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Rain gardens are a form of sustainable stormwater management which detain stormwater and
facilitate its infiltration. Many studies on rain garden optimization have led to guidelines for the
creation of highly technical rain gardens (TRGs) being widely available from authorities on LID
construction. However, these requirements are often unrealistic for small-scale projects and
present barriers to their implementation. An alternative to TRGs are simple rain gardens
(SRGs) that have no underdrain and are often created in existing soils. Many municipalities
now provide guidelines for SRG design, but little research on their functioning has been
reported. This investigation measures infiltration rates, soil composition, and sizing of five case
study SRGs in Guelph, ON and assesses their performance via percentages of influent
stormwater detained, and total volumes detained annually. Analysis reveals three of the five
case studies to be performing at full capacity and positive contributions to stormwater
management from all.
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Chapter One | Introduction
OVERVIEW
Land cover changes caused by anthropogenic development projects have resulted in major
disruption of natural hydrological conditions, and the accumulation of these disruptions is
affecting the sustainability of urban areas as well as the condition of their adjacent and
downstream ecosystems (Harris & Dines 1988). Developed land tends to have more
impermeable surfaces than natural lands, which allows less infiltration of stormwater and
contributes to a significant increase in overland flow. This increase in overland flow contributes
not only to water quantity problems such as erosion, sedimentation, and flooding, but also
facilitates the flushing and accumulation of contaminants such as heavy metals and nutrients in
stormwater (Barbosa et al. 2012). In conventional stormwater management, this runoff is
conveyed quickly and directly into centralized systems such as sewers, which are often
overwhelmed by the amount of stormwater entering the system and result in overflow. In some
cities, stormwater and wastewater are combined, and overflow of these systems results not only
in flooding and erosion, but also a large amount of contaminated and untreated water entering
our water bodies (Barbosa et al. 2012). These challenges are directly related to the intensity of
land development within urban areas, but when considered in combination with the predicted
increase in intensity and frequency of rainfall events expected due to anthropogenic climate
change (AMEC 2013) these challenges become even more severe, and adaptation of our water
management strategies in urban areas becomes even more critical.

In recent years, stormwater management practitioners have adopted increasingly more
sustainable approaches to stormwater management which focus on slowing the flow of water
and decentralizing the facilities. These new practices are referred to as best management
practices (BMPs) or low impact development (LID), and focus not only on controlling water
quantity, but also quality while keeping stormwater on-site (Roy-Poirier et al. 2010). Rain
gardens are a relatively new form of sustainable stormwater management that more closely
mimics natural hydrological conditions and can be implemented at a variety of scales and in
different scenarios. Highly engineered and technical rain gardens are now used for larger scale
projects such as those with catchment areas consisting of parking lots and roadways. These
facilities have very specific requirements for sizing, construction, and filter bed media
composition due to the large quantities of water they handle and the high levels of contaminants
1

found in this stormwater (Dhalla & Zimmer 2010). Most of the research reported in the scientific
literature is focussed on the optimization and evaluation of these highly technical rain gardens.
However, recognizing the benefits rain gardens provide to urban areas and their surrounding
ecosystems, many municipalities are now providing guidelines to homeowners and landscape
professionals – working at a small, residential scale – for the creation of simpler rain gardens
that require less intensive design and construction specifications, and therefore a probable
reduced implementation cost (see Appendix A). Additionally, these simple rain gardens are
often created in existing soils which reduces the financial and environmental costs associated
with the import of off-site materials. Where appropriate, use of simple rain gardens has the
potential to remove several barriers to LID implementation (see Appendix B), but little to no
research in the peer reviewed literature has been reported on these simple rain gardens.
Therefore many questions remain about their functionality, design optimization, implementation
rates, and contributions to stormwater management.

This investigation seeks to:
1. Explore the literature on the optimization of rain garden functioning and the effect of
design elements on their performance.
2. Measure, describe and analyze the ability of simple, small-scale rain gardens (created
in existing soils) to control stormwater via investigation of five case study rain gardens in
Guelph, ON.
3. Provide examples of simple rain garden designs and modifications in order to inspire
homeowners, policy makers, and landscape professionals.
4. Suggest possible incentives for rain garden implementation, and future research areas
that would contribute significantly to our understanding of them.

RESEARCH QUESTIONS


How can stormwater quantity and quality control in rain gardens be optimized?



Do simple rain gardens, created in existing soils, demonstrate functional performance
and positive contributions to urban stormwater management?



Could simple rain gardens potentially provide a more sustainable and more easily
implementable form of rain garden for use in small-scale projects than highly engineered
ones?
2



How might we optimize the design of small-scale, simple rain gardens to create
multifunctional facilities whose contributions and motivations extend beyond their
primary functions of stormwater management?

GOALS AND OBJECTIVES
GOALS


Understand the functioning of rain gardens and optimization of their performance.



Reduce some of the barriers to rain garden implementation which were identified in a
November 2015 OALA workshop entitled Proper Construction of LID. (See Appendix B
for a full list of barriers and drivers of LID implementation identified by landscape
architecture and water engineering professionals during this workshop.)



Determine whether existing, simple, small-scale case study rain gardens in Guelph,
Ontario are functional and contributing positively to urban stormwater management.

OBJECTIVES


Review and summarize the current literature on the optimization of rain garden
functionality in order to provide landscape practitioners and policy-makers with a
thorough understanding of their functioning and the factors that affect their performance.



Provide evidence of the functioning, performance, and contributions to urban stormwater
management that are demonstrated within the five case study rain gardens investigated
in this study.



Provide examples of existing, simple rain gardens from which design of new gardens
can be inspired.



Identify elements of the case study gardens that are deficient, and provide suggestions
for their improvement.



Discuss whether simple, small-scale rain gardens provide a viable opportunity to
increase LID implementation rates, and subsequent impact on urban hydrology.

3

Chapter Two | Literature Review on Rain Garden Optimization
INTRODUCTION
Urbanized areas have a high percentage of impervious land cover such as roads, driveways,
and roofs. These impermeable areas prevent stormwater from infiltrating into the ground which
disrupts the natural hydrology of the area and leads to an increase in surface-water runoff
compared to the natural hydrological condition that preceded anthropogenic land use
modification (Bolund & Hunhammar 1999; Harris & Dines 1988). This runoff collects pollutants
along its path, decreasing the quality of the water and contributing to the spread of pollutants
into waterways (Palmer et al. 2013). Volumes of runoff aggregate as they collect in centralized
stormwater infrastructure and large quantities of stormwater are discharged into local water
bodies, which can negatively impact on both the water quality and the geomorphology of these
aquatic ecosystems (Barbosa et al. 2012). Downstream effects of increased peak volumes due
to accumulated runoff include but are not limited to: erosion, sedimentation, eutrophication,
thermal disruption, and general pollutant accumulation (Barbosa et al. 2012; Dovel et al. 2015;
Jones & Hunt 2008). An increase in stormwater runoff and decrease in water quality not only
affect the natural environment but also have implication for human health and well-being due to
the threat posed to the quality of source-water supplies, the potential for urban flooding and
property damage, the decrease in groundwater replenishment, and need to upgrade and
maintain public stormwater management infrastructure (Barbosa et al. 2012).

Conventional stormwater infrastructure such as centralized sewer systems focusses on
capturing runoff and conveying it quickly into surrounding water bodies. However, due to the
previously outlined issues with flooding, erosion, decreased water quality, and their cumulative
downstream effects it has been found that this is no longer the optimal solution. In response to
these issues associated with stormwater quality and quantity a new dogma of stormwater
management has been established, in which the emphasis is placed on controlling stormwater
on-site at the source, rather than conveying it as quickly as possible into centralized systems or
water bodies (Roy-Poirier et al. 2010). Terms and specifics for this new strategy vary between
and within regions and include: best management practices (BMPs), low impact development
(LID), water sensitive urban design (WSUDS), sustainable urban drainage systems (SUDS),
green stormwater infrastructure (GSI), innovative stormwater management (ISM), and
techniques alternatives (TA) (Barbosa et al. 2012). Many landscape professionals in Ontario,
4

Canada follow LID guidelines and BMPs are also referred to often (Dhalla & Zimmer 2010). The
first BMP stormwater control measures (SCMs) to be implemented included detention ponds
and were focused mostly on quantity control – though they did improve water quality by
facilitating the settling of suspended solids – but concerns about water quality soon gained
momentum and additional BMPs such as constructed wetlands were developed to further
improve water quality (Roy-Poirier et al. 2010). In recent decades control at the source has
been widely adopted and combined with conventional centralized systems (Barbosa et al.
2012), but stormwater quality and quantity remain prominent concerns (Gilchrist et al. 2013).
In the 1990s a new form of SCM was developed in Prince George’s County, Maryland in
response to the need for stormwater control, with specific intention of reducing the high pollutant
load that has been observed at the beginning of a rain event, which is termed the first flush
(Coffman et al. 1993 as cited by Roy-Poirier et al. 2010). This new SCM was dubbed a “rain
garden,” but this technology is now known by several names including bioretention system,
bioretention facility, bioinfiltration SCM, and bioinfiltrative treatment system, among others.

A rain garden, in its simplest form, is a planted shallow depression in the landscape into which
stormwater is directed and allowed to pool briefly before infiltrating into the sub-grade soils
(Dunnett & Clayden 2007; Kraus & Spafford 2013). Numerous site and project parameters
determine the size, structure, media composition, and other attributes required by a rain garden
to function optimally (Dhalla & Zimmer 2010), but in general there is an influent entrance into a
shallow depression which is usually encircled by a berm to maximize containment potential.
The basin of the depression contains soil media, known as the filter bed, which should provide a
fairly high rate of infiltration so as not to allow water to pool for more than 1-3 days. A typical
recommended threshold for appropriate infiltration rates is 15mm/hr (Dhalla & Zimmer 2010).
This short ponding period decreases potential problems associated with mosquito breeding, and
also allows for the filter bed to be free to receive runoff during the next rain event. The filter bed
is planted with hardy plants that can survive intermittently dry and wet periods, and often these
plants are native to the area. It is preferable that the water can eventually infiltrate into the
subgrade soils in order to recharge groundwater, but if these soils do not possess a high
enough infiltrative capacity, or if the project goals include rainwater harvesting, then an
underdrain is typically installed below the filter bed (Dunnett & Clayden 2007).
Benefits of rain gardens include controlling stormwater quality and quantity but they can also aid
in groundwater recharge, provide aesthetic appeal, require minimal maintenance, and act as a
5

conduit to environmental learning (Church 2015; Dunnet & Clayden 2007; Gilchrist et al. 2013).
Similar to the bimimicry portrayed in constructed wetlands, rain gardens are meant to mimic
natural hydrological function of terrestrial areas by utilizing ecosystem functions provided by the
plants, soil media, fungi, and other soil organisms therein (Bolund & Hunhammar 1999; RoyPoirier et al. 2010). The design of bioretention facilities is meant to “maximize all available
physical, chemical, and biological pollutant removal processes found in the soil and plant
complex of a terrestrial forested community” (Coffman et al. 1993 as cited by Roy-Poirier et al.
2010). Since their conception, extensive research has been conducted on the optimization of
the various components and functionality of bioretention facilities. This chapter will review the
various functions of bioretention systems and the factors that affect the performance of these
functions.

STORMWATER QUANTITY CONTROL
The hydraulic performance (k) of bioretention systems refers to the rate at which water infiltrates
into the filter bed media (otherwise known as the biofilter). Early studies in bioinfiltration
hydrology demonstrated that hydraulic performance of biofilters can decrease rapidly and
significantly in the early stages after implementation, but tend to level out after this initial drop.
Le Coustumer (2007) reported a drop in hydraulic conductivity of 66% after the first four weeks
of laboratory testing, with a levelling out of values after that point. The hydraulic conductivity of
a filter bed is determined mostly by the characteristics of its media composition, such as its
structural stability and pore sizes, and the dimensions of the ponding area and the filter bed.
Undersized biofilters tend to accelerate the decrease in hydraulic performance of a filter bed
and filter beds that are shallow tend to possess lower hydraulic conductivity (Le Coustumer et
al. 2007).

Dimensioning of a rain garden can be done in several ways and a consensus across regions
seems not to have been reached (Roy-Poirier et al. 2010). Some regional guidelines suggest
sizing according to a proportion of the impervious area being drained into the rain garden, while
others rely on the rational method (Harris & Dines 1988, pg. 330-23), Darcy’s Law, or using
specified modelling software (Roy-Poirier et al. 2010). The Toronto Conservation Authority
recommends using a ratio somewhere between 5:1 and 15:1 drainage area to bioinfiltration
facility area (Dhalla & Zimmer 2010), but other options for rain garden sizing include the use of
modelling software such as PCSWMM which allows for complete customization of substrate
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characteristics and has the necessary equations built in (James et al. 2011). All methods of rain
garden sizing rely on the size of the drainage area, the quantity of stormwater expected on a
regular basis, the frequency of storm events, and the infiltrative capacity of the filterbed media.
Typically rain gardens are sized to hold the quantity of water associated with specific storm
events, such as a 5 year storm, or to the rainfall depth specified by the relevant authorities.

When sized properly, rain gardens have been shown to have significant effects on the local
urban hydrological patterns. In an early field study on rain garden performance Dietz and
Clausen (2005) recorded that merely 0.8% of the total influent stormwater overflowed during the
12 month study period, which contained several frost events. This provided support for the
functioning of rain gardens as stormwater quantity regulators, even in cold conditions.

In 2006, Hunt et al. also conducted a 12 month field-scale study which reported ratios of outflow
volume to estimated inflow volume, finding that the average ratio was 0.22, with obvious
seasonal variation. The mean ratio for summer was 0.07 while the winter was 0.54,
demonstrating that most of the stormwater was retained during the summer months, but over
half was discharged during the winter. This difference in performance was likely due to a
combination of reduced evapotranspiration, and change in the physical traits of the water and
soil media. This study demonstrated favourable hydrological performance overall, but raised
questions about the functionality of bioretention facilities during the winter months in colder
climates. The current recommendation by Zimmer (2012) is that LID facilities be disconnected
over the winter months in order to prevent damage by salt and snow melt, which nullifies the
question of winter performance in these cases.

This seasonal variation in hydrological performance was also recorded by Emerson and Traver
(2008), who had been continuously monitoring the performance of two stormwater management
BMPs for over four years. They tracked hydrological activity as well as temperature for two of
those years and demonstrated a clear link between temperature and hydraulic conductivity,
explaining that this function is “not exclusively a soil property” since it also depends on the
viscosity of the permeating liquid (stormwater). It is expected that this temperature-induced
change in viscosity would result in the doubling the amount of time it takes for stormwater to
infiltrate. Emerson and Traver (2008) also identified accumulation of fine materials, rapid
hydraulic loading, compaction, and even soil disturbance via impact from rain drops as factors
that could potentially contribute to a decrease in hydraulic conductivity, but concede that there
7

are various natural processes that could contribute to the maintenance of hydraulic conductivity
as well. Examples of these include the establishment of soil biota and plant roots.

Also in 2008, Davis used two field-scale rain gardens to evaluate the effect of bioretention BMP
on urban hydrology. Outflow from the facilities was recorded for only 18% of the storms and
peak runoff volumes were reduced by 49% and 58%, demonstrating the significant impact these
rain gardens had on the surrounding urban environment. Additionally, the time it took for the
runoff volume to peak (known as the time to peak or time of concentration) was increased by
factors of 5.8 and 7.2 for the two rain gardens, which is not only statistically significant but also
important for influencing the urban hydrology. Delaying the flow of runoff into the accumulating
stormwater within centralized infrastructure reduces the peak volume by spacing out the runoff
volume temporally. This increase in stormwater retention and delayed time to peak more
closely resemble the hydrologic patterns of pre-development conditions, which was the intended
outcome and demonstrates the functionality of rain gardens in controlling the quantities of
stormwater runoff in the urban environment. As long as there are reliable rainfall and site
survey data available for proper sizing, the facility is protected from undue contamination from
fine accumulation, appropriate filter bed media are used, and necessary maintenance is
performed, then rain gardens should be able to provide a structural control of stormwater runoff.

The implications of the functionality of this tool in stormwater management can have positive
consequences downstream and be used in fields beyond urban development and municipal
infrastructure, but little research has been conducted to demonstrate those downstream effects
at a watershed scale. In 2014, Dovel et al. used SWMM modelling software to assess the
potential impact of various degrees of impermeable surfaces and rain garden implementation on
the flow volumes of a nearby stream and their effect on the survival of the river chub fish
(Nocomis micropogon). This species was chosen as an ecological indicator not only because
its nest survival is dependent on the flow conditions of the river, but also because several other
species in the river depend on their nesting sites for habitat. When the flow of the river is too
fast, or too deep, these nesting sites are destroyed. The researchers created 45 models with
varying percentages of impervious surfaces (3-80%) and rain garden implementation (0-100%),
and ran the models under both base flow and typical summer storm conditions. It was found
that the creation of 3-5% impervious area did not affect chub habitat, but by 9-10% impervious
surfaces over half of the nest locations had been destroyed. After 20% impervious cover there
were no more nests due to the increased volume of water entering the stream which would have
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otherwise infiltrated where it originally fell. Implementation of rain gardens significantly
improved nest survival - especially under lower impervious surface scenarios. However these
impacts were limited due to the scale of runoff volumes that were generated by impermeable
cover. For example, at 50% rain garden implementation only 15% of the nesting sites were
restored. It could, however, be argued that if the dimensions of the implemented rain gardens
were increased, or if water was captured from all imperious surfaces, this impact could be
greater. This study highlights not only the drastic increases in runoff volumes that are created
when permeable land cover is transitioned into impervious cover, but also the impact largescale rain garden implementation can have at a watershed-scale. Furthermore, this study
demonstrates a relatively low-cost methodology for evaluating the potential damage caused by
creating impervious surfaces and potential benefits of implementing stormwater controls such
as rain gardens to limit this damage. It also demonstrates how implementation of stormwater
controls to control runoff volumes can aid in nearby aquatic restoration efforts, thereby providing
additional incentive for funding and education involving on-site stormwater management.

STORMWATER QUALITY CONTROL
Predicting the impact of rain garden implementation on runoff volumes is fairly straightforward
and has clearly been demonstrated to have significant effects on local hydrology, but rain
gardens also have another primary function that is more difficult to optimize and predict the
outcome. Rain gardens also have the ability to significantly reduce pollutants in the urban
environment, which are often generated through anthropogenic activities and are picked up as
water runs along catchment surfaces (Barbosa et al. 2012).

POLLUTION SOURCES AND POLLUTANTS OF CONCERN
Major pollutants of concern in urban runoff include: 1total suspended solids (TSS), 2heavy
metals such as copper (Cu), lead (Pb), and zinc (Zn), 3grease, oil, and polycyclic aromatic
hydrocarbons (PAHs), 4pathogens, 5organic matter, 6nutrients such as nitrogen (N) and
phosphorus (P), and 7thermal loading (Barbosa et al. 2012; Roy- Poirier et al. 2010). Common
sources of environmental contaminants include household detergents, fertilizers, animal waste
(Palmer et al. 2013), paving sealants (DiBlasi et al. 2009), vehicle emissions, spills and wearand-tear (Davis et al. 2001a; Ward 1990 as reported in Good et al. 2012). These pollutants
build up on catchment surfaces during dry periods and are carried away during a storm event.
Because of this accumulation during dry periods, the distribution of pollutants during a storm
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event is not temporally uniform. Heavy pollutant loading at the beginning of a storm event is
termed first flush, and one of the original intended functions of rain gardens was the removal of
pollutants, especially during this initial period (Coffman et al. 1993 as cited by Roy-Poirier et al.
2010). Stormwater is considered the most important source of heavy metal pollution in aquatic
systems and significantly contributes to heavy nutrient loading which leads to eutrophication,
and accumulation of other aquatic pollutants (Barbosa et al. 2012; Roy- Poirier et al. 2010).

MECHANISMS OF REMOVAL & ASSOCIATED DIFFICULTY
Rain gardens provide several mechanisms of pollutant removal which vary in their complexity,
reversibility, and the pollutants they remediate. The removal of some pollutants has been found
to be fairly straight-forward, while others are more complex. Mechanisms involved in removing
stormwater pollutants include: settling of particles, sieving by soil medium, chemical sorption,
precipitation, plant uptake, and microbial conversion (Lucas & Greenway 2010; Komlos &
Traver 2012; Palmer et al. 2013). The complexity of the removal mechanisms in place for each
pollutant determines the removal success rate of those pollutants. In more complex pathways
these mechanisms can be reversible – meaning that bound pollutants can dissolve and become
free to move with the stormwater – and the optimization of the removal of one pollutant can
conflict with the removal of another (Palmer et al. 2013). As such, the stormwater pollutants
have been broken into two sections in this paper: those that are more easily removed by rain
gardens, and those that are more difficult and complex. Literature regarding each of the major
contaminants will be presented, followed by a section that expands on this research focussing
on the factors that affect the primary functions of bioretention systems.

POLLUTANTS WITH HIGH REMOVAL SUCCESS
The plethora of research that has been conducted on bioretention function has identified several
pollutants that have been removed from stormwater with a high degree of success. These more
successfully treated pollutants include: suspended solids, heavy metals, PAHs (Blecken et al.
2009; Hatt et al. 2007, 2008, 2009; Read et al. 2008; Palmer et al. 2013), oil and grease (Hsieh
& Davis 2005), pathogens (Rusciano & Obropta 2007 as reported in Roy-Poirier et al. 2010),
and water temperature (Davis et al. 2001b; Jones & Hunt 2008).
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HEAVY METALS
Stormwater is a significant source of heavy metal pollution (Barbosa et al. 2012) but it has been
successfully removed from runoff in most bioretention studies. Although vegetation has a
limited ability to uptake heavy metals (Muthanna et al. 2007b; Sun & Davis 2007 as reported in
Roy-Poirier et al. 2010), studies have shown high success rates of heavy metal removal using
only biofiltration media and mulch (Davis et al. 2001b, 2003; Read et al. 2008). Read et al.
(2008) investigated the ability of different plant species to remediate stormwater and found that
88-99% of Al, Cr, Cu, Pb, and Zn were removed by the unvegetated controls alone. This result
confirmed that of Hatt et al. (2007) which found >90% removal of Pb, Cu, and Zn in unvegetated
media. Glass & Bissouma (2005) (as reported in Roy-Poirier et al. 2010) found somewhat lower
heavy metal removal efficacy in bioretention systems with a catchment of parking lot land cover,
but removals were still significant for Cu (81%), Cd (66%), Zn (79%), Cr (53%), Pb (75%), Fe
(53%), Al (17%), Ar (11%). It was suggested that these lower removal efficacies were due to
lack of maintenance in this field-scale bioretention facility. The results also indicated that some
metals undergo different removal mechanisms, since removal of Al and Ar were so much lower
than the other heavy metals. Even with this decreased removal, the only metals exceeding
local drinking water guidelines were Cd, and Pb. Further removal of heavy metals could
potentially be facilitated by increasing the health of existing plant material, or establishing plant
species demonstrably capable of bioaccumulating heavy metals (Baker & Brooks 1989).

One concern about heavy metal removal by soil media is the potential for accumulation of the
metals in the media and the limited capacity of the media to hold these metals. Davis et al.
(2001b) was one of the first studies to attempt to estimate the capacity of bioinfiltration systems
to remove and hold heavy metals. They found that metal adsorption increased with pH, and
little removal was recorded for pH 4. At a neutral pH of 7 however, removal rates of >90%,
>80%, and 50-70% for Pb, Cu, and Zn, respectively, were recorded. They also found that a 2.5
cm mulch layer played a significant role in heavy metal removal, accounting for 20% of Cu, 10%
of Pb, and 34% of Zn that was added to the system. Following these results they suggested that
the use of mulch could potentially expand the capacity of bioretention systems to remove and
hold heavy metals, and that with proper maintenance this mulch layer could help extend the
lifespan of bioretention facilities. Furthermore, maintenance via mulch replacement would likely
be less disruptive to established plant material than the removal of soil media. A 2003 study by
Davis et al. confirmed the capacity of biolfilter media to remove heavy metals and the role of
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mulch in the adsorption process, recording removal percentages of nearly 100% for Cu, Pb, and
Zn. Shallower biofilter media resulted in somewhat decreased removal of heavy metals. Based
on the collected data, it was calculated that heavy metals would not accumulate to capacity in
this particular bioinfiltration facility for 15 years due to low concentrations within stormwater in
the area.

The removal of most heavy metals has been shown to be mostly unaffected by temperature.
Muthanna et al. (2007b) investigated removal of heavy metals in cold climates using outdoor
box experiments, with stormwater applications during April and August, which had average
temperatures 4.0°C to 13.2°C respectively. Percentage reduction of Zn held constant at ~90%
between April and August, while Cu reduction was significantly lowered from 40% in April to
67% in August. This difference in reduction percentage of Cu could have been due to a
significantly higher input of Cu to the system during August though. The removal of Pb did not
significantly change between temperatures. It was also found that the rate of hydraulic loading
did not correlate with changes in outflow concentrations, which indicates that bioretention
facilities should be capable of tolerating a wide range of precipitation volumes without affecting
heavy metal removal. In a second study by Muthanna et al. (2007a) the researchers tested the
capacity of bioretention systems to remove contaminants from snow collected from three
different types of roadways: residential, medium traffic, and high traffic roadways. A mass
reduction between 89 and 99% was recorded for Zn, Cu, Cd, and Pb, which further
demonstrates that capacity of bioretention facilities to function under cold conditions. Cadmium
was measured only in effluent, but Zn, Cu, and Pb were analysed from core samples from within
the bioretention media as well, in an attempt to identify the locations in which they were being
stored. The largest sink was found to be the mulch layer which contained 74% of the retained
Zn.

SUSPENDED SOLIDS
Removal of suspended solids has also been demonstrated to be effectively performed by most
bioretention facilities, though the accumulation of fine particles is a concern due to the potential
to lead to clogging of the filtration media. For this reason it is recommended that a pretreatment which allows for settling of much of the suspended solids be incorporated into
bioretention designs (Dhalla & Zimmer 2010; Hsieh et al. 2005). Effective removal of
suspended solids by bioinfiltrative media – usually reported as total suspended solids (TSS) –
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has been demonstrated in numerous studies (Hatt et al. 2007; Hsieh et al. 2005; Read et al.
2008; Roy-Poirier et al. 2010). Unfortunately, washout of sediment – referring to the movement
of unsettled soil – near the inception of a bioretention facility has also been recorded by
numerous studies, but this is commonly attributed to adjustment of the bioinfiltrative media as
the first hydraulic loads are applied and the phenomenon soon subsides (Davis 2007 as
reported in Roy-Poirier et al. 2010; Hsieh & Davis 2005). This initial wash-out has implications
regarding the early functioning of bioretention facilities, especially since particulate is a good
indicator of the presence of other undesirable effluent components such as heavy metals,
organic matter, nutrients (Roy-Poirier et al. 2010) and PAHs (DiBlasi et al. 2008).

PAHS, OIL & GREASE
Polycyclic aromatic hydrocarbons (PAHs), oil, and grease are all hydrocarbon compounds
which tend to be persistent, and pose an environmental threat. It is therefore desirable to
remove these compounds from urban stormwater through the use of bioretention systems. This
environmental persistence is also cause for concern regarding the lifespan of these systems
though, so investigation of their removal and accumulation is needed. DeBlasi et al. (2009)
investigated the removal and fate of 16 priority PAHs in a rain garden facility on the University of
Maryland campus. Naturally occurring stormwater runoff was analyzed for PAH content and
core samples of the bioretention media were taken. A PAH mass reduction of 87% was
recorded and it was found that these PAHs infiltrated only a few centimetres into the soil. The
implications of these results are that shallow biofilters should be sufficient for the removal of
PAHs from stormwater, and maintenance that involves the removal and replacement of the top
few centimetres of soil should be sufficient for their subsequent removal from the bioinfiltration
facility.

The removal of oil and grease from stormwater runoff was investigated by Hsieh & Davis
(2005). They performed column tests using 18 different soil media and found that 96% of oil
and grease were removed by all of the media tested. Oil and grease removal was also tested
using eight existing bioretention facilities, which were all found to remove 99% of the influent oil
and grease. Hong et al. (2006) (as reported by Roy-Poirier et al.2010) also investigated the oil
and grease removal capacity of rain gardens. They also found high removal percentages (83%
and 97%), but they also investigated the fate of the contaminants. Contaminants were found to
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be removed by and degraded within the mulch layer within 3-10 days, which indicates that their
accumulation within these systems should not create a maintenance issue.

DIFFICULT TO CONTROL POLLUTANTS
The removal of nutrients from stormwater runoff has proven to be more complex, difficult, and
generally less successful than the removal of suspended solids, hydrocarbons, and heavy
metals. Although nutrients do not give the immediate impression of being problematic, their
presence can pose risks to human health and cause acute and chronic environmental damage,
such as eutrophication of aquatic ecosystems (Gilchrist et al. 2013). The nutrients of particular
concern are nitrogen (N) and phosphorus (P), which are often measured and reported as total
nitrogen (TN) and total phosphorus (TP), but the situation is more complicated than that would
imply. These nutrients can be converted into different forms which have disproportionate
impacts on the environment and must be contained by different mechanisms. Often
containment of these nutrients is not permanent and they will flush out after certain conditions
are met that allow for their disassociation from soil media. Forms of nitrogen that have been
analyzed and reported include nitrate (NO3-), nitrite (NO2-), ammonia (NH3), organic nitrogen
(ON), total Kjeldahl nitrogen (TKN), and total nitrogen (TN). Forms of phosphorus that have
been analysed and reported include orthophosphate (PO43-), and total phosphorus (TP). The
different forms of these nutrients vary in their bioavailability and mobility, and therefore different
forms of the same nutrient can have very different behaviour and impacts. Inorganic forms of
these nutrients, such as nitrate and orthophosphate, are highly mobile and bioavailable - which
means they can be used immediately by algae and plants without the need for transformation
and are prone to leaching (Komlos & Traver 2012). On the other hand, organic forms of P and
N are highly immobile and degrade slowly, which limits the possibility of them leaching into the
environment and causing problems (Lucas & Greenway 2011; Palmer et al. 2013). Another
important factor to consider when determining the importance of the control of nutrient flow is
the locality in question, because different environments have different limiting nutrients. In
marine environments the limiting nutrient for algae growth tends to be nitrogen, while in
freshwater ecosystems it is phosphorus (Roy-Poirier et al. 2010). Therefore, nitrogen leaching
has larger implications in coastal areas while phosphorus leaching is of greater significance in
interior areas such as Ontario.
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NITROGEN
Early studies on bioinfiltration systems showed poor nitrogen reduction (Davis et al. 2001b;
Davis et al. 2006; Hsieh & Davis 2005) and often it was found that more nitrogen leached out of
the garden than had been input (Davis et al. 2001b; Davis et al. 2006; Hunt et al. 2006).
Nitrogen removal rates within these studies were often quite variable as well (Dietz & Clausen
2005; Hunt et al. 2006). Amongst these discouraging results there were successful reductions
of certain forms of nitrogen that were encouraging. Although nitrate, TKN, and ON were not
reduced in the rain gardens tested by Dietz & Clausen (2005), mass removal of ammonia was
84.6%. These researchers found conditions that should have been favourable for denitrification,
but the process did not seem to have occurred. Davis et al. (2006) reported a TKN removal of
55-65%, but nitrate was not reduced and instead was sometimes produced. This study also
recorded a reduction of removal rates with an increase of intensity and duration of a rain event.
Hunt et al. (2006) found nitrate reductions of 75% in one of the cells they studied, but only small
nitrate reductions were recorded for the other cell (17%), though ammonia was reduced by 86%
in the second cell, and TKN was reduced by 45%. Upon further analysis, the researchers found
that the bioinfiltration media in the cell that demonstrated the significant reduction in nitrate
contained cavities of saturated soil, which encouraged denitrification.

One factor that was suggested by Davis et al. (2001b) to affect the leaching of nitrogen from
bioretention systems, and later investigated by Hatt et al. (2007), is the drying that occurs
between rain events. Davis et al. (2001b) suggested that during the dry period, nitrification and
ammonification could be taking place within the bioretention media. The design of these
systems dictates rapid drainage which would leave the media dry, creating an aerobic
environment in which nitrification could occur. Ammonification can take place both in the
presence and absence of oxygen. This indicates that mobile forms of nitrogen could be forming
within the media between rain events (Roy-Poirier et al. 2010). In 2007 Hatt et al. investigated
the impact of the wet-dry cycle on pollutant removal and found that significantly more nitrogen
was leaching from the system after prolonged dry periods compared to wet-periods, proving
support for this hypothesis. Other pollutants such as P, heavy metals, and sediment were not
affected by the hydrologic conditions of the media. Further investigation of nitrogen detainment
will be discussed later in this paper in respect to the rain garden features that can influence its
fate.
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PHOSPHORUS
Similar to nitrogen, early studies of the performance of bioinfiltration systems also found variable
phosphorus retention (Hsieh & Davis 2005; Hunt et al. 2006), and often production (Dietz &
Clausen 2005; Hunt et al. 2006 ). The production of phosphorus was shown to be closely linked
to washout of suspended solids, and as the initial washout subsided, the amount of phosphorus
leaching decreased accordingly (Diet & Clausen 2005; Hsieh & Davis 2005). The amount of
phosphorus leaching in bioretention facilities has been found to be highly influenced by the
phosphorus content of the infiltrative media used in a facility, and this dependence has been
attributed to the phosphorus holding capacity of the media, which is dictated by the amount of
available P sorption sites (Hunt et al. 2006).

The main mechanisms for P retention in rain gardens have been identified as sorption to soil
surfaces and precipitation, which are also effected by ion exchange within the media (Komlos &
Traver 2012; Lucas & Greenway 2010; Zhang et al. 2008). Sorption of P is generally biphasic
with short-term reactions happening within a day, and long-term reactions happening over the
course of weeks (Sims & Pizerzynski 2005 as reported in Zhang et al. 2008). Some processes
of P retention are reversible while others are less so (Lucas & Greenway 2010), and P has been
known to dissolve under high moisture conditions and leach out of bioinfiltration systems (Zinger
et al 2013). Phosphorus detainment is also effected by runoff flow behaviour in infiltration
media (Hsieh & Davis 2005, 2007) since removal of phosphate depends on contact with the
media (Palmer et al. 2013). pH has also been found to affect P retention - with lower pH
favouring P sorption (Lucas & Greenway 2010) – but this effect is thought to have little real
world consequences due to the buffering capacity of most infiltration media (Davis et al. 2006).

Since retention of P in rain gardens requires physical bonding with the media, the ability of
these facilities to retain P over a long period of time is a concern. Hsieh et al. (2007a)
conducted a column study on P retention which resulted in a calculated retention capacity of
bioretention facilities of merely five years. However, in a long-term study of an existing
bioretention facility Komlos & Traver (2012) found that after nine years orthophosphate was
distributed mostly in the top 10 cm of soil and they calculated the orthophosphate sorption
capacity to last over 20 years. Further discussion of P retention can found under subsequent
sections of this paper including: media additives, media layering, and the inclusion of a
submerged anoxic zone.
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FACTORS EFFECTING RAIN GARDEN FUNCTION
POLLUTANT CONTROL & HYDRAULIC CONDUCTIVITY

SYSTEM STRUCTURE: PRESENCE OF AN UNDERDRAIN
On sites where the subsoil infiltration rate is too low an underdrain may need to be installed in
order to reduce prolonged soil saturation (Gilchrist et al. 2013). Thresholds values of hydraulic
conductivity (k) will depend on hydrology and precipitation patterns for the area where the
facility is to be installed, but the Toronto / Credit Valley Conservation Authority in Ontario,
Canada recommends an underdrain be installed when subsoil infiltration is <15 mm/hr. An
impermeable lining may be installed at the bottom of the rain garden if no infiltration is possible
or desired, or some infiltration can be allowed by leaving out the impermeable liner and
installing an underdrain as well (Dhalla & Zimmer 2010). In most cases an underdrain will
empty into nearby water bodies or directly into stormwater infrastructure, therefore receiving no
further treatment to ensure optimal water quality (Gilchrist et al. 2013). Underdrains may also be
used when rain harvesting is a major project objective (Zinger et al. 2013).

A major problem with the inclusion of underdrains in bioinfiltration facilities is that water quality
of effluent tends to be not much improved (Dietz & Clausen 2005). This reduction in pollutant
removal can be attributed to the higher infiltration rates allowed by this egress, as well as the
faster drying of the retention media after a storm event which allows for increased aerobic
nitrification (Hatt et al. 2007). To prevent excessive nitrification between rain events a
submerged anoxic zone (SAZ) can be included by raising the underdrain to allow a zone of
saturated soil to form. More information about SAZs is available under a subsequent section.

When a bioinfiltrative design includes an underdrain it has also been shown that media
composition is an extremely important consideration. Media composed of large percentages of
compost or other organic matter tend to leach more nutrients (Palmer et al. 2013), which
exacerbates the reduction in pollutant removal seen in systems with underdrains. Media with
minimal phosphorus content and those containing organic forms of nitrogen and phosphorus are
recommended (Palmer et al. 2013).
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HYDRAULIC LOADING
As discussed earlier under the stormwater quantity control section, one way excessive hydraulic
loading impacts rain garden performance by reducing the hydraulic conductivity of the media
due to expansion via saturation (Le Coustumer et al. 2007). If the hydraulic loading is too high
the bioinfiltration system is considered undersized and is at increased risk of overflow.
Excessive hydraulic loading also leads to an increase in ponding depth, which can increase
compaction of the media and further reduce hydraulic conductivity.

Another aspect influenced by hydraulic loading is the nutrient retention of bioretention facilities.
Gilchrist et al (2013) reported this to be the second most influential factor affecting mass loss of
nitrogen. Removal of phosphate is also affected by hydraulic loading due to its need for contact
with media in order for sorption to occur. Preferential flow paths are often created when
excessive loading occurs, which limits phosphate contact with media and therefore reduces
removal potential.

AGE AND ESTABLISHMENT STATUS
Since some media washout has been recorded during the initial stages of rain garden
implementation, the age and establishment status of a facility will likely impact the pollutant
loading of effluent. Palmer et al. (2013) recorded an initial export of total P, and Hsieh et al.
(2005) reported an initial export of total suspended solids and P, but these trends seem to level
out after hydraulic flow patterns have been established and media has settled. Palmer et al.
(2013) found that after 200 L - which represented roughly 3 months of stormwater input in that
area – leaching of P was significantly diminished.

Initial hydraulic conductivity has also been report to decrease during the early stages of rain
garden implementation (Le Coustumer et al. 2007; Palmer et al. 2013). Since little to no
compaction takes place during construction, initial hydraulic loads apply pressure and induce
some compaction, as well as provide a mechanism for settlement of substrate. The time it
takes for this initial decrease to level off would depend on the hydraulic loading, precipitation
patterns, and structural stability of the media used. Most of the engineering literature assumes
a decrease in infiltration rates will occur over time; however the agricultural literature
demonstrates that infiltration rates can increase over time if the soil if left undisturbed and
allowed to stratify and aggregate (Franzluebbers 2002).
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The age of a bioretention facility can also be expected to impact its performance due to:
possible accumulation of fines clogging the filtration media (Emerson & Traver 2008), sorption
of nutrient to media surfaces (Hsieh et al. 2007a), and accumulation of heavy metals and other
pollutants (Read et al. 2008) in the filter bed media in general. All of these possible changes in
bioretention performance can be influenced by maintenance regimes and will be addressed
more thoroughly later in this review under the heading Longevity of Bioretention Facilities.

PRESENCE OF MULCH
Most rain garden guidelines instruct the use of a layer of mulch on top of the bioinfiltration
media. This mulch performs several important functions, including protection of vegetation from
desiccation between storm events (Hsieh & Davis 2005; Palmer et al. 2013), aiding in the even
diffusion of water across the rain garden’s surface (Good et al. 2012), and prevention of
compaction and clogging of the filterbed media due to impact from raindrops (Krauss & Spafford
2013). Having a layer of mulch over the media has also been shown to reduce the
accumulation of fines by trapping suspended solids before they can enter the filtration media
(Hsieh & Davis 2005), and has also been reported to trap much of heavy metals (Davis et al.
2001, 2003; Read et al. 2008), and oil and grease (Hong et al. 2006 as reported by Roy-Poirier
et al.2010). The sum of all of these functions provides a means of extending the life of a
bioretention facility as well as providing a relatively easy form of maintenance, by way of
removal and replacement as needed. Typically finely shredded bark mulch is recommended in
order to prevent it from washing away because larger pieces tend to float and will spill over
during overflow events (Krauss & Spafford 2013). A subsequent section on media amendments
will discuss the role of incorporating mulch in the infiltration bed itself.

BIORETENTION MEDIA
MEDIA COMPOSITION
Many studies have investigated the optimal composition of filter bed media, but
recommendations vary between regional guidelines. Most recent studies have used infiltration
media with a high percentage of sand (Bratieres et al. 2008; Gilchrist et al. 2013; Palmer et al.
2013), which allows for high rates of infiltration and low water holding capacity (Gilchrist et al.
2013) so that filterbed media will quickly be ready to accept stormwater from subsequent rain
events. One aspect of infiltration media that should be considered is its structural stability (Le
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Coustumer et al. 2007) which can affect hydraulic conductivity and the formation of preferential
flow pathways. Le Coustumer et al. (2007) found that the use of vermiculite to the media
mixture seemed to maintain the structural stability of the media.

Bratieres et al. (2008) recommends that use of a sandy loam with no more than 10% compost,
due to the nutrient leaching potential of the compost. Gilchrist et al. (2013) used a very high
percentage of sand (90%) and attempted to compensate for the significantly low water holding
capacity by introducing 10% peat moss to the mix in order to prevent desiccation of plant
matter. The peat moss was found to leach phosphate and was not recommended for further
use. Palmer et al. (2013) used a mixture containing 60% sand and 15 % compost, but also
included specially designed soil additives for nutrient removal – which will be discussed further
under the Soil Additives section.

Overall it is recommended that the soil media have a low phosphorus content in order to allow
for higher P-holding capacity and prevent P leaching. When using composts, leaf compost has
been recommended over animal waste composts due to their reduced phosphorus content
(Bratieres et al. 2008). Phosphorus content becomes less important in rain gardens without
underdrains because there is no effluent exported directly from the facility without receiving
further treatment. However, high phosphorus-content materials should still be avoided in order
to minimize potential movement of P during overflow events.

MEDIA DEPTH
Depth of the media portion of the filter bed can impact nutrient removal success by regulating
the residence time of the infiltrated stormwater, and therefore the time available for chemical
reactions and plant uptake to take place. An increase in soil depth has been shown to correlate
with an increase in nutrient removal (Davis et al. 2001), but there are real-world limitations of
media depth based on native soil depths, location of water tables and bedrock, and monetary
considerations. In a 2005 study Hsieh & Davis recommended a 10-30cm soil layer, combined
with 55-75cm of filtration-focussed media such as aggregate. Local Ontario conservation
authorities currently recommend 1-1.25m deep filtration media such as aggregate, but report
that pollution removal can effectively be achieved with a 0.5m filtration layer (Dhalla & Zimmer
2010).
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MEDIA LAYERING
Most design guidelines currently recommend a rain garden design consisting of a thin mulch
layer, over a sandy soil media-based filtration bed (also known as the filter bed), over a coarse
material storage area; with additional recommendations that a choker coarse of smaller
aggregate be used between the filter bed and the large aggregate storage area in order to
prevent fine materials from accumulating in the storage area (Dhalla & Zimmer 2010). This
design limits construction costs due to its simplicity but may not be the optimal layering option
(Hsieh & Davis 2005). In an investigation of bioretention media optimization Hsieh & Davis
(2005) found that a highly permeable layer of media on top of a finer soil layer with low
permeability was more successful at removing nutrient pollutants. Hsieh et al. (2007b) followed
up their study further by investigating the effect of media layering on nutrient removal. In order
to create anoxic conditions within the filter bed that would favour denitrification, they created
layers of high and low permeability soil media in order to vary the drainage conditions between
rain events. Although nitrate was leached in both soil layering set-ups, they found an increase
in ammonia removal in the column with the high permeability layer above the low permeability
layer, as opposed to the opposite set-up. This reflects the observations of Hsieh & Davis (2005)
and suggests that varying the drainage properties of the infiltration bed could be a potential
strategy for reducing nutrient outflow from bioretention facilities. See figure 2.1 for a
generalized depiction of soil layering.

Figure 2.1 | Media Layering. This diagram depicts a generalized version of typical media layering versus layering from Hsieh &
Davis (2005) and Hsieh et al. (2007). The cross-hatched areas represent low-permeability media such as soil, while the areas
filled with ovals represent high permeability media such as aggregate.

21

INCLUSION OF A SUBMERGED ANOXIC ZONE
One strategy that has been developed and shown to be capable of drastically improving the
nitrogen removal ability of bioretention systems is the creation of a submerged anoxic zone
(SAZ) (Zinger et al. 2007), otherwise known as a subsurface saturated zone (SZ) (Gilchrist et al.
2013), and a saturated zone (Palmer et al. 2013). Having a zone that remains saturated - and
therefore anoxic - allows a space for the anaerobic bacteria to perform the denitrification
process necessary for prevention of bioavailable nitrogen exportation from the bioretention
system (Kramer et al. 2006). This zone was generally created by raising the underdrain outlet
to allow water to pool below it. The inclusion of an SAZ in a bioinfiltration system without an
underdrain would be unnecessary.

Zinger et al. (2007) investigated the impacts of the inclusion of SAZs of different depths and
determined that a SAZ depth of 150mm was most effective; with 96% of ammonia being
removed compared to 83% for an SAZ of 600mm. This study also evaluated the inclusion of a
carbon source (wood chips) in the SAZ that functioned as an electron donor in order to facilitate
denitrification. It was found that the inclusion of a carbon source contributed significantly to the
facilitation of the denitrification process within the SAZ, with an average of >90% with the
carbon source and only 50% without.

Gilchrist et al. (2013) also investigated the inclusion of an anoxic zone in the containment of
nitrogen in a bioretention system and found reductions of 75% of nitrite and nitrate in systems
including the SZ, but this reduction was offset by the creation of a large amount of ammonia and
so the effect of the SZ was not found to be statistically significant. The researchers believed
this was contributable to what they called noise data. This study also included shredded bark
as a carbon source but found no effect from its inclusion. The researchers postulated that this
may be because the material was not decomposed or spread out enough.

Palmer et al. (2013) also investigated the impact of the inclusion of a saturated zone and found
reductions of 71% of nitrate in the systems including a saturated zone, compared to a 33% in
those without. However, the researchers also measured orthophosphate in effluent and found
that systems without a saturated zone reduce less orthophosphate than those that did (67% and
80% respectively). This presented a trade-off situation between the reduction of nitrogen in
effluent and the reduction of phosphorus. Without the denitrification process performed by
anaerobic bacteria nitrogen is unlikely to be permanently held in the bioretention system
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(Gilchrist et al. 2013) but with the inclusion of a saturated zone phosphorus retention was
diminished.

MEDIA ADDITIVES
In order to facilitate the removal of phosphorus from stormwater effluent many researchers have
investigated the impact of including various material additives to biofiltration media. These
additive materials would provide additional surfaces for phosphorus to adhere to and were
desired to be readily available, inexpensive, and environmentally friendly. Not all of these
additions were found to be successful. For example, Ericksen et al. (2007) (as reported by
Lucas & Greenway 2010) tested the addition of steel wool, calcite, and blast furnace slag to
columns and found that the use of 2% steel wool stimulated the washout of considerable
quantities of phosphorus and iron.

Lucas & Greenway (2010) assessed the addition of three additives which they chose based on
their availability and chemical properties favouring P sorption. Aluminum-based water treatment
residuals (WTRs) have a structure that provides 24 times the surface area available for
phosphorus to bond with than average particles. They are the by-product of municipal water
treatment of pollutants (which includes the treatment of orthophosphate) and therefore are
cheap, environmentally-friendly, likely to succeed, and readily available in many areas. WTRs
performed extremely well, removing >99% of the influent orthophosphate and were expected to
continue performing for almost 50 years. Red Mud – a by-product of refining aluminum – was
also tested but found unsuitable due to large amounts of initial leaching. Palmer et al. (2013)
also investigated the use of WTRs in bioinfiltration filters but included a media containing
compost to see if the WTRs would still work. Results were promising, but the researchers
concluded that more work needed to be done on the subject because phosphorus was still
exported from the compost. In comparison to the Lucas & Greenway (2010) investigation which
included WTRs at 30%, this study included only 10% WTRs and was also conducted using a
less established system.

Zhang et al. (2008) investigated the impact of the inclusion of fly ash, peat moss, limestone, and
two expanded shales in bioretention systems. Fly ash on its own is highly impermeable so it
was mixed into the media at 5% inclusion rate. Fly ash is a by-product of burning solid fuels
such as coal so it is inexpensive and readily available, though the supporting of such energy
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production industries will likely be falling out of favour in the near future. Expanded shales are
manufactured porous materials that are often used in constructed wetlands, but they come with
a higher price tag. It was found that the Class C fly ash and the shale from Marquette, Kansas
were effective at permanently binding phosphate in order to remove it from influent stormwater.
The inclusion of fly ash at 5% removed 85% of the phosphorus mass, while the Marquette shale
only removed 40% of phosphorus mass. Peat moss was found to be a source of phosphate.
The lifespan of the effectiveness of the fly ash was calculated to be 12 – 34 years, depending
on the catchment parameters, and the Marquette shale was suggested as a possible
replacement for riprap around drains. Concern was expressed over the possibility of the fly ash
leaching metals due to a previous study that had found such an occurrence, so more research
on the subject is necessary.

PRESENCE OF PLANT MATERIAL
Another factor affecting the functioning of bioretention systems is the presence of plant material.
Overall it has been shown that plant material has little effect on the removal of suspended solids
or heavy metals, which is likely due to the fact that their physiological demand for metal
generally only requires trace amounts (Read et al. 2008, 2009). Although several species of
plants are known to be useful for phytoremediation due to their ability to bioaccumulate heavy
metals (Baker & Brooks 1989), the contribution of plants to the functioning of bioretention
facilities reported in the engineering literature instead refers more to their ability to uptake
nutrients, influence hydraulic conductivity, and encourage the establishment of healthy soil
biota.

The presence of established plant material has been shown to contribute significantly to the
removal of nitrogen and phosphorus in several bioretention studies (Lucas & Greenway 2010;
Read et al. 2008, 2009), while studies that report insignificant nutrient removal contributions
usually have not allowed a long enough establishment period before testing (Palmer et al.
2013). The ability of plants to contribute to nutrient removal is not uniform among species and
has been shown to be affected by several physiological traits, as well as natural history. For
example, Read et al. (2008) demonstrated root mass to be negatively correlated to nutrient
removal, but the variation in this trait only explained 20-37% of the variance. Other variables
such as root architecture, root length, mycorrhizal associations, growth rate, and biomass
distribution can influence the impact vegetation has on nutrient removal. Lucas & Greenway
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(2010) have also asserted that plants affect nutrient removal by “extending the sorption
capacity” of the soil media. Because of the variability among species in nutrient uptake and
physiological traits it has been suggested that using mixtures of species might maximize the
impact as well as provide a diverse plant palette for aesthetic appeal (Read et al 2008). This
also more closely mimics the diverse composition of the naturally occurring ecosystems that
rain gardens were meant to emulate. For projects with high influent pollutant levels, specialized
plants that are able to hyperaccumulate metals or nutrients may be desired (Baker and Brooks
1989, as reported in Read et al. 2009).

Vegetation also plays an important role in the hydraulic functioning of a rain garden.
Bioinfiltration systems containing dense vegetation have been shown to possess higher
infiltration rates than those with sparse or no vegetation (Le Coustumer et al. 2007). Root
growth and decay creates macropores within the bioinfiltration media which can help reduce the
risk of clogging (Emerson & Traver 2008; Hatt et al. 2009; Le Coustumer et al. 2007), but could
possibly lead to the creation of preferential flow paths which could be detrimental to nutrient
removal by reducing contact time with the soil (Gilchrist et al. 2013). Exudates from plant roots
are also known to stimulate soil aggregation (Czarnes et al. 2000), which has been linked to
increase infiltration rates (Franzluebbers 2002). Although plants can aid in the maintenance of
hydraulic conductivity they are also in danger of desiccation between rain events; so plants that
can stand the repeated wet-dry cycles should be chosen (Read et al. 2009), and desiccation
should be reduced with a layer of mulch (Hsieh & Davis 2005; Palmer et al. 2013).

LONGEVITY AND MAINTENANCE
The lifespan of a bioretention facility depends on the design and maintenance of the features
that compose it (Dhalla & Zimmer 2010) as well as proper construction methodology and
protection. Clogging of the filtration media is of great concern amongst landscape professionals
and can be one of the largest impairments caused by improper construction (Zimmer 2012).
Proper maintenance to prevent clogging includes protection during local construction, moving
the system offline during the winter months by blocking the inflow entrances (Zimmer 2012), and
including a pre-treatment area for settlement of solids (Dhalla & Zimmer 2010; Hsieh & Davis
2005). Clogging can also be prevented by avoiding compaction, establishing healthy plant
material (Emerson & Traver 2008; Hatt et al. 2009; Le Coustumer et al. 2007; Read et al. 2008),
and maintaining a layer of mulch to prevent suspended solids from infiltrating the filter bed
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(Hsieh & Davis 2005). Although clogging remains a concern, reported observations of an
existing bioretention facility displayed no evidence of this phenomenon affecting hydraulic
performance (Emerson & Traver 2008).

Maintenance of a thin mulch layer will also reduce the risk of heavy metal accumulation in the
bioretention system by preventing their entrance into the filter bed (Davis et al. 2001b) and
allowing for easy removal and replacement. Heavy metal accumulation can also be prevented
through the use of specialized hyperaccumulating plants and the regular harvesting of their
biomass (Davis et al. 2001b; Roy-Poirier et al. 2010). Prevention of heavy metal accumulation
will ensure that the capacity of the bioretention facility will not be exceeded and will therefore
continue to function. If heavy metal loading of runoff is high in the catchment area regular
removal and replacement of mulch would be beneficial.

The longevity of the phosphorus removal capability of bioretention facilities has been shown to
be extended by including vegetation in the filter bed (Read et al. 2008), so it can be assumed
that the maintenance of healthy plant material will aid in the extension of the phosphorus
sorption capacity. Although Hsieh et al. (2007) calculated the functional phosphorus retention
lifespan of a bioinfiltration facility to be only five years due to the limited availability of sorption
sites, a study of long-term orthophosphate removal by Komlos & Traver (2012) showed no
reduction in orthophosphate removal after nine years of operation of a bioretention facility. The
inclusion of media additives such as fly ash or water treatment residuals (WTRs) have been
shown to extend this timeline extensively. Zhang et al. (2008) calculated that the inclusion of
5% fly ash in their media would extend that phosphorus removal lifespan to 12-34 years,
depending on the catchment qualities, and Lucas & Greenway (2010) applied nearly five
decades’ worth of stormwater loads to a bioretention cell containing 30% WTRs and found that
phosphorus was still retained efficiently. More long-term in situ studies of rain gardens are
needed to better understand and assess longevity.
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CONCLUSION
The ability of bioretention facilities to cope with the pressures of urban runoff from rain events
will be dictated by local hydrological conditions that include but are not limited to hydraulic
loading, existing soil compositions, proportion and positioning of impermeable areas, and
contaminant types and amounts. Additionally, the presence of design features such as pretreatment areas and media additives, as well as the protection and maintenance a facility
receives will also affect its performance and longevity. Research on the performance and
impact of design features should continue in order to further optimize, legitimize, and promote
the use of bioretention facilities. Design guidelines for bioretention facilities should be updated
on a regular basis to incorporate new research and design features. For this reason a graphic
summary of the features of a fully maximized bioretention facility has been provided in Figure
2.2, in order to enhance communication of the role of these features to design professionals.
Additionally, a summary of the major pollutants of concern, their sources, the associated
difficulty involved with removing them, and the features that aid in their removal has been
provided in Table 2.1.
Table 2.1 | Summary of Pollutants of Concern. This table summarizes the pollutants of concern which were identified through
this literature review as well as their sources, the difficulty associated with controlling them, and the design features that aid in
their control. Further details can be found in the body of the literature review.
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Chapter Three | Methods
RESEARCH DESIGN OVERVIEW
This study combines exploration of the literature with descriptive analyses of five case study rain
gardens in order to address the research questions provided in Chapter One. The question of
how to optimize the functioning of rain gardens was answered through an exploration and
synthesis of academic, grey, and trade literature. The question of whether simple rain gardens
created in existing soil demonstrate functional performance and contribute positively to urban
stormwater management was addressed by investigating five case study rain gardens in
Guelph, ON. The third and fourth research questions are addressed through discussion in
Chapter Five.

CASE STUDY SELECTION
The search for simple, case study rain gardens was driven by a desire to evaluate their
performance and provide examples of existing, simple rain gardens which could later be
referred to by landscape professionals interested in their design and implementation. A small
list of potential case study rain gardens was acquired through personal contacts as well as
connections through the Healthy Landscapes Program of the City of Guelph. Due to the
availability of contacts and the presence of the Healthy Landscapes program – which
recommends simple rain garden implementation and provides information to homeowners on
their proper construction – the researcher decided to limit case study selection to facilities within
Guelph, Ontario. Additionally, simple Guelph rain gardens were chosen to be the focus due to
affiliations with REEP Green Solutions and their current joint effort with the Healthy Landscapes
to bring Kitchener, Ontario’s RAIN program to Guelph. RAIN is a stormwater education
program that promotes LID and advices residents and developers to “Slow it down. Soak it up.
Keep it clean” (RAIN 2016). In order for rain gardens to be considered for adoption as case
studies they had to be constructed in a simple fashion that closely resembles the method
recommended by the Healthy Landscapes Program, with no underdrain present. Case study
rain gardens were also all created in existing soils. Case studies of variable designs and
locations were chosen in order to maximize the variety of examples provided, but all gardens
were fed from roof catchment areas.
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SITE ANALYSIS AND DATA COLLECTION
SOIL SAMPLING, AUGURING, AND SOIL ANALYSIS
Preliminary inspection of top soil was done on-site via ribbon-testing, but the primary method of
soil analysis was hydrometric testing of soil samples - which consists of shaking a soil sample in
a container of water and allowing it to settle into layers. Soil samples were collected from the
basins of each of the rain gardens using a shovel; following instructions provided by Fery &
Murphy (2013). The researcher dug down up to 30cm, staying within the A & B horizons. Any
variation in sampling depth was due to variation of the depths of these A and B horizons. Soil
from these pits was transferred onto a clean tarp, where it was mixed thoroughly until the
mixture was homogenized. Care was taken not to pulverize soil aggregates during this process
so that visual analysis of soil aggregation could be conducted at a later time. Soil aggregation is
the forming of clumps of soil which occurs due to biological activity in the soil and has been
associated with increased infiltration rates. Due to time constraints associated with soil
analysis, only one soil sample was taken per rain garden. Whenever possible, soil was
sampled from the same place that infiltration rates were measured. The purpose of taking and
analyzing soil samples was to be able to comment on how their textural composition, layering,
and aggregation might be affecting infiltration rates within the gardens. Samples were placed in
sandwich-sized Ziploc bags, labeled, and stored in a cool, dry place with the bags left open until
further analysis occurred.

Soil auguring was also done within the basin of each of the rain gardens, in a location adjacent
to the topsoil samples, but which had been left undisturbed during the previous sampling
process. Augur samples were taken to a depth of 90cm and any distinct layers were noted,
measured, and soil samples were collected from them for further textural and visual analysis.
This was done in order to increase the researcher’s understanding of the site’s soil profile and
how that may be affecting stormwater infiltration. Soil samples were taken from the limited soil
that was extruded via auguring due to concern for keeping the gardens intact and undisturbed.

All soil samples collected from the case study gardens were later analysed by the researcher
using hydrometric analysis (Ashworth et al. 2001) as well as preliminary visual analysis which
included: an assessment of soil aggregation, a textural touch test, the colour of the soil sample,
and the presence of roots or mulch. These multiple factors were recorded in order to better
represent each of the soil samples. After the preliminary analysis of a soil sample was
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complete, the sample was pulverized using a rolling pin in a plastic container until all of the
aggregated particles had been broken down. The sample was then mixed thoroughly before
one inch of soil was added to a clean, eight ounce mason jar. Tap water was then added until
the jar was full to one inch from the point at which the jar curves inwards near the top. A lid was
tightly attached and the jar was shaken by hand for five minutes. After this point the jar was left
on a counter until all particulate had settled to the bottom, where sand settled first, followed by
silt, and then clay – which took about 48 hours to settle completely. Once all the particulate had
settled, the depth of each layer was measured and calculated as a percentage of the total
composition. Using the results of the soil testing, each soil was classified using USDA Soil
Texture Triangle (Harris & Dines 1998) and reported as a soil type.

MEASURING INFILTRATION RATES
Infiltration rates were measured using a constant-head double-ring infiltrometer test as
described in ASTM International 2013. This method of measurement was chosen in order to
have the results be directly comparable to work done by the nearby Credit Valley Conservation
Authority (CVC), which uses the same technique for measuring infiltration. Having a constant
ponding depth within the rings for the duration of testing eliminates variation in hydraulic
loading. A double-ring infiltration test is capable of obtaining more precise measures of
infiltration rates than a single ring test because the presence of the annular area – contained by
the outer ring – eliminates the variable of laterally water movement from the inner ring into the
surrounding soil. For this reason the values provided by the inner ring are considered the most
accurate and will be the data used to calculate the infiltration rates reported.

To use the double-ring infiltrometer, the researcher chose a place within the basin of each rain
garden which contained limited plant material (which could interfere with the test), and was large
enough to accommodate the rings. Once a location was chosen, the outer ring was inserted
into the soil least four inches, but up to a depth of six inches; so that it was deep enough to
avoid water leaking during testing. This was accomplished by using a two-by-four board that
was laid across the top of the ring. With one foot holding one end down, a sledge hammer was
used to drive the opposite side of the ring into the ground. This process was repeated in a circle
until the ring was firmly in the soil. The inner ring was then inserted into the middle of the outer
ring and this process was repeated. During the insertion of these rings, care had to be taken
not to hit the rings too hard – in order to avoid fracturing the soil. Once both rings were in place
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and the researcher noted no concerns about the condition of the surrounding soil, a waterproof
marker was used to mark a line three inches from the soil surface on the inside of each ring.
This was used as a marker of the water depth that needed to be maintained during the testing.
A new mark had to be measured each time a ring was placed in the ground because the rings
were not always inserted at the same depth, depending on the on soil conditions.

Testing consisted of filling up each of the rings to the three inch mark on the inside of each, and
maintaining this water depth throughout the testing. This is referred to as constant-head, and
controlled for the force of the weight of the water pushing down into the soil because this could
affect infiltration rates. Depending on the initial rate at which the water was infiltrating, a time
interval for measurements was chosen. As a default, if the water seemed to be infiltrating
quickly a five minute interval was chosen, but gardens with perceivably slower infiltration had
longer interval periods. This was due to shorter periods with less water being added per interval
being imprecise since measurements would be in fractions of regular measures. A 1000 mL
liquid measuring cup was used to fill the rings and two buckets full of water were kept close by
in order to fill the measuring cups. In order to reduce the effect of disturbance of the soil, a
sponge was placed inside the rings and water was added onto the sponge in order to dissipate
the kinetic energy introduced through the pouring process. A tally of how many 1000 mL
measures were added per time interval was recorded in a notebook and all data was later
transferred to an electronic spreadsheet. The process of infiltration measuring took a minimum
of two hours 45 minutes because it took a while for initial infiltration rates to slow down (after the
soil was saturated) and then for the infiltration rates to level out and become constant. Figure
3.1 shows a photograph of the infiltration testing set-up.
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Figure 3.2 | Infiltration Testing in the Waterworks Rain Garden. A photographic depiction of the process of double-ring
infiltration testing in progress for the Waterworks Rain Garden. The inner and outer rings are filled with three inches of water,
and buckets of water wait nearby for further use. A sponge can be seen within the inner ring onto which water is poured to avoid
disturbance to the filterbed soil.

Infiltration rates were calculated using Excel spreadsheet software input with the following
calculation:
Infiltration Rate (I) = depth of water infiltrated per hour
I = VADDED PER HOUR / A RING
Infiltration rates were calculated using values from the inner ring after a levelling out of
infiltration could be perceived within the data; indicating that saturation had been reached. The
area of the inner ring was 0.07065m2 and the diameter was 0.3m. All testing was conducted
with a constant head of 7.62cm (3 inches). Although these tests are fairly precise, the aim was
to obtain an approximate infiltration rate for each garden, because specific values would
fluctuate depending on location of the testing and the water being held in the soil from previous
rain events. See Appendix C for raw data from infiltration testing.

DIMENSIONING THE RAIN GARDENS
Wherever possible, direct measurements of site features were taken by the researchers using a
26 foot measuring tape. Where on-site measurements were not possible or were suspected to
be inaccurate, measurements were taken using Google Maps and the City of Guelph’s
interactive online GIS maps. Measurements taken on-site include the rain garden depth, length,
and width, whereas measurements taken using online resources were mainly used to cross33

check previous measurements and measure areas such as roofs which were not accessible to
the researcher. The shape of some of the gardens was more complex than a simple length and
width measurements. For these gardens, photographs were taken, the shape was sketched,
and extra dimensions were recorded, to the extent that the researcher was able to use software
to reconstruct the shape and dimensions of these gardens using Adobe Illustrator post-hoc.
From these reconstructed garden shapes the areas of these more complex gardens were
calculated. Calculated volumes of basins are not exact representations of these case study rain
gardens, due to variation of depth and slope in the case study gardens, but are accurate
enough to represent a valuable approximation to evaluate.

DETERMINATION OF PORE SPACE IN PEA GRAVEL
One case study was filled with pea gravel, which would limit the space within the basin that was
available for water storage to the pore space between the aggregate. Pore space was
determined by adding one cup of water to one cup of recently washed aggregate and measuring
the water which overflowed. The inverse of the overflow amount represented the volume pore
space. Pore space within the aggregate was determined to be 0.50.

RECORDING PLANT MATERIAL INFORMATION
As a matter of general interest and so the data would be available to use in future studies, plant
lists were recorded for each of the case study gardens. These data were not used in the
analysis of this study but are reported in Appendix D. Since the soil conditions within the basin
of a rain garden would be distinctly different from the surrounding mounded garden space in
terms of water availability and wet-dry cycle extremes, plant species from each garden were
recorded as being either in the basin or outside in the mounded garden space where applicable.

34

CASE STUDY PRESENTATION, RESULTS, AND ANALYSIS
OVERVIEW
Case studies will be presented and evaluated both as separate gardens and as summary data.
Collected data, calculations, and analysis will be reported as a single chapter and further
interpretation, explanation, and discussion will take place in the subsequent discussion chapter.
This investigation’s approach to case study analysis was based on the lessons learned during
the research and compilation of information for the literature review on rain garden optimization.
For each of the case studies graphics will be provided in order to fully communicate the overall
design, sizing, and important features of each rain garden. Graphics include a site plan, a
perspective view, a section through the rain garden, and photographs of the site, anomalous
data, or methods as needed. Calculations of area and volume will also be presented in the
graphics of each case study. Data reported for each garden will include soil composition and
classification, infiltration rates, calculated interpretations of the appropriateness of rain garden
sizing, and total volumes of stormwater detained annually.

EVALUATING STORMWATER MANAGEMENT FUNCTIONALITY

ASSESSMENT OF STORMWATER QUALITY CONTROL
After the literature review was complete it became obvious to the researcher that these simple
rain gardens would not present large concerns about water quality due to their lack of an
underdrain feature from which water could exit the garden without further filtration. Additionally,
influent stormwater in these rain gardens originates in catchment areas of rooftops – which are
routinely promoted for providing a better source for irrigation of gardens within the City of
Guelph than tap water, due to the expense and minerals present in the ground water. For these
reasons, the quality of the stormwater entering the case study rain gardens was determined to
be a non-issue within these particular simple rain gardens. Water quality concerns in these rain
gardens are raised when the amount of influent stormwater exceeds the containment capacity
of the rain gardens and the excess water overflows. This is an expected occurrence in a minor
stormwater system such as rain gardens, but should be addressed with design features that
limit the sediment, woodchips, and other organic matter that exits the gardens when they
overflow. Therefore, it will be these overflow design considerations that will be the focus of the
critique of water quality concerns within these case study facilities. Gardens expected to

35

contain 100% of their influent stormwater at storm return periods of >100 years are not
expected to cause water quality concerns.

ASSESSMENT OF RAIN GARDEN SIZING APPROPRIATENESS
Dimensions of existing rain gardens were used to calculate detainment volumes (basin
volumes) and to create an accurate graphical representation of each of the case study gardens.
Inflow stormwater volumes were calculated for two storm levels: a 25mm storm (not associated
with a duration), and a 24-hour 5-year storm. The first storm level was chosen because only
2.4% of days with rain in Guelph, ON have rain events that precipitate rain depths greater than
or equal to 25mm, so designing for a 25mm storm should be sufficient for most rain events. The
second storm level of 24-hours on a 5-year return period was chosen because the City of
Guelph’s stormwater management plan states that the city requires minor stormwater systems
to be designed to a 5-year return period (AMEC 2013). A 24-hour 5-year storm in Guelph, ON
precipitates 63.6mm of rain over 24 hours. Additional rainfall data for the Guelph area can be
found in Appendix E.

The inflow volumes were calculated by multiplying the rain depth with the total catchment area,
which includes the area of the roof and the area of the rain garden itself. Inflow volumes were
compared to containment volumes in order to determine whether gardens had been sized
appropriately. These are reported for both storm levels as: 1) the depth of rain it would take to
fill the rain garden, 2) the percentage of influent stormwater detained, and 3) what storm level
the depth to fill translates into when referring to Guelph rain data, and 4) total volumes of
stormwater detained annually. The calculations used to determine the reported data are as
follows:
For the 25mm rain event, not associated with a duration
Depth to fill

= Volume of basin / (Area of catchment + Area of rain garden basin)

% detained

= (Depth to fill / 0.025m) x 100%

For the 63.6mm, 24-hour, 5-year rain event
Depth to fill

= (Volume of basin + Volume infiltrated in 24 hr)
(Area of catchment + Area of rain garden basin)
= [Vbasin + (Area of RG x infiltration rate in meters x 24 hrs)] / (ACATCH + ARG)

% detained

= (Depth to fill / 0.0636m) x 100%
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ASSESSMENT OF SOIL COMPOSITION APPROPRIATENESS
Assessment of soil texture composition appropriateness was done on a qualitative basis with
the results of the literature review and recommendations by Dhalla & Zimmer (2010) in mind.
Soils consisting of a large portion of sand and little clay were considered ideal (ie. sandy loam),
soils with a mix of silt and sand were considered passably appropriate (ie. silty loam), and soils
composed of a large amount of clay were considered the least appropriate (ie. silty clay loam).
Assessment of these compositions is communicated graphically via colour in Figure 4.2 as well
as reference within the text. Green represents the most appropriate soil, followed by yellow,
orange, and red.

DESIGN OF RAIN GARDEN EXTENSIONS
After a quantitative evaluation of garden sizing was complete, the researcher designed any
extensions necessary to contain the stormwater volumes experienced. This was done in order
to demonstrate possible retrofit solutions and included consideration of site parameters beyond
stormwater volumes and infiltration potential. Additional volume needed was based off of the
percentage of stormwater contained in the existing garden. For example, if the rain garden was
able to contain 50% of the stormwater as it exists now, the volume of that rain garden would be
multiplied by two in order to find a volume that would contain all of the stormwater. From there,
dimensioning was based upon consideration of the infiltration rates, surface soil composition,
and sub-soil composition. For example, a garden with a slower infiltration rate and a higher
composition percentage of silts and clay was kept to a minimal depth due to prolonged waterholding and limited infiltration capacity of filter bed soils. Therefore, any extension of these
gardens would need to be done by extending the area occupied. Extensions needed to contain
all of the stormwater were done for both storm sizes when neither contained 100% of influent,
and are reported as dimension values as well as graphically by being added into a drawing of
the existing conditions. Details of these proposed rain garden extensions also take into
consideration the principles of sustainable design (Thompson & Sorvig 2008) and human use
(Marcus & Francis 1997). Features relating to these principles are incorporated into the
proposed extension design and are called out and described as needed.
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Chapter Four | Results and Analysis
CASE STUDIES OVERVIEW
This investigation examines five simple rain gardens in Guelph, ON as case studies. Each of
these case study gardens will be presented individually, followed by a summary of the overall
results. Presentation of case studies will consist of communicating their design, sizing, and site
properties such as soil composition, infiltration rates, features of sustainable design, and areas
of concern. Some of the case studies are located on private land while others are on public
land. In order to protect the privacy of the homeowners who volunteered their gardens for
examination, the exact locations of private gardens are not reported. [Figure 4.1] depicts the
approximate locations of each of the case study gardens within Guelph, ON.

Figure 4.1 | Map of Case Study Garden Locations. A depiction of the approximate locations of the five case study simple rain
gardens in Guelph, Ontario. Exact locations are purposefully kept vague in order to maintain the privacy of homeowners who
volunteered gardens located on private property.
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CASE STUDY #1: VICTORIA NORTH RAIN GARDEN
LOCATION OF RAIN GARDEN
The Victoria North case study rain garden is located in the northern part of Guelph on private
property. It consists of a regular front garden that extends 3m (10 feet) from the house
foundation before transitioning into a simple rain garden, which is incorporated into the front of
the regular garden. As can be seen in Figure 4.2, this transition between regular garden and
rain garden is not readily apparent and therefore does not necessarily change the overall
aesthetic of the site.

DESCRIPTION OF DESIGN AND SIZING
This rain garden was installed as a modification to an existing garden and began with the
homeowner digging a trench from the downspout at the side of the house, through the existing
garden to the rain garden location, 3m from the house. The rain garden was dug into existing
soil to a depth of 9cm. After digging was complete a downspout extension was installed and
buried in the newly dug trench, emptying into the new rain garden basin. The rain garden
occupies approximately 3.30m2 of area, and can contain 0.297m3 of stormwater. The
catchment area was determined to be 23.2m2 from the roof plus an additional 3.30m2 for the
rain garden area, for a total of 26.5m2. Plants appropriate for rain gardens were then installed
and a thin layer of mulch was added, though little mulch was present at the time of inspection by
the researcher. Visual inspection of plant health revealed no areas of concern. This garden
had been installed and functioning for four years at the time of this study. [Figure 4.3] shows
the plan view of this rain garden in respect to the rest of the property as well as a cross section
through the rain garden and the shape, sizing, and area and volume calculations for the rain
garden.
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Figure 4.2 | Photograph of Victoria North Rain Garden. Not all rain gardens are noticeably different than regular gardens.
Here the imperceptible transition of the regular front garden into the rain garden can be seen. Due to the lateness of the season,
the aesthetics and health of the plant material cannot be adequately assessed through this photo.

Figure 4.3 | Plan View, Cross Section, and Size Calculations of Victoria North Rain Garden.
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WATER IN THE RAIN GARDEN
Entrance of water into the rain garden is done directly via the buried downspout and is not
visible without close inspection. Similarly, the basin of the rain garden itself is not visible unless
it is filled with water. There are no design features present at the water entrance location which
would reduce erosion, however no signs of erosion at this location were observed during site
inspections and testing. There was also no specific design feature present to abate the
movement of mulch and suspended solids when the garden overflows during major rain events,
but the lawn directly in front of the garden is quite flat and water tends to pool over the sides of
the garden and into the lawn as opposed to running off down the driveway to the street.
Therefore, the lawn space in front of the rain garden acts to slow and infiltrate some of the
runoff, and much of the rest is likely to be captured in the boulevard garden before reaching the
street. Because the lawn acts to slow and break up the flow of the overflow most of the
suspended solids and mulch are likely to settle out before the overflow reaches the sidewalk.
Therefore, there is little concern about water quality issues during overflow events in this rain
garden, though further overflow design features could be added to ensure water quality is
preserved.

SOIL ANALYSIS
Analysis of the top 30 cm of soil in this rain garden showed it to be composed of 40.7% sand,
7.4% silt, and 51.9% clay. Using the textural triangle (Harris & Dines 1988, pg. 810-5), these
proportions indicate the existing topsoil is classified as a clay soil, which is not generally
considered suitable for use in rain gardens due to its limited ability to infiltrate water and its
prolonged retention of water. In concurrence with this result, visual inspection and ribbontesting of the soil conducted on-site showed it to be quite sticky and to readily cling together to
form ribbons. However, visual inspection of the dried soil sample - before being pulverized for
hydrometric analysis - showed high amounts of aggregation of soil particles, a rich dark brown
colour, and presence of many roots. This indicates a high level of soil health, soil biota, and
large amounts of organic matter. Aggregation of soil has also been linked to increased
infiltration rates in the agricultural literature (Franzluebbers 2002), and therefore might affect the
plausibility of using clay soils in rain gardens. Subsoils in Victoria North rain garden consisted
of 22% clay, 14% sand, and 64% silt and are classified as a silty clay loam, which is not very
permeable and would contribute to the retention of water at the surface rather than infiltration.
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STORMWATER INFILTRATION
Infiltration testing via double-ring infiltrometer was attempted on two occasions in this garden,
but a reliable measurement of infiltration was not obtained via these methods. This was due to
technical difficulties arising from soil properties and the state of established plant material. A
discussion of these circumstances can be found in the next chapter. As a substitute for
infiltration testing via double-ring infiltrometer, the researcher observed and photographed the
garden during a major rain event - which filled the rain garden - then returned 22 hours later and
found that the garden was completely drained [Figure 4.4]. This demonstrates that 9 cm of
water was infiltrated (or evaporated) in 22 hours or less. Using these values the infiltration rate
was calculated to be 4mm/hr. Although the local Credit Valley Conservation Authority
recommends an infiltration rate of at least 15mm/hr for rain garden filtration beds (Dhalla &
Zimmer 2010), Essex Region Conservation Authority states that infiltration within 24 hours is
acceptable, and the Rain Garden Handbook for Western Washington (Hinman 2013, pg 17)
considers infiltration rates between 6.35mm/hr and 2.54mm/hr acceptable, but not ideal. Based
on the aforementioned information the infiltration capacity of Victoria North rain garden was
determined to be acceptable, although not ideal.

Figure 4.4 | Before and After Rain Event Photos of Victoria North Rain Garden. From the time stamps it can be seen that
the Victoria North Rain Garden drained within 22 hours of being full of stormwater. This was used to calculate an infiltration rate,
due to technical difficulties that led to the double-ring infiltrometer test not working properly. The calculated infiltration rate
should be considered conservative due to the rain continuing after the first photo was taken and the garden being completely
drained by the time the second photo was taken. A discussion of the issues encountered in measuring infiltration in this garden
can be found in the next chapter.

APPROPRIATENESS OF SIZING
Using results from infiltration testing and area and volume calculations, the appropriateness of
rain garden sizing was assessed for two storm levels, as discussed in the Chapter 3 | Methods.
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The depth of rain needed to fill this rain garden under a 25mm storm with no consideration of
duration was calculated to be 10mm. This equates to only a 6-minute 2-year storm, and would
detain 45% of the stormwater influent. For a 24-hour 5-year storm of 63.6mm, this garden
would only detain 36% of the influent water, although it would take 20mm to fill it; equating to a
12.5-minute, 5-year storm. This reduction in functionality is due to the garden’s low infiltration
rate and will be discussed further in the next chapter.

PROPOSED RAIN GARDEN ADDITION
Since this rain garden is only sized to fit 36 - 45% of its influent stormwater, an addition to this
garden is proposed. The proposed shape of the rain garden addition avoids expansion under
the dripline of the existing tree, leaves a low point in the lawn to collect any stormwater overflow,
and keeps within the naturalistic, organic aesthetic of the existing rain garden. An extension of
the regular garden beds which connects the front house garden bed with the small driveway
corner bed will eliminate the need to maintain grass in this area, increase continuity of the
landscape, and provide a mounded garden area which will enhance infiltration by allowing for
increase lateral movement of water into the berm, as well as increase containment of the
stormwater and prevent its movement onto the driveway. An alternative addition using the
boulevard area is also proposed in order to demonstrate a different approach to the extension of
the rain garden and give options to the homeowner. Since the soils in the area of the proposed
addition are expected to be similar to those in the existing rain garden, it is not recommended to
dig the rain garden any deeper, since it will take a long time for water to infiltrate and for the soil
to dry. Because of these conditions it would be best to amend soils heavily with a plant-based
compost, plant garden beds thickly in order to increase interception of rain and transpiration of
plants, and use plants that are hardy under wet-dry conditions and have deep roots for use
during dry periods. During drought years more mulch could be added to prevent desiccation,
but under regular conditions a only a thin layer of mulch should be present on a rain garden with
such a high clay content. See Figure 4.5 for a depiction of the proposed rain garden extension.
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Figure 4.5 | Proposed Victoria North Rain Garden Addition. Since the Victoria North Rain Garden was found to only be
capable of handling 36 - 45% of its influent stormwater, an addition to the existing garden has been proposed. This addition is
approximately three times the size of the original rain garden. Because the existing soils are unsuitable for rain garden creation
due to their high clay content and slow infiltration rate, it is not advised that the depth of this garden be increased. Amending
with compost and maybe some sand or aggregate within the filterbed might increase the infiltration rate of this garden which
would allow more options for re-design.

CASE STUDY #2: GRANGE AREA RAIN GARDEN
LOCATION OF RAIN GARDEN
The Grange Area case study rain garden [Figure 4.6] is located in the north eastern part of
Guelph on private property. The garden is not only located in the front yard, but is actually part
of a garden which comprises the entirety of the front yard. For the purposes of the study the
portion of the yard which is considered the rain garden consists only of the basin portion of the
garden, but in reality the entire yard is one large rain garden. The rain garden begins 2.14m
from the house and stormwater runs down the length of the rain garden, away from the house.
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Figure 4.6 | Perspective of Grange Area Rain Garden. This graphic shows the catchment area, direction of slope, and
dimensions and placement of the rain garden within the yard. Note that the entire front yard is a garden which is quenched by
the stormwater, and that this yard differs from the neighbouring properties.

DESCRIPTION OF DESIGN AND SIZING
The front yard garden in its entirety is 4m wide by 8.5m long, but the dimensions of the rain
garden basin are 0.6m wide, 8.15m long, and 0.1m deep. With these dimensions the rain
garden was determined to have an area of 4.89m2 and volume of 0.489m3. The rain garden
resembles a miniature river and meanders back and forth while moving down the length of the
yard, avoiding disturbance to soil within the drip-line of the street tree. The garden was created
by digging into existing soil and is topped with an inch of shredded mulch. Plants used within
the garden are appropriate and all appear healthy. There are elements of design within the
garden such as repetition of plants to create rhythm, and at least one species of food-producing
plant is present. Figure 4.7 depicts the dimensions, shape, and depth of the garden.
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Figure 4.7 | Grange Plan View and Cross Section. This figure depicts the basic design, dimensions, relative position of
elements, and garden depth. The entrance of the downspout is shown near the foundation plantings in front of the porch, and
river rock can be seen at its opening which is used to avoid erosion by influent stormwater.

WATER IN THE RAIN GARDEN
Water enters the rain garden directly from the downspout, which has been extended from the
side of the house and hidden behind foundation plantings until it turns to empty into the rain
garden. At the opening to the downspout a small section of the basin has been lined with river
rocks in order to prevent erosion and break-up and slow the flow of water into the garden.
There are no overflow design features that could be identified. The surrounding garden is
relatively flat so overflow would likely occur as a swelling over the banks into the rest of the
garden. However, the researcher suspects that eventually overflow might flow out of the rain
garden near the influent entrance, as well as at the end nearest the sidewalk, due to those
points being slightly lower than the rest of the garden. Once water starts overflowing in certain
spots it is likely to erode channels which would facilitate the faster release of more water from
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the garden. One possible amendment to the garden could be including thick plantings in these
two areas where overflow is likely to occur in order to break up the flow of water, hold the soil in
place during overflow, and provide a physical barrier that would help keep mulch and soil in the
garden. For additional soil stabilization and particulate settlement, an aggregate such as pea
gravel could be added at the base of these plantings.

SOIL ANALYSIS
The top 30cm of soil in this rain garden consist of 50% sand and 50%silt and therefore are
classified as silty loam. Soil organic content was not analyzed, but it was observed that the soil
had a uniform dark brown colour, and contained many small roots and mulch, which generally
indicate high organic content. Medium-high rates of soil aggregation were observed and
aggregates tended to be small and plentiful. Subsoils in the Grange Area garden were a mix of
dark brown and light brown soils that were quick to crumble and gritty. Analysis showed they
were composed of 44.4% sand and 55.6% silt; classifying them as a silty loam.

STORMWATER INFILTRATION
Double-ring infiltration testing determined the infiltration rate of this rain garden to be 20mm/hr,
which is above the 15mm/hr threshold suggested by Dhalla & Zimmer (2010).

APPROPRIATENESS OF SIZING
As before, the sizing of this rain garden was assessed under two different storm-levels. For the
25mm storm of no particular duration the rainfall depth needed to fill this rain garden was
determined to be 10mm, which equates to a 2-year storm lasting around 7 minutes. This would
result in the detention of 45% of influent stormwater and conversely in the overflow of 55% of
stormwater. However, when considering a 5-year storm of a 24-hour duration, infiltration rates
begin to significantly affect the performance of this rain garden. For a 5-year, 24-hour storm it
would take 70mm of rain to fill the garden, but at that storm-level only 63.6mm of rain would
have fallen. Therefore this garden would detain 100% of the stormwater from a 5-year, 24-hour,
and has the capacity to handle a 25-year, 6-hour storm.
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CASE STUDY #3: WATERWORKS RAIN GARDEN
LOCATION OF RAIN GARDEN
The Waterworks rain garden [Figure 4.8] is located near the centre of Guelph on a site close to
the Eramosa River. The rain garden is on municipal property directly in front of the new office
portable at 29 Waterworks Place, Guelph, ON. The garden was created during June of 2015 as
a Healthy Landscapes project in which the researcher took part.

Figure 4.8 | Photographs of the Waterworks Rain Garden. Left: frontal view of the Waterworks Rain Garden in early
September 2015. This photo captures most of the length of the rain garden. Right: view down the length of the Waterworks
Rain Garden, which shows the large amount of impermeable paving in the surrounding area.

DESCRIPTION OF DESIGN AND SIZING
The size and shape of the Waterworks rain garden is very pragmatic, due to the limited space
available for this retrofit installation. The rain garden is incorporated into an at-grade garden
bed that extends around three sides of the building, and is planted with a combination of shrubs
and perennials. Prior to the rain garden installation the three sides of the building were
surrounded by lawn. Both the regular and rain garden beds were created in the existing soils
and topped with shredded pine bark mulch. The rain garden was then planted with locallygrown native rain garden plants that are pollinator-friendly. The rain garden is 7.5m long, 1m
wide, and 0.17m deep. It collects stormwater from half of the roof of the adjacent building, with
a catchment totaling 111.2m2 when the area of the garden itself is included with the roof area in
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the calculation. The front of the rain garden is the existing curb. See [Figure 4.9] for a plan
view, and sections through this rain garden.

Figure 4.9 | Waterworks Rain Garden Plan View and Cross Sections. Cross sections are taken from the areas indicated,
and notable features are called out.

WATER IN THE RAIN GARDEN
Water enters the Waterworks rain garden via a pair of downspouts, which are slightly off-center
in the garden. Gravel aggregate – which was found on site – was added at the base of the
downspouts to dissipate kinetic energy from the falling water and prevent erosion of the filter
bed. Larger rocks – which were also found on-site – were used around the perimeter of this
gravel area to increase aesthetic appeal. There are no overflow mechanisms that would help
control water quality exiting the garden during major storm events, but overflow is not expected
and there are some small gaps in the joints of the curbs where the water would likely be
released before overflow occurred.

SOIL ANALYSIS
Analysis of the top 30cm of soil in the Waterworks rain garden found a sand content of 63%, silt
content of 30%, and clay content of 7%. This composition classifies the soil as a sandy loam,
which is optimal for use in a rain garden filterbed. The colour of the soil was a very dark brown
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and there were lots of small roots throughout the sample, indicating a high organic content.
Aggregation of this soil was high and the aggregates were quite friable. The subsoils in the
Waterworks rain garden were comprised of 52% sand, 7.5% silt, and 40.5% clay, classifying
them as a sandy clay. This soil was also a dark brown colour, but displayed little aggregation of
the soil particles. This composition of the subsoil would likely limit the infiltration rates at this
site due to their higher clay content, but are still moderately appropriate for a rain garden
filterbed due to the high sand content.

STORMWATER INFILTRATION
The infiltration rate of this rain garden was calculated to be 510mm/hr, which is very high and
exceeds the minimum requirement of 15mm/hr by 495mm/hr. This result was surprising
because the rate was so high, but the researcher found no evidence of any malfunctioning
during the double-ring infiltrometer testing. Procedures taken for this included checking for
leaks, making sure the soil was not compacted and separated from the infiltrometer rings, and
watching for any signs of water movement between the rings. For further discussion of what
could go wrong during infiltration testing, please refer to the discussion chapter. In concurrence
with this high infiltration rate, the soil composition was found to be optimal for a rain garden filter
bed, and evidence of healthy soil biota were ubiquitous in the soil sample.

APPRORIATENESS OF SIZING
Evaluation of the appropriateness of sizing of this rain garden highlights the importance of
taking infiltration rates into account when designing a rain garden. For a 25mm event with no
consideration of duration or infiltration the depth of rain needed to fill this rain garden was
determined to be 11.5mm. This equates to a 7-minutes, 5-year storm, and would result in the
detention of only 46% of the influent stormwater. However, when duration and infiltration are
taken into account, as is the case with the evaluation of a 63.6mm deep 24-hour, 5-year storm,
the depth needed to fill the rain garden was 84mm. This depth of rain represents a rain event
which would occur at a return period of over 100 years, and the garden would detain 100% of
the influent stormwater. This result highlights the importance of measuring infiltration rates and
taking them into account when designing a rain garden. Figure 4.10 depicts a perspective view
of the Waterworks rain garden which highlights the roof catchment area, rain garden area, and
also displays calculations, and theoretical sizing of the rain garden under the two different storm
levels if infiltration was not taken into account.
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Figure 4.10 | Waterworks Rain Garden Sizing Via Perspective View. This figure depicts the Waterworks Rain Garden in a
perspective view; highlighting the roof catchment area, area of the garden, calculations and explanation of size evaluation, and
theoretical sizing for two different rain events if infiltration was not taken into account.
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INTRODUCTION TO CASE STUDIES #4 AND #5:
THE FIRST BAPTIST CHURCH DEMONSTRATION RAIN GARDENS
The last two case study rain gardens are both located on the same property and were designed
and installed simultaneously with the intention of being a demonstration project that could show
homeowners what rain gardens can do and what they can look like. This project is a
collaboration of the RAIN program from Kitchener, ON and the Healthy Landscapes program of
the City of Guelph. The rain gardens were voluntarily designed by Kevin Post of Beyond the
Post landscape architecture design firm, and were installed by Quiet Nature. Jeff Thompson of
Native Plant Source was responsible for extending the downspouts from the church’s roof and
burying them underground until the point where they emptied directly into the rain gardens. The
gardens are located in front of First Baptist Church in Guelph, ON and are designed to be
reflections of the same shape but illustrate two different approaches to rain garden design. The
north garden is a typical simple rain garden consisting of a planted depression in full sun, while
the south garden is more of an infiltration gallery – a depression filled with aggregate where
water is held until it infiltrates soils – surrounded by a mounded garden bed which is mostly
shaded. The basin of the south garden is deep compared to the other case study gardens but
is filled with pea gravel and acts as a water storage facility. Pea gravel was chosen over larger
aggregate due to concerns about vandalism since the church windows are nearby. The
researcher was also involved in the planning and implementation of this project, and infiltration
rates were measured both before and after installation of the rain gardens. [Figure 4.11]
displays both a perspective image of the two gardens, and a plan view describing the catchment
area, influent entrances, and relative positions of the gardens. A copy of Kevin Post’ design and
planting plan for these gardens is available as Appendix F.
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Figure 4.11 | Overview of Baptist Rain Gardens Site and Catchment Area. Top: A plan view depiction of the First Baptist
Church demonstration rain gardens, highlighting the catchment areas, influent stormwater paths, and relative positions of the rain
gardens. Bottom: A perspective view of First Baptist Church and the relative positioning of the two demonstration rain gardens.
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CASE STUDY #4: BAPTIST SOUTH RAIN GARDEN
DESCRIPTION OF DESIGN AND SIZING
The South and North Baptist Rain Gardens are the same size and shape when including the
mounded garden that surrounds the rain garden basin, but the basins themselves are shaped,
sized, and created differently. For the purposes of this study reference to rain garden size
refers to the size of the rain garden basin and does not include the surrounding mounded
garden area. The south garden has two entrances for influent stormwater which flow through
shallow channels into a deeper central basin. All of the areas defined within the basin are filled
with pea gravel, but the depth to which they are filled differs throughout the basin. [Figure 4.12]
shows both a plan view and cross section of the Baptist South rain garden which focuses on the
basin dimensions and relative depth of the pea gravel. Total area of the rain garden was
determined to be 6.18m2. Variation of depth within the rain garden combined with the space
taken up by the pea gravel fill complicate the volume calculation of this garden compared the
other case studies. Pore space within the pea gravel which is available for water storage is
50% of the volume of the pea gravel itself. Although the surrounding garden is mounded
around the rain garden basin, the grade of the sidewalk adjacent the garden limits the
containment potential of the rain garden. Calculation of the rain garden volume is displayed in
[Figure 4.12]. The volume available for stormwater storage in this rain garden is 5.66m3. The
catchment area for this garden includes half of the south roof of the church plus the south tower
as well as the area of the basin and totals 190m2 [Figure 4.11].

WATER IN THE RAIN GARDEN
Stormwater from the south tower enters the rain garden from the downspout nearest the center
of the building, and stormwater from the rest of the roof enters through the alternate entrance.
The pea gravel layer extends to both the entrances of the stormwater, limiting the erosion
potential of influent stormwater. Additionally, a few larger rocks are placed at these entrances
to further break up the flow of water. No overflow mechanisms are in place to ensure minimal
water quality concerns during major rain events, but the hope was that the rain gardens would
be large enough to handle most storms. During a major storm event overflow would be most
likely to occur at the limiting grade where the rain garden meets the church sidewalk, and over
the front banks of the garden towards the street, because that is the lowest point in the garden
and from there the lawn slopes towards the street.
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Figure 4.12 | Plan and Section Views of Baptist South Rain Garden. Dimensions and calculations of area and volume are
also displayed, as well as entrance points of influent stormwater. The dotted hatch represents areas filled with pea gravel.

SOIL ANALYSIS
Analysis of the top 30 cm of soil at the Baptist South rain garden indicated a composition of
76.2% sand and 23.8% silt; classifying it as a loamy sand. Small aggregates of soil particles
were ubiquitous throughout the soil sample and these held together well under pressure. The
subsoils in this garden were sampled from the base of the basin after it was excavated but
before it was filled with pea gravel. This sample was taken in a smaller quantity than the rest of
the soil samples and was not mixed thoroughly before being sampled. The reason for this was
that a change in sampling procedure that occurred after the basin had been filled with pea
gravel, making it impossible to get another soil sample without disturbing the rain garden
significantly. However, the soil at the bottom of the basin appeared homogenous so the
researcher is fairly confident that the sample is an accurate representation of the subsoils in this
garden. The subsoil sample was composed of 65.2% sand, 26.1% silt, and 8.7% clay;
classifying it as a sandy loam.
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STORMWATER INFILTRATION
Infiltration rates for the Baptist South and Baptist North Rain Gardens were measured both
before and after installation. The pre-installation testing occurred on the lawn above where the
rain garden would later be created, and was calculated to be 340mm/hr. Pre-installation
infiltration testing of the two Baptist rain gardens occurred simultaneously with help from a
research assistant. Post-installation testing was done at the bottom of the rain garden basin
before it was filled with pea gravel. This test was done at a depth of 0.91m below grade, while
the rest of the infiltration testing was conducted at a depth closer to 0.2m below grade. Despite
being composed of appropriate soil component percentages, the post-installation infiltration rate
was calculated to be only 20mm/hr. This value is still acceptable for a rain garden but cannot
be directly compared to the infiltration rates of other rain gardens, which were conducted closer
to the soil surface in the A and B soil horizons. The infiltration rate of the pea gravel media was
not tested because infiltration would be practically instantaneous under those conditions until
the pore space available in the basin filled completely with water.

APPRORIATENESS OF SIZING
The depth of rain required to fill this rain garden under conditions of an instantaneous 25mm
rain event was calculated to be 10mm. This equates to a 7-minute, 5-year storm and would
detain 45% of the influent stormwater. Taking the infiltration rate into account, the depth of rain
needed to fill this garden over a 24 hour period would be 30mm. This would detain 43% of
influent stormwater and equate to around 28 minutes of rain at a 5-year return interval. Under
either scenario this garden is not capable of detaining 100% of the influent stormwater directed
into it. For this reason resizing and overflow features should be added to ensure maximum
detainment and water quality.

PROPOSED RAIN GARDEN ADDITION
Since this rain garden was not capable of detaining 100% of the stormwater conveyed into it the
researcher has proposed an amendment to the design. There were a lot of constraints to
consider when designing an addition to this garden, of which the primary concern was
aesthetics and keeping the existing shape of the garden because it is reflected in its partner
garden, the Baptist North Rain Garden. If this garden were considered on its own some options
for amending the design could be adding an overflow area at the front in the middle of main
basin which would be lined with pea gravel and emptying out into either the existing lawn, or an
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expanded dry river bed area. Alternatively all of the aggregate could be removed from the basin
and the basin could be planted with rain garden plants to facilitate transpiration; however the
issue of safety is of concern when having such a deep pit in a public area. Additionally, the
Baptist Rain Gardens were designed to show two different ways of creating rain gardens, so
changing Baptist South to a planted depression would negate the difference between the two
gardens and limit the options provided to the public. In the end, the researcher decided to
maintain the aesthetics of the garden by merely expanding the extent, and the depth of the
central basin and incorporating larger aggregate under the pea gravel to provide increased pore
space. Adding a lawn swale in front of this garden could help control overflow by directing it
towards an appropriate location, such as the catch basin in the parking lot. Figure 4.13 shows
the proposed design changes for the Baptist South rain garden.

Figure 4.13 | Proposed Change to Baptist South Rain Garden. Since this garden was not capable of detaining all of the
stormwater directed into it, additional water storage space had to be made. The proposed design includes expanding the extent
of the central basin and increasing the depth of the central basin, as well as changing the below-surface aggregate to be larger,
with larger pore spaces to allow more space for water storage.
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CASE STUDY #5: BAPTIST NORTH RAIN GARDEN
DESCRIPTION OF DESIGN AND SIZING
The total size and shape of the Baptist North Rain Garden reflects that of its southern
counterpart when considering the mounded garden space around the basin, but for the
purposes of this study the rain garden will be considered the basin portion of this garden only.
This rain garden was designed as a typical simple rain garden which is a planted depression in
the earth. Existing soils were used for the filterbed as well as being mounded into the
surrounding garden and the whole thing is covered in approximately three inches of shredded
pine bark mulch. The depth of the basin is not uniform across the garden and is deeper towards
the far end. As in the Baptist South Rain Garden, the limiting grade of the Baptist North Rain
Garden was that of the adjacent sidewalk, rather than the mounded garden surrounding the
basin. Figure 4.14 shows a photograph of the Baptist North Rain Garden taken immediately
after installation, and Figure 4.15 shows a plan view and section through this rain garden, as
well as the calculation performed to determine its area and volume. The total area of the rain
garden is 8.84m2 and the volume of water that can be detained within it is 1.26m3. The
catchment area draining into this garden can be seen in Figure 4.11 and is 149m2.

Figure 4.14 | Photograph of Baptist North Rain Garden. This photo of Baptist North Rain Garden was taken immediately
after installation on October 20th, 2015.
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WATER IN THE RAIN GARDEN
Stormwater enters the garden directly via a buried downspout extension which empties into the
garden at the sidewalk edge. A few large rocks are placed near the entrance point in order to
break up the flow and slow the influent stormwater; however the researcher observed some
erosion of the mulch layer near the water entrance. Erosion of soil in this area was not
observed. This is likely due to the newspaper layer that was placed in between the soil and the
mulch layers to act as a replacement for landscape fabric. Although the prevention of erosion of
the soil media was beneficial, the aesthetic of the newspaper showing where the mulch had
been washed away was not optimal. No overflow features were identified in this rain garden
and overflow is likely to occur near the entrance of the water at the sidewalk, since it is the
lowest point in the area surrounding the basin. Due to the infiltration capacity described below,
lack of an overflow feature in this garden is not expected to be an issue, even during major
storm events.

Figure 4.15 | Plan and Cross Section Views of Baptist North Rain Garden. Dimensions are shown and calculations of area
and volume are also displayed.
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SOIL ANALYSIS
Hydrometric analysis of the top 18cm of soil in the Baptist North Rain Garden indicated a
composition of 53.3% sand, 17.8% silt, and 28.9% clay, which classifies it as a sandy clay loam.
Auguring was done to a depth of 90cm and unlike in any of the other gardens this garden
revealed five distinct layers of subsoil, all of which were collected and analyzed. A photograph
of these distinct soil layers can be seen in [Figure 4.16]. In the interest of brevity, a breakdown
of the subsoil composition and classification is presented in [Table 4.1], but they generally
consisted of loams and silt.

Figure 4.16 | Soil Layers of Baptist North Rain Garden. Six distinct soil layers were found within the top 90cm of the Baptist
North Rain Garden. The layer on the far left of the photo is the top soil and the layer on the far right is the bottom of the 90cm
deep sample. The reason for this layering is unknown, as no construction had taken place in this spot in recent memory.

Table 4.1 | Soil Layers of Baptist North Rain Garden. This table presents the depth of six distinct soil layers found when
sampling by augur in the Baptist North Rain Garden. Results of soil texture composition analyses are reported, as are the
accompanying classifications of the soils.

Depth of Soil Layer

% Sand

% Silt

% Clay

Classification

Top 18cm

53.3

17.8

28.9

sandy clay loam

18 - 32cm

41

29.5

29.5

clay loam

32 – 45cm

36.8

63.2

0

silty loam

45 – 59cm

19.2

80.8

0

silt

59 – 73cm

45.5

54.5

0

silty loam

73 -90cm

64.3

35.7

0

sandy loam
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STORMWATER INFILTRATION
Pre-installation infiltration rates were measured in the lawn where the rain garden was to be
installed. The pre-installation infiltration rate was calculated to be 250mm/hr. After the
installation of this rain garden was complete, infiltration was tested within the rain garden basin.
The post-installation infiltration rate was 180mm/hr.

APPRORIATENESS OF SIZING
The depth of rain required to fill this rain garden when considering a 25mm rain event of no
particular duration was calculated to be 8.5mm. This equates to an 11-minute, 5-year storm
event and would detain 34% of the influent stormwater. When considering a 5-year, 24-hour
rain event with consideration given for infiltration the depth of rain need to fill this rain garden is
326mm. Under these circumstances the rain garden would hold well over 100% of the
stormwater conveyed into it and would not overflow during any event recorded in the last 100
years.

SUMMARY OF RESULTS AND ANALYSIS
The following is a summary of results combined from all of the case study rain gardens. [Table
4.2] summarizes the results of the textural soil analysis for topsoil, and compares these to the
infiltration rates of each garden. Appropriate topsoil compositions and infiltration rates are
shown in green, while semi-appropriate topsoils and infiltration rates are shown in yellow, and
soils and infiltration rates that are least appropriate for rain gardens are red.

[Table 4.3] summarizes the results of the evaluation of rain garden sizing appropriateness,
where bolded text represents an assessment finding that 100% or more of the influent
stormwater would be retained. In these gardens overflow is not expected for storms of a 5-year
return period. Using rainfall data from the Guelph area, the total amount of precipitation
detained annually was calculated for each of the rain gardens, as well as a total for all of them
combined. These totals are presented in [Table 4.2]. Overall, a total of 301,638L of stormwater
would be detained by these gardens annually, and much of that water is likely to contribute to
groundwater recharge. Since the two Baptist Rain Gardens are to be disconnected for the
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winter, precipitation falling during the months of November to April was not counted in their
detained precipitation totals.
Table 4.2 | Summary of Topsoil Composition and Infiltration Rates. This table depicts a summary of the case study rain
gardens' soil composition and infiltration rates. Values deemed to be most appropriate for rain garden creation are shown in
green, while semi-appropriate values are yellow, and the least appropriate values are orange.
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Table 4.3 | Summary of Rain Garden Performance Analysis. Each rain garden was evaluated under the circumstance of a
25mm rain event with no associated duration, as well as a 24-hour, 5-year storm precipitating 63.6mm of rain in 24 hours. For
each circumstance the values reported represent the depth of rain needed to fill the rain garden, the percentage of influent
stormwater that would be detained within the garden, and an interpretation of what storm-level the garden is designed to
considering Guelph’s rain data. Appendix E displays precipitation data for Guelph, ON which can be referred to when
considering the interpreted return periods. Text in bold highlights the circumstances in which 100% or more of the stormwater
would be detained.
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Chapter Five | Discussion
ADDRESSING ANOMALIES IN DATA AND METHODS
VICTORIA NORTH INFILTRATION TESTING
One anomaly within the results and methods which warrants further discussion is the infiltration
testing done at the Victoria North Rain Garden. Due to technical difficulties that occurred during
the double-ring infiltrometer testing, an infiltration rate was not able to be measured in this
garden via this method. Measurement of infiltration via double-ring infiltrometer was attempted
on two occasions, with no success. After consultation with an environmental engineer it was
decided that these issues likely arose due to the state of established of vegetation as well as
soil qualities within the garden. Firstly, the soil into which the hydrometer rings were being
driven seemed to have compacted during the insertion process, leaving space adjacent to the
rings where water could leak out. The researcher attempted to stop this leak by filling the space
with soil, which seemed somewhat successful during the first measurement attempt but was
unsuccessful during the second. The second attempt was done in a slightly different area of the
basin, but due to a lack of space to choose from it was not far from the first site. During the first
attempt infiltration was observed to be quite slow, but in defiance of reason the researcher
noticed that while the water level in the inner ring was very slowly declining, the water level in
the annular space of the outer ring was rising slightly. The water level within both spaces was
being held at a depth of three inches, which had been marked on the inside of both rings after
their insertion into the soil. There is a possibility that these three inch marks were not exactly
level with one another, though the difference would have been very slight. This should not
normally cause an issue with the test unless there was at least one pathway within the soil
where water could travel between the inner and annular ring space; resulting in a levelling-out of
the water levels between them. It was hypothesized that established plant roots within the
garden may have been providing preferential flow paths through which the water could move
between the two ring spaces unnoticed. After conferring with the home-owner on the subject, it
was learned that directly adjacent to the testing area there had been a woody plant which was
cut down a few years ago after it died, and the roots were left in the ground to rot. This would
likely leave pathways through the soil where the roots have decayed, which is in concurrence
with the original hypothesis. This highlights the difficulty that can arise when attempting to
measure infiltration rates in areas with established plant material.
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Alternative infiltration measuring equipment exists, but these tools were not readily available to
the researcher. An appropriate alternative to measuring rates of infiltration comes from trade
literature on the subject which suggests that a homeowner can dig a hole, fill it with water, and
see if it drains within 24 hours (Kraus & Spafford 2013). According to the homeowner, this is
how testing was done before the garden was created. Visual inspection of rain gardens is a
common form of evaluation suggested in the literature (Zimmer 2012) so as an alternative to
measuring infiltration rates directly, the researcher used an opportunity presented via a major
rain event on October 29th, 2015 to observe the state of the garden near the peak of the rain
event, and then again 22 hours later. At 4:22pm on October 29th the stormwater had filled the
garden but by 2:11 on October 30th all of the water had drained out of the garden. Using the
depth of the rain garden and this time period a infiltration rate was calculated, but this value
should be considered conservative because rain was still falling during the time between the
before and after pictures. Whatever the exact infiltration rate of this garden, the visual
inspection demonstrated its ability to infiltrate stormwater in less than 24 hours, which meets the
requirements of many rain garden guides (ERCA 2013; Hinman 2013).

BAPTIST NORTH SOIL LAYERS
Another anomaly encountered during this research that warrants further discussion are the six
distinct soil layers found within the first 90cm of soil within the Baptist North Rain Garden. This
finding was interesting because there were no signs of this layering observed when the basin of
the Baptist South Rain Garden was excavated, which was located mere metres away. The soil
in the Baptist South basin appeared fairly homogenous, although heavy equipment was used in
the excavation which could have obscured any layering. Additionally, the area of the Baptist
South Rain Garden was identified by the church as an area where construction had taken place
in the not too distance past, but no such construction was identified as having taken place in the
area of the Baptist North Rain Garden, which could have helped explain the layering found
within the soil profile. As to how this layering came to be the researcher cannot say, but the fact
that these unexpected layers were found demonstrates the important information that can be
provided by soil auguring to aid in the planning and design of rain gardens. Soils within the
urban environment have often been changed significantly during development and construction
projects, so investigation of these soils should be considered an integral part of site analysis for
rain garden design.
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LIMITATIONS OF THIS RESEARCH
Although this research provides valuable evidence of the design and performance of simple rain
garden created in existing soils, there are several limitations. One of these limitations is the
limited geography from which case studies were found and observed. All of the case studies
investigated here are located in Guelph, ON so the results may not necessarily be extrapolated
accurately to other localities. Potential differences between localities could be found to correlate
with differences is soil composition, water table levels, cultural valuation and tolerances, or
location within a watershed. Due to the limited number of case studies observed there is also
no statistical significance that can be derived from the results of this study. This investigation
was also limited by its eight month duration and the time of year in which data were able to be
collected. Infiltration rates have been reported to be temperature dependent due to a change in
the viscosity of water under different temperatures (Emerson and Traver 2008), so seasonality
can be expected to affect results and further investigation may be warranted. The age and
establishment of rain gardens and their plant material has also been reported to affect infiltration
rates (Palmer et al. 2013) as well as aesthetics. Exact ages of some of the case studies are not
known, and the plant material in the Waterworks, and Baptist rain gardens was not yet
established at the time of this investigation.

Additional limitations are inherent in the methods of measurement that were used in this study.
Due to the time required to perform a constant-head double ring infiltrometer test, only one
measurement was taken per case study – with the exception of the before and after installation
measurements taken at the First Baptist Church Rain Gardens. Infiltration rates were also
mostly taken at the filterbed surface near grade level, but the Baptist South Rain Garden
infiltration rate was measured at 90cm below grade and therefore may not be directly
comparable to other rates. Due to the technical challenges of measuring infiltration rates in the
Victoria North Garden this calculated infiltration rate is also not directly comparable to other
infiltration rates. Similar to the limited number of infiltration rate measurements, soil was only
sampled from one place in each of the rain gardens and auguring was only done to a depth of
90cm below grade. Soil analysis was also limited to a textural analysis and organic content was
not measured, though some inferences of it were made based on soil colour and the presence
of roots and mulch. The depth of the water table is also unknown for each of the gardens.
Additional observations of the rain gardens during major rain events may also have contributed
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to the assessment of the rain gardens’ performance, by providing evidence of their functioning
during actual rain events.

OPPORTUNITY FOR FUTURE RESEARCH
As not much study has been conducted on simple rain gardens there is a wide variety of
additional research that could contribute significantly to our understanding and implementation
of rain gardens.

COST-BENEFIT ANALYSIS COMPARING
SIMPLE RAIN GARDENS TO TECHNICAL RAIN GARDENS
Firstly, cost-benefit analyses comparing the performance and benefits of simple rain gardens to
more technical rain gardens could help inform decisions in terms of both policy-making and
implementation approaches. This could include assessment of benefits such as supporting
urban biodiversity; either generally or for a particular group of concern such as pollinators,
beneficial insects, fungi, or migratory birds. It could also concern the differences in
maintenance practices required to maintain proper hydrological function. Analysis of the energy
used to create and maintain rain gardens and the cost and environmental damage caused by
material extraction, purchase, and transportation could also add to our understanding and
decision-making. For further discussion of integration of possible ecological benefits see pg. 73.

MONITORING CHANGE OVER TIME
Although difficult to do in a study period limited to 8-months, studies that monitor change over
time within rain gardens would provide a useful contribution to our understanding of their
contributions and functioning. Due to the evolving nature of soil qualities, plant material,
infiltration rates, biodiversity and other rain garden features, investigations that monitor changes
in these factors would be useful. For example, aggregation of soil would be expected to
increase as plant material and soil ecosystems are established. This type of change might also
be found to correlate with changes in other factors, such as biodiversity or infiltration rates.
Another category of changes that could be monitored over time might be the rate of
implementation of rain gardens, their presence within the literature, or changes in public
perceptions and interest in rain gardens. These data could also potentially be correlated to
major weather events or climactic trends, policy changes, or changes in public opinion and
interest.
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WINTER PERFORMANCE AND SEASONAL VARIATION
Currently, the local authority on low impact development in the Guelph region of southern
Ontario is the Credit Valley Conservation Authority, and they recommend taking rain gardens
offline (disconnecting them) over the winter months. This is done in order to protect the LID
facilities from accumulation of suspended solids and salts, compaction from snow, and overflow
due to reduced infiltration rates (Zimmer 2012). However, some research has shown that rain
gardens can continue to contribute to stormwater management under cold conditions (Emerson
& Traver 2008; Hunt et al. 2006), and concerns about clogging may be over-stated (Komolos &
Traver 2012). Taking these systems offline over-winter also eliminates their ability to help
control stormwater levels during the spring snow-melt, which could potentially have a substantial
impact on water-levels and water quality at this time of year when it is most needed. Further
study on the seasonality of rain garden performance would be a useful contribution to the
literature.

MODELLING IMPLEMENTATION LEVELS AND CUMULATIVE EFFECTS
Another useful area of further study into the contributions of simple rain gardens would be using
stormwater modelling software to assess the cumulative effects of rain gardens at different
implementation levels. Similar to the Dovel et al. (2014) study, stormwater management
modelling software such as PCSWMM (James et al. 2011) could potentially be used to assess
cumulative effects on stream flow during rain events, effect on microclimate and urban heat
island mitigation, or groundwater recharge. Studies like this could expand our appreciation for
the difference rain gardens could potentially have on our local hydrology, ecology, and possibly
even microclimate and provide further evidence of their functioning and incentives for their
implementation.

PUBLIC PERCEPTIONS, AESTHETIC PREFERENCES, AND THE INCORPERATION OF PEOPLE
SPACE IN RAIN GARDENS
Consideration of social impact is cited as a major factor in ecological design (Thoren 2014) but
considerations of human needs and desires are often overlooked when rain gardens are
thought of in terms of their stormwater management function only. For this reason another area
of study that could contribute significantly to the rain garden literature might be investigations
focussing on public perceptions and incorporating spaces for people in and around rain
gardens. Investigations catering to the aesthetic preferences of different user groups might
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increase the breadth interest in rain gardens and plant palettes could be developed for a variety
of different styles or objectives. Public preferences for rain garden aesthetics could also be
assessed for correlation with landscape preference literature such as Nassauer’s “cues to care”
(Nassauer 2011) or Kaplan and Kaplan’s preference matrix (Kaplan & Kaplan 1989).
Investigation that tallies possible human use of rain gardens and the incorporation of people
space into rain gardens could potentially increase the motivators for implementation and
increase the success and enjoyment of these facilities.

ENVIRONMENTAL COMMUNICATION AND APPRECIATION
Finally, studies investigating the ability of rain gardens to provide opportunity for experiential
learning and environmental awareness and appreciation could further contribute to the
motivations for rain garden implementation and foster a greater environmental ethic in members
of the public. Church (2015) found that LID facilities show potential for fostering environmental
learning, and Dunnet & Clayden (2007) give several examples of rain gardens where
opportunity for play is incorporated into designs, but further investigation of these topics is
needed.

OVERALL PERFORMANCE OF SIMPLE RAIN GARDENS
EVALUATING THE SUCCESS OF THE CASE STUDY GARDENS
When considering the assessment of the sizing appropriateness of the case study rain gardens,
the storm scenario which most accurately represents the climate reality and design
consideration needs in Guelph, ON is the 5-year, 24-hour storm of 63.6mm. This is because
this assessment takes infiltration rates into account, due to the event being spread out over a 24
hour period. It’s also the maximum rainfall depth seen during a 5-year storm return period in
Guelph, and Guelph’s Stormwater Management Plan requires minor stormwater systems to be
designed for a 5-year return period (AMEC 2013). When considering this rain event scenario,
three out of five of the case study rain gardens were capable of containing 100% or more of the
influent stormwater. Two of these three rain gardens were capable of detaining 100% or more
of the influent stormwater of a 100-year, 24-hour storm. For these reasons the most successful
case study rain gardens are the Waterworks and Baptist North Rain Gardens, followed by the
Grange Area Rain Garden. Of the other two case studies, Baptist South is considered to be the
more successful due to its more appropriate filterbed soil composition, and its total volume of
stormwater detained annually being five times greater than that of Victoria North Rain Garden.
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EVALUATING EFFECTS ON LOCAL HYDROLOGY
Overall the case study rain gardens would detain over 300,000L of stormwater which would
otherwise have added to the municipal stormwater management loading. This shows the
significant impact that simple rain gardens can have on local hydrology. Although Baptist
South and Victoria North Rain Gardens are not currently capable of detaining 100% of influent
stormwater from a 5-year, 24-hour storm, they are still considered beneficial to stormwater
management because they remove almost 60,000L of stormwater from the municipal
stormwater system and show no signs of contributing to decreased water quality. As Kraus &
Spafford (2013) point out, detaining some stormwater in always better than detaining no
stormwater – as long as water quality of runoff is not negatively affected. For this reason the
researcher considers the Victoria North and Baptist South Rain Gardens successful, but
suggests that overflow accommodations be made and sizing be adjusted.

THE RELATIONSHIP OF SOIL COMPOSITION AND INFILTRATION RATES
Interestingly, it was found that soil composition and infiltration rates were not as correlated as
might be expected. For instance, the Baptist North Rain Garden was composed of a sandy clay
loam, and its multiple subsoil layers contained much silt and clay. Due to the relatively high
proportions of silts and clay within these soils the composition would suggest a medium
infiltration rate to be expected, but at 180mm/hr results show this garden to have the second
highest infiltration rate measured. The Waterworks Rain Garden had the highest infiltration rate
by far – at 510mm/hr – but its subsoil was found to be suboptimal due to its clay content.
Infiltration rates at Baptist South Rain Garden were expected to be higher than the 20mm/hr
rate measured due to their loamy sand / sandy loam composition; however this smaller-thanexpected infiltration rate could be due to the testing occurring at a significantly deeper depth
below grade than in any of the other gardens. Additionally, although the Victoria North Garden
had very low rates of infiltration, by some interpretations the drainage needs of the garden were
met, due to it draining within 24 hours. These results demonstrate the value of measuring
infiltration rates in situ instead of relying on generalized assumptions.
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MAKING THE CASE FOR USE OF EXISTING SOILS
Perhaps some of these differences in expected vs. measured infiltration rates could be
associated with soil health (the ability of soils to act as ecosystems and support life), organic
matter content, and aggregation. In a 2002 investigation of conventional tillage vs. no tillage
practices in agricultural fields Franzluebbers cited soil organic matter as being “a key attribute of
soil quality that impacts soil aggregation and water infiltration.” The author demonstrated that
water infiltrated aggregated soils at a significantly higher rate than it did the same soil which had
been sieved to eliminate aggregation. Aggregation was also found to be increased under no-till
management vs. conventional tillage management. Soil organic content also increased under
long-term no-till management, which positively affected the pore space available for water
infiltration within the soil. In a no-till scenario, not only did the infiltration rates increase in
correlation with soil aggregation, but the general health of the soil improved over time as well.
In a rain garden setting this might translate to using perennials instead of annuals and having a
maintenance regime that minimizes disturbance to the filterbed. The results of this study
contribute to the case for leaving soils in place and undisturbed whenever possible, and indicate
that infiltration rates within these soils have the potential to increase over time, rather than
decrease as is expected in a large portion of the engineering literature (Le Coustumer et al.
2007). For these reasons, using existing soils whenever possible and leaving these soils
undisturbed might translate to advantages in infiltration capacity and soil health within rain
gardens, though amending with compost and loosening compacted soils is still recommended.

Additionally, a maintenance strategy that resembles the no-till approach to agricultural
production could reduce maintenance time while encouraging increased soil health and
therefore infiltration. Maintenance is also reduced by eliminating the need for irrigation, due to
stormwater being conveyed and infiltrated directly where it is needed within the garden. Using
existing soils eliminates the need to both purchase and import filterbed media from off-site,
which can be cost prohibitive, energy expensive, environmentally destructive, and require
proper industry knowledge and oversight (Thompson & Sorvig 2008; Zimmer 2012). These
potential advantages to using existing soil could reduce the barriers to implementation regarding
cost, maintenance, and industry knowledge, which should therefore increase opportunity for
their implementation. The results of this study suggest that the use of existing soils can produce
functioning rain gardens where site conditions allow.
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INCENTIVES FOR STACKING FUNCTIONS
In addition to correlating with increased soil health and infiltration rates, increased organic
matter content and the establishment of plant material also correlates with an increase in carbon
storage within the soil. Stacking functions such as carbon storage, stormwater control, and
groundwater recharge could compound the potential benefits of rain garden implementation –
especially when considering the causes and challenges of climate change – and therefore
provide extra incentive for their implementation. In this way, both the rain garden success and
incentives for implementation might be maximized by addressing multiple purposes within the
same design. For the same reason, stacking functions might also contribute to the notoriety of
the project within environmental or neighbourhood groups, or even increase the funding
opportunities available for their implementation. Examples of other purposes that might be
achieved within a single rain garden might be food production, creation of pollinator habitat, and
environmental education. Stacked functions like these can be seen in the case study gardens.
The Grange Area Rain Garden helps produce food for humans and wildlife, and the Baptist Rain
Gardens and Waterworks Garden were meant to have a role in stormwater education. Without
direct incentive to implement rain gardens for stormwater control purposes – in either an attempt
to control stormwater issues on a property, or due to a local mandate or fee – these alternative
motivations or purposes could be a major driving force in rain garden implementation.

CONSIDERATION OF PEOPLE IN RAIN GARDEN DESIGN
Another major category of consideration which could further incentivize rain garden
implementation is making space and doing work for people. Opportunity to incorporate spaces
for people within or adjacent to rain gardens is often overlooked. Rain gardens have the
potential to provide slightly cooler microclimates due to their water storage, transpiration, and
shade provided both to the soil and possibly for humans via vegetation. Although including a
pathway in a rain garden is not generally recommended due to concerns about compaction,
pathways on structures resembling boardwalks could be incorporated into designs. Other
opportunities to consider the needs of people in and around rain gardens might include privacy,
food production, experiential learning, and room for play. Dunnett & Clayden (2007) and Thoren
(2014) both provide examples and inspiration for incorporating human needs, and Marcus &
Francis (1997) would be a good source for guidance on this subject as well.
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AMPLIFYING THE IMPACT OF RAIN GARDENS
At a site or development scale, incorporating rain gardens into rain chains with other stormwater
mitigation facilities can be a useful way to increase the impact on local hydrology (Dunnet &
Clayden 2007). This could also potentially decrease the area needed for a rain garden by
purposefully designing it to overflow into another feature, or by incorporating another facility, like
a green roof, into the chain before the stormwater reaches the rain garden. At a municipal or
watershed scale, coordinated strategic efforts encouraging rain garden implementation could be
used by municipalities or conservation authorities to increase the cumulative impact of rain
garden implementation on regional hydrology. This might include strategic targeting of priority
areas or neighbourhoods, such as those highlighted in Guelph’s High Priority Neighbourhood
Scale LID Application Areas. Because of their simple, cost-efficient nature, simple rain gardens
also have potential to be implemented in an agricultural setting, where nutrient-rich runoff and
soil erosion are contributing significantly to water quality issues (Sharpley et al. 1992).
Examples of incentive programs that have been implemented in Ontario include Kitchener’s
stormwater rate program (Wilson 2013), and the Lake Simcoe Region Conservation Authority’s
rain garden funding program (LSRCA 2016).

INCENTIVES FOR SIMPLE RAIN GARDENS IN GUELPH, ON
As Guelph is located near the top of the Grand River Watershed, cumulative water quality
issues such as eutrophication are not likely to directly incentivize local motivations for rain
garden implementation, though reducing inconvenient flooding of streets could factor into
motivations (Hamilton Spectator 2014). However, Guelph is one of the largest Canadian
municipalities to rely entirely groundwater for its drinking water supply (City of Guelph 2015), so
extra incentive could arise from the potential groundwater recharge that takes place when
stormwater is infiltrated into the ground. Guelph is also a leader in environmental stewardship
(City of Guelph 2011) and is well-placed to be a leader in sustainable stormwater management.
Furthermore use of LID such as rain gardens has been shown to contribute significantly to
mitigation of infrastructure upkeep and replacement cost (Zimmer 2012), which might also
contribute to incentive for their increased implementation.
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Chapter Six | Conclusion
This study demonstrates the potential functionality of simple rain gardens created in existing
soils and their impacts on local hydrology and municipal stormwater loading. Three out of five
case study rain gardens were found to detain 100% of the influent stormwater from a 5-year, 24hour storm and the remaining two case studies still contributed positively to local stormwater
management. The importance of site analysis prior to design and installation of a rain garden
was also demonstrated – which included infiltration testing and soil textural analysis – but
variation in the correlation of these variables was observed. The results accomplish the
objectives of this study by providing evidence of the functionality of simple rain gardens created
in existing soils and increasing knowledge, awareness, and confidence in the technology.
Where appropriate, use of simple rain gardens over technical rain gardens could also reduce
the financial and environmental cost of implementation by limiting the materials that need to be
purchased and transported to the site. Use of a no-till style maintenance strategy could
potentially lead to a decrease in maintenance time and an increase in soil health and infiltration
rates, but further research into this topic is needed. In conclusion, simple rain gardens are not
necessarily going to comply with all of the requirements of established technical guidelines, but
they can make significant contributions to stormwater management efforts. Furthermore, failing
to recognize the contributions of these simple rain gardens could discourage their use and
decrease their implementation rates and accompanying positive impact on local hydrology. For
this reason, further research into simple rain gardens and recognition of their contributions to
stormwater management would be beneficial and could lead to healthier, more resilient cities.
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Appendix A | Healthy Landscapes’ Rain Garden Fact Sheet
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Appendix B | List of Barriers and Drivers of LID Implementation
The following is a list of barriers and drivers to low impact development implementation,
brainstormed and recorded by the researcher during an OALA workshop led by staff
from the Credit Valley Conservation Authority; Proper Construction of LID, November 6th
2015. Text which in bold refers to a barrier or driver that is either likely to be affected
by the results of this study or is addressed via the use of simple rain gardens.

Barriers


Cost to implement



Resistance to change




Availability of expertise
Maintenance requirements – time,
cost, knowledge, communication



Salt impact on plants



Confidence in the technology



Knowledge and awareness of the
technology by both clients and
professionals.

Drivers
 Municipal requirements and
mandates – e.g. maintaining predevelopment hydrology or better
 Rising environmental concerns
 Experiencing symptoms of
increased urban runoff: flooding,
eutrophication, pollution
 Client desire for LID and visible
greening
 Desire to mitigate the UHI
 Municipal incentive programs



Public education via municipality



Available space – eg. Road allowances,
high demand for space in urban areas

 Communication with maintenance staff


Accountability for maintenance



Lack of recognition OR difficulty of
receiving recognition



Inconsistencies in recognition
requirements



Approval from municipal engineers /
departmental conflicts



Liability concerns
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 Triple bottom line thinking
 Local expertise dependent

Appendix C | Raw Data from Infiltration Rate Measuring
All infiltration rates are shown in metres per hour in the far right column. Elapsed times
highlighted in light grey represent infiltration testing which occurring before the levelling out
associated with the soil reaching saturation. The dark grey highlighted elapsed times represent
data from after this levelling off. Values under “Flow” represent how many units of 1000mL
were added during the reported time interval.
The following data remain constant throughout all of the infiltration testing due to using the same
equipment and procedures:
Diameter of Small Ring
Annular Area
Area of Small Ring

0.3 m
0.21195 m2
0.07065 m2

Area of Large Ring
Diameter of Large Ring
Constant head

0.2826 m2
0.6 m
7.62 cm / 3”

Pre-installation Infiltration at Baptist South Rain Garden
Elapsed
Time (min)

Inner
Flow

Annular Space

Depth (m)

Flow

Incremental Infiltration Rate

Depth (m)

Inner

Annular

0
5

5

0.070771

8

0.04

0.85

0.45

10

5

0.070771

11

0.05

0.85

0.62

15

3

0.042463

9

0.04

0.51

0.51

20

3

0.042463

8

0.04

0.51

0.45

25

2.5

0.035386

7

0.03

0.42

0.40

30

3

0.042463

7

0.03

0.51

0.40

35

3

0.042463

7

0.03

0.51

0.40

40

2

0.028309

7

0.03

0.34

0.40

45

3

0.042463

8

0.04

0.51

0.45

50

2

0.028309

6

0.03

0.34

0.34

55

2.5

0.035386

9

0.04

0.42

0.51

60

2.5

0.035386

7

0.03

0.42

0.40

65

2

0.028309

7

0.03

0.34

0.40

70

2

0.028309

7

0.03

0.34

0.40

75

2

0.028309

7

0.03

0.34

0.40

80

2

0.028309

7

0.03

0.34

0.40

85

2

0.028309

8

0.04

0.34

0.45

90

2

0.028309

8

0.04

0.34

0.45

95

2

0.028309

8

0.04

0.34

0.45

100

2

0.028309

7

0.03

0.34

0.40

105

2

0.028309

8

0.04

0.34

0.45

110

2

0.028309

8

0.04

0.34

0.45

115

2

0.028309

7

0.03

0.34

0.40

120

2

0.028309

6

0.03

0.34

0.34
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125

2

0.028309

7

0.03

0.34

0.40

130

2

0.028309

7

0.03

0.34

0.40

135

2

0.028309

6

0.03

0.34

0.34

140

2

0.028309

5

0.02

0.34

0.28

145

2

0.028309

6

0.03

0.34

0.34

150

2

0.028309

7

0.03

0.34

0.40

155

1.5

0.021231

5

0.02

0.25

0.28

160

2

0.028309

6

0.03

0.34

0.34

165

2

0.028309

6

0.03

0.34

0.34

170

2

0.028309

7

0.03

0.34

0.40

Avg

0.37

0.40

Median

0.34

0.40

Post-installation Infiltration at Baptist South Rain Garden
Elapsed

Inner

Time (min)

Flow

Annular Space
Depth

Flow

Depth

Incremental Infiltration
Rate
Inner

Annular

0
50

3

0.04

16

0.08

0.05

0.09

110

1.5

0.02

7

0.03

0.02

0.03

170

1.5

0.02

7

0.03

0.02

0.03

230

2

0.03

7

0.03

0.03

0.03

290

1.5

0.02

7

0.03
Avg

0.02

0.03

0.02

0.03

Median

0.02

0.03
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Pre-installation Infiltration at Baptist North Rain Garden
Elapsed
Time (min)

Inner

Annular Space
Flow

Depth (m)

Incremental Infiltration Rate

Flow

Depth (m)

Inner

Annular

5

12

0.17

30

0.14

2.04

1.70

10

12

0.17

44

0.21

2.04

2.49

15

8

0.11

37

0.17

1.36

2.09

20

12

0.17

38

0.18

2.04

2.15

25

9

0.13

35

0.17

1.53

1.98

30

7

0.10

33

0.16

1.19

1.87

35

7

0.10

35

0.17

1.19

1.98

40

7

0.10

30

0.14

1.19

1.70

45

6

0.08

24

0.11

1.02

1.36

50

6

0.08

31

0.15

1.02

1.76

55

5

0.07

29

0.14

0.85

1.64

60

5

0.07

28

0.13

0.85

1.59

65

4

0.06

26

0.12

0.68

1.47

70

4

0.06

25

0.12

0.68

1.42

75

4

0.06

22

0.10

0.68

1.25

80

4

0.06

28

0.13

0.68

1.59
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3

0.04

24

0.11

0.51

1.36

90

3

0.04

33

0.16

0.51

1.87

95

3

0.04

19

0.09

0.51

1.08

100

3

0.04

23

0.11

0.51

1.30

105

3

0.04

26

0.12

0.51

1.47

110

2

0.03

24

0.11

0.34

1.36

115

1.5

0.02

24

0.11

0.25

1.36

120

1.5

0.02

28

0.13

0.25

1.59

125

1.5

0.02

24

0.11

0.25

1.36

130

1.5

0.02

24

0.11

0.25

1.36

135

1.5

0.02

24

0.11

0.25

1.36

140

1.5

0.02

24

0.11

0.25

1.36

145

1.5

0.02

24

0.11

0.25

1.36

150

1.5

0.02

24

0.11

0.25

1.36

155

1.5

0.02

24

0.11

0.25

1.36

160

1.5

0.02

24

0.11

0.25

1.36

165

1.5

0.02

24

0.11
Max

0.25

1.36

2.04

2.49

Min

0.25

1.08

Avg

0.75

1.56

Median

0.51

1.42

0
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Post-installation Infiltration at Baptist North Rain Garden
Elapsed

Inner

Time (min)

Flow

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

1
1
1
1
1.5
1
1
1
1.5
1.5
1
1
1.5
1
1.5
1
1
1
1
1
1
1
1
1
1
1.5
1
1.5
1
1
1
1
1
1
1
1

Annular Space
Depth

0.01
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.02
0.02
0.01
0.01
0.02
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Flow

6
8
6
7
6
6
6
6
6
6
6
6
6
6
6
5
6
5
5
5
5
4
5
4
5
5
4
5
4
5
5
4
5
4
4
4

Depth

0.03
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.02
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
Avg
Median
86

Incremental Infiltration Rate

Inner

0.17
0.17
0.17
0.17
0.25
0.17
0.17
0.17
0.25
0.25
0.17
0.17
0.25
0.17
0.25
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.25
0.17
0.25
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.18
0.17

Annular

0.34
0.45
0.34
0.40
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.28
0.34
0.28
0.28
0.28
0.28
0.23
0.28
0.23
0.28
0.28
0.23
0.28
0.23
0.28
0.28
0.23
0.28
0.23
0.23
0.23
0.26
0.28

Infiltration at Waterworks Rain Garden
Elapsed

Inner

Annular Space

Depth (m)

Flow

Depth (m)

Incremental Infiltration Rate

Time (min)
0

Flow

Inner

Annular

5

4.0

0.06

7

0.03

0.68

0.40

10

3.5

0.05

8

0.04

0.59

0.45

15

3.0

0.04

7

0.03

0.51

0.40

20

4.5

0.06

7

0.03

0.76

0.40

25

3.5

0.05

8

0.04

0.59

0.45

30

3.0

0.04

7

0.03

0.51

0.40

35

3.5

0.05

8

0.04

0.59

0.45

40

3.0

0.04

7

0.03

0.51

0.40

45

3.5

0.05

7

0.03

0.59

0.40

50

4.0

0.06

6

0.03

0.68

0.34

55

3.5

0.05

7

0.03

0.59

0.40

60

3.5

0.05

7

0.03

0.59

0.40

65

3.5

0.05

6

0.03

0.59

0.34

70

3.5

0.05

7

0.03

0.59

0.40

75

3.5

0.05

7

0.03

0.59

0.40

80

4.0

0.06

6

0.03

0.68

0.34

85

3.5

0.05

7

0.03

0.59

0.40

90

3.0

0.04

7

0.03

0.51

0.40

95

3.0

0.04

7

0.03

0.51

0.40

100

3.0

0.04

6

0.03

0.51

0.34

105

3.0

0.04

6

0.03

0.51

0.34

110

3.0

0.04

6

0.03

0.51

0.34

115

3.0

0.04

6

0.03

0.51

0.34

120

3.0

0.04

6

0.03

0.51

0.34

125

2.5

0.04

5

0.02

0.42

0.28

130

2.5

0.04

5

0.02

0.42

0.28

135

3.0

0.04

5

0.02

0.51

0.28

140

2.5

0.04

4

0.02

0.42

0.23

145

2.5

0.04

4

0.02

0.42

0.23

150

3.0

0.04

5

0.02

0.51

0.28

155

3.0

0.04

6

0.03

0.51

0.34

160

3.0

0.04

5

0.02

0.51

0.28

165

3.0

0.04

5

0.02

0.51

0.28

170

3.0

0.04

5

0.02

0.51

0.28

175

2.5

0.04

4.5

0.02

0.42

0.25

180

2.5

0.04

4.5

0.02

0.42

0.25

185

3.0

0.04

4.5

0.02
Median

0.51

0.25

0.51

0.28
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Infiltration at Grange Area Rain Garden
Elapsed
Time (min)
0
30
60
90
120
150
180
210
240
310

Inner
Flow

Depth (m)

Annular Space
Flow
Depth (m)

Incremental Infiltration
Rate
Inner
Annular

1.5
0.5
1.0
0.5
1.0
0.5
0.5
1.0

0.021231423
0.007077141
0.014154282
0.007077141
0.014154282
0.007077141
0.007077141
0.014154282

9
8
10
9
10
8
9
10

0.04
0.04
0.05
0.04
0.05
0.04
0.04
0.05

0.04
0.01
0.03
0.01
0.03
0.01
0.01
0.03

0.08
0.08
0.09
0.08
0.09
0.08
0.08
0.09

0.5

0.007077141

9

0.04
Avg
Median

0.01
0.02
0.01

0.08
0.09
0.08
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Appendix D | Plant Lists for the Case Study Rain Gardens
WATERWORKS RAIN GARDEN
Botanical Name

Common Name

Quantity

Native or Non-native

Ascelpias incanata

swamp milkweed

18 plugs

native

Asclepias tuberosa

butterfly milkweed

18 plugs

native

Chelone glabra

white turtlehead

18 plugs

native

Eupatorium maculatum

Joe Pye weed

18 plugs

native

Liatris aspera

tall blazing star

18 plugs

native

Veronicastrum virginicum

Culver’s root

18 plugs

native

VICTORIA NORTH RAIN GARDEN
Botanical Name

Common Name

Condition

Native or Non-native

Aquilegia canadensis

Canadian columbine

established

native

Chelone glabra

white turtlehead

established

native

Eupatorium maculatum

Joe Pye weed

established

native

Liatris aspera

blazing star

established

native

Ligularia spp.

ligularia

established

non-native; China/Japan

Solidago flexicaulis

zigzag goldenrod

established

native

Symphyotrichum novaeangliae

New England aster

established

native

Symphyotrichum porteri

smooth white aster

established

non-native; mid US
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GRANGE AREA RAIN GARDEN
Botanical Name

Common Name

Aster spp.

aster

Buxus spp.

boxwood

garden

cultivar

Cornus sericea

red osier dogwood

garden

native

Delphinium spp.

delphinium

basin

cultivar

Hedra helix

English ivy

garden

cultivar

Hibiscus moscheutos

perennial hibiscus

basin

native

Hosta spp.

hosta

basin

cultivar

Liatris spp.

blazing star

garden

native

Lilium spp.

lily

basin

cultivar

Lonicera caerulea

haskcap berry

garden

cultivar

Perovskia atriplicifolia

Russian sage

Picea glauca `Conica’

dwarf Alberta spruce

garden

cultivar

Spirea spp.

spirea

garden

cultivar
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Location
garden
& basin

garden
& basin

Native or Non-native

cultivar

cultivar

BAPTIST NORTH RAIN GARDEN
Botanical Name

Common Name

Location

Native or Non-native

Agastache aurantiaca
‘Apricot Sprite’

hyssop

basin

var. of native

Aster dumosus
‘ Woods Purple’

purple woods aster

basin

cultivar

Baptesia
‘Purple Smoke’

purple smoke
false indego

basin

var. of native

Caryopteris x
clandonensis ‘Dark Knight’

dark knight bluebeard

berm

cultivar

Chelone glabra

white turtlehead

basin

native

Coreopsis verticilliata
‘Zagreb’

threadleaf coreopsis

berm

cultivar

Eupatorium spp. X2

Joe Pye weed

basin

native + cultivar

Hydrangea quercifoilia
‘Munchkin’

dwarf oakleaf hydrangea

berm

var. of E.NA. native

Itea virginica ‘Little Henry’

Virginia sweetspire

berm

cultivar

Lavendula angustifolia
‘Munstead’

Munstead lavender

berm

cultivar

Pennisetum alopecuroides

fountain grass var.

berm

cultivar

Penstomen ‘Dark Towers’

dark towers beardtongue

basin

var. of native

Rudbeckia fulgida
‘Goldstrum’

Goldstrum black-eyed
Susan

berm

var. of native

Sedum ‘Autumn Joy’

autumn joy sedum

berm

cultivar

Sisyrinchium montanum

common blue-eyed grass

berm

native
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BAPTIST SOUTH RAIN GARDEN
Botanical Name

Common Name

Basin or Berm?

Native or Non-native

Agastache aurantiaca
‘Apricot Sprite’

hyssop

berm

var. of native

Amsonia x ‘Blue Ice’

blue star amsonia

berm

cultivar

Coreopsis verticilliata
‘Zagreb’

threadleaf coreopsis

berm

cultivar

Heuchera ’Dark Secret’

dark secrets coral bells

berm

cultivar

Heucherella ‘Blue Ridge’

blue ridge foamy bells

berm

cultivar

Hydrangea quercifoilia
‘Munchkin’

dwarf oakleaf hydrangea

berm

var. of E.NA. native

Lavendula angustifolia
‘Munstead’

Munstead lavender

berm

cultivar
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Appendix E | Rainfall Data for Guelph, Ontario
Days with Rainfall in Guelph, Ontario
Jan
>=0.2mm 5.8
>= 5 mm
1.7
>= 10mm 0.88
>= 25mm 0.19

Feb
5.2
1.4
0.87
0.27

Mar
8.2
2.9
1.3
0.19

Apr
13.1
5.1
2.6
0.38

May
13.1
5.5
3.1
0.56

Jun
11.9
5.3
3.2
0.31

Jul
11.3
5.3
3.3
1.1

Aug
11.4
5.5
3.1
0.87

Sep
13.2
4.8
2.7
0.53

Oct
13.9
5.5
2.7
0.2

Nov
13.2
5.3
3.1
0.4

Dec
7.7
3
1.3
0.13

YEAR
128
51.2
28.1
5.2

Only 2.4% of the days with rainfall in Guelph, ON see events with rainfall depths greater than or equal to 25mm.
Therefore, designing for a 25mm storm should be sufficient to contain the water from most storms in Guelph, ON.
(Government of Canada, 2015)

Total Number of Days with Rainfall: 212.5 (Government of Canada 2015)

Rainfall depth (mm) for specified return periods
Duration
5 min
10 min
15 min
30 min
60 min
2 hr
6 hr
12 hr
24 hr

2 yr
9.1
13.5
16.3
21.2
26.1
31.2
39.9
46.2
53.3

5 yr
11.6
18.3
22.7
30.5
37.6
43.9
52.7
58.1
63.6

10 yr
14.1
22.4
27.8
37.3
45.7
52.7
61.8
66.8
71.7

25 yr
16
25..9
32.8
44.9
55.6
64.2
74.1
78.9
83.3

50 yr
18
29.4
37.3
51.2
63.6
73.2
83.7
88.4
92.5

100 yr
19.9
32.8
41.7
57.6
71.7
82.3
93.3
97.8
101.6

The City of Guelph requires all minor stormwater systems to be designed for a return period of 5 years. The data
presented here comes from the City of Guelph’s Stormwater Management Plan (AMEC 2013).

Total Precipitation (May – Oct): 616.9mm
Total Annual Precipitation in Guelph, Ontario: 976mm
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Appendix F | Baptist Rain Gardens Official Design

Official Design of the First Baptist Church Demonstration Rain Gardens
The following three pages are the official design and planting plans for the First Baptist Church Demonstration Rain Gardens, created and provided by landscape architect Kevin
Post, of Beyond the Post landscape architectural design firm.
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