presented here. All removal efficiencies are based on the percent
difference between influent and effluent mass unless otherwise noted.
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Table 1. TP removal in bioretention gardens from select studies.

Study

Study Site

Influent
Concentration
(mg/L)

Effluent
Concentration
(mg/L)

Removal
Efficiency (%)

Davis (2007)

College Park. Md.

0.61

0.15

79

Davis (2007)

College Park. Md.

0.61

0.17

77

Davis et al. (2006)

Pilot Boxes

0.28-0.88

0.06-0.15

52 to 99 C

Denich (2009)

Mesocosms, Guelph

NA

NA

-3000 to -7100

Dietz and Clausen (200 5)

Haddam, CT

0.012-0.019

0.058-0.060

-111

Hunt et al. (2006)

Greensboro, N.C.

0.13 kg

0.44 kg

-240

Hunt et al. (2006)

Chapel Hill, N.C.

0.139 kg

0.048 kg

65

Hunt et al. (2008)

Charlotte, N.C.

0.19

0.13

31 C

Hsieh and Davis (2005)

Laboratory Columns

1.62 kg

0.6 kg

63

Hsieh et al. (2007)

Laboratory Columns

3

<0.05-1.6

63 to 85

Sharkey (2006)

Louisbourg, N.C.

0.29

0.18

69

Notes:
C= removal efficiency based on concentration reduction only
„NA‟=data was not published

Table 2. TN removal in bioretention gardens from select studies.

Study

Study Site

Influent
Concentration
(mg/L)

Effluent
Concentration
(mg/L)

Removal
Efficiency
(%)

Davis et al. (2006)

Pilot Boxes

1.6-6

1.1-2.8

30 to 99 C

Denich (2009)

Mesocosms, Guelph, ON

NA

NA

-8 to -97

Dietz and Clausen (2005)

Haddam, CT.

1.2

0.8-1.0

32

Hunt et al. (2006)

Greensboro, N.C.

2.53 kg

1.51 kg

40

Hunt et al. (2006)

Chapel Hill, N.C.

0.61 kg

0.36 kg

40

Hunt et al. (2008)

Charlotte, N.C.

1.68

1.14

32 C

Hsieh and Davis (2005)

Laboratory Columns

2.86 kg

2.95 kg

-3

Sharkey (2006)

Louisbourg, N.C.

1.7

1.25

65

Notes:
C= removal efficiency based on concentration reduction only
„NA‟=data was not published
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There are many factors which may have influenced the removal efficiencies of
bioretention gardens summarized in Tables 1 and 2 including; soil type, vegetation used,
filter bed depth, presence/position of underdrain, and presence of an impermeable liner.
Further details regarding specific design configurations used and removal efficiencies for
various nutrient species (i.e. NO3-N, NH4-N, PO4-P) in these studies and others and will
be discussed throughout this thesis.

The “removal efficiencies” reported in various studies should be compared with caution
for a number of reasons. These values are as dependent on inflow quality as well as the
performance of the bioretention. A low removal efficiency may be due to inflow with
good water quality, and not necessarily due to poor system performance. In addition, not
all studies define “removal efficiency” in the same way. For example, Hsieh et al. (2007)
reports “mass removal” which was defined as the difference between influent mass and
effluent mass. Masses were calculated as the product of concentration and flow. Other
studies such as Davis et al. (2006) and Hunt et al. (2008) reported “pollutant removal”
and “efficiency ratio”, respectively, which were both defined as the percent difference
between influent and effluent concentrations. Removal efficiencies using only
concentration are often used in bioretention studies because it can be challenging to
measure flow volumes, particularly if influent volume consists of overland flow entering
the device from multiple sides. Davis et al. (2006) noted that because not all water flows
out of a bioretention (some is eventually lost to evapotranspiration), the mass-based
pollutant removals are always greater than the concentration-based removals.

18

2.3

Nutrients in Urban Runoff

Urbanization has been shown to increase phosphorus and nitrogen concentrations in the
rivers and streams of urban catchments (Meybeck 1998; Omernik 1976). In the past,
wasterwater effluent has been by far the biggest contributor of both nitrogen and
phosphorous to waters in urban watersheds, however, strict regulations and
improvements in wastewater treatment technologies have greatly reduced this input in
recent decades. As nutrient concentrations in wastewater discharges have been reduced,
attention has turned to nutrient loading from untreated non-point sources of nutrients such
as urban runoff (Schindler and Vallentyne 2008). In some lakes, up to one third of total
phosphorous loading has been attributed to urban runoff (LSRCA 2007). With the global
trend of expanding cities and associated impervious urban surfaces, the proportion of
nutrients coming from this source could increase further.

2.3.1

Nutrient Sources in the Urban Watershed

Concentrations of both phosphorous and nitrogen are significantly higher in urban runoff
than in runoff from undeveloped catchments (Dietz and Clausen 2008). Sources of these
nutrients in urban runoff may include: animal wastes and remains, litter, vehicle exhaust,
grass clippings, bird droppings, motor oil and chemical fertilizers (Shaver et al. 2007;
Weiss et al. 2008; Pitt et al. 1999). Fertilized lawns, golf courses and landscaped areas
are major contributors of both nitrogen and phosphorous and research suggests that
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nutrient concentrations in runoff from these areas can be as much as four times greater
than those from other urban source areas (Bannerman et al. 1993).

Soil erosion and other sediment sources may also be significant sources, as nutrients in
urban runoff often tend to be found in particulate form (Shaver et al. 2007). In addition,
atmospheric deposition of both nitrogen and phosphorous may occur over impervious
urban surfaces where it readily washes off during precipitation events. Nearby
agriculture, industrial facilities or power generation plants are sources of atmospheric
nitrogen and phosphorous in the built environment (Shaver et al. 2007). Atmospheric
nitrate may result from the combustion processes of automobiles whereas atmospheric
ammonium may result from volatilization of ammonia from soils, fertilizers, animal
wastes and vegetation (Pitt et al. 1999). One study has also highlighted the role of
combustion and biomass burning as significant sources of phosphorous in the atmosphere
(Mahowald et al. 2008).

2.3.2

Forms of Phosphorous

To describe the different forms of phosphorous in natural waters the following
classifications may be used: (i) dissolved inorganic phosphorous (DIP), (ii) dissolved
organic phosphorous (DOP), (iii) particulate inorganic phosphorous (PIP) and (iv)
particulate organic phosphorous (POP). Some of these classifications may be further
broken down to be more specific, for example, the term „DIP‟ refers to the sum of all
orthophosphate ions: H3PO4, H2PO4-, HPO42-, PO43-. However, accurate speciation of
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phosphorous is difficult with currently available methodologies (Reddy and DeLaune
2008).

The phosphorous which passes through a 0.45um filter is considered to be soluble or
dissolved. DIP is the portion of dissolved phosphorous composed primarily of
orthophosphate (PO4), and is the form which may be directly available for algal growth
(Anderson and Downing 2006). In natural waters the dominant phosphate species making
up the majority of DIP are H2PO42- and HPO4- (Reddy and DeLaune 2008). DOP refers
to the dissolved organic forms of phosphorus, some of which may be converted to
orthophosphate by enzymes or UV light, thereby making it bio-available to algae and
other plants (Weiner 2000).

Particulate phosphorous refers to the portion of phosphorous remaining on a 0.45µm
filter after a water sample is filtered and may consist of bacteria, algae, inorganic
particles and sediments etc.

Particulate phosphorous may be particulate inorganic

phosphorous or particulate organic phosphorous depending on the origin of the particles.
Although particulate phosphorous is typically not considered to be bio-available in
aquatic ecosystems, a portion of it is likely to become bioavailable before it is
sequestered in sediments. Browman et al. (1979) estimated that approximately 25% of the
particulate phosphorous in urban runoff would become bio-available prior to settling. In
an earlier paper, Cowen and Lee (1976) reported similar results for urban runoff (an
average of about 30% of the particulate phosphorous would become bio-available).
Therefore an estimate for potentially bio-available phosphorous in urban runoff could be
21

given by the concentration of dissolved inorganic phosphorous plus 0.25 to 0.3 times the
concentration of particulate phosphorous.

Total phosphorous (TP) is the sum of all four components of phosphorous and is a term
most commonly used to refer to phosphorous in this thesis and much of the related
literature. PO4-P (phosphorous as orthophosphate) will also be referred to frequently in
this thesis as this is the portion of TP that is directly associated with algal growth.

2.3.3

Forms of Nitrogen

In nature, nitrogen may be found in a number of different forms.

Ammonia is a

colourless and readily soluble form of nitrogen. In aqueous solutions, an equilibrium
controlled by pH, temperature, and ionic strength exists between unionized (NH3) and
ionized (NH4+) ammonia species.

Within the range of environmental conditions

considered in this thesis (near neutral pH and T=10-25ºC), less than 1% of ammonia is
likely to be in the unionized (NH3) form (CCME 2003). For the remainder of this thesis
“NH4-N” will be the term used to refer to the total amount of nitrogen present as either
ammonia or ammonium.

Nitrite and nitrate are both nitrogen species which are readily soluble and mobile in soil.
Nitrite is a very short lived species as it is rapidly oxidized to nitrate in aerobic
environments or reduced to nitrous oxide (N2O) in anaerobic environments. For the
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remainder of this thesis the term “NO3-N” will be used to refer to all nitrogen present as
either nitrate or nitrite.

Organic nitrogen includes substances in which nitrogen is bonded to carbon. The source
of this organic nitrogen may be living or dead organisms or wastes excreted by
organisms. In this thesis all organic forms of nitrogen will be referred to simply as
organic nitrogen (ON). Organic nitrogen may be present in dissolved or particulate form,
whereas inorganic nitrogen (i.e. ammonium, nitrite, nitrate) can only be in a dissolved
form (Reddy and DeLaune 2008).

Nitrogen (N2) gas, is the most common form of nitrogen and makes up 78% of the
Earth‟s atmosphere (Reddy and DeLaune 2008). Nitrogen fixation is the process by
which N2 is converted into ammonia. In a natural system, the rate of fixation is limited by
the population of nitrogen fixing microbes. In the last century, industrial fixation of N2
has been widely used to produce inorganic forms of nitrogen via the Haber-Bosch
Process. While a benefit for agriculture, industrial nitrogen fixation has greatly altered the
global nitrogen balance (Galloway et al. 2008). The inorganic forms of nitrogen produced
by industrial nitrogen fixation (i.e. ammonia, nitrite and nitrate) have the greatest impact
on water bodies because they are readily available for uptake by simple organisms
(Seitzinger 2002).
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2.3.4

Nutrient Concentrations and Urban Land Use

Possibly the most rigorous characterization of urban runoff water quality to date was
performed by Smullen et al. (1999). In this study, event mean concentrations (EMCs)
from National Urban Runoff Program (NURP), United States Geologic Survey (USGS)
and National Pollutant Discharge Elimination System (NPDES) data bases were
assembled and analyzed. The nutrient concentration results from this study are shown in
Table 3.

Table 3. Event mean concentrations of urban runoff (Smullen et al. 1999).
Parameter

Mean EMC (mg/L)

No. of Events Sampled

Total Phosphorous

0.315

3094

Soluble Phosphorous

0.129

1091

Total Kjeldhal Nitrogen

1.73

2693

Nitrite and Nitrate

0.658

2016

The EMCs in Table 3 may be a good representation of average stormwater
concentrations, however it should be recognized that nutrient concentrations tend to vary
greatly depending on the source. Land-use (e.g. residential, commercial, and industrial)
and human activities (e.g., industrial operations, residential lawn care, and vehicle
maintenance) characteristic of a drainage basin largely determine the mixture and level of
pollutants found in stormwater runoff (Shaver et al. 2007; Bannerman et al. 1993;
Makepeace et al. 1995).

Bannerman (1993) found that the average stormwater outfall concentrations of TP were
0.66mg/L compared to the average of 0.34mg/L from the industrial areas in a Wisconsin
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study (Bannerman et al. 1993). This study found lawns and driveways to be the primary
source of phosphorous in residential areas. A similar pattern was observed in a South
Korean stormwater quality characterization study which found that all forms of both
nitrogen and phosphorous were significantly higher in runoff from residential areas
compared to industrial areas (Lee and Bang 2000).

2.3.5

Nutrient Impacts

Phosphorous and nitrogen are both macro nutrients which play critical roles in the
biological metabolism of all living things. However, when these nutrients are added to
water bodies in excess, they can have a negative impact on aquatic life. It is generally
accepted that phosphorous is the nutrient which most limits primary productivity in
freshwater systems (Schindler 1977), while nitrogen is limiting in marine systems (Paerl
1993). The addition of a limiting nutrient to an ecosystem can greatly increase the growth
rate of basic cellular organisms such as algae (Schindler 1977).

Increasing nitrogen or phosphorous concentrations in a water body where that nutrient is
limiting, may cause rapid growth of algae. Surveys of 31 rivers in southern Ontario and
western Québec found that phytoplankton biomass is positively correlated with the
concentration of TP in the water, and that even small additions of phosphorous resulted in
substantial increases in algae growth (Basu, 1996). In some cases algal blooms may be
capable of deoxygenating an aquatic ecosystem, reducing productivity by periphyton,
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benthic invertebrates and fish, and causing the eventual loss of entire species (Galloway
et al. 2008; Chambers et al. 2001).

In addition to stressing aquatic ecosystems, toxic algal blooms initiated by excessive
nitrogen or phosphorous loads can pose a risk to drinking water quality for humans and
livestock. Algal growth can cause blockages of water intake screens and filters, increase
costs for water treatment and monitoring, as well as decrease the recreational potential of
rivers by impacting the aesthetics of the water (Chambers, 2001). Although many of the
problems of nutrient loading are associated with algal blooms, the nutrients themselves
may also have negative impacts. For example, elevated nitrate in drinking water can pose
a health concern to certain target groups, namely fetuses and infants (WHO 2008), and
ammonia may cause pathological lesions in the gills and tissue degradation in the kidneys
of fish (CCME 2003).

2.3.6

Nutrient Guidelines

Canadian water quality guidelines are intended to provide protection of aquatic life from
anthropogenic stressors such as chemical inputs (CCME 2003). In order maintain a
healthy aquatic ecosystem in lakes and rivers these guideline concentrations should not
be exceeded. Table 4 summarizes the nutrient concentration guidelines that are relevant
to this thesis.
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Some of the guidelines include a range of values dependent on physical parameters of the
water body in question. For example, there is not a single guideline value for the NH4-N
because the speciation (and therefore toxicity) of ammonia/ammonium varies greatly
depending on several parameters such as pH, temperature, and ionic strength (CCME
2003). The values listed for TP are considered trigger values, values that if exceeded
should prompt a detailed assessment. Base level TP concentrations vary naturally
between different types of water bodies, so it is not possible to create one meaningful
trigger value that applies to all water bodies. For example, a naturally eutrophic (i.e. high
nutrient) system has a trigger value of 35 to 100 µg/L, whereas a naturally oligotrophic
(i.e. low nutrient level) system has a trigger value of 4 to 10 µg/L of TP.
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Table 4. CWQG guidelines and trigger values for various nutrient species.
Nutrient

CWQG

Type

TV

Total Phosphorous

TP

Oligotrophic 4 -10 μg/L
Mesotrophic 10 -20 μg/L
Meso-eutrophic 20 -35 μg/L
Eutrophic 35 -100 μg/L

Orthophosphate

PO 4 -P

NA

NA

Nitrite Nitrogen

NO 2 -N

60 μg/L

NA

Nitrate Nitrogen

NO 3 -N

2.9 mg/L

GL

Ammonia/Ammonium
Nitrogen

NH 4 -N

at pH = 7:
19.0 mg/L at 0 C
5.7 mg/L at 15 C
2.0 mg/L at 30 C

GL

Organic Nitrogen

ON

NA

NA

Total Nitrogen

TN

NA

NA

Notes:
„NA‟ = no value is specified in the CWQG
„TV‟ = Trigger Value
„GL‟ = Guideline
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2.4

2.4.1

Mechanisms for Phosphorous Removal in Bioretention Gardens

Filtration

In the context of bioretention garden treatment processes, filtration refers to the
mechanical separation of suspended solids from stormwater by the bioretention soil. This
mechanism is likely to be an important phosphorus removal mechanism as high rates of
suspended solid capture have been reported from bioretention studies (Hsieh and Davis
2005a; Blecken et al. 2009), and a substantial portion of phosphorous in urban runoff
may be in particulate form (Shaver et al. 2007).

2.4.2

Geochemical Sorption Processes

The term geochemical sorption refers to the combined processes of adsorption and
precipitation. Adsorption is the adhesion of phosphorous onto the surface of the soil
media, whereas precipitation is when the phosphorous forms a solid (usually by forming
a mineral with another constituent) (Reddy et al. 1999).

When runoff water comes in contact with the bioretention media, phosphate adsorption
processes begin to occur within minutes. During this initial contact, ion exchange
reactions rapidly occur with outer sphere hydroxyl complexes on the surface of the
media. These reactions only loosely bind the phosphorus to the media and the process
may be reversed. However this outer sphere adsorption can be changed to less reversible
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inner-sphere adsorption over a period of months (Lucas and Greenway 2008). Borggaard
(2005) demonstrated that the process of phosphorous adsorption in soils continues for at
least 28 days, but found that the majority of the mass of phosphorous is adsorbed
relatively quickly (within a few hours) (Borggaard et al. 2005).

The capacity of the media to adsorb phosphorous is dependent on the density of
adsorption sites. The clay fraction of soil typically contains the majority of the adsorption
sites. However a soil with too much clay may have issues with permeability. In addition
to clay minerals, certain organic components and oxides of aluminum (Al) and iron (Fe)
typically have high phosphorous adsorption capacity (Weiner 2000).

Phosphorous may also be removed from solution through the process of precipitation.
Phosphorous most often precipitates with calcium (Ca), aluminum (Al) or iron (Fe) as the
stormwater passes through the substrate (Davis et al. 2001). The precipitation process is
dominated by iron and aluminum when pH < 6 and calcium when pH > 6 (Stumm and
Morgan 1981.) The kinetics of precipitation reactions are much slower than adsorption
and require retention times of several days to occur (Søvik and Kløve 2005). In the
literature, the distinction is typically not made between adsorption and precipitation; the
two processes are simply considered together as removal by sorption.
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2.4.3

Microbiological Immobilization

Olander (2005) showed that even in soils with a high sorption capacity, phosphorous
immobilization via microbial activity may be greater in magnitude and occur at a more
rapid rate than geochemical sorption processes. These studies found that microbial
activity was a better predictor than sorption capacity of how much P would be retained in
soil (Olander and Vitousek 2005).

These microbial processes require carbohydrates from plants as energy inputs (Paterson,
2003). Lucas and Greenway (2008) proposed that microbial processes at least partially
explain why the difference in phosphorus retention between barren and vegetated
mesocosms is often more than can be accounted for by vegetation uptake alone.

2.5
2.5.1

Mechanisms for Nitrogen Removal in Bioretention Gardens
Ammonification

Organic matter in stormwater such as leaf litter, plant materials, animal faeces, and
hydrocarbons contain organic nitrogen. Ammonification describes the conversion of this
organic nitrogen to nitrogen as ammonia/ammonium (NH4-N). This microbial-led
transformation occurs at a much faster rate in aerobic environments, but can also occur in
anaerobic environments (Kadlec and Knight 1996).

In general, the majority of NH4-N formed via the process of ammonification will be
present in the bioretention effluent unless the bioretention soil column contains saturated
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zones where denitrification can occur. Two other processes theoretically capable of
removing NH4-N are volatization and adsorption, however both processes are believed to
be very limited in bioretentions due to their specific requirements (Henderson 2008).
Transformation of NH4-N to NH3-N gas only occurs at pH greater than 7.5-8, higher than
would be found in most stormwater (Hatt et al. 2004). Adsorption of NH4-N to soil
particles is also likely to be limited due to the fact that many other cations (Fe, Mn, Ca
etc.) are preferentially adsorbed (Evangelou et al. 1986), and NH4+ is readily desorbed
(Phillips 1999).

2.5.2

Nitrification

Nitrification is the biological oxidation of NH4-N to NO3-N. This process is carried out
by the autotrophic microbes that fix inorganic carbon and use the oxidation reaction to
generate energy (Sprent 1987). During the process of nitrification the chemoautotrophic
bacteria Nitrosomonas sp. converts ammonium to nitrite-nitrogen (NO2-N), which is then
rapidly converted to nitrate-nitrogen (NO3-N) by the bacteria Nitrobacter sp. (Reddy and
DeLaune 2008).

Nitrification occurs in aerobic environments such as the one that exists in a well-drained
bioretention soil (Hunt 2003). However, even in waterlogged soils it is likely that some
degree of nitrification could occur in the thin aerobic zone created around the roots of
plants (Reddy et al. 1984). Nitrate, as an anion, is very mobile in soils and will not adsorb
to bioretention media to any significant extent (Hsieh, 2007). Therefore, in a bioretention
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garden, NO3-N that is formed via nitrification between wetting events may be easily
leached in the initial drainage of the next precipitation event (Henderson 2008).

2.5.3

Denitrification

Denitrification refers to the conversion of NO3–N to N2 gas. This process can result in the
permanent removal of nitrogen from a bioretention system as the N2 gas escapes into the
atmosphere. Denitrification occurs when bacteria such as Bacillus and Pseudomonas use
NO3–N as a terminal electron acceptor during the oxidation of organic carbon (Reddy
and DeLaune 2008). Oxygen availability is a primary controller of denitrification rates
because some denitrifying organisms will preferentially use O2 over NO3–N if it is
available (Sprent 1987).

In poorly drained soils, the water held in pore spaces impedes the diffusion of oxygen
into the subsurface, thereby creating anoxic zones in the soil at a suitable redox potential
for denitrification to occur (Brady and Weil 2002; Meyer et al. 2002). Bioretention areas
are typically constructed using very well drained soils, meaning pore spaces are rarely
saturated for long enough to allow significant denitrification to occur. This absence of an
anaerobic environment in a typical bioretention system is possibly why studies such as
Davis (2001), Dietz and Clausen (2005) and Hunt et al. (2006) measured inconsistent and
sometimes negative removal rates of NO3-N.
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2.6
2.6.1

Bioretention Designs for Improved Phosphorous Removal
Bioretention Soil

Proper bioretention media selection is critical for effective phosphorous removal. Dietz
(2007) identifies the export of P from the soil of vegetated LID practices as one of the
priority research needs in the field of LID. It has been suggested that dissolved species of
phosphorous leach from bioretention cells due to degradation of organic matter (Davis
2006; Hsieh 2007; Bratieres 2008). A study in Ontario attributed the leaching of
phosphorous to the highly organic soil as well as the mulch (TRCA 2006). Dietz and
Clausen (2005) attributed the net export of phosphorous from a bioretention garden in
Connecticut to disturbance of soil during construction and not specifically to the organic
content of the soil (Dietz and Clausen 2005).

The low phosphorous removal in highly organic bioretention soil may be due to other
factors associated with organics in addition to decomposition. Work by Kang et al.
(2009) showed that the positive effect of Al and Fe oxides on the phosphorous sorption
capacity of soils appeared to be less in soils with a higher percent of organic matter. This
relationship may be due to the competition of organic matter and phosphates for the same
sorption sites on Al and Fe oxides (Guan et al. 2006).

In column experiments performed by Clark (2010), preliminary results indicated that
phosphorous removal decreased as the organic matter content of the media increased and
as soil pH decreased. A carbon content in the media of more than 5 – 7% also resulted in
phosphorus export from the media, rather than its removal. However, metals were found
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to be more effectively removed at lower pHs and higher organic contents. This may
indicate that there is a tradeoff in metals removal if phosphorous removal is to be
increased (Clark and Pitt 2010).

Phosphorous immobilization in calcareous environments is primarily through reactions
with calcium (Ca) and Ca-containing compounds, while the primary immobilization
mechanisms in acidic environments are sorption to Fe and Al (hydr)oxides (Ann et al.,
2000; Zhao et al., 2007). The soils in southern Ontario are dominantly luvisolic soils,
meaning they developed under forested conditions and originated from a calcareous
parent material (Soil Research Institute 1972). The high pH that is characteristic of local
materials indicates that phosphorous will be most easily immobilized through reactions
with Ca-containing compounds.

In general, younger soils are composed of mostly primary minerals and tend to have a
higher pH. In these soils, geochemical phosphorous sorption is relatively low compared
to the removal via biologic uptake. As soil is weathered, secondary clay minerals
(dominated by reactive Fe and Al oxides) are formed, soil acidity increases, and long
term phosphorous retention shifts from biological uptake to geochemical processes
(Olander and Vitousek 2005). This may indicate that on average, the higher pH soils of
Southern Ontario would not have as much sorption capacity as more acidic soils and that
biological uptake may be an important removal mechanism.

Cation exchange capacity (CEC) refers to the maximum quantity of total cations that a
soil is capable of holding at a given pH value. Hunt (2006) suggested that selecting media
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with a high CEC is critical for phosphorus removal. While a minimum CEC has yet to be
established, CECs exceeding 10 are expected to work relatively well at removing target
pollutants in bioretention systems (Hunt and Lord 2006).

Currently the soil mix proposed by Hunt and Lord (2006), consisting of 85–88% sand
(2.0mm to 0.05mm diameter), 8–12% fines <0.05mm diameter (i.e. clay and silt); and 3–
5% organics, is one of the most commonly used bioretention mixes. This mix may be
tailored to some extent for a targeted pollutant. For example, when nitrogen is the
pollutant of concern, it is recommended that 12 percent of the mix is fines in order to
slow the infiltration rate to about 1 inch per hour and promote denitrification. If
phosphorous or metals are the target pollutant, a 2 inch per hour infiltration rate is
recommended, and the fines mixture should be approximately 8 percent (Hunt and Lord
2006).

2.6.2

Bioretention Soil Amendments

In recent years there have been several studies focusing on various materials that can be
added to bioretention media to improve phosphorous sorption. For example, it has been
shown that the addition of steel wool (5% by weight) to bioretention filter media can
greatly increase phosphorous retention (Erickson et al. 2007). In a similar study, Zhang
et al. (2008) showed that adding small amounts of fly ash to the filter media can increase
the phosphorous sorption capacity significantly. However, a potential problem with using
fly ash as an amendment is the resulting decrease in hydraulic conductivity of the soil
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(Zhang et al. 2008). There are also commercially available Fe oxide coated media which
specifically aim to retain phosphorous (Imbrium 2009). Phoslock is another
commercially available product which may be suitable as a soil amendment. Although
this product is typically added directly to surface waters to reduce eutrophication,
Bachand and Heyvaert (2005) suggested that it may also be suitable as an amendment to
increase phosphorous removal in stormwater BMPs.

The use of drinking-water treatment residuals (Al-WTRs) has been shown to be effective
in controlling phosphorous leaching from agricultural soils (Novak and Watts 2004;
Elliott et al. 2002). Only recently has it been shown that Al-WTRs may also be suitable
for use as a bioretention media amendment to improve phosphorous retention (Lucas and
Greenway 2010). Many water treatment plants use a flocculating agent such as alum or
Fe-salt to settle out sediments from the water. The use of alum or Fe-salts during the
treatment process causes residuals to contain amorphous Al and Fe oxides and
hydroxides which offer high sorption capacity (Dayton and Basta 2005). Al-WTRs may
have more potential as a soil amendment compared to Fe-salt residuals because they offer
a large and essentially irreversible phosphorous sorption capacity (at least 5000 mg P per
kg), and retention occurs independent of pH (O'Connor et al. 2002). In addition, AlWTRs are available locally and free-of-charge from drinking-water treatment plants and
are therefore an attractive amendment for bioretention media.

Brix (2001) found that the most important factor in determining the phosphorous sorption
capacity of a constructed wetland media was the calcium content. It was suggested that
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mixing a high Ca-content additive such as calcite or crushed marble could significantly
enhance P-sorption capacity of a sand (Brix et al. 2001). Wei (2006) found that calcium
and aluminum content were both important factors in the P-sorption capacity of media for
constructed wetlands. Yin et al. (2006) found that wetland media tested in order of
greatest to least phosphorous sorption capacity were: limestone, wollastonite , zeolite ,
expanded clay aggregate, sand.

2.6.3

Mulch

Bioretention areas typically have a top dressing of a layer of 5-10 cm of shredded
hardwood mulch. A thick mulch layer may be effective at removing metals and retaining
moisture but it can be detrimental to nutrient removal. It has been suggested that the
mulch layer may actually leach phosphorous over time (TRCA 2006).

The mulch in bioretention gardens studied by Dietz and Clausen (2006) was found to be a
sink for nitrogen, phosphorous and metals. However, another study concluded that
although mulch may retain phosphorous through physio-chemical processes, these
phosphorous complexes are in dissolved forms and tend to leach out over time (Hsieh and
Davis 2005a).

If mulch is believed to be a source of phosphorous, a very thin layer of mulch can be used
or it can be avoided altogether. For example, the Virginia State specifications suggest that
vigorous herbaceous plant growth is used instead of a mulch layer (VDCR 2011). This
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ground cover of vegetation provides adequate shade to retain soil moisture, much the
same as a mulch layer would.

2.6.4

Vegetation

Studies have shown that vegetation plays a very important role in the removal of
phosphorous (Bratieres et al. 2008; Lucas and Greenway 2008; Read et al. 2008).
Phosphorous and other pollutants may be removed from stormwater when they become
assimilated by vegetation and biofilms. When flushed with large amounts of water, nonvegetated media in column experiments leached phosphorous, whereas vegetated
columns did not (Henderson et al. 2007). This finding emphasizes that vegetation plays a
critical role in securing the retained phosphorous in a bioretention area.

The increase in phosphorous retention by vegetated systems substantially exceeds
expected phosphorus uptake rates for plants alone, suggesting that other processes are
involved. One of the processes which may be contributing to the extra phosphorous
retention is the release of oxygen from plant roots. This oxygen is thought to oxidize
ferrous iron in the media to ferric iron which is known to have a high phosphorous
sorption capacity (Mendelssohn 1995).

Another mechanism that may explain the unexpectedly large removal in certain vegetated
bioretentions is the fungi associated with vascular plants. This fungi may remove up to
75% of TP applied to soil, possibly due to the fungi‟s capability to sequester excess
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adsorbed phosphorous as inert polyphosphate granules (Van Tichelen and Colpaert
2000). This process, and other processes involving the fungi and microbes associated
with plants are likely the mechanisms for the greatly improved phosphorous retention
performance observed in the presence of vegetation.

The phosphorous retained by these rapid biological processes may undergo geochemical
sorption reactions in the media during the periods between precipitation events. During
the period between events, outer sphere sorption processes may begin to occur on the
phosphorous captured by the microbes and fungi. Less reversible inner-sphere adsorption
then take over, making the P retention more secure and freeing up available capacity in
the outer sphere so that additional phosphorous may be removed during the next event
(Lucas and Greenway 2008).

Nutrient removal is not only related to the extent of the vegetation but is also strongly
affected by variations in plant species (Bratieres et al. 2008; Read et al. 2008). Read
(2008) suggested that the large variations between species in terms of phosphorous
uptake per root mass was likely attributed to differences in root architecture and
physiology, which can directly affect soil physiochemistry and the associated microbial
community. Although no specific plant root types were identified by Read (2008), it is
possible that a relatively high root hair surface area may be desirable as this is one of the
most important root characteristics related to phosphorous uptake in plants (Bates and
Lynch 2000). Research into phosphorous uptake of various species has the potential to
improve phosphorous removal in bioretention areas, however these two particular studies
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(Bratieres et al. 2008; Read et al. 2008), may not be directly applicable to Canada as the
species tested are native to Australia.

2.7

Bioretention Designs for Improved Nitrogen Removal

While processes of ammonification and nitrification typically occur in a standard
bioretention garden, it is difficult to achieve consistently high nitrogen removal in
standard designs due to a lack of effective denitrification (Kim et al. 2003; Hsieh and
Davis 2005; Davis et al. 2006; Henderson 2007). In recent years, attempts have been
made to promote microbial denitrification reactions in bioretention by using an
alternative design where a portion of the bioretention soil is allowed to remain submerged
(Dietz 2006; Hunt 2002; Kim 2003; Hsieh 2007). Soil saturation is typically achieved by
the use of an elbow in the underdrain which prevents the stormwater from draining until a
certain portion of the soil column is saturated. The saturated soil does not allow oxygen
from the atmosphere to enter and the anaerobic conditions created allow the process of
denitrification to occur. Establishing nitrification/denitrification zones in bioretentions
may also be partially achieved by configuring a less permeable media layer below a more
permeable one. This configuration allows nitrification to proceed in the upper aerobic
zone, with the possibility of denitrification in the less permeable layer (Hsieh, 2007).

In all of these designs an available organic carbon source is required to act as an electron
donor to sustain the denitrification process. In most bioretention soils this will require
adding additional organic matter. Some of the organic carbon sources tested by Kim
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(2003) included: alfalfa, leaf mulch, shredded newspaper, sawdust, wheat straw and
wood chips. Shredded newspaper was found to provide the best NO3-N removal of about
~80% (Kim, 2003).

Although shown to be an effective design for improving NO3-N removal, there has not
been extensive research on the effects that incorporating an anoxic zone would have on
the removal of phosphorous. Clark (2009) found that in soils with high organic content,
maintaining an aerobic environment is necessary to prevent the release of phosphorous.
It is therefore crucial to investigate in greater detail the effect that an anoxic zone would
have on phosphorous removal. Increased nitrogen removal at the cost of decreased
phosphorous removal may not be a desirable tradeoff in many watersheds.

2.8

Knowledge Gaps and Research Needs

The bioretention garden is an LID practice with great potential, but with knowledge gaps
regarding the optimum design configuration for phosphorous and nitrogen removal. The
use of specific media and/or design variations to reduce certain target pollutants is a
research area that should be further explored (Dietz 2007). Davis (2009) reiterated the
need for research into bioretention media composition, and also suggested that more
research should be done in the areas of controlling redox conditions, organic content of
soil, and retention time. Several studies outlined in the proceeding literature have
investigated the use of various soil amendments and/or the use of saturated zones,
however further studies are needed to confirm the effectiveness of these designs.
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Much of the research on bioretentions gardens up to the present time has focused on
design specifics related to hydraulic performance and water quality improvements,
however considerably less work has addressed the challenge of how these practices can
be integrated into the existing urban landscape. The U.S. Environmental Protection
Agency reported that the identification of management opportunities consistent with site
suitability considerations is one of the key factors for successful performance of
structural BMPs (EPA 1999). It has been suggested that additional modeling tools are
needed to support the selection and evaluation of viable LID options, decide where these
options are best placed, and quantify the hydrologic and water quality benefits that can be
provided (Lai et al. 2007).
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3

Research Objectives

This thesis aims to evaluate the potential of bioretention gardens as a partial solution to
the problem of high nitrogen and phosphorous loads in urban runoff. The research
objectives developed with consideration to the previous research reviewed and the
identified knowledge gaps are listed below:

1. Through the use of field experiments:


determine the nutrient removal capability of the bioretention soil mix
currently recommended in design manuals.



evaluate improvements in nutrient removal provided by various
bioretention soil amendments.



evaluate improvements in nutrient removal provided by an anaerobic
saturated zone.



identify

potential

drawbacks

of

incorporating

bioretention

soil

amendments or an anaerobic saturated zone into bioretention garden
design.


determine how nutrient removal may change over time by exposing
bioretention gardens to high concentrations of nutrients.
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2. Using lab experiments:


quantify contact time required for optimum phosphorous removal via
sorption for various bioretention media.

3. Through the use of a GIS platform:


develop a site selection tool based on physical site requirements of
bioretention gardens.



identify suitable areas available for bioretention installation in selected
urban catchments.



estimate potential nitrogen and phosphorous load reduction provided by
widespread bioretention placement across a selected urban catchment.
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4

Methodology: Mesocosm Field Studies

4.1

Mesocosm Construction

Field experiments were conducted from May through November 2010 at the Hilton
Centre Nursery on the University of Guelph campus in Guelph, Ontario. Small scale
bioretention gardens contained in rain barrels, sometimes referred to as mesocosms in
previous research (Lucas and Greenway 2008; Henderson et al. 2007), were used to
replicate full size bioretention gardens. Outdoor mesocosm experiments are desirable for
the evaluation of bioretention water quality and hydraulic performance due to their lower
cost and space requirement (relative to a full size pilot bioretention), as well as their
inclusion of important bioretention elements such as bacteria populations and vegetation
which are not well simulated in an indoor lab environment.

Each of the five bioretention configurations tested were constructed in duplicate, for a
total of ten mesocosms. The mesocosms were assembled on top of a 40 cm high wooden
stage to facilitate drainage, plumbing and water sampling. A hole was drilled near the
bottom of each mesocosm and fitted with plastic tubing to allow the effluent to drain by
gravity through a hose and into a covered 53L collection container below. Two of the
mesocosms designed to have an anaerobic zone, had an alteration of this configuration in
which the drainage tube was run through a bracket halfway up the mesocosm before
entering the effluent container so that the bottom half of the soil column would remain
saturated between stormwater loadings (see Figure 5b, section 4.1.1). A wooden support
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frame built around the setup allowed a 53 L plastic container to be mounted 40cm above
each barrel. Four 2mm diameter drainage holes were drilled in the bottom of these
containers to allow synthetic stormwater to drip evenly over the bioretention mesocosms.

A 12cm thick layer of 6mm diameter gravel at the bottom of each mesocosm prevented
the outlet at the bottom from clogging with sediment. Bioretention media was placed in
the barrel above the gravel and compacted after each 10 cm lift of media was added, until
a depth of 50cm of media was reached. The inner wall of each mesocosm was lined with
a 100% silicone caulking (approximately 1cm bead size) at three intervals of the soil
column to minimize preferential flow paths along the soil-barrel contact by increasing the
surface roughness. A design schematic of one of bioretention mesocosms constructed
and a photograph of the finished setup are shown in Figures 4 and 5, respectively.
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Figure 3. Schematic drawing of a bioretention mesocosm.

Figure 4. Photograph of constructed bioretention mesocosms.
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4.1.1

Bioretention Media

The first two mesocosms constructed (designated M1 and M2) contained a base soil mix
with no amendments. This soil composition based on the research of Hunt and Lord
(2006) is a mix of 85–88% sand, 8–12% fines (clay and silt) and 3–5% organics, and is
currently recommended for use in bioretention gardens by several design manuals
including the Toronto Region Conservation Authority‟s LID Planning and Design Guide
(TRCA 2010). For the remainder of this thesis, this soil specification will be simply
referred to as Sand Mix. Two different truckloads of soil were obtained in order to
construct all the mesocosms. Although both truckloads were ordered to the same
specification, it was discovered after delivery that the added organic matter used in each
load was not the same. The soil from the first truck load contained organic matter
consisting of composted wood/bark and will be referred to as Base Mix A. The soil from
the second load contained organic matter consisting of primarily food waste and will be
referred to as Base Mix B.

The remaining four soil treatments consisted of a base of the Sand Mix and one of the
amendments to be tested. The amendments included: shredded newsprint, a lanthanummodified bentonite product designed for direct application to surface waters (i.e.
Phoslock), alum based drinking water treatment residuals (i.e. Al-WTRs), and an oxidecoated media designed for use in stormwater BMPs (i.e. Sorbtive Media). As described in
Kim (2003), newsprint mesocosms (designed M3 and M4) were built with a layer of soil
overlying a layer of soil mixed with shredded newsprint. Newsprint was shredded into
long thin strands (200cm x 1cm) using an office paper shredder. To build the Phoslock
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(designated M5 and M6) and AL-WTR (designated M7 and M8) mesocosms, soil and
amendments were weighed out separately and then dry-blended with a shovel until they
were uniform in appearance. As recommended by the manufacturer (Imbrium Systems),
Sorbtive Media mesocosms (designated M9 and M10) consisted of a vegetated soil layer
overlying a layer of the Sorbtive Media. All soil and amendments were weighed in the
field, in an air dried state using a Canadian Tire Home Collection Digital scale (±100g
per ~25kg of soil weighed). Figures 5 a) through e) show schematics of each mesocosm
configuration and Table 5 summarizes the details of the media composition in each
mesocosm.
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Figure 5. Schematics of bioretention mesocosms.
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Effluent

Table 5. Soil composition in bioretention mesocosms.
Mesocosm
Designation

M5, M6

85–88% sand, 8–12% fines, clay and silt; and 3 –5% organics (i.e.
Sand Mix – Base Mix A)
Top 25cm: Base Mix A,
Bottom 25cm: Base Mix A, shredded newsprint (1.7% by weight)
Base Mix B, Phoslock (14% by weight)

M7, M8

Base Mix A, AL-WTR (20% by weight)

M9, M10

Top 30 cm: Base Mix B, Bottom 20cm: Sorbtive Media

M1, M2
M3, M4

4.1.2

Media Composition

Vegetation

Each mesocosm was planted with locally available plants suitable for bioretention areas
in Ontario. The plant species (see Table 4) were selected with the assistance of the staff at
Connon Nurseries (Waterdown, ON) to meet the criteria required for northern climate
bioretention gardens (i.e. plants which can tolerate well drained sandy soils, periodic
inundation, cold winters and some degree of salt). All mesocosms were planted with one
of each of the species outlined in Table 6. Each of these potted plants was planted with
the potting soil that it came with (approximately 1.5 litres per pot).

Table 6. Vegetation planted in bioretention mesocosms.
Common Name

Botanical Name

Sea Thrift

Armeria Maritima 'Splendens'

Pandora's Box Daylily

Hemerocallis 'Pandora's Box '

Silver Mound Wormwood

Artemisia Schmidtiana Silver Mound
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A 3 cm layer of shredded hardwood mulch was spread on top of the media and around
vegetation in each mesocosm to minimize erosion and loss of soil moisture. For the first
four weeks after vegetation was planted, the mesocosms were each watered with
approximately 10 litres of well water every two to three days to allow the root systems to
begin to establish before the stormwater dousing began.

4.2

Stormwater Dousing

A synthetic stormwater was prepared in the field by combining a concentrated solution of
chemicals and 40 L of well water in a barrel, mixing with a paddle, topping up to 220L,
and then mixing again as described in Denich (2009). The target synthetic stormwater
concentrations based on Davis (2001), as well as the mass of chemicals needed for each
220 L batch are summarized in Table 7. These nutrient concentrations are somewhat
greater than average urban runoff concentrations (discussed in section 2.3.4); however
they are still within the ranges reported by urban runoff characterization studies
(Bannerman et al. 1993; Lee and Bang 2000). Also, these concentrations are practical to
use because they have been used in other bioretention studies such as Kim (2003) and
Ergas (2009).
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Table 7. Chemicals used to produce synthetic runoff.

Pollutant

Compound Added

Nitrate

Sodium Nitrate ( NaNO 3 )

Target
Concentration
(mg/L)
(from Davis
2001)
2.0

Mass of
Chemical
Added to
220L of
Water (g)
2.67

Organic Nitrogen

Glycine (NH 2 CH 2 COOH)

4.0

4.72

Phosphorous

Dibasic Sodium Phosphate (Na 2 HPO 4 )

0.6

0.60

The average yearly rainfall for Guelph, ON during the time period 1971 to 2000 was
923.3mm, based on data from the Guelph Arboretum monitoring station (ID# 6143069)
(Environment Canada 2009). Based on the assumptions that 85% of precipitation
becomes runoff and the ratio of urban drainage area to bioretention area is 14:1 (TRCA
2010), each mesocosm (with surface area of .19 m2) needed to accommodate an average
of 21cm of stormwater per week.

To simulate these average loading rates, 41L

(equivalent to 21cm over the mesocosm surface area) of the synthetic stormwater was
added weekly to the stormwater applicator container mounted above each mesocosm.
The four holes in the bottom of each applicator container allowed all 41 L of stormwater
to drip onto the mesocosm below within a period of 2.5 hours. Every second week, 24
hours after stormwater dousing began, samples from effluent the collection vessel were
collected in 500mL plastic sample bottles and kept at 4ºC until they could be analyzed (as
described in section 5.6).

After loading the mesocosms with synthetic stormwater as described above for a period
of 10 weeks, a concentrated stormwater dousing period of 6 weeks was used to evaluate
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the long term nutrient removal potential of the mesocosms. On odd numbered weeks, the
41 L of stormwater added to each mesocosm was 104 times more concentrated than the
previously used stormwater to simulate 2 years worth of nutrient loading in a single
application. On even numbered weeks the mesocosms were doused with normal synthetic
stormwater, as they were in the first phase of the experiment. Effluent water was
collected and analyzed (as described in section 5.6) only during even numbered weeks.
With this pattern, the mesocosms were exposed to approximately 6 years worth of
nutrient loads during the period of 6 weeks.

Due to the long time required for microbial growth and some geochemical processes to
occur, a concentrated stormwater applied to a bioretention cell in a short period of time is
not likely equivalent to a lower concentration of pollutants applied over a long period of
time. However, with the exception of a long duration study, this method of concentrated
may be the best way evaluate long term performance and has been used in previous
mesocosm studies to simulate pollutant loading over many years (Lucas and Greenway
2008).
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4.3

Bromide Tracer

Bromide (Br- ) is often used as a tracer in soil-water studies because it is considered to be
relatively conservative, and because background concentration are typically very low
(Flury and Papritz 1993). Under most conditions Br- ions do no adsorb to or react with
sediment and concentration of Br- in water is reduced only by dilution.

In this segment of the mesocosm field study, a Br- tracer was used to estimate the volume
of water held in the mesocosms between weekly loadings. For the dousing event on
September 24, 2010, the synthetic stormwater was spiked with sodium bromide (NaBr) to
a concentration of 500mg/L Br- before being applied to the mesocosms. Samples from
each effluent collection container were collected in 500mL bottles 24 hours after loading
commenced and returned to the School of Engineering where they were tested using a
Bromide Ion Selective Electrode with a 0.1mV resolution (Thermo Fisher Scientific Inc.).

Sodium Bromide solutions of 1, 10, 100 and 1000 mg/L of Br- were mixed using serial
dilution and used to create a concentration curve (Electrode Potential vs BrConcentration) for the Bromide Ion Selective Electrode. This curve was used to convert
electrode voltage readings of water samples to concentrations of Br-. By comparing the
Br- concentration of influent to Br- concentration of effluent the proportion of new water
(i.e. water added just 24 hours before) to old water (i.e. water added during a previous
event) could be determined. For example, a Br- concentration of 250mg/L in the effluent
would indicate that 50% of the volume collected was water that was already in the
mesocosm when dousing began, assuming that water in the mesocosm is fully mixed.
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4.4

Hydraulic Performance Monitoring

Although water quality was the focus of the mesocosm study, monitoring of hydraulic
performance was also performed to insure that mesocosms could accommodate the high
stormwater volumes to which bioretention gardens are typically subjected. Hydraulic
conductivity was not considered to be the best metric to compare the drainage capabilities
of the mesocosms because this value varies throughout the duration of a stormwater
loading event as the soil changes from a dry to a saturated condition and back again.
Therefore, two other parameters were chosen to compare drainage capabilities of the
mesocosms. The first, t50, is defined as the time it takes for 50% of the water from a
single event to reach the effluent collection container of the mesocosms. This value is an
estimate of the mesocosm retention time, or average time that water remains in the
mesocosm system.

The second value used for comparison is the percent of total influent water volume which
has passed through the mesocosm after a time of 4 hours, V4. This period was chosen for
comparison because 4 hours is the recommended maximum time for a bioretention to
drain all water ponded on the garden surface (Prince George‟s County 2007). Other
design manuals specify maximum drainage times ranging from 24 (TRCA 2010) up to 72
hours (NJDEP 2004), however these drainage times may be too high for many highly
urbanized areas. Ponded water is a concern in highly populated areas for both aesthetic
and safety reasons (e.g. concerns of mosquito breeding). Four hours is also good for
comparison because the mesocosms drain different volumes after this period of time,
whereas after 72 hours most mesocosms would be completely drained.
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Drainage data was collected during two events (August 30 and November 2, 2011) by
using a linear scale to measure the water height to an accuracy of 1mm in each effluent
collection container at various times throughout the stormwater loading period.
Measurements were taken every 15-20 minutes during the first 2-3 hours, once at a time
of ~8 hours and once at a time of ~24 hours. The water levels were converted to volumes
based on a curve created which relates the depth to the volume in the effluent collection
container.

Simple linear interpolation was used to calculate both t50 and V4 using the data on either
side of the point of interest. These interpolated values are approximate because it is not
known exactly what happened between collected data points, however both t50 and V4
should allow for a reasonable comparison of mesocosm drainage capabilities.

4.5

Soil Analysis

Grain size analysis of the bioretention base soil mixes was performed at the University of
Guelph Engineering Soils Lab using sieve and hydrometer techniques as described in the
ASTM standard method D422–63(ASTM 2007). A sample of the soil (with each of the
various amendments) was sent to Guelph Laboratory Services for testing of cation
exchange capacity (CEC), organic matter (OM), phosphorous (P), nitrogen (N), pH, and
metals (Al, Cu, Fe, Ni, Pb). The laboratory methods and detection limits for the various
soil analysis performed are summarized in Table 8.
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Table 8. Analytical methods and detection limits for soil parameters tested.
Parameter
CEC
Organic Matter
pH
Phosphorous
Nitrogen
Al
Cu
Fe
Ni
Pb

4.6

Analysis Method
barium chloride
Walkley-Black
saturated paste
Mehlich-III
LECO FP 428, combustion based on Dumas method
ICP, MOE method E3073
ICP, MOE method E3073
ICP, MOE method E3073
ICP, MOE method E3073
ICP, MOE method E3073

Detection Limit
1
cmol+/kg
0.1
% dry
0.85
mg/kg
0.05
% dry
2.3
ug/g dry
0.6
ug/g dry
17
ug/g dry
1
ug/g dry
2.5
ug/g dry

Water Analysis

During the initial 10 week stormwater dousing period, pH, temperature and electric
conductivity of mesocosm influent and effluent were measured at the time of sample
collection using a portable Accumet meter (model AP85) with resolution of 0.01pH, 1µS
and 0.1°C, respectively and accuracy of ±0.01pH, ±1µS and ±0.5°C, respectively. Redox
potential was measured using an Oakton ORPTestr 10 portable meter with a resolution of
1mV and an accuracy of ±2mV.

During each sampling event, one full 500mL sample bottle from each mesocosm was
taken to an accredited laboratory (Guelph Laboratory Services, Guelph ON) where water
was analyzed for orthophosphate (PO4-P), total phosphorous (TP), nitrate nitrogen (NO3N), ammonium-nitrogen (NH4-N), total Kjeldahl nitrogen (TKN) according to standard
methods (as summarized in Table 9). Although metals were not the focus of the study,
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effluent was tested for one of the sampling events (August 13, 2010) to determine if any
of the soil treatments were leaching metals.

Table 9. Analytical methods and detection limits for water parameters tested.
Parameter
NH4-N
NO3-N
NO2-N
TKN
TP
PO4-P
Al
Cu
Fe
Ni
Pb
Zn

Analysis Method
Seal AQ2. Standard Methods 450 0-NH3F
Seal AQ2. Standard Methods 4500 -NO3F
Seal AQ2. Standard Methods 4500 -NO2B
Sulphuric digest, read colorimetrically
Sulphuric digest, read colorimetrically
Total Reactive, Standard Methods 4500 -P
ICP, Standard Methods 3120B
ICP, Standard Methods 3120B
ICP, Standard Methods 3120B
ICP, Standard Methods 3120B
ICP, Standard Methods 3120B
ICP, Standard Methods 3120B

Detection Limit
0.007
mg/L
0.002
mg/L
0.001
mg/L
1.0
mg/L
0.05
mg/L
0.05
mg/L
0.02
μg/L
0.001
μg/L
0.004
μg/L
0.01
μg/L
0.04
μg/L
0.002
μg/L

The detection limit (DL) is the smallest amount of a substance that an analytical method
can reliably distinguish from zero. While there are multiple advanced statistical
techniques to deal with results below detection limits, most analysts either omit these
values, replace them with DL, DL/2 or 0 before computing statistics on a data set
(Newman et al. 1989). In this thesis, all results that were below detection limits were
simply replaced with the DL for the calculations of all statistical parameters. Doing so
produces a “worst case” value for the calculated mean effluent concentrations (EPA
2010).
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Removal efficiencies of all nutrient species were calculated for each sampling period
using the influent and effluent sample concentrations for that period with the following
equation:

Where R is the removal efficiency, Ci is the influent concentration and Ce is the effluent
concentration. This method of calculating a concentration-based removal efficiency has
been used in previous studies (Hunt et al. 2006; Davis et al. 2001; Davis et al. 2006).
However, other studies (Dietz and Clausen 2005; Hunt et al. 2006; Hsieh et al. 2007)
have reported mass-based removal efficiencies. In general, concentration based removal
efficiencies will always be underestimates of the removal of pollutant mass due to some
influent volume being lost to evapotranspiration (Davis et al. 2006). In this study, the
concentration-based removal efficiency was used rather than the mass-based removal
efficiency due to incomplete volume data from all sampling events.
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5

Methodology: Laboratory Testing of Phosphorous Adsorption

5.1

Jar Test Experiments

The relationship between PO4–P removal via adsorption and contact time of stormwater
and bioretention media was investigated using jar test experiments similar to those
described by Park (2008). In this experiment the Sand Mix (Base Mix A), Sorbtive Media
and Al-WTRs were the only media tested as each of these materials showed promising
characteristics in the mesocosm experiments described previously in Chapter 5.

For these jar test experiments, 10 mL of a concentrated (75.5 mg/L of PO4-P) dibasic
sodium phosphate (Na2HPO4) solution was added to a 500 mL flask, topped up to 500mL
with distilled water and mixed, to give a PO4-P concentration of 1.51 mg/L. The
concentration of PO4-P used in these jar tests was more than double the concentration
used in the mesocosm experiments, but still well within the range of measured
stormwater concentrations (Bannerman 1993). The 500mL Na2HPO4 solution and 10 g of
the Sand Mix were added to a 1L glass beaker. Two more beakers were prepared in the
same manner, one containing Sorbtive media and one containing Al-WTRs. The three
beakers containing media and one control beaker containing no media were mixed at a
speed of 100 rpm for 1 minute using a Phipps & Bird six paddle stirrer (Model 7790-400)
shown in Figure 6. The stirrer was turned off and supernatant from each jar was decanted
into a 500mL bottle. The above process was then repeated for contact times of 10, 60,
240 and 1440 minutes. The experimental samples were stored at 4ºC immediately after
collection, until they could be delivered to Guelph Laboratory Services where they were
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filtered through 0.45 μm Whatman filters and tested for PO4-P (Standard Methods 4500P, total reactive).

In these jar test experiments, PO4-P was tested rather than TP because the solution was
composed of only distilled water and dissolved Na2HPO4, and therefore contained PO4-P
but not dissolved organic or particulate phosphorous. Jar tests can be used to measure
adsorption processes (i.e. the primary mechanism for PO4-P removal in bioretentions),
but not filtration processes (i.e. the primary mechanism for particulate phosphorous
removal). The PO4-P remaining in solution was plotted against contact time and
regression analysis was performed to describe the rate of P removal and to provide
insight into the type of P removal process for each material as demonstrated by Leader
(2008).

Figure 6. Photo of jar test apparatus and bioretention media samples.
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6

Methodology: Bioretention Garden Implementation Study

The mesocosm study described in Chapter 4 was used to evaluate the ability of
bioretention gardens to reduce phosphorous loads in urban runoff. However, the extent to
which these practices can be integrated into existing urban landscapes has not been
addressed. This implementation study was used to investigate the potential for
bioretention implementation in sample urban areas and the associated phosphorous load
reductions provided.

6.1

Study Area

The City of Guelph, Ontario currently has a population of 125,000 and is expected to
grow to a population of at least 169,000 by 2031 according to the Province‟s Places to
Grow Plan (City of Guelph 2011). The Speed River runs through Guelph and receives a
large portion of the runoff from the city. As discussed in Sections 2.3.1 and 2.3.5, urban
runoff typically contains higher concentrations of phosphorous than receiving water
bodies and can contribute to eutrophication and degradation of aquatic habitat in rivers
and lakes. In order to maintain the health of the Speed River and downstream water
bodies (i.e. Grand River and Lake Erie) it is critical to reduce phosphorous inputs where
feasible.

Although there are numerous pollutants in urban runoff, the potential phosphorous
reductions will be the focus as total phosphorus (TP) is a key indicator parameter
throughout the Grand River watershed (Cooke 2010). The City of Guelph was chosen to
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demonstrate the use of this methodology because it is typical of many Canadian urban
environments and the required spatial data for this area was easily accessible. However,
the described methodology for the selection of bioretention garden placement could be
applied to any urban area where the required data is available.

6.2

GIS Platform

A GIS (Geographical Information System) is a computer system designed to compile,
store, analyze, manage and present spatial data. One of the most useful applications of
GIS for planning and management is land use suitability mapping (Malczewski 2004).
The methodology presented in the following sections outline the use of GIS as a tool to
determine suitable locations for bioretention garden placement. All operations of the site
suitability analysis were performed using the GIS software ArcGIS (version 9.3) by
ESRI.

6.3

GIS Data

The data used in this GIS study are summarized in Table 10. Data sets were acquired
from University of Guelph‟s Data Resource Center (DRC), City of Guelph, Grand River
Conservation Authority (GRCA) and Ontario Ministry of Natural Resources (MNR). The
majority of bioretention garden site suitability requirements can be described using this
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relatively small number of data sets, most of which are readily available for many towns
and cities in Ontario.

Table 10. GIS data used for bioretention site selection.

Data
Buildings
Land Parcels
Hydrologic Soil Group
Urban Drainage Areas
Orthophoto
Depth to Water Table
Digital Elevation Model

6.4

File Type
vector
vector
vector
vector
raster
raster
raster

Raster
Resolution
(m)
0.1
200
10

Data Source
U of G Data Resource Center
U of G Data Resource Center
U of G Data Resource Center
City of Guelph
U of G Data Resource Center
Grand River Conservation Authority
Ministry of Natural Resources

Data Processing

The first step in the site suitability study was the creation of a suitability raster file for
each of the placement criteria based on recommendations from the TRCA (outlined
previously in section 2.2.3 and summarized in Table 11). In each of these suitability
rasters, cells in locations where the suitability criteria was met were given a value of 1,
while cells covering unsuitable areas were given a value of 0. The process of generating
each of the suitability raster files from the original data files is outlined in the following
sections.
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Table 11. Selection criteria for bioretention garden placement (TRCA 2010).
Criteria

Bioretention Garden Requirement

Buildings

cannot be placed on buildings

Setback from Buildings

>4m (no liner), 0 -4m (liner and underdrain required)

Land Parcels

cannot be placed on residential properties

Hydrologic Soil Group

Class A or B (no underdrain), Class C or D (underdrain)

High Water Table

>2.5m from surface

Land Slope

< 5%

Land Cover

cannot be placed o n paved areas

Bioretention Size

> 2m 2

6.4.1

Study Area Delineation

For this investigation three separate areas (of ~25 hectares) in the City of Guelph were
evaluated in terms of their potential for bioretention garden implementation. The “Urban
Drainage Areas” vector file obtained from the City of Guelph consists of polygons which
outline drainage areas (i.e. areas where runoff enters a common drain). In a selected area
of Guelph adjacent drainage areas polygons were selected until a total area of
approximately 25 hectares was reached, then these polygons were combined into a single
polygon and defined as a study area. This study area creation was performed for each of
the investigated types of urban areas; residential, industrial and commercial. For the
purposes of this site suitability study, it was not a requirement that the study areas be
based on drainage areas but merely a convenient method of delineating the areas.
However, the fact that study areas were defined using drainage areas could potentially be
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useful in a later stage of stormwater planning (e.g. inputting the site suitability results into
a hydrologic model).

The study area size of 25 hectares was chosen because it was large enough to identify
multiple bioretention garden sites within each study area, but small enough so that the
area could focus on just one specific urban land use type (i.e. residential, commercial, or
industrial). It would be possible to apply the site selection methodology to a larger study
area (e.g. city wide), however, for the initial trials of this methodology smaller areas were
more practical in order to minimize the computer processing time required to compile
multiple raster layers. Additionally, it is desirable to investigate the potential for
bioretention implementation within a relatively small area because these stormwater
practices are intended to be used as a source control for small drainage areas and not as
an end of pipe control (TRCA 2010). Ideally bioretention gardens are relatively small and
widely dispersed practices which treat water onsite as opposed to conventional
stormwater ponds which may be designed to accommodate stormwater from large
surrounding drainage areas.

6.4.2

Buildings

The “Buildings” vector layer consists of polygons outlining the extent of all buildings in
the City of Guelph. From this vector layer, a new vector layer called “Buildings Buffer”,
consisting of a 4m buffer area around all buildings was created using Analysis Tools. The
“Buildings” layer and the “Buildings Buffer” layer were each then converted into
68

separate raster files. All cells covering a building were considered to be unsuitable for
any type of bioretention. Areas within the 4m building buffer were considered to be
suitable only for foundation planter type bioretentions constructed with an impermeable
liner and underdrain, while areas outside the 4m buffer were considered to be suitable for
placement of a bioretention design with no impermeable liner, based on the design
guidelines from the TRCA (2010).

6.4.3

Land Parcels

The “Land Parcels” vector file consists of polygons covering the extent of all properties
within the City of Guelph. This vector file was converted to a raster file in which
commercial and industrial lots were considered to be suitable for bioretention garden
placement (i.e. cells within these areas were given a value of 1). In residential areas,
private lots were considered to be unsuitable (i.e. cells within these areas were given a
value of 0). All cells covering an area that was not on a private lot (i.e. municipal land)
were considered to be suitable and therefore given a value of 1. While some residential
property owners may want a bioretention on their property, it was assumed in this study
that none would want one. It was also assumed that all businesses would allow the
placement of bioretention gardens on areas which were currently grassed areas or
“regular gardens”.
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6.4.4

Hydrologic Soil Group

The “Hydrologic Soil Group” vector file consists of polygons outlining the hydrologic
soil group (i.e. A, B, C or D) of the soil in Wellington County. This vector file was used
to create a raster file where cells covering soils with hydrologic soil group A or B were
classified as “well drained” and cells covering C or D soils were classified as “poorly
drained soils”. Based on the guidelines from the TRCA (2010), the raster cells covering
“well drained soils” were considered suitable for basic bioretention design (i.e. no
underdrain), while “poorly drained soils” were considered to be suitable for only
bioretentions with an underdrain installed.

6.4.5

Depth to High Water Table

The bottom extent of a bioretention system should be at least 1m above the high water
table (TRCA 2010). In order to allow for a soil column at least 1m deep and 0.2m of
ponding depth at the surface it was assumed that a depth to high water table of at least
2.5m would be required. The Raster Calculator tool was used to select cells in the “Depth
to Water Table” raster where the depth to the high water table is equal to or greater than
2.5m. These selected cells were then reclassified to have a value of 1, indicating that
these areas are suitable for bioretention placement. Cells where the high water table was
less than 2.5m were given a value of 0, indicating that these locations were unsuitable for
bioretention placement.
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6.4.6

Land Slope

The “Digital Elevation Model” raster was used to create a slope raster with the Surface
Analysis tool within the Spatial Analyst extension of ArcGIS. From the slope raster, a
new raster was generated where cells with slopes equal to or less than 5% were
considered suitable for bioretention gardens while cells with slopes steeper than 5% were
considered unsuitable, based on the design guidelines from the TRCA (2010). In reality it
may be possible to alter land slope through cutting and filling but for the purposes of this
site suitability investigation it was assumed that only cells with a slope of 5% or less were
suitable.

6.4.7

Urban Land Cover

For the creation of this suitability raster it was assumed that only green areas in the
orthophoto were suitable and all other areas were unsuitable (i.e. gardens or grassed areas
could be transformed into bioretention gardens with relative ease while roads, sidewalks
or parking lot areas are unlikely to be used for bioretention garden placement). The
generation of the suitability raster for impervious surfaces required a method of
separating green coloured pixels from all other pixels. Previous research has
demonstrated that statistical classification of satellite images can be used to delineate the
extents of various urban land cover types (Jat et al. 2008; Haack et al. 1987; Jensen
2009). This process, often referred to as unsupervised classification involves
automatically segmenting an image into spectral classes based on natural groupings
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found in the data. While these techniques have been shown to be effective, the access to
satellite data and remote sensing expertise required to perform such procedures may not
always be available, especially in smaller municipalities.

Using widely available orthophotos it is possible to delineate green areas using a
simplified version of unsupervised classification using standard tools within the ArcGIS
software. Although the many wavelength bands (e.g. infrared) included in satellite
images may be better at differentiating land cover types than orthophotos, for the
purposes of this site suitability analysis, the results from the orthophoto unsupervised
classification based only on colour (i.e. red, blue and green bands) were found to be
sufficient.

The unsupervised classification was performed using the Spatial Analyst extension in
ArcMap. By applying the isocluster function in ArcGIS multivariate tools, a signature file
was generated. Using the maximum likelihood classification tool and applying the
signature file to the orthophoto a new raster was created which separated all pixels from
the orthophoto into one of ten categories. All pixel groups which covered impervious
surfaces were then reclassified as 0, while all pixel groups which covered green areas
were reclassified to have a value of 1. A visual comparison of the “Green Areas”
suitability raster to the orthophoto confirmed that the unsupervised classification had
successfully identified green areas such as gardens and grassed areas.
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6.4.8

Raster Calculations

The raster calculator tool was used to multiply all suitability rasters together to create a
single suitability raster incorporating all selection requirements into a single layer. In this
raster multiplication step, each raster cell was multiplied by the cells in other layers for
each geographic location and the product was saved in the output raster. Therefore, if any
of the raster layers had a 0 value cell in any location, the final output raster also had a 0
value cell in that location, even if all other criteria were met (e.g.1 x 1 x 1 x 0 = 0). This
means that all selection criteria must be met in order for a cell to be considered suitable in
the final raster. The resolution of the produced raster file was 1m.

6.4.9

Minimum Bioretention Garden Size

It may be possible to use almost any sized available space for bioretention garden
placement, however it has been suggested that only areas of at least 2m2 are practical in
terms of construction (Malcolm and Lewis 2008). The final bioretention site requirement
of minimum area was addressed after the raster multiplication was performed. In this step
the raster layer identifying suitable areas was converted to vector format, and then
polygons which met all other suitability criteria but were smaller than a size of 2m 2 were
selected and removed. The resulting vector file consisted of only polygons which met all
the requirements outlined previously (Table 9). This vector file was then superimposed
over an orthophoto to create a bioretention suitability map.
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6.4.10 Summary of GIS Operations
Figure 7 shows the operation flowchart followed for the identification of suitable areas
for placement of basic bioretention gardens (i.e. constructed with no underdrain and no
liner) in the residential study area. A similar work flow was followed to determine
suitability for other bioretention types (i.e. lined foundation planters and underdrained
bioretentions) in other study areas (i.e. industrial and commercial) with minor differences
as discussed in the sections above.

74

Buildings

Buildings
Buildings
Buffer (4m)

Residential
Properties

Residential
Properties

Soils in
Hydrologic
Group A or B

Well
Drained
Soils

Soils in
Hydrologic
Group C or D

Poorly
Drained
Soils

Residential
Study Area

Residential
Study Area

Raster Multiplication

Land Parcels

Buildings
Buffer (4m)

Soil
Hydrologic
Group

Urban
Drainage
Areas

Suitable
Areas

Depth to
Water Table
≥ 2.5m

Depth to
Water Table

Digital
Elevation
Model

Slope

Slope ≤ 5%

Orthophoto

Land Cover

Green Areas

Legend
Legend

Raster File
(Suitable
Areas)
Suitability
Map

Vector File
Raster File
(Unsuitable
Areas)

Figure 7. Operation flowchart for creation of a bioretention site suitability map.
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Results and Discussion: Mesocosm Experiments

7.1

Hydraulic Performance

The drainage curves for Event 1 (August 30, 2010) and Event 2 (November 2, 2010) are
presented in Figures 8 (a) and 8(b), respectively. Using the data displayed in Figures 8 (a)
and (b), V4 and t50 were determined for each mesocosm for each event and are
summarized in Table 12. In Figure 8 and Table 12, a time of zero is when synthetic
stormwater loading commenced. There is no data presented for M3 and M5 from Event 2
because both of these mesocosms were still flooded from the previous week‟s loading
and no more stormwater could be applied.

In general, mesocosms demonstrated rapid draining over the first several hours and then
tapered off gradually. Most mesocosms reached a maximum of at least 80 to 90% of
volume drained by a time of 24 hours. Exceptions to this pattern were the Anaerobic
mesocosms which for the most part did not reach this level within 24 hours. Drainage
rates were more rapid during Event 2 for the Sand Mix, AL-WTR and Sorbtive
mesocosms with the exception of M1 (a Sand Mix mesocosm) and M6 (an AL-WTR
mesocosm).
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Figure 8. Water drained from mesocosms over time.
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1440

M1 - Sand Mix
M2 - Sand Mix
M4 - Anaerobic
M6 - Phoslock
M7 - AL-WTR
M8 - Al-WTR
M9 - Sorbtive
M10 - Sorbtive

Table 12. Estimates of V4 and t50.

Mesocosm

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10

Bioretention
Treatment

Sand Mix
Anaerobic
Phoslock
AL-WTR
Sorbtive

V 4 (% drained)

t 5 0 (minutes)

Event 1
67
62

Event 2
39
70

Event 1
142
131

Event 2
283
116

7
28
27
68
79
76
72
72

F
1
F
3%
89
36
83
72

>1440
369
408
137
93
129
127
123

F
>1440
F
371
82
307
93
114

Notes:
V4 = percent of influent volume drained after 4 hours
t50 = time at which 50% of volume has drained
F = water was pooled in the mesocosm from previous event, no additional water could be added
>1440 = after one full day 50% of influent volume had not drained.

The two Anaerobic mesocosms (M3 and M4) and one of the Phoslock mesocosms (M5)
drained less than 28% of the added stormwater during the initial 4 hours of Event 1.
These relatively slow drainage rates resulted in 5-10 cm of ponded water on the surface
of these three mesocosms after 4 hours. The M3 mesocosm still had several cm of ponded
water on the surface nearly one week after the loading was initiated. Ponded water
remaining on the surface for long periods of time is undesirable for a bioretention garden
due to concerns of standing water in the urban environment (e.g. mosquito breeding)
(TRCA 2010). In general, both the Anaerobic and Phoslock mesocosms exhibited slower
drainage as indicated by the relatively low values of V4 and high values of t50. During
Event 2 the drainage capability of both of the Anaerobic and Phoslock mesocosms further
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declined and two of the mesocosms (M3 and M5) still contained so much pooled water
from the previous week‟s loading that no additional water could be added, and no
drainage data or water quality sample could be collected for that event.

It is perhaps not surprising that the addition of Phoslock (14% by weight) to the sandy
soil mix impeded drainage capabilities, as this product is composed mainly of bentonite
(Haghseresht et al. 2009). Due to its fine particle size, micropores and high surface
charges, bentonite possesses very low hydraulic conductivity and is commonly used in
applications such as the construction of liners for water-retention and waste-containment
facilities (Sivapullaiah et al. 2000). The demonstrated reduction in hydraulic performance
demonstrated by the use of Phoslock, may indicate that this product is not a suitable
bioretention soil amendment at these rates, regardless of any water quality improvements
it may provide.

The design geometry of the Anaerobic mesocosm likely contributed to its reduced
drainage capabilities. Due to the elbow designed to maintain a saturated zone in the lower
portion of the mesocosm, water at the surface of the soil column had only 25cm of head
to push the water through the soil column compared to the >50cm of head all other
mesocosms had under saturated conditions. A greater hydraulic head may be required to
drive the water through the soil column. It is also possible that the presence of
decomposing newsprint mixed with the sandy soil reduced the permeability of the
saturated layer. It was somewhat surprising that the Anaerobic mesocosms used in this
study had such poor hydraulic performance given that they were similar in design
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geometry and soil:newsprint ratio to those described by Kim (2003), who did not report
any problems with hydraulic performance. Although it should be noted that Kim (2003)
doused the pilot bioretention with 24cm over 6 hours, while the present study applied
21cm over 2.5 hours.

Regardless of the cause of the poor hydraulic performance of the Anaerobic and Phoslock
mesocosms, it is clear that there are drainage issues that need to be addressed before
either of these configurations should be incorporated into a full size bioretention.
Drainage of the Sand Mix, AL-WTR and Sorbtive mesocosms was much more rapid than
the Anaerobic and Phoslock mesocosms with at least 70% of the total volume drained
within 24 hours and no water remaining on the surface. The lack of a cohesive material
such as wet newspaper or Phoslock in these mesocosms may have been the reason for the
more rapid drainage observed.

It is unknown why some mesocosms (M1, M3, M4, M5, M6, M8) decreased while other
mesocosms (M2, M7, M9, M10) increased in drainage capability between Events 1 and
2. The observed differences may have been partially due to natural variability or
measurement accuracy. There are also other factors that could have changed hydraulic
performance of a mesocosm between two events including: antecedent soil moisture
conditions, extent of vegetation roots, washout of fine particles, clogging of the outflow
and soil settling. In a fully functional bioretention garden, another influence on hydraulic
performance over time may be fine sediment and debris carried by stormwater which
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could clog soil and reduce hydraulic conductivity over time, however this influence was
not simulated in these mesocosm experiments.

7.2

Soil Analysis

As described previously (section 4.1), the Sand Mix, Anaerobic and AL-WTR
mesocosms were constructed using soil from the first load delivered (Base Mix A), while
the Phoslock and Sorbtive Media were constructed using soil from the second load of soil
(Base Mix B). Table 13 shows the grain size analysis and organic matter content results.
With 87% sand, Base Mix A met the specification of 85-88% for sand content. With
84.1% sand, Base Mix B base had slightly less than the specification, due to the presence
of some small gravel which was slightly larger than the No. 4 sieve. Base Mix A and B
were found to contain 4.7 and 3.9% fines, respectively, both considerably less than the 812% specified by the TRCA. With 4.7% organic matter, Base Mix A was slightly under
the upper recommended range of 3-5%, while Base Mix B was slightly over with 5.2%.

The chemical analysis results of the base mix soils are presented in Table 14. The most
noteworthy difference between the two soils mixes may be phosphorous content; Base
Mix B was found to have 79.6mg/kg of Phosphorous, considerably more than Base Mix
A which contained 49.9mg/kg.
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Table 13. Grain size and organic matter analysis of soil mixes.

Mass (%)
Base Mix A Base Mix B TRCA Spec.

Parameter
Gravel, retained on No. 4 Sieve
Sand, retained on No. 200 Sieve
Fines, retained in pan
Organic Matter

0.7
87.0
4.7
4.7

4.7
84.1
3.9
5.2

0
85-88
8-12
3-5

Table 14. Chemical analysis of soil mixes.
Parameter

Units

Base Mix A

Base Mix B

CEC

cmol+/kg

23.8

22.5

pH

pH

7.7

7.5

P

mg/kg

49.9

79.6

N

mg/kg

2.8

2.9

Al

g/kg

9.9

12

Cu

mg/kg

13

21

Fe

g/kg

14

18

Ni

mg/kg

20

29

Pb

mg/kg

9.2

14

Overall the two loads of soil were quite similar both in terms of grain size and chemical
parameters. It was unfortunate that all mesocosms were not constructed from the same
load of soil, to allow for a more rigorous comparison between different mesocosm
treatments. However, soil mixing on a large scale is not a precision process, and any two
truckloads of soil, or even two samples from the same truckload are likely to have some
differences in both grain size distribution and chemical parameters.
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7.3

Bromide Tracer Study

The results of the Br- tracer tests are presented in and Table 15 and Figure 9. The
coloured bars in Figure 9 show the volumes of new water (i.e. stormwater which had
been applied just 24 hours earlier) and old water (i.e. water which was retained in the soil
column from a previous stormwater application) in the mesocosm effluent.

Results

showed that the AL-WTR and Sorbtive mesocosms had the highest proportion of old
water, with between 54.6 and 85.3% of effluent water originating from a previous
loading. All other mesocosms (Sand Mix, Anaerobic and Phoslock) had less than 51.1%
old water in their effluent. The total effluent volume measured in all mesocosms was at
least 28.0 litres, with the exception of M3 (an Anaerobic mesocosm) which only had 12.7
litres. The poor hydraulic performance of the M3 mesocosm, was previously described in
section 7.1.

Table 15. Composition of water in mesocosm effluent.
Percent of Total
Volume (%)

Mesocosm

Sand
Anaerobic
Phoslock
AL-WTR
Sorbtive

New

Old

M1

60.9

39.1

M2

62.7

37.3

M3

48.9

51.1

M4

52.5

47.5

M5

70.3

29.7

M6

69.6

30.4

M7

31.3

68.7

M8

14.7

85.3

M9

41.0

59.0

M10

45.4

54.6
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Figure 9. Age of water in mesocosm effluent.

The results indicate that the Sorbtive and AL-WTR mesocosms had the highest water
retaining capacity and were storing more volume than the other mesocosms between
loading events. Implications of this result would be that these mesocosms would have
more potential for time dependent phosphorous and nitrogen removal processes (e.g.
adsorption, denitrification) to occur within their soil columns between stormwater
applications. However, the volumes of old and new water were calculated based on the
assumption that Br- behaved conservatively, which may not be true in bioretention
mesocosms.

An investigation of previous research revealed that a Br- tracer may not behave
conservatively in the presence of Fe and Al oxides, which are the main component of the
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soil amendments in the AL-WTR and Sorbtive mesocosms. Adsorption experiment
results reported by Golberg (2010) showed that pure Fe and Al oxide minerals are
capable of adsorbing at least 10-20 times as much Br- per mg as many types of clay and
soil. In another study, Br- transport through iron-coated sand columns was found to be
reactive whereas transport of Br- through uncoated quartz sand columns was conservative
(Brooks et al. 1998). These studies indicate that the concentrations of Br- in the effluent
of the AL-WTR and Sorbtive mesocosms may not have been a function of only dilution
(as would be the case if Br- was completely conservative), but also a function of Bradsorption onto the Fe and Al oxides present in these mesocosms. It has been suggested
that mineralogy should carefully be evaluated before assuming that Br− can be applied as
a conservative tracer in any experiments (Goldberg and Kabengi 2010).

It is also possible that the Br- tracer was behaving reactively in all of the mesocosms due
to the dominant role of plants in these systems. Although bromide has been demonstrated
to behave conservatively under a wide variety of soil types and textures in previous
studies (Gilley et al. 1989; Levy and Chambers 1987), numerous studies have indicated
that bromide is readily taken up by plants (Flury and Papritz 1993; Whitmer et al. 2000;
Xu et al. 2004; Schnabel et al. 1995; Kung 1990).

Through the monitoring of wetland cells, Whitmer (2000) showed that bromide could not
be considered a conservative tracer in wetlands due to high vegetative uptake,
particularly during periods of rapid plant growth. In a another study, the results from a
tracer test showed that at least 53% of Br- applied to a field was absorbed by potato plants
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(Kung 1990). Work done by Schnabel (1995) indicated that plants accumulate Br- at
levels too great to assume a sufficiently low biological reactivity in the root zone to be a
good hydrologic tracer in some systems. Xu (2005) used greenhouse flow-through
microcosms to demonstrate that the uptake of Br- by plants is not a passive process (i.e.
Br- does not only enter the roots with the water transpired by the plants). Consequently,
many researchers have suggested that the use of Br- for tracer experiments in systems
where vegetation has a dominant role should be evaluated with great caution due to the
potentially significant Br- uptake by plants (Whitmer et al. 2000; Xu et al. 2004; Schnabel
et al. 1995; Kung 1990).

In the bioretention mesocosm study presented in this thesis, plant roots likely would have
extended throughout a large portion of the 0.5m deep soil column. A significant mass of
Br- therefore may have been removed by plants, lowering the Br- concentration in the
effluent and giving an erroneously high estimation of percent of old water. The effect of
plants and Fe and Al oxides on the normally conservative behavior of Br- was not
considered prior to performing the bioretention mesocosm tracer study. However, the
significant number of studies suggesting that a Br- tracer does not behave conservatively
in systems dominated by plants or Fe and Al oxides indicates that this method may not
have been appropriate for these bioretention studies. Due to the uncertainty of how much
of the Br- concentration change was due to dilution and how much was due to plant
uptake and/or adsorption to Al and Fe oxides, it is likely not appropriate to relate this data
to any water quality results.
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7.4
7.4.1

Phosphorous Removal
Phase 1: Newly Established Mesocosms

Table 16 summarizes the effluent concentrations and removal efficiencies of TP and PO4P, and box and whisker plots (Figure 10) show the range of effluent concentrations
measured over the 10 week period during which mesocosms were doused weekly with
synthetic stormwater. In Figure 10, the box of the plot represents the central 50% of the
data or the interquartile range (IQR) and the horizontal lines in the middle of each box are
median values. The upper end of the whisker is Q3+1.5(IQR) or the maximum value,
whichever is lower, while the lower end of the whisker is Q1-1.5(IQR) or the minimum
value, whichever is greater. Over the initial 10 week sampling period there was some
variability in mesocosm effluent concentrations (see standard deviations in Table 16),
however there was no increasing or decreasing trends observed in any of the effluent
concentrations over this time.

Influent concentration (± standard deviation) of TP and PO4-P were 0.568 ± 0.072 mg/L
and 0.534 ± 0.069mg/L, respectively. All effluent samples had lower TP concentrations
than influent samples except for one TP sample from the Phoslock mesocosm. All PO4-P
effluent concentrations were less than the influent concentrations. The relative magnitude
of the TP removal efficiencies were in the following order; Sorbtive > AL-WTR > Sand
Mix > Anaerobic > Phoslock. The relative magnitude of the PO4-P removal efficiencies
were in the following order; Anaerobic > Sorbtive > Phoslock > AL-WTR > Sand Mix.
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Table 16. Phase 1 mean effluent concentrations and removal efficiencies for phosphorous.

TP

PO4-P

Bioretention
Treatment

n

Sand Mix

10 0.137

±

0.044

75.5

±

8.8

0.080

±

0.031

84.8

±

6.6

Anaerobic

8

0.257

±

0.072

54.1

±

8.7

0.053

±

0.005

89.8

±

1.5

Phoslock

10 0.365

±

0.149

33.9

±

31.1

0.077

±

0.049

85.4

±

9.5

AL-WTR

10 0.120

±

0.044

78.4

±

9.0

0.076

±

0.041

85.3

±

9.0

Sorbtive

10 0.113

±

0.045

79.3

±

10.1

0.055

±

0.008

89.6

±

2.2

Effluent
Concentration
(mg/L)

Removal
Efficiency (%)

88

Effluent
Concentration
(mg/L)

Removal
Efficiency (%)

0.8

TP Concentration (mg/L)

0.7
0.6

influent

0.5
0.4
0.3
0.2
0.1
0

Sand Mix

Anaerobic

Phoslock

AL-WTR

Sorbtive

AL-WTR

Sorbtive

Media Type

PO4-P Concentration (mg/L)

0.25

0.2

0.15

0.1

0.05

0

Sand Mix

Anaerobic

Phoslock

Media Type
Figure 10. Phase 1 mesocosm effluent concentrations: (a) TP and (b) PO4-P.
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During the initial 10 week loading period all mesocosms demonstrated removal of both
TP and PO4-P rather than leaching, as observed in some previous studies (Dietz and
Clausen 2005; Hunt et al. 2006; Denich 2009; TRCA 2006). With PO4-P making up such
a large fraction (approximately 94%) of TP in influent, it may be expected that both of
these measurements of phosphorous would demonstrate very similar rates of removal
(Henderson 2008). However, mean effluent concentrations of TP were found to be higher
(in some cases 5 times higher) than concentrations of PO4-P (See Table 16 above). The
large differences between TP and PO4-P may indicate that the dissolved inorganic
phosphorous (i.e. PO4-P) was easily being taken up by plants or sorbed to soil grain
surfaces while at the same time phosphorous was leaving the system as particulate
phosphorous and/or dissolved organic phosphorous.

The Anaerobic and Phoslock mesocosms had the highest mean TP effluent
concentrations at 0.257 and 0.365 mg/L, respectively. Both of these mesocosm treatments
also frequently exhibited saturated soil conditions; the Anaerobic mesocosms due to the
saturated anaerobic zone, and the Phoslock mesocosms due to slow drainage of the soil
(discussed in section 7.1). There are several processes associated with the saturation of
soils which may have lead to lower phosphorous removal in the Anaerobic and Phoslock
mesocosms. As discussed in the literature review (sections 2.4.2 and 2.6.1), much of the
immobilized phosphorous in soils may be incorporated into Fe-PO4 compounds or sorbed
onto iron oxides. In reducing environments such as saturated soils, iron-reducing bacteria
use Fe3+ oxides and oxyhydroxides as terminal electron acceptors for anaerobic
respiration. As Fe3+ is reduced to soluble Fe2+ and the iron compounds are dissolved,
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phosphorous that was incorporated into these compounds or adsorbed onto their surfaces
is liberated (Baldwin and Mitchell 2000). In reducing conditions, PO4 ions may also be
displaced from FePO4 compounds by S2- ions during the formation of FeS (Roden and
Edmonds 1997).

The quantity and decomposition rate of organic matter in the bioretention soil may also
explain the higher effluent P concentrations observed in the Anaerobic and Phoslock
mescososms.

As organic matter in soil decomposes, phosphorous can leach into

surrounding water (Kadlec and Knight 1996). In general, soils with higher moisture
content can support larger microbial populations capable of facilitating decomposition
compared to low moisture soils (Giardina and Ryan 2000; Cortez 1998). Naesset (1999)
observed faster decomposition rates in wet soils compared to dry soils that were
otherwise similar. The higher soil moisture conditions in the Anaerobic and Phoslock
mesocosms may have promoted a faster rate of decomposition than the other mesocosms
which rapidly drained influent water. In fully saturated soils the availability of oxygen is
limited and decomposition proceeds at a much slower rate than in unsaturated soils
(Reddy and DeLaune 2008), however even in the slow draining Anaerobic and Phoslock
mesocosms there were periods of time where at least a portion of the mesocosm was
drained and oxygen would be able to infiltrate through part of the soil column.

In addition to soil moisture, the quantity of organic matter in the mesocosm could have
had an influence on the amount of phosphorous released. The Anaerobic mesocosm had
extra organic matter added in the form of shredded newsprint which would have acted as
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an additional source of phosphorous as it decomposed. The basic sandy soil mix (Base
Mix B) used in the construction of the Phoslock and Sorbtive mesocosms had slightly
more (5.2% versus 4.9% by weight) organic matter compared to other mesocosms.

The type of organic matter can also influence decomposition rates, and therefore the
release of phosphorous. As discussed in section 4.1.1, the Phoslock and Sorbtive
mesocosms were constructed using Base Mix B which contained a leaf litter and food
scrap mulch instead of the decomposed wood and bark mulch used in all other
mesocosms. Plant materials high in cellulose and low in lignin undergo decomposition at
a faster rate than materials with high lignin content (Reddy and DeLaune 2008).
Although the organic matter used in the base soil mixes was not tested for these
components, it is expected that the leaf and food scrap mulch in Base Mix B had a higher
cellulose content, and lower lignin content compared to the more woody mulch used for
Base Mix A. One study showed that a mushroom based compost had 32% more cellulose
and 56% less lignin than a pine wood mulch (Ahmad et al. 2007). This may support the
theory that Base Mix B could have had a faster decomposition rate than Base Mix A due
to the relative cellulose and lignin contents of the organic matter in these mixes. In
addition, lignin decomposition requires aerobic conditions (Kirk and Cowling 1984), but
the decomposition of cellulose can occur under both aerobic and anaerobic conditions
(Lynd et al. 2002), meaning that decomposition of the potentially high cellulose Base
Mix B could have proceeded even during periods of prolonged saturation.
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In general, soils containing higher concentrations of phosphorous will leach more
phosphorous (Maguire and Thomas 2002). Base Mix B had a phosphorous content of
79.6 mg/kg, considerably more than the 49.9 mg/kg phosphorous content of Base mix A.
Phosphorous availability can also affect decomposition rate by limiting the growth rate of
microbial decomposers (Reddy and DeLaune 2008), meaning that the higher
phosphorous Base Mix B would support a larger microbial population, causing more
rapid decomposition and release of phosphorous from the organic matter. The above
reasons may explain why the Phoslock mesocosms had higher TP effluent concentrations
than other mesocosms despite the ability of Phoslock to readily remove phosphorous.

Although the Sorbtive mesocosms were constructed with the same Base Mix B soil as the
Phoslock mesocosm, the mean TP concentrations in the effluent from these mesocosms
were the lowest at 0.113 ± 0.045 mg/L of TP and 0.055 ± 0.008 mg/L of PO4-P, seeming
to contradict the theory that the Base Mix B promoted faster decomposition and a greater
release of phosphorous. The configuration of the Sorbtive mesocosms may have simply
been more effective in removing the phosphorous from Base Mix B. The Sorbtive
mesocosm was layered so that 30 cm of Base Mix B was overlying a 20cm layer of
Sorbtive media. Any phosphorous that leached from the top layer of Base Mix B would
need to travel through a 20cm layer of Sorbtive media which acted as a filter removing
particulate phosphorous while at the same time dissolved phosphorous could be sorbed
onto the iron oxide coated surfaces of the media. Conversely, the Phoslock mesocosms
had a thoroughly mixed soil column meaning that any phosphorous which was released
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from the organic matter near the bottom of the soil column would not have much
opportunity to be removed by the Phoslock before exiting the mesocosm.

All mesocosm treatments achieved mean removals of PO4-P between 84.8 and 89.6%.
However, at least three of the 8-10 samples taken from each mesocosm treatment were
found to be below the detection limits of 0.05mg/L PO4-P. Therefore, the mean removal
rates would have been higher if a lower detection limit analysis for PO4-P had been
performed. With an influent PO4-P concentration of 0.534 mg/L, the maximum
concentration reduction calculated for a sample using a PO4-P detection limit of 0.05
mg/L is 90.6%, whereas a detection limit of 0.01 mg/L would allow for the calculation of
a reduction up to 98.1%.

The results summarized in Table 16 above indicate that a bioretention garden constructed
using a base of sandy soil mix as recommended by the TRCA (2010) is likely to have a
removal of PO4–P near 84.8% regardless of soil amendments and type of organic matter
used, for at least the first few months of operation. Mean removal efficiencies for TP in a
bioretention using just a basic sandy soil mix should be approximately 75.5% (as
demonstrated in the Sand Mix mesocosms). However, removal efficiency of TP could be
as low as 33.9% (as demonstrated in the Phoslock mesocosm), depending on the type of
organic matter used in the soil mix.

The AL-WTR and Sorbtive Media mesocosms had higher mean removal efficiencies of
both TP and PO4-P than those demonstrated by the Sand Mix (78.4 and 79.3% for TP,
and 85.3 and 89.6% for PO4-P, respectively). However, the removal efficiencies of both
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the AL-WTR and Sorbtive mesocosms were not found to be significantly (p<0.05) higher
than those of the Sand Mix.

The TP removal of 75.5% demonstrated by the Sand Mix mesocosms in this study was
higher than the removals reported in some other studies. For example, Denich (2009)
reported TP removal of -7100%, indicating substantial leaching of phosphorous from the
bioretention mesocosms monitored. The key difference between the Denich (2009) study
and the current study is likely the phosphorous content of the soil used in construction of
mesocosms. The mesocosms described in Denich (2009) contained a „triple mix‟ soil
found to contain 2200 mg/kg of TP compared to the „Sand Mix‟ soil used in this study
which contained 49.9 mg/kg (Base Mix A) and 79.6 mg/kg (Base Mix B). Hsieh et al.
(2007) obtained TP mass removals of 63 to 85% in columns containing sandy soil. In that
study phosphorous content of soils ranged from 75 to 120 mg/kg and influent
concentration was 3mg/L of TP.

There are currently no studies published on the use of Sorbtive Media or Phoslock as soil
amendments, however one mesocosm study has documented the use of AL-WTRs in
bioretention mesocosms. Lucas and Greenway (2010) reported a mass removal of 95 to
99% of PO4-P during an 80 week period of applying 3.3 mg/L of PO4-P to mesocosms
containing sandy soil and AL-WTRs (20% by weight). The phosphorous content of the
soil used to construct the AL-WTR mesocosms in the Lucas and Greenway (2010) study
was 90 mg/kg while the soil used to construct the AL-WTR mesocosms in the current
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study was 49.9 mg/kg. The AL-WTR mesocosms in the current study demonstrated mean
concentration reduction of 85.3%, with an influent PO4-P concentration of 0.534 mg/L.

7.4.2

Phase 2: Long Term Simulation

The results of the concentrated loading period are shown in Figures 11 (a) and (b). In
these figures, the data points plotted for each soil treatment at 0 years equivalent are
averages of the results obtained during the first 10 weeks of monitoring mesocosms
during which time all water added had typical stormwater concentrations of nutrients (i.e.
the results from section 7.4.3). The data points plotted at 2, 4, and 6 years are also results
from the effluent collected after a „normal‟ stormwater loading, but with the difference
that one week before each „normal‟ loading, the mesocosms were subjected to a
concentrated load of stormwater (representing two years worth of nutrient loads).

The results from Phase 2 show that the TP and PO4-P effluent concentrations from the
Sand Mix, Anaerobic and AL-WTR mesocosms increased after each concentrated
loading, while the Sorbtive and Phoslock mesocosms maintained nearly the same effluent
concentrations throughout the concentrated loading period. Sorbtive Media and Phoslock
amended mesoscosms maintained concentrations near the detection limit of <0.05mg/L
PO4-P throughout the concentrated loading phase of the experiment.
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Figure 11. Mean effluent concentrations during concentrated nutrient loading.
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An exponential regression demonstrated that the bioretentions containing just the base
sandy soil mix exhibited an exponential increase in the effluent concentrations of TP
(R2=0.979) and PO4-P (R2=0.999) during the concentrated loading period. This
relationship may indicate that after several years of satisfactory performance, the ability
of the sandy soil mix to remove phosphorous from stormwater could decline rapidly. The
effluent concentrations of both the Anaerobic and the AL-WTR mesocosms also appear
to be increasing over time, however neither of these data showed a close fit to regression
curves (i.e. linear, exponential, logarithmic, power, exponential).

Sorbtive Media and Phoslock amended mesoscosms had many samples below the
detection limit (<0.05mg/L PO4-P) throughout the concentrated loading phase of the
experiment, so it is unclear if the effluent concentrations in these mesocosms are
increasing at an exponential rate as observed in the Sand Mix mesocosms, or at what
point these soils will reach phosphorous sorption capacity. To determine at what point the
media could theoretically become exhausted, calculations were performed using sorption
capacities measured in previous studies (See Table 17). In these calculations, it was
assumed that 40L of 0.534 mg/L PO4-P (result from section 7.4.1) would be applied to
each mesocosm every week and the soil amendments would adsorb 100% of the PO4-P
until sorption capacity was reached. By multiplying the sorption capacity for each media
by the mass of that media (as weighed during construction) and dividing by the annual
mass loading rate (1.11g/year per mesocosm), an estimate for minimum time to reach
sorption capacity can be calculated. These estimates indicate that it may take much more
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than 6 years worth of nutrient loads before phosphorous sorption capacities of the
amendments are exhausted.

Table 17. Time required to exhaust media sorption capacity in mesocosms.

Soil
Amendment

PO 4 -P
Sorption
Capacity
(mg/g)

Sorption Capacity
Reference

Sorbtive Media
Phoslock
Al-WTR

0.40
3.79
0.66

Imbrium (2009)
Ross (2008)
Dayton and Basta (2005a)

Mass of
Amendment
in
Constructed
Mesocosm
(kg)
50
25
35

Time Required
to Reach P
Sorption
Capacity
(years)
18
80
15

During the long term nutrient loading simulation, the AL-WTR amended mesocosms did
not consistently outperform the Sand Mix mesocosm in terms of phosphorous removal
despite its high theoretical sorption capacity shown in Table 17. Even using the lowest
value for AL-TWR P-sorption capacity measured by Dayton and Basta (2005a) for
calculations, the Al-WTRs should be able to accommodate 14 years worth of P before
reaching capacity.

One possible explanation for the performance of the Al-WTR mesocosms is that the AlWTRs used in the bioretention mesocosms were not broken into sufficiently small pieces.
The Al-WTRs used in the mesocosms was obtained from the water treatment plant in
cakes approximately 20mm thick and 100-300mm in diameter, then broken up with a
shovel into pieces mostly of <10mm in diameter before being mixed with the sandy soil.
Dayton and Basta (2005a) demonstrated that the grain size (and therefore exposed surface
area) of the Al-WTRs greatly influences the potential P-sorption capacity. Al-WTRs
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sieved to <2mm were found to sorb 0.66 to 16.5mg/g, while Al-WTRs sieved to <150μm
could sorb 10.4 to 37.0 mg/g. These results suggest that breaking the AL-WTR cakes
apart with a shovel may be insufficient and mechanical crushing to a much smaller grain
size could be required to fully utilize the potential sorption capacity of Al-WTRs. The AlWTRs would also likely need to be dried before they could be crushed to such small
grain sizes. The need for these additional drying and crushing steps may somewhat
decreases the practicality of incorporating thousands of kilograms of Al-WTRs into a full
sized bioretention garden.

It is also possible that over time the AL-WTR pieces may weather and slake apart, and
more surface area would be exposed, causing more phosphorous sorption capacity to
become available (Dayton and Basta 2005a). This time dependent process may explain
why the Al-WTRs only began to have lower effluent concentrations than the Sand Mix
mesocosms towards the end of the concentrated loading period.

The results from this concentrated nutrient loading trial used to simulate long term
nutrient exposure showed that the benefits of incorporating various media amendments
may only become apparent after the bioretention has been exposed to several years of
phosphorous loads. Although this long term simulation is unlikely to be a precise
indication of what future effluent concentrations will be, it does allow for a comparison
of the bioretention treatments after being exposed to several years worth of nutrient loads,
as well as provide an indication of the rates at which exhaustion of sorption capacity may
occur.
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7.5
7.5.1

Nitrogen Removal
Phase 1: Newly Established Mesocosms

The Phase 1 mean effluent concentrations and removal efficiencies for nitrogen species
are summarized in Table 18. Figure 12 displays the data in a bar chart where each
coloured section of a bar represents the mean concentration of the nitrogen species
indicated in the legend, while the total height of each bar represents the mean total
nitrogen concentration. The influent concentrations (± standard deviation) for NO3-N,
NH4-N, ON and TN were 2.91 ± 0.15mg/L, 1.45 ± 1.54 mg/L, 1.37 ± 1.52 mg/L, and
5.64 ± 1.71 mg/L, respectively.

The Sand Mix, Anaerobic, and AL-WTR mesocosms had less TN in the effluent than the
influent, while the Phoslock and Sorbtive Media mesocosms had more TN in the effluent
than the influent. The Anaerobic and Phoslock mesocosms had mean NO3-N effluent
concentrations of less than 0.06 mg/L while all other mesocosms had concentrations
greater than 1 mg/L.
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Table 18. Phase 1 mean effluent concentrations and removal efficiencies for nitrogen.
NO 3 -N
Bioretention
Treatment

n

Effluent
Concentration
(mg/L)
Mean

NH 4 -N

Removal
Efficiency (%)

SD

Mean

Effluent
Concentration
(mg/L)

SD

Mean

Removal
Efficiency (%)

SD

Mean

SD

Sand Mix

10

1.08

±

0.529

62.7

±

18.8

0.379

±

0.255

-2160

±

3860

Anaerobic

8

0.020

±

0.017

99.3

±

0.55

2.23

±

2.11

-5730

±

10700

Phoslock

10

0.057

±

0.042

98.0

±

1.44

9.63

±

4.01

-69000

±

95500

AL-WTR

10

2.20

±

0.40

24.5

±

13.6

1.17

±

0.73

-3950

±

8070

Sorbtive

10

6.37

±

1.76

-118

±

55.6

1.85

±

4.02

-24200

±

58000

ON
Effluent
Concentration
(mg/L)

TN

n

SD

Mean

SD

Mean

SD

Mean

Sand Mix

10

1.34

±

0.431

69.8

±

144

2.63

±

0.67

53.4

±

13.2

Anaerobic

8

3.30

±

1.54

-7.09

±

546

5.55

±

3.59

8.79

±

53.9

Phoslock

10

9.33

±

3.68

-117

±

961

19.0

±

7.40

-235

±

118

AL-WTR

10

1.01

±

0.926

87.7

±

111

4.38

±

0.80

23.1

±

12.7

Sorbtive

10

1.62

±

1.19

58.9

±

129

9.84

±

6.14

-67.3

±

84.0

Nitrogen (mg/L)

Mean

Removal
Efficiency (%)

Effluent
Concentration
(mg/L)

Bioretention
Treatment

20
18
16
14
12
10
8
6
4
2
0

Removal
Efficiency (%)
SD

NO3-N
NH4-N
ON

Figure 12. Mean nitrogen concentrations in mesocosm influent and effluent.
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The Anaerobic and Phoslock mesocosms provided the highest degree of NO3-N treatment
with removal efficiencies of 99.3 ± 0.5% and 98.0 ± 1.4%, respectively. The high NO3-N
removal efficiencies observed in these mesoscosms were likely due to low nitrification
rates and high denitrification rates. Nitrification, the transformation of NH4-N to NO3-N
occurs only in environments with sufficient oxygen present. The frequently saturated
conditions (discussed in section 7.1) of the Anaerobic and Phoslock mesocosms likely
created a very low oxygen environment that would not allow for the production of NO3-N
via the process of nitrification. However, denitrification, the transformation of NO3-N to
N2 gas occurs most readily in anoxic environments where there is a carbon source present
to act as an electron donor. Anaerobic and Phoslock bioretention treatments were able to
remove such a high percentage of the NO3–N due to their frequently saturated, anaerobic
conditions.

The NO3-N removal efficiencies observed in the Anaerobic mesocosms (99.3 ± 0.5%)
were higher than the removal efficiencies reported in other studies where the
bioretentions monitored were built using similar configurations. For example, the
bioretention pilots monitored by Dietz (2006) and Kim (2003), both of which
incorporated a saturated zone, demonstrated NO3-N removal efficiencies of 87% and 7080%, respectively.

The NO3-N removal efficiency of 62.7 ± 18.8% observed in the Sand Mix mesocosms
was considerably higher than those observed in other bioretentions constructed using a
comparable sandy soil. Dietz and Clausen (2005) reported a NO3-N removal efficiency of
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35.4% in a bioretention garden constructed using a native loamy sand. In laboratory pilot
scale bioretentions Hsieh and Davis (2005) and Davis (2001) reported NO3-N removal
efficiencies of 9% to 20% and 24 %, respectively. The mesocosm studies performed by
Denich (2009) achieved NO3-N considerably higher removal efficiencies ranging
between 83 and 88%, however similarly sized mesocosms in that study were subjected to
only 4 liters of synthetic stormwater per event (compared to the 41L per event in this
study).

The lowest NO3-N removal efficiency of -118.0 ± 55.6% was observed in the Sorbtive
mesocosms. This negative removal efficiency indicates that more NO3-N was leaving the
mesocosms than was entering. It is likely that nitrate was leaching from these mesocosms
due to subsurface environments which promoted relatively high rates of nitrification and
low rates of denitrification. The Sorbtive media is a coarse sand based media with rapid
drainage (section 7.1), and no organic matter to help retain water or act as a carbon
source. These characteristics of the Sorbtive media create a well oxygenated environment
ideal for the transformation of influent NH4-N to NO3-N (via nitrification), while the lack
of long term saturated pore storage and low organic carbon content are not conducive to
the removal of NO3-N (via denitrification). The result of this high rate of nitrification and
low rate of denitrification is effluent with NO3-N concentrations that are much greater
than the influent concentrations. Although no mesocosm effluent samples had
concentrations greater than the CWQG of 13 mg/L of NO3-N, the Sorbtive mesocosms
came much closer to the guideline than the other mesocosms with a mean effluent
concentration of 6.37 ± 1.76 mg/L of NO3-N.
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NH4-N and ON influent concentrations were both highly variable (standard deviations
were greater than mean concentrations for both species), making it difficult to determine
a meaningful mean removal efficiency for either of these species. In general, if an
influent sample was high in NH4-N, it was low in ON, and vice versa. The large range of
NH4-N and ON influent concentrations was likely due to a highly variable degree of
ammonification that occurred before the influent sample was collected for each sampling
event. Glycine, the chemical serving as a source of organic nitrogen added in synthetic
stormwater was added in the same quantity for each dousing, however environmental
factors or slight variations in mixing procedure may have affected the degree of
ammonification that occurred in the storage vessel before application to the mesocosms.
Temperature, a parameter difficult to control in a field situation can also greatly influence
the rate of ammonification. One study showed that the rate of ammonification may be 10
times more rapid at 35 °C compared to 20 °C (Myers 1975). Also, if one batch of
stormwater was stirred more than another it may have become more oxygenated and
permitted more ON to transform to NH4-N via ammonification.

There is not a single value for the NH4-N CWQG because the speciation (and therefore
toxicity) of ammonia/ammonium varies greatly depending on several parameters such as
pH, temperature, and ionic strength (CCME 2003). Based on the range of temperature
and pH measured in the mesocosm effluent in this study, it is most reasonable to compare
the mean effluent concentrations to the CWQGs of 4.0mg/L NH4-N (at 20oC) and
5.7mg/L NH4-N(at 15oC), and neutral pH. All mesocosms had concentrations less than
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these CWQGs except for the Phoslock mesocosms which had a mean concentration of
9.63 ± 4.01 mg/L.

The Phoslock mesocosms had the highest mean NH4-N effluent concentration
(9.63mg/L), likely due to their low rate of nitrification (as discussed above). The
frequently saturated, oxygen deprived conditions in these mesocosms did not allow for
the transformation of NH4-N to NO3-N to occur in the soil column. This result is in
agreement with the findings of Phillips (1999), who found that NH4-N concentrations in
pore water increased under waterlogged conditions in most soils tested (Phillips 1999).
The other frequently saturated mesocosms (i.e. Anaerobic) had the second highest NH4-N
effluent concentrations but had only 2.23 ± 2.11 mg/L of NH4-N compared to the
Phoslock mesocosms‟ effluent concentration of 9.63 ± 4.01 mg/L of NH4-N. It is possible
that the Phoslock mesocosms produced more NH4-N due to the faster decomposition of
the potentially high cellulose, low lignin organic matter present in those mesocosms
(discussed in section 7.4.1).

In this study it was found that the unsaturated Sand Mix mesocosm effluent (0.38± 0.26
mg/L of NH4-N) had significantly (p<0.05) lower NH4-N concentrations than the
saturated Anaerobic mesocosm effluent (2.23± 2.11 mg/L). The difference in NH4-N
concentrations between the saturated and unsaturated mesocosms in this study were much
more pronounced than they were in Dietz and Clausen (2006), where it was reported that
NH4-N effluent concentrations were 0.01 ± 0.02 mg/L and 0.01 ± 0.11 mg/L from a
saturated and unsaturated garden, respectively. The Anaerobic mesocosms monitored in
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this study and the saturated bioretention garden monitored in Dietz and Clausen (2006)
were both designed to have 25cm of saturated soil and 25cm of unsaturated soil, however
the mesocosms in this study had newspaper added to the saturated zone act as a carbon
source, whereas the garden in Dietz and Clausen (2006) did not. It is possible that the
higher NH4-N effluent concentration from the Anaerobic mesocosms in this study may be
a product of the decomposing newspaper.

As described above, the mean removal efficiencies for NH4-N may not be meaningful
due to several near zero influent concentrations, thereby making it difficult to make a
comparison to NH4-N removal efficiencies reported in other studies. However, it can be
observed that the range of effluent concentrations were in a similar range as in other
studies. For example, the effluent from the Sand Mix mesocosms ranged from 0.060.8mg/L of NH4-N, concentrations that are comparable to the 0.1-1.8 mg/L of NH4-N
observed by Davis (2001) in laboratory scale pilots constructed with a sandy loam soil.

Figure 12 above shows that the TN concentrations in effluent from the Phoslock and
Sorbtive mesocosms were higher than the influent concentrations, indicating that more
TN was leaving these mesocosms than was entering. The Base Mix B sand mix used in
the construction of the Phoslock and Sorbtive mesocosms had a slightly greater nitrogen
content than the other mesocosms (i.e. 2.9mg/kg of nitrogen in Base Mix B versus
2.8mg/kg in Base Mix A), however this relatively small difference is not likely enough to
account for the much larger TN effluent concentrations in these mesocosms. It is possible
that the elevated TN concentrations in these mesocosms are more dependent on the
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quality of the organic matter used in the base sand mixes. As noted in section 4.1.1, the
organic component of Base Mix B was composed of food waste whereas the organic
component of Base Mix A was decomposed wood/bark mulch. The organic matter in
Base Mix B was likely higher in cellulose and lower in lignin compared to the organic
matter in Base Mix A, indicating that Base Mix B may experience a more rapid rate of
decomposition (discussed in section 7.4.1). A more rapid rate of decomposition would
release nitrogen at a faster rate, and would explain why the mesocosms constructed with
Base Mix B (i.e. Phoslock and Sorbtive) showed much higher total nitrogen
concentrations in their effluent.

Of all the mesocosm configurations, the Sand Mix had the highest TN removal
efficiency. This result indicates that the best option to remove nitrogen may be a plain
sandy soil with no amendments added. The results indicate that incorporating a saturated
anaerobic zone and a carbon source would greatly reduce effluent nitrate concentrations;
however, the total nitrogen effluent concentration from such a bioretention design may be
higher due to the decomposition of the organic matter added as a carbon source.

The main findings regarding nitrogen transformation processes in the mesocosms are
displayed in Figure 13. The Sand Mix, AL-WTR and Sorbtive mesocosms behaved like
the mesocosm shown in Figure 13(a) (i.e. no permanently saturated anaerobic zone was
present). In these mesocosms the processes of ammonification and denitrification allowed
for the removal of organic nitrogen and NH4-N, but lack of a saturated zone and minimal
denitrification did not allow for significant NO3-N removal. The Anaerobic mesocosms
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behaved like Figure 13 (b) (i.e. permanently saturated anaerobic zone was present). In
these mesocosms there was a saturated anaerobic zone which allowed nearly all of the
NO3-N to denitrify. Although the Phoslock mesocosms were not designed to function as a
bioretention with an anaerobic saturated zone, very slow drainage caused it to maintain
saturated areas much of the time and behave more like Figure 13 (b) than 13 (a).

b)

Stormwater

Unsaturated
Zone

a)

+

Saturated Zone

Unsaturated Zone

Organic NàNH4
(aerobic preferred)

NH4+àNO3(aerobic required)

Stormwater

Organic NàNH4+
(aerobic preferred)
NH4+àNO3(aerobic required)

NO3-àN2
(anoxic required)

Effluent

Effluent

Figure 13. Schematic of nitrogen transformations in mesocosms.
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7.5.2

Phase 2: Long Term Simulation

The results of the concentrated loading period for various nitrogen species are shown in
Figures 14 (a) through (d). These graphs were constructed using the same method as was
used for Figure 11 (described in section 7.4.2). The TN results are very similar to the
NO3-N, while the results while the NH4-N results are very similar to the TKN results.
The relative magnitude of the TN and NO3-N effluent concentrations throughout Phase 2
were found to be in following order: Anaerobic < Phoslock < AL-WTR < Sand Mix <
Sorbtive. The relative magnitude of the NH4-N and TKN effluent concentrations were in
the following order: AL-WTR < Sand Mix < Phoslock < Sorbtive < Anaerobic.
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Figure 14. Mean effluent concentrations during concentrated nutrient loading.
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The results of Phase 2 showed many of the same patterns in nitrogen treatment
capabilities as were observed in Phase 1. For example, throughout both Phase 1 and
Phase 2, the Sorbtive mesocosms had the highest NO3-N effluent concentrations while
the Phoslock and Anaerobic mesocosms had the lowest NO3-N concentrations. As in
Phase I, the Sand Mix and the AL-WTR mesocosms had NO3-N effluent concentrations
somewhere in the middle (i.e. between the concentrations of the Sorbtive and Anaerobic
mesocosms).

Many of the differences in nitrogen removal capabilities of the mesocosms became more
pronounced during the concentrated loading period. For example, the Anaerobic
mesocosms had a lower mean NO3-N effluent concentrations compared to the Phoslock
mesocosms during Phase 1, but the differences between effluent concentrations of these
two mesocosms were not significant (p<0.05). However, during the concentrated
loadings of Phase 2, it was found that the Anaerobic effluent concentrations were
significantly lower (p<0.05) than the Phoslock effluent concentrations.

The AL-WTR mesocosms produced effluent with the lowest concentrations of NH4-N
throughout the concentrated loading period. This result was somewhat unexpected as the
AL-WTR mesocosms were intended to increase PO4–P removal rather than NH4-N
removal. It is possible that NH4-N in the AL-WTR mesocosms could have been removed
via sorption processes. As discussed in the literature review, the NH4+ ion being
positively charged, may sorb onto negatively charged surfaces much the same way many
metals can.

While the sorption of PO4-P ions onto Al-WTRs has been researched
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extensively (O'Connor et al. 2002), little research exists on the ability of Al-WTRs to
sorb NH4-N. If sorption is the main mechanism for NH4-N removal in the AL-WTR
mesocosms, it is possible that this removal is not permanent as NH4-N may be readily
desorbed (Phillips 1999).

The Anaerobic mesocosms had relatively high NH4-N effluent concentrations during
Phase 2, likely due to their low oxygen environment which did not allow for the
transformation of NH4-N to NO3-N via nitrification. It was somewhat surprising that the
Sorbtive mesocosms also had higher NH4-N effluent concentrations than some other
mesocosms as the subsurface in these mesocosms was believed to have sufficient oxygen
to promote nitrification (i.e. the conversion of NH4-N to NO3-N). Total nitrogen
concentrations of all mesocosm effluent most closely resembled the trends seen in the
nitrate results, which is likely due to the fact that NO3-N made up the largest percentage
of influent nitrogen.

Due to the time required for microbially mediated nitrogen transformation processes to
occur, high nitrogen concentrations applied over a short time are not equivalent to low
concentrations over a long time. It is therefore difficult to make any definite conclusions
about how the bioretentions will perform at a future time. However the results presented
may provide some indication of which bioretention configurations may provide the best
nitrogen removal in the long term and/or which are capable of treating higher than normal
concentrations of various nitrogen species.
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7.6

Nutrient Mass in Mesocosms

Influent and effluent masses were calculated by multiplying mean influent/effluent
concentrations for the first 10 week monitoring period (presented in sections 7.4.1 and
7.5.1) by the influent/effluent volumes measured during Event 1 (presented in section
7.1). Weekly influent mass for all mesocosms was 23.3 mg of phosphorous and 231.2 mg
of nitrogen. Table 19 summarizes weekly effluent mass and change of total nutrient mass
in each mesocosm. Negative values for changes in mass indicate that more nutrient mass
left the mesocosm than entered.

Table 19. Weekly change of nutrient mass in mesocosms.
Phosphorous

Nitrogen

Mesocosm

Effluent
Mass (mg)

Change in
Mesocosm
Mass (mg)

Effluent
Mass (mg)

Change in
Mesocosm
Mass (mg)

Sand Mix

4.1

Anaerobic

5.8

19.2

78.5

152.8

17.5

101.2

106.4

Phoslock

11.6

11.7

135.6

-371.3

AL-WTR

3.9

19.4

74.9

90.6

Sorbtive

3.6

19.6

71.6

-86.1

Annual changes in mesocosm nutrient mass were estimated by assuming the bioretention
mesocosms would perform the same throughout the year as they did during the initial 10
week phase of this experiment. Total nutrient mass in each mesocosm was calculated by
multiplying soil weight in each mesocosm by soil nutrient content (section 7.2). Table 20
compares initial nutrient mass of the mesocosms to the annual change in mesocosm
nutrient mass.
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Table 20. Estimated annual change of nutrient mass in mesocosms.
Phosphorous

Mesocosm

Nitrogen

Annual Change
in Mass
Initial Mass in
Mesocosm (g)

(g)

(%)

Annual Change
in Mass
Initial Mass in
Mesocosm (g)

(g)

(%)

Sand Mix

9.2

1.0

10.8

518

8.0

1.5

Anaerobic

9.2

0.9

9.9

518

5.5

1.1

Phoslock

11.9

0.6

5.1

435

-19.4

-4.5

AL-WTR

7.0

1.0

14.5

392

4.7

1.2

Sorbtive

8.8

1.0

11.7

319

-4.5

-1.4

Estimated annual increases of phosphorous mass ranged from 5.1 to 11.7% of initial mass
in the mesocosms. Annual nitrogen mass changes ranged from 1.5 and -4.45% of initial
mass in the mesocosms. It should be noted that phosphorous can only leave the
mesocosm system through the effluent tap, whereas nitrogen also has the potential to
leave the mesocosm system as nitrogen gas. Nitrogen gas leaving the mesocosm was not
monitored during this study. The implication of this is that all changes in nitrogen mass
are overestimates of the true nitrogen mass change.
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7.7

Redox Potential and pH

During the initial 10 week sampling period, pH and ORP of influent and effluent were
measured in-situ when water samples were taken (results in Table 21). Mean influent pH
and Eh were 7.30 ± 0.19 and 64.0 ± 20.5 mV, respectively. The pH, a measure of
hydrogen ion activity in a solution, remained near a neutral value of 7 in influent and
effluent throughout the monitoring period. Redox potential (or Eh) measures the tendency
of a solution to either gain or lose electrons with the introduction of a new species. A
solution with a high reduction potential compared to a given species will have a tendency
to gain electrons from that species (i.e. it will be reduced by oxidizing the new species)
(Brownlow 1996).

Mean Eh measured for the Sand Mix, AL-WTR and Sorbtive

mesocosms were between 84.4 and 97.8 mV. The Phoslock mesocosm effluent had a
much lower mean (-42.8) and higher standard deviation (±70.9mV) than the effluent from
all other mesocosms.

Table 21. Summary of mean mesocosm effluent pH and Eh.
Bioretention Treatment

n

Sand Mix
Anaerobic
Phoslock
AL-WTR
Sorbtive

10
8
10
10
10

pH
7.18
7.12
7.03
7.32
7.01

±
±
±
±
±

E h (mV)
0.18
0.22
0.21
0.19
0.21

84.4
52.0
-42.8
85.8
97.8

±
±
±
±
±

21.7
31.4
70.9
21.2
23.7

Redox potentials of both the Anaerobic and Phoslock mesocosms were found to be
significantly lower (p<0.05) than the redox potentials of the Sand Mix mesocosms. The
lower redox potentials observed in these frequently waterlogged mesocosms are not
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surprising since saturated soils tend to have lower Eh than unsaturated soils (Phillips
1999). This observation is consistent with Dietz and Clausen (2006) who noted that redox
potentials decreased in a saturated bioretention garden compared to a control garden with
no saturated zone (Dietz and Clausen 2006). The Anaerobic and Phoslock mesocosms
also likely experienced accelerated decomposition (as discussed in section 7.3 above),
which can also produce relatively low redox potentials (Brownlow 1996).

The redox conditions of bioretention gardens can greatly influence the chemical, physical
and microbiological reactions occurring in the subsurface. For example, reducing
conditions can increase metal sorption (Bradl 2004), and decrease phosphorous sorption
(Krairapanond et al. 1993). The decreased phosphorous sorption capability of soils under
reducing conditions (section 7.3) is likely one of the reasons why the Anaerobic and
Phoslock mesocosms demonstrated the highest TP effluent concentrations during the
initial sampling period.

7.8

Leaching of Metals

Metal oxides associated with some amendments (i.e. Sorbtive Media and Al-WTRs), as
well as potential effects of a saturated anaerobic zone on metal mobilization prompted the
analysis of metal concentrations during one of the sampling events. One sample from
each mesocosm (i.e. two samples from each bioretention type) was collected during the
August 13th sampling event. Results from this sampling event are shown in Table 22. All
samples from this event had metal concentrations less than the CWQGs for Al, Cu, Ni,
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and Zn. Although all samples tested were less than the detection limit of 0.04mg/L for
Pb, it is not known whether any were above the CWQG of 0.007mg/L. Zn in the influent
and Fe in the Anaerobic and Phoslock mesocosms were the only analytes confirmed to
exceed the CWQG.

The Canadian Water Quality Guidelines (CWQGs) for Al, Cu and Pb include a range of
recommended maximum metal concentrations for lakes and streams which are dependent
on the hardness of the water (CCME 2003). All samples tested had a calculated hardness
of greater than 180mg/L as CaCO3, hence the higher end of the CWQG ranges were used
for comparison in Table 22.

Table 22. Summary of mean metal concentrations in effluent.

Metal

CWQG (mg/L)

Influent
(mg/L)

Mean Mesocosm Effluent Concentration (mg/L)
Sand
Mix
<0.020
<0.001
0.275
0.505
<0.010
<0.040
0.006

Anaerobic

Al
0.100
<0.020
<0.020
Cu
0.004
<0.001
<0.001
Fe
0.300
0.028
10.3
Mn
NA
0.000
2.9
Ni
0.150
<0.010
<0.010
Pb
0.007
<0.040
<0.040
Zn
0.030
0.006
0.110
Notes:
Bolded values = concentration exceeds CWQG
„<‟= indicates concentration is below detection limits.
„NA‟ = no CWQG for this metal.

Phoslock
<0.020
<0.001
11.2
6.0
0.010
<0.040
0.008

ALWTR
<0.020
<0.001
0.037
0.006
<0.010
<0.040
0.008

Sorbtive
<0.020
<0.001
0.049
0.335
<0.010
<0.040
0.004

All samples collected from the Anaerobic and Phoslock mesocosms contained at least
10mg/L of Fe (30 times the CWQG), a concentration high enough to cause negative
environmental impacts over time. Some of the detrimental effects caused by Fe in the
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aquatic ecosystem include,

a 50 percent reduction in minnow egg hatchability at

concentrations of 1.5mg/L; interference with respiration of gill-breathing organisms at
1mg/L; and moderate toxic effects to plants at 1 to 100 mg/L (MOE 1979). In mammals,
toxicity of iron is rarely encountered and the World Health Organization currently
proposes no guideline value for iron in drinking water. Most concerns regarding Fe in
drinking water are aesthetic such as the staining of laundry and plumbing fixtures at
levels above 0.3 mg/L (WHO 2008). Mn concentrations were also found to be 5-10 times
higher in the Anaerobic and Phoslock mesocosms compared to the other mesocosms.

The mesocosms which were frequently saturated (i.e. Anaerobic and Phoslock) showed
evidence of Mn and Fe leaching, but not leaching of other metals. One explanation for
this is that Mn and Fe were being reduced and mobilized via anaerobic respiration,
whereas other metals were not. Oxygen is typically the preferred electron acceptor for
microbial respiration, but when oxygen supply is diminished specialized microorganisms
in the soil have the capacity to use other oxidants for respiration. Electron acceptors
which can be used for respiration will be generally be favoured by microbes in the
following order: oxygen>nitrate>manganese oxides>iron oxides>sulfate>carbon dioxide
(Reddy and DeLaune 2008). During periods of prolonged inundation in the Phoslock and
Anaerobic mesocosms, there would not be a supply of oxygen from the atmosphere and
most subsurface nitrate would have been removed via denitrification. With the preferred
electron acceptors (i.e. oxygen and nitrate) nearly depleted, Mn and Fe oxides would
have been the next to be used by microbial respirators. When Mn and Fe oxides are used
in microbial respiration they are reduced from insoluble Mn4+ and Fe3+ to soluble Mn2+
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and Fe2+, very mobile ions which could easily leach from the soil column (Reddy and
DeLaune 2008).

Saturated soil conditions do not necessarily promote metal mobilization as seen with Mn
and Fe in this case. In fact the reducing environment of waterlogged soils and sediments
is often favourable for immobilization of metals (Bradl 2004; Gambrell et al. 1991).
Blecken (2009) found that bioretention mesocosms designed with a saturated zone and
added carbon enhanced metal sorption by diminishing oxidizing conditions, however Mn
and Fe were not monitored in that study (Blecken et al. 2009). Inundated soil conditions
are also utilized for metals removal in other applications such as treatment wetlands
(Jacob and Otte 2003), and for the storage of iron-rich mine tailings in order to prevent
the oxidation of iron sulfides and subsequent acid mine drainage (Johnson and Hallberg
2005).

In saturated soils where vegetation roots play a predominant role as they do in this study,
conflicting processes may occur. Jacob (2003) noted that plants can alter the redox
conditions, pH, microorganism populations, and organic matter content of saturated
sediments, affecting the chemical speciation and mobility of metals. Metals may be
mobilized or immobilized, depending on the specific combination of these factors. For
example, decreases in pH due to plants can lead to higher mobility of metals, while the
organic matter produced by the same plants may immobilize the metals (Jacob and Otte
2003). These complexities make it difficult to predict whether metals will be mobilized or
immobilized in a given saturated and vegetated soil environment. The advantages of
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vegetation in waterlogged conditions are believed to far outweigh the potentially
disadvantageous effects of rhizosphere oxidation and pH changes on metal mobility over
long periods of time (Jacob and Otte 2003). Even if the saturated mesocosms monitored
in this study are temporary sources of Mn and Fe after initial construction, they may act
as Mn and Fe sinks over the long term. Further research over longer time periods would
need to be performed to further investigate this phenomenon.

Although the synthetic stormwater used in this study contained only the metals naturally
present in the well water, Zn in the influent was found to be greater than 3 times the
CWQG. All effluent concentrations were 0.008mg/L or less, indicating all mesocosms
had Zn removal efficiencies of at least 93% during this sampling event. No significant
differences in Zn removal were noted between saturated and unsaturated mesocosms,
contrary to the findings of Dietz and Clausen (2006) which showed lower concentrations
of Zn in effluent from a saturated bioretention compared to a control bioretention. It was
suggested by Dietz and Clausen (2006) that the reducing conditions in the treatment
garden caused Zn to be complexed, and therefore less mobile.

The metal testing results from this single sampling event were intended to investigate
potential metal leaching and not to evaluate removal efficiencies of metals. To
thoroughly investigate potential metals removal in the mesocosms, the synthetic
stormwater influent would need to be spiked to achieve typical stormwater concentrations
as, and effluent sampled regularly for metals as was done for phosphorous and nitrogen
species in this study.
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8

Results and Discussion: Jar Tests

The concentrations of PO4-P remaining in jars over time and percent of total PO4-P
sorbed over time are shown in Figures 15 and 16, respectively. In the jars containing
Sand Mix, PO4-P concentrations dropped from an initial concentration of 1.51 mg/L to
0.96 mg/L within 4 hours. Between 4 and 24 hours the PO4-P concentration dropped
more gradually down to 0.88 mg/L. In the jars containing Al-WTRs the concentrations
dropped below the detection limit of (0.05 mg/L PO4-P) within 1hour and remained there
for the rest of the 24 hour period. All samples from the Sorbtive jars were below the
PO4-P detection limit of 0.05 mg/L.
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Figure 15. Jar test results for various bioretention media.
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Figure 16. Portion of total PO4-P sorbed for various media.
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The observed pattern of a rapid sorption phase followed by a much slower sorption phase
is commonly observed during phosphate and soil interaction (Reddy et al. 1999). The
initial rapid uptake phase is generally thought to result from exchange of surface ligands
(e.g water, hydroxyl, sulfate, silicate etc.) with phosphate ions and is believed to occur in
minutes to hours (Reddy et al. 1999). The slower sorption phase is generally attributed to
a combination of diffusion and precipitation reactions which can last weeks to months.
Chemical and electrical potential gradients can induce phosphates to migrate into the
interior of soil particles via solid-state diffusion. Precipitation occurs when minerals in
the soil dissolve providing metal cations that can subsequently precipitate with
phosphates to form new solid phases (Reddy et al. 1999).

Using regression analysis, in was determined that the Sand Mix data shown in Figure 15
above closely fit a negative log equation (R2=0.98). Leader (2008) also reported that the
data from three of the six materials tested for phosphorous sorption fit negative log
equations very closely (R2 ranged from 0.92 to 0.95). The AL-WTR and Sorbtive Media
both removed PO4-P so rapidly from the solution that an adequate regression curve could
not be calculated for those materials.

These jar test experiments have demonstrated that the first four hours of stormwater
contact time in a bioretention garden are the most critical in terms of PO4-P removal via
sorption processes. During the initial four hour period, when exchange of surface ligands
is the principal removal mechanism (Reddy et al. 1999), all three media had already
removed at least 87% of the total mass that would be sorbed in the full 24 hour period.
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Between contact times of 4 and 24 hours (i.e. when precipitation/diffusion reactions are
the principal removal mechanism), additional mass sorbed to any of the media was much
less than the mass sorbed in the initial four hours of contact. Similar observations were
made by Leader (2008), who noted that various drinking water treatment residuals,
aluminum, and magnesium by-product materials tested all removed phosphorous from
solution to relatively low levels within 4 hours, and very little removal occurring after 4
hours. Zeng (2004) also observed comparable sorption patterns in iron oxide tailings. The
rapid sorption rates observed in this study and others may indicate that a bioretention
garden can be designed for rapid drainage without compromising significant phosphorous
removal via sorption processes.

It should be noted that the jar test experiments were performed on “fresh” materials (i.e.
they had not been exposed to stormwater or phosphorous solutions previously). The long
term phosphorous loading simulation described in section 7.3.2 demonstrated that
bioretention media in mesocosms loses its ability to remove phosphorous over time.
Therefore, the rapid PO4-P sorption behaviour demonstrated in these jar tests may not be
sustained over time as sorption capacity becomes depleted. More sorption tests, perhaps
with used media collected from the mesocosms or an operating bioretention, could be
performed to investigate how the adsorption ability of various media decline over time as
sorption capacity becomes exhausted.
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9

Results and Discussion: Bioretention Implementation Study

The GIS-based bioretention garden site selection methodology (outlined in Chapter 6)
was used to generate suitability maps for the three chosen study areas in the City of
Guelph (Figure 17). Total areas calculated from the suitability maps are presented in
Table 23, and a breakdown of the areas suitable for different bioretention types are
presented in Table 24. The industrial study area was found to have the most suitable area
(35.8% of total area), while the residential and commercial study areas were found to
have only 2.14 and 3.14% suitable area, respectively. The commercial area had no
suitable areas requiring underdrained bioretentions due to the presence of only well
drained soils in that area. The residential areas had no areas suitable for the
implementation of foundation planter type bioretention gardens, due to the assumption
that bioretention gardens could not be placed on private residential properties.
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Table 23. Total catchment area suitable for bioretention garden placement.
All Bioretention Types
Catchment Area
(hectares)

Suitable Area (hectares)

Percent of Total (%)

Industrial

27.4

6.95

35.8

Residential

24.7

0.53

2.14

Commercial

25.2

0.79

3.14

Catchment

Table 24. Area suitable for various types of bioretention garden placement.
Basic Bioretention

Underdrained
Bioretention

Foundation Planters
(with underdrain and
impermeable liner)

Catchment
Suitable
Area
(hectares)

Percent
of Total
(%)

Suitable
Area
(hectares)

Percent
of Total
(%)

Suitable
Area
(hectares)

Percent
of Total
(%)

Industrial

5.09

18.6

1.17

6.30

0.69

10.91

Residential

0.33

1.34

0.20

0.79

0.00

0.00

Commercial

0.70

2.76

0.00

0.00

0.10

0.38
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Basic

Figure 17. Bioretention site suitability maps for study areas in the City of Guelph.
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The intention of this study was to demonstrate how a GIS based site selection tool could
be applied to an urban study area and not necessarily to produce results representative of
all industrial, commercial or residential areas. Nonetheless, some of results may show
patterns which apply to urban land use types in general. For example, in the residential
areas most of the areas suitable for bioretention gardens are the cul-de-sac islands and the
grassed lanes between roads and sidewalks, a result that is likely true for many residential
areas.

9.1

Potential Treatment Volume and Pollutant Load Reduction

The results from the site suitability study can be used to determine the maximum
bioretention treatment volume potentially captured and treated within bioretention
gardens in each catchment using the following equation:

Where Vmax is the maximum treatment volume (m3), Af is bioretention footprint surface
area (m2), dc is the bioretention depth (m), vr is the void space ratio for filter bed, and dp
is the bioretention ponding depth. A dc value of 1m, a Vr value of 0.4 and a dp of 0.2m
were assumed based on recommendations of the TRCA‟s design guide (TRCA 2010).
Maximum treatment volumes for each catchment are shown in Table 24. These
estimations of maximum bioretention treatment volume are conservative because they do
not take into account the fact that bioretentions will begin to empty via a drain and/or
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infiltration before capacity is reached. Also shown in Table 25 is the maximum treatment
volume converted to equivalent millimeters of precipitation over the area of the whole
catchment.

Table 25. Potential treatment volume of bioretention gardens.

Study
Catchment

Total
Drainage Area
(hectares)

Suitable
Bioretention Area
(hectares)

Maximum
Treatment
Volume (m 3 )

Equivalent Depth
of Precipitation
(mm)

Industrial

27.4

6.95

41700

152

Commercial

25.2

0.79

4760

18.8

Residential

24.7

0.53

3160

12.8

It is unlikely that all suitable areas would be used for bioretention gardens in the
industrial catchment as more than a third of the total area was found to meet suitability
criteria. The portion of a drainage area used for bioretention should be 7 to 20%
depending on drainage area land use, according to the TRCA (TRCA 2010). This design
recommendation could not be met in the existing residential or commercial study areas
even if all suitable space were to be used for bioretention gardens. However,
implementing bioretention gardens even in this relatively small percent of total area could
still have the potential to improve stormwater quality considerably. Research suggests
that the majority of pollutant loads in urban runoff tend to be contained in the runoff from
frequent, small to medium sized storms (Pitt 1999). Ontario‟s Stormwater Management
Planning and Design Manual suggests that the storage volume of stormwater infiltration
practices should be able to accommodate a 15 mm storm over the contributing drainage
area as 80% of all daily rainfall depths are less than this amount(MOE 2003). It is
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acceptable for large storms to cause bioretention gardens to reach capacity and force
runoff to flow directly into storm sewers or overland flow system. Bioretention gardens
are typically intended to be a complement to existing „conventional‟ stormwater
infrastructure and used in conjunction with other LID practices and therefore are not
required to accommodate the entire volume of large storms.

Table 26 shows how the mass of TP and TN removed could be estimated for a 15mm
storm in the residential catchment using the results from the Mesocosm Experiments
(Chapter 7). It is most likely that bioretention gardens similar to the Sand Mix
mesocosms would be constructed as this is the design currently recommended by the
TRCA (2010). It was assumed that all bioretention gardens would have the same influent
and effluent concentrations as the Sand Mix mesocosms (section 7.3 and 7.4). Also it was
assumed that the volume of water retained in the bioretentions gardens would be at least
2.2cm over the bioretention footprint area, based on hydraulic performance results
(section 7.1), which indicated that at least 4.4 litres was retained for Sand Mix
bioretention mesocosms with a footprint of 0.20m2. In reality, bioretentions with a 1m
thick soil column may offer even greater water quality improvement and water retention
than the 0.5m bioretention soil column that the calculations are based on.
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Table 26. Potential nutrient removal in residential study for a 15 mm storm.
TP

TN

Influent Concentration (mg/L)

0.568

5.64

Effluent Concentration (mg/L)

0.137

2.63

3

15 mm Storm Volume (m )

3700

3700

3

3160

3160

Bioretention Effluent Volume (m )

3040

3040

Total Mass from 15mm Storm (kg)

2.10

20.9

Mass Removed by Bioretention (kg)

1.38

9.82

Bioretention Treatment Volume (m )
3

These calculations indicate that if bioretention gardens were installed in all suitable areas
in the residential study area (i.e. 0.53 hectares or 2.14% of the 24.7 hectare area), then
12.8mm of the 15mm storm could be collected and treated by these gardens, and 1.4 kg
of phosphorous and 9.8 kg of nitrogen could be removed from the runoff before it is
infiltrated and/or released into the environment. This is a significant removal, considering
the small area of the residential catchment relative to the total of 6600 hectares within
Guelph‟s city limits. To put these nutrient mass removals in perspective, they can be
compared to the discharge from the City of Guelph Waste Water Treatment plant, a
major contributor of nutrients in the area. When operating at treatment capacity of 73.3
MLD, the plant would have to meet effluent compliance limits ranging from 22 to 37
kg/day for TP depending on the season (CH2M HILL 2009). There is not an effluent
compliance limit for TN specifically, but the compliance limit for ammonia nitrogen is 73
to 110 kg/day.
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The calculation of nutrient load removal was based on the assumption that 100% of the
maximum treatment volume would be treated by the bioretention gardens. Ideally no
water would enter storm drains until bioretention treatment capacity was reached.
However, many factors influence how much runoff could actually be collected in the
bioretention gardens such as topography, location of existing storm drain locations,
bioretention inlet design and amount of infiltration into other areas (e.g. lawns). In order
to more accurately estimate removal of nitrogen and phosphorous for a in a specific
catchment, it would be necessary to determine how much runoff would flow into the
bioretention gardens for a specific storm.

To accomplish this, a more in depth

investigation involving field surveys and hydrologic modeling could be employed. In
addition urban runoff from the catchment of interest would ideally be characterised
through extensive sampling as runoff nutrient concentrations can vary greatly depending
on many variables such as lawn fertilization practices, amount of atmospheric deposition
and time of year.

Managing nutrient runoff from residential catchments is important as these areas
typically have the highest concentration of TP and TN in runoff (Bannerman et al. 1993;
Lee and Bang 2000). However, the site suitability investigation indicated that the
particular residential area investigated may not have much space available (i.e. 2.14% of
total area) for bioretention gardens if private property is not to be used. Encouraging
residents to incorporate stormwater management practices capable of treating stormwater
on their own property may be a very effective means of mitigating the problem of
nutrient pollution in urban runoff. Offering incentives to residents who prevent runoff
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(and the associated phosphorous and nitrogen) from leaving their property by installing
bioretention gardens or other LID practices is one method of accomplishing this. An
example of such a program is the City of Portland‟s Clean River Rewards program which
offers stormwater utility rebates to residents who manage stormwater on their property
(PBES 2011).
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10

Conclusions and Recommendations for Future Research

10.1 Summary of Findings
The key findings from the field and lab experiments are reviewed below:



A 50cm deep vegetated bioretention garden constructed using a sandy soil
as described by TRCA (i.e. 85–88% sand, 8–12% fines, 3–5% organics) is
capable of reducing concentrations of both TN and TP in urban runoff by
approximately 54 and 75%, respectively.



Dousing bioretention mesocosms with concentrated stormwater used to
simulate long term loading indicated that that TP and PO4-P removal in a
bioretention garden will decrease over time as sorption capacity is used.



In a bioretention garden with an anaerobic saturated zone and organic
carbon source, more denitrification will occur but ammonification and
nitrification may be reduced.

As a result NO3-N removal may be

increased, while total nitrogen removal may not necessarily be increased.



Phoslock and shredded newspaper have the potential to greatly decrease
drainage capability of a bioretention garden.
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A layer of Sorbtive Media beneath a top layer of sandy soil in a
bioretention garden can provide a small increase in phosphorous removal
in the short term. However, the most significant benefits of adding
Sorbtive Media may only become obvious after a number of years when
the sorption capacity of a regular sand mix would become exhausted.



In terms of total nitrogen removal, the best design was found to be a basic
sandy soil mix (with no saturated zone). This design seems to provide the
best balance of ammonification, nitrification and denitrification processes.



A bioretention amended with AL-WTRs also shows high total nitrogen
removal, however it may not provide the large improvement in TP
removal that some studies have shown.



The type of organic matter used in the soil mix may greatly influence
nutrient removal. A rapidly decomposing organic matter such as food
scraps may leach phosphorous and/or nitrogen rather than remove it. A
slower decomposing organic matter (e.g. wood based) may be more
desirable as it provides adequate organic matter to support the plant and
microbe ecosystem without leaching excess nutrients.
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All plant species used during this study (i.e. Sea Thrift, Pandora's Box
Daylily and Silver Mound Wormwood) were found to be capable of
tolerating both dry and wet periods and may be suitable for use in
bioretention gardens in Southern Ontario. During periods of prolonged
inundation, the daylilies coped better than the other plants, and seemed to
be the hardiest overall.



Anaerobic conditions created by saturation of the bioretention soil column
may cause common oxide forming metals (i.e. Fe and Mn) to be reduced
and mobilized, but may not necessarily cause the mobilization of other
metals (e.g. Pb, Cu, Zn).



The majority of PO4-P sorption to bioretention media is rapid (within
about four hours of contact).



Bromide may not be a suitable tracer for studies on bioretention gardens
due to its potentially reactive behavior in the presence of vegetation and/or
Al and Fe oxides.
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The key findings from the GIS-based site suitability investigation are reviewed below:



In urban areas where the necessary spatial data is available, the use of a
GIS-based site suitability tool was found to be an efficient method to
identify areas which meet the physical site requirements for bioretention
gardens.



The site suitability tool was applied to three study sites; a residential, a
commercial and an industrial area where the suitable areas were found to
be 2.14, 3.14 and 35.8% of total area, respectively.



Some urban areas likely would not have enough suitable space to
accommodate much more than a 15 mm storm using bioretention gardens.
However, accommodating even small to medium sized storms can greatly
improve water quality as these frequent events are the ones which deliver
the majority of pollutants.



Even in the residential study area which had the least percent of suitable
area (i.e. 2.14% of the total 24.7 hectares), it was estimated that
bioretention gardens installed in all suitable areas could potentially reduce
the nutrient loading from a 15mm storm by up to 2.10 kg of total
phosphorous and 20.9 kg of total nitrogen.
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10.2 Conclusions
Literature reviewed in this thesis indicated that bioretention gardens are promising
stormwater practices which provide reduction of influent stormwater volumes and peak
flow rates, as well as the retention of many stormwater pollutants. However, some
bioretention garden studies reported inconsistent removal of nitrogen and phosphorous.
The research presented in this thesis has focused on testing various bioretention designs
in terms of their nitrogen and phosphorous removal and investigating the extent to which
these practices may be implemented. The methodology outlined in Chapters 4 to 6 was
successful in addressing the research objectives outlined in Chapter 3.

It was found that bioretention gardens constructed using a basic sandy soil mix as
recommended in several design manuals was capable of achieving consistent removal of
both nitrogen and phosphorous. Some of the more innovative designs tested which
incorporated various soil amendments were capable of achieving even greater nitrogen or
phosphorous removal than a conventional bioretention design.

This thesis also presented a methodology for bioretention garden site selection and
demonstrated that there are opportunities for these practices to be integrated into various
types of existing urban landscapes. Initial application of this methodology to several
small urban catchments indicated that enough bioretention gardens could potentially be
implemented to manage much of the runoff and the associated nutrient loads from the
frequent small to medium storms which typically deliver a large portion of pollutant
loads.
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Although bioretention gardens show potential for reducing the problem of nitrogen and
phosphorous loads in urban runoff, they should not be considered a complete solution.
Implementing a variety of LID practices is likely necessary to achieve sustainable
stormwater management. In addition to more sustainable stormwater infrastructure,
public education and involvement in environmental protection is a critical part of
addressing water quality challenges such as eutrophication. In most urban areas it is
unlikely that LID practices will be a replacement for conventional stormwater in the near
future, however implementing bioretention gardens in even a small portion of an urban
landscape could help to reduce some of the negative impacts associated with stormwater
runoff. Incorporating well designed bioretention gardens into urban landscapes could
help to reduce nitrogen and phosphorous loads in runoff and also be a step towards
creating more liveable and sustainable cities.

10.3 Recommendations for Future Research
Investigating the specifics of organic matter in bioretention soil was not one of the
objectives of the research presented. However, the results from the mesocosm study
indicated that the type of organic matter used in the bioretention soil mix may greatly
influence phosphorous and nitrogen removal capabilities of the system. Experiments
specifically designed to investigate the type and quantity of organic matter used in the
soil mix could lead to more specific design recommendations regarding bioretention soil
mix. A soil mix containing organic matter which is sufficient to support vegetation but
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does not decompose rapidly is important for constructing bioretention gardens which can
effectively remove nutrients from stormwater.

The question of how long bioretention gardens can continue to remove nutrients is an
important one to address. To simulate long term nutrient loading during the mesocosm
study, concentrated nutrient loads were applied to the mesocosms. This approach was
taken due to the limited time available for data collection. However to fully understand
long term changes in nutrient removal capabilities over time, a study extended over
several years would be preferable. Pilot bioretention cells receiving runoff from urban
areas may be the most practical way to perform such a study, as applying large
stormwater volumes manually to bioretention mesocosms is not reasonable over such a
long time period. Knowledge of the lifespan of these practices is useful information for
determining the feasibility of their widespread implementation.

The jar test experiments presented in this thesis were used to investigate phosphorous
adsorption rates of various bioretention media. Similar jar test experiments could be used
in future research to measure other significant aspects of adsorption of phosphorous to
bioretention media. For example, adsorption isotherm tests could be used to quantify the
available sorption capacity of media and desorption tests could be used to evaluate the
tendency for a given media to desorb, or release, phosphorous after it has been sorbed.

The site selection tool presented in this thesis was relatively simple in that all areas were
considered to be either suitable or unsuitable. A more in-depth version of this tool could
incorporate a groundwater contamination risk assessment component into a site
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suitability rating for each area. Locations near certain sensitive areas (e.g. well head
protection areas) would be considered higher risk, particularly if located near properties
with potential for highly contaminated runoff (e.g. service stations, industries using toxic
chemicals, highly salted areas etc.). Incorporating these risk aspects into the site
suitability tool would allow for the identification of areas best suited (i.e. least risk) for
bioretention garden placement.

The site selection tool was used to identify only areas which met all of the TRCA‟s site
recommendations. Further work may include a sensitivity analysis of the various
placement criteria. This could allow for the identification of which criteria most limit the
total suitable area for bioretention garden placement.

In this thesis, the bioretention garden was the only Low Impact Development (LID)
practice incorporated into the GIS-based site selection methodology, however in many
cases the maximum benefit of LID is achieved when a variety of techniques are
implemented together. A site selection methodology similar to the one presented for
bioretention gardens could be developed for other LID practices (e.g. green roofs,
permeable pavement) using their respective site requirements. A natural next step would
be to link such a LID practice site selection tool to a computer model (e.g. SWMM).
Doing so could allow for the generation of LID modelling scenarios and assist in the
appropriate selection and placement of LID practices in urban catchments.
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