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Abstract
High concentrations of dissolved nutrients in stormwater have been identified as
contributing to eutrophication of receiving waterways near urban areas. To reduce
dissolved nutrient concentrations in stormwater a range of devices such as wetlands
and bioretention systems are used. Bioretention systems are increasingly employed
for their supposedly high nutrient removal capacity, however very little is known
about their treatment efficiency or the chemical and biological mechanisms
controlling their function. This research aimed firstly to test and compare the
efficiency of different bioretention system designs for the removal of dissolved
nutrients from stormwater, and secondly to investigate the chemical and biological
mechanisms responsible for the nutrient removal (sorption, microbial uptake, and
plant uptake).
Bioretention mesocosms were built in plastic containers (1 m x 0.5 m x 0.5 m). Three
different media treatments were built, representing those most commonly used:
gravel, fine sand and loamy-sand. To assess the nutrient removal capacity of plants,
vegetated and unvegetated examples of each media type were made. The mesocosms
were regularly irrigated with tap water for six months, and then regularly irrigated
with synthetic stormwater for a further six months to ensure that the treatment
performance assessed would represent fully established systems. The synthetic
stormwater solution was based on field measurements of stormwater, and was made
using a combination of inorganic chemicals and organic fertilisers. By incorporating
organic carbon and major cations (Ca, Mg, Na, K), the measured treatment
performance of the biofilters would be more realistic than previous studies that did not
corporate these compounds. Some mesocosms were watered only with tap water so
that the effect of frequent fertilisation (enrichment) could be compared. It was
expected that vegetated media would enhance nutrient removal directly through plant
uptake, and indirectly by stimulating microbial productivity and microbial uptake in
the rhizosphere.
Nutrient removal was evaluated by comparing the influent to the effluent. Detention
times of 24 and 72 hours were compared to test if longer contact periods resulted in
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greater nutrient removal. The mesocosms were also flushed with tap water (no
nutrients) to determine the proportion of entrained nutrients that might subsequently
leach from the media. Vegetated bioretention mesocosms were much more efficient
than unvegetated systems at removing total nitrogen (63 – 77 % removal compared to
-12 – 25 %) and total phosphorus (85 – 94 % removal compared to 31 – 90 %). The
vegetation effect did not improve dissolved organic carbon removal but there was a
difference between soil types, with smaller particle size media removing more organic
carbon. Enriched mesocosms removed similar quantities of nutrients to non-enriched
mesocosms. Extending the detention time from 24 hours to 72 hours slightly
increased the removal of total nitrogen from the vegetated mesocosms, but reduced
total nitrogen removal from unvegetated mesocosms. When flushed with tap water,
inorganic and organic forms of nitrogen and phosphorus leached from the unvegetated
mesocosms, but were mostly retained within the vegetated mesocosms.
To investigate the role of geochemical sorption in nutrient removal from stormwater,
sorption experiments were conducted in the laboratory. The loamy-sand filter media
(the media with the highest portion of reactive particles – 3 % clay) was exposed to
stormwater-equivalent and higher concentrations of nutrients. Equilibrium
concentrations for each media (the point at which nutrients are neither removed from
solution nor leached to solution) were calculated for all nutrients. The effects of
incubation time (24 h vs. 72 h), enrichment (prior exposure to regular synthetic
stormwater irrigation or none) and vegetation (media from vegetated vs. unvegetated
systems) were compared. In enriched media, sorption could no longer remove
phosphate or ammonium from stormwater, whereas removal of these compounds still
occurred in non-enriched media. For all nutrients, the equilibrium concentrations
(EC0) calculated for the enriched media were higher than the concentrations of the
nutrients in stormwater. Thus the enrichment process had raised the EC0 of the
media, and nutrients were subsequently released into solution rather than being
removed. Incubation time had little effect on vegetated systems, but a longer
incubation time increased the release of organic N and organic P from media in
unvegetated systems. Similar to the mesocosm testing, less nitrate leached from
vegetated filter media than from unvegetated media.
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To compare microbial nutrient uptake with removal by sorption, the same sorption
experiment was conducted, but without the microbial inhibitor (toluene). After
subjecting the media to water extractions, the media was fumigated and extracted
again to determine differences in microbial biomass nutrients between the treatments
of vegetation and incubation time. In contrast to the sorption experiments, without the
microbial inhibitor enriched media removed nutrients from stormwater rather than
releasing nutrients to solution. Media from the vegetated mesocosms showed
enhanced removal of phosphate, organic phosphorus and organic nitrogen at
stormwater concentrations relative to unvegetated media, suggesting that microbial
activity was enhanced in media from vegetated mesocosms. Extending the incubation
time promoted the release of nitrate and ammonium in all treatments. Microbial
activity only made a difference in stormwater concentration solutions. Comparison
with other studies suggests that the potential for microbial nutrient removal in high
concentration solutions was probably limited by the small microbial biomass.
To determine if plant tissue was an important nutrient sink, above-ground plant
biomass in the mesocosms was measured and leaf and stem tissues were harvested
and analysed for nitrogen content. Media cores were also sampled to assess the
organic matter content in the media profile of different treatments (vegetation vs.
unvegetated, enriched vs. non-enriched). A substantial quantity of nutrients was
recovered in above-ground plant biomass, equivalent to 78 % (vegetated loamy-sand),
71 % (vegetated sand) and 24 % (vegetated gravel) of the nitrogen load removed by
the mesocosms during their lifespan. There was very little difference in plant tissue
nitrogen concentration between plant species or between treatments, but certain
species and the loamy-sand media had a much higher biomass than others. More
organic matter built up in the media of the vegetated mesocosms compared to the
unvegetated mesocosms. Enriched treatments accumulated slightly more organic
matter in the media compared to the non-enriched controls. The final fate of removed
nutrients appears to be mostly in plant biomass and perhaps also in the accumulation
of organic matter throughout the media.
The research results reported in this thesis represent the novel application of many
ecological investigative techniques to stormwater bioretention systems. These
investigations have revealed the very important and highly interrelated role that
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microbes and vegetation play in nutrient removal, and have demonstrated the limited
role of sorption. Subsequent to these experiments, two conceptual models were
developed to compare and contrast the function of vegetated and unvegetated
bioretention systems. This is the first research to develop detailed conceptual models
of bioretention system function for nutrient removal. The research outcomes
emphasise that nutrient removal from stormwater can be maximised by promoting
plant growth and microbial activity in bioretention systems. Bioretention system
design and maintenance should therefore aim to protect and enhance these aspects.
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Chapter 1. Introduction to urban runoff

1 Introduction to Urban Runoff and Bioretention Systems

1.1 Chapter overview
This chapter introduces the problems caused by catchment urbanisation, describing
how stormwater becomes polluted, and the effects that polluted stormwater can have
on the receiving water bodies. Stormwater quality improvement devices (SQIDs) and
bioretention systems are introduced and their roles are described. The treatment
efficiency of bioretention systems is examined, and the available information
regarding the pollution removal processes in these systems is summarised.
Knowledge gaps are identified and a conceptual model is presented that describes the
likely pollutant removal pathways in bioretention systems. Finally, the research
questions to be examined by this thesis are proposed and an overview of the thesis
structure is presented.

1.2 The effect of catchment urbanisation on stormwater quality
Increasing urbanisation has been linked to degrading water quality and the
eutrophication of the receiving waterways of urban catchments (Walsh 2000, Walsh et
al. 2004). Pressures on urban waterways are likely to increase given sustained
population growth and the increasing urbanisation of cities worldwide. Development
in urban areas has created large impervious areas such as roads, parking lots,
pavement, and roofs within urban catchments. Rainfall that runs off impervious urban
surfaces is known as stormwater. Highly urbanised areas may have an impervious
area as high as 90% (Gromaire-Mertz 1999). Since impervious surfaces prevent
rainfall infiltration into the soil, they cause an increase in total runoff volume relative
to a catchment with no impervious surfaces. Pollutants that build up on impervious
surfaces are dislodged and carried to waterways during rainfall events. As a result,
stormwater often contains many pollutants, and in some waterways it has become the
major source of pollution (Duncan 1995). Since water management in urban areas
has historically been directed at removing water from urban areas as quickly as
possible to prevent flooding, urban impervious surfaces are usually linked to an
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extensive network of pipes that rapidly and efficiently discharge urban runoff and the
associated pollutants to the receiving waterways (Wong et al. 2000).
1.2.1

Pollutants in stormwater

Pollutants in stormwater originate from many sources and activities, and may occur as
either particulate or dissolved forms. Gross pollutants are larger particles such as
litter and leaves, most of which is vegetation debris (70 – 75 %), human derived litter
such as disposable packaging (25 %), and coarse sediments (Allison et al.1998).
Suspended solids are soil and organic particles entrained by stormwater during runoff
events, which may originate from the erosion of exposed soil on development sites,
settled dust (Weibel et al.1964 in Duncan 1995), or atmospheric deposition and
washout (airborne particles brought to the ground by rain) (Halverson et al. 1984 in
Duncan 1995, Brezonik 1999). Suspended solids may also derive from vehicle wear
(Drapper et al. 2000). Dissolved pollutants come from many diverse sources such as
animal faeces (Livingston 1994 in Wong et al. 2000), the products of corrosion of
roofing and building materials (Gromaire-Mertz 1999), hydrocarbons such as oil and
fuel (Drapper et al. 2000), fertilisers (Duncan 1997), leachates from organic materials
such as leaf litter (Wallace et al. 2008) and herbicides applied to roadsides (Ellis
1997).
Some of the most problematic pollutants such as nutrients, heavy metals and
hydrocarbons are usually associated with particulates, especially the smaller size
fraction (Vaze 2002, Gromaire-Mertz 1999). Consequently sediment removal is often
the primary objective of many stormwater quality improvement devices. However,
many pollutants such as heavy metals and nutrients also occur in dissolved forms
(Gromaire-Mertz 1999, Vaze 2002), which can only be removed by adsorption to soil
or microbial biofilms, or direct uptake by microorganisms, microbial biofilms or
vegetation.
1.2.2

Effects of stormwater pollutants on waterway health

Pollutants in stormwater have many impacts on the health of the receiving waterways.
All of the pollutants that occur in stormwater can have detrimental effects on water
quality, ecosystem processes such as photosynthesis and respiration, the health of
aquatic organisms and even human health. One type of pollutant may affect many

2

Chapter 1. Introduction to urban runoff

aspects of waterway health. The most important pollutants and their effects are now
presented.
Suspended solids affect stream health by increasing the turbidity of the water. Less
light can penetrate a turbid water column and consequently photosynthesis by aquatic
plants and phytoplankton is reduced or sometimes completely inhibited (Metzeling et
al. 1995, Wood and Armitage 1997). Without photosynthesis the oxygen
concentrations in water column are lower, and the water is less able to support oxygen
– requiring fauna such as fish or invertebrates. As suspended solids settle they
smother the stream benthos, leaving an altered and simplified habitat for benthic
organisms. The species assemblage changes from one that was based on benthic
algae and coarse particulate matter, to one dependent on fine particulate organic
matter (Maltby et al. 1995a).
Elevated concentrations of nutrients such as nitrogen and phosphorus in the water
column lead to eutrophication. Nutrients in stormwater may be dissolved or
particulate, and come from pollutants such as organic matter, soil, fertilisers, animal
faeces, sewer overflows, leaking septic tanks and atmospheric deposition (Victoria
Stormwater Committee 1999). An excess of these nutrients in the water column
promotes aquatic plant growth and can lead to the proliferation of aquatic weeds and
undesirable algae, and blooms of toxic cyanobacteria that pose a serious health hazard
to humans and livestock. Although algae produce oxygen during daylight, algal
blooms may cause shortages of dissolved oxygen during darkness when respiration by
the algae exceeds the oxygen available in the water column (Greenway 2002, Walsh
et al. 2004). These problems reduce the ability of water bodies to support fisheries,
recreation, industry or drinking water supplies (DeBusk and Dierberg 1999).
Many toxic chemicals are found in stormwater, including organic compounds such as
pesticides and herbicides (Hvitved-Jacobson 1991), and heavy metals such as
cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn)
(Drapper et al. 2000). Toxic chemicals are often associated with organic solids in
stormwater (Wong et al. 2000) or sorbed onto sediment (Ferguson 1994). Heavy
metals are often associated with particulates (Drapper, 2000, Wong et al. 2000), and
heavy metal concentrations appear to increase with decreasing particle size
3
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(Sansalone 1997). Organic compounds and metals can be toxic to some aquatic
organisms, and can be bio-accumulated, further perpetuating their effect through the
food chain (Hvitved-Jacobson 1991). Stormwater discharge from roadways has also
been linked to an increase in concentrations of hydrocarbons and heavy metals in
sediment. Toxicity testing has revealed that even if concentrations of pollutants in the
water column were not toxic to instream fauna, the sediment could be toxic (Maltby
1995b). Mulliss et al. (1996) were able to demonstrate that aquatic macroinvertebrate
fauna in streams receiving polluted stormwater accumulated metals in their body
tissue, and that this concentration of metals led to organism mortality. Toxic
chemicals in stormwater have been directly linked to the mortality of stream
organisms (Burton et al.2000) and are also thought to be indirectly responsible for the
death of aquatic organisms by increasing their susceptibility to disease (Austin 1999).
Compounds in stormwater that contain carbon contribute to the biological oxygen
demand (BOD) of the water column. Biological oxygen demand can be increased by
organic particles in litter or suspended solids, sewer overflows that are often
associated with rain events (Wong et al. 2000, Walsh et al.2004), animal faeces
(Livingston 1994 in Wong et al. 2000), and hydrocarbons such as oil and fuel
(Drapper et al. 2000). BOD can also be driven by compounds that leach from organic
material, even if that material itself does not move to the waterbody (Wallace et al.
2008). The carbon is a food source for heterotrophic microorganisms, those organisms
that use carbon and oxygen to generate energy through respiration. Microbial
respiration depletes water column oxygen concentrations to the extent that the water
can no longer support other oxygen – requiring organisms such as vertebrates and
invertebrates (Greenway 2002). Water column hypoxia has resulted in fish and
shellfish kills (Paerl et al.1998).
Stormwater may pose a health risk to humans and animals because it often contains
faecal coliforms and pathogenic bacteria, such as Salmonella. The pathogens in
stormwater may come from sewer overflows (Walsh 2000), or animal faeces
(Livingston 1994 in Wong et al. 2000). The concentrations of microbes in
stormwater range from 4000 to 200 000 cfu/100ml (Wong et al. 2000) and these
values are 2 to 4 orders of magnitude higher than the recommended maximum levels
for human contact with a water body (ANZECC 2000). Dwight et al. (2002) found a
4
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significant association between precipitation events, urban runoff and elevated
bacterial levels at beaches that receive urban runoff. They conclude that swimming at
these beaches may pose a significant health risk. The proliferation of microbes that
follows the input of organic material to a water body has also been implicated as the
reason for fish kills due to disease (Austin 1999).
1.2.3

Effects of urbanisation on the hydrology of urban streams

Water quality parameters do not accurately describe the full extent of the impacts of
urbanisation on streams. Urbanisation can also drastically alter the hydrology of
urban streams. Changes in stream conditions that chemical water quality
measurements judge to be small to moderate, are often associated with profound
changes in biotic community responses (Sonneman et al. 2001). Increases in urban
impervious surface areas lead to an increased frequency and intensity of flooding
(Walsh et al. 2004). Thus, those species that survive in urban streams are not only
those tolerant of elevated levels of pollutants; they must also be able to re-establish
quickly after floods (Walsh et al. 2001). The increased frequency and intensity of
disturbances that urban streams are subjected to has led to a reduction in species
richness in aquatic communities of fish (Klein 1979), macroinvertebrates (Walsh et
al. 2001, Maltby et al. 1995a) and benthic diatoms (Sonneman et al. 2001). Walsh et
al. (2001) found that urban streams in Melbourne, Australia, were populated with
only a few hardy taxa that were typical of degraded stream communities worldwide.

1.3 Water Sensitive Urban Design and stormwater quality improvement
devices
Stormwater Quality Improvement Devices (SQIDs) form part of the broader concept
of Water Sensitive Urban Design (WSUD). Water Sensitive Urban Design is a
planning and urban design philosophy that aims to minimise the hydrological impacts
of urban development on the surrounding environment, and incorporates both
structural water treatment devices such as rainwater tanks or vegetated buffers, and
non-structural initiatives such as education campaigns. The concept is generic and
can be applied at the household, street or catchment scale (Lloyd et al. 2002). The
term low impact development (LID, e.g. Davis 2001) is used in the USA in preference
to Water Sensitive Urban Design but means the same thing.
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Walsh et al. (2004) summarised stormwater management objectives as trying to
mimic terrestrial processes in managing stormwater. This can be done by retaining
and slowing runoff, allowing more water to seep into the ground, and using SQIDs to
remove pollutants from stormwater. Stormwater quality improvement devices are
used to remove pollutants from the water. These devices are divided into 3 categories
based on the particle size that the device was designed to remove (NSW EPA 1997):
•

Primary treatment devices such as gross pollutant traps (GPTs) are usually
fitted to drains and stormwater outlets or channels to remove litter and large
debris from stormwater.

•

Secondary treatment devices such as vegetated swales, retention basins,
infiltration trenches and porous pavement are designed to remove sediment
and small particulates from stormwater. These devices work by trapping
suspended solids, or by allowing water to infiltrate into the soil, thereby
reducing total runoff volume.

•

Tertiary treatment devices – these are designed to filter stormwater by
promoting the sedimentation of fine suspended particles, the adsorption of
dissolved pollutants to the sediment and organic material, and to encourage
dissolved nutrient uptake and transformation by biofilms and macrophytes.
Constructed wetlands and vegetated biofiltration systems fall into this
category.

Since no single device can treat all pollutants, a “treatment train” approach is usually
recommended (Lloyd et al.2002), whereby devices are placed in series so that primary
or secondary treatment takes place immediately before tertiary treatment. For
example, a swale may be used to remove sediment from stormwater before the water
passes through a biofiltration system to remove dissolved pollutants.

1.4 Biofiltration systems
A biofiltration system typically consists of a lined basin or trench filled with porous
media and planted with vegetation. Pollutants are removed from solution as the water
filters through the media, either horizontally in a trench or vertically in a basin. The
media in biofiltration systems may range from gravel (Figure 1.1) to sandy loam
(Figure 1.2), and the vegetation from sedges to shrubs and small trees (Figure 1.3).
Stormwater pollutants are removed from solution by physical, chemical and
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biological pathways. Physical processes remove particulate pollutants by filtration
(sedimentation and screening) as water percolates through the media. Chemical
processes such as sorption or precipitation reactions take place between the media and
stormwater solution resulting in the removal of some dissolved pollutants. Biological
pollutant removal processes are fostered by the interaction between stormwater and
the plant roots that grow in the media, and the microbial biofilms that grow on the
roots and the surface of the filter media. These biological processes can remove
dissolved pollutants and colloidal size particles through entrapment, uptake and
transformation. Stormwater that has passed through the media is then collected in
perforated pipes at the bottom of the media, and is discharged to the stormwater
network or receiving waterway (Davis et al. 2001). Bioretention systems can range in
size from small garden beds to large basins (up to 1 ha) or median strips and footpaths
of streetscapes.
Bioretention systems are a cheap and efficient way to transform pollutants such
nutrients in stormwater into a resource for vegetation. They are relatively cheap
because they comprise mostly natural materials in a very simple construction. The
vegetation improves the scenic amenity of the system so that it becomes a landscaping
asset.

Figure 1.1 Cross-section of a bioretention swale (from Lloyd et al. 2002)
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Figure 1.2 Conceptual diagram of a bioretention facility. Note grass buffer to protect
the filter media from sediment (from Dept Env Res 1993 in Davis et al. 2001).

Figure 1.3 Cross section of a bioretention system. Note lower layer of gravel to
promote even and free drainage (from Prince George’s County, Maryland, Bioretention
Design Manual 2005).
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Bioretention systems have been referred to using the terms “biofilter”, “biological
filter” and “biofiltration system” in published scientific literature. These terms have
been applied to several different types of devices, all of which function based on the
principle of removing pollutants from water as it percolates through a filter media.
Examples include:


A sand filter that includes a media layer with an adsorption capacity such as
peat or humus to remove dissolved pollutants (NSW EPA 1997)



A gravel filter upon which a microbial biofilm grows (Lau et al. 2000, and
Mothersill et al. 2000). The gravel provides the physical filtration, while the
biofilm performs the enhanced sedimentation by trapping fine particles within
the biofilm and removal by taking up dissolved pollutants from the water
column.



A lined infiltration trench overlain by a vegetated swale fitted in place of
conventional street drainage (pictured in Figure 1.1, Lloyd et al. 2002). The
vegetated swale provided effective removal of particulate pollutants; however
the short hydraulic retention period of water in the system was insufficient to
enable the treatment of dissolved pollutants.



Davis et al. (2001) describe a more complete laboratory-scale bioretention
system based on the structure of the example shown in Figure 1.2 and Figure
1.3. “Retention” refers to the detention or ponding of water for a period of time
before it passes through the filter. The filter media is sandy-loam, which
facilitates the adsorption of some dissolved pollutants such as metals and
nutrients to the silt and clay particles. The biological components consist of
hardwood bark mulch and the vegetation planted in the filter media. The mulch
enhances the removal of heavy metals, which adsorb to the organic matter,
while the rhizosphere and probably the microbes associated with the
rhizosphere promote nutrient uptake and biological pollutant transformation.



Rain gardens (Berndtsson et al. 2006, Kohler et al. 2002, and Villarreal and
Bengtsson 2005) (Figure 1.4) and green roofs (Dietz, M. E. and J. C. Clausen
2006, and Morzaria-Luna et al. 2004) (Figure 1.5) filter stormwater using the
same bioretention principles.



Street tree planter boxes have also been designed to filter water using
bioretention principles (Figure 1.6).
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The concept of bioretention has now evolved to represent a lined and vegetated filter
media with an underdrain to collect the filtrate and discharge it to the receiving
stormwater infrastructure; this is illustrated by Figure 1.3. Biofiltration systems, rain
gardens, green roofs and street tree planter boxes all function based on the same
principles and are all considered to be different forms of bioretention systems.

Figure 1.4 Rain garden to treat road runoff. Photo by Maplewood City Council,
Minnesota (from www.ci.maplewood.mn.us/)
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Figure 1.5 Green roof at Schiphol International Airport, Amsterdam (from
www.hrt.msu.edu/greenroof/)

Both bioretention systems and constructed wetlands are tertiary stormwater treatment
devices. They are designed to perform similar functions, which are the removal of
dissolved pollutants and the colloidal size fraction of suspended solids from
stormwater. As such, they are most effective when placed at the end of a stormwater
treatment train. Although similar in purpose, bioretention systems offer several
advantages over wetlands: no standing water remains between rain events,
bioretention systems can be built in much smaller or more confined spaces than
wetlands, and bioretention systems require a smaller fraction of the surface of the
catchment to achieve the same water quality objectives (Fletcher et al.2003).
Bioretention systems, like wetlands, are also effective in temporarily detaining
stormwater, and thus reducing the impacts of frequent disturbance and flooding that
affect many urban waterways.
Bioretention systems were first described by Schueler in 1987 (Schueler 1987), and
were first constructed in Prince George’s County, Maryland (Coffman et al. 1993 in
Hunt 2003). This first bioretention system constructed in 1992 treats runoff from a
parking lot in a shopping centre (Davis et al. 2006). It has been monitored and tested
since by Davis et al. (2006). Work by Davis and his colleagues in Maryland, USA
11
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constitutes the earliest and most comprehensive published research into bioretention
systems, incorporating research into nutrient removal (Davis et al. 2001, Davis et al.
2006, Hsieh and Davis 2005a and 2005b, Davis 2007, Hsieh et al. 2007a, Hsieh et al.
2007b), heavy metals removal (Davis et al. 2003, Sun and Davis 2007), oil and grease
removal (Hong et al. 2006), and denitrification processes in bioretention systems
(Kim et al. 2003). Other researchers working with bioretention include Hunt (2003)
in North Carolina, USA, Marsalek, Lau and Mothersill working in Ontario, Canada
(Lau et al. 2000, Mothersill et al. 2000). In Australia, Lloyd’s PhD studies at Monash
University, Melbourne were the earliest work on bioretention systems (Lloyd et al.
2002). This has been followed by the research for this thesis (Henderson et al. 2006)
at Griffith University in Brisbane. Substantial work is now being conducted at
Monash University in Melbourne through the recently established Facility for the
Advancement of Water Biofiltration (FAWB), (Hatt et al. 2006, Hatt et al. 2007, and
Zinger et al. 2007.). Work on street tree planter boxes has been done at the
University of Melbourne (Denman et al. 2006). William Lucas is currently
researching bioretention system function through Griffith University, Brisbane (Lucas
and Greenway 2007 and 2008).
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Figure 1.6 Street tree planter box configured as a bioretention system (Brisbane City Council)
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1.5 Bioretention system pollutant removal efficiency
The use of bioretention systems for stormwater treatment is relatively new, and the
treatment efficiency and nutrient removal processes of these systems are poorly
understood. There are relatively few publications (17) at the time of writing that
document the pollutant removal efficiency of bioretention systems. A summary of the
pollutant removal efficiency documented in these publications is presented in (Table
1.1). Typically, testing the pollutant removal efficiency involves comparing the
concentrations of the influent into and the effluent from a bioretention system, and
doing a mass balance to compare the load removed from solution.
Because bioretention system testing has been carried out under many different
experimental conditions (as detailed in Table 1.1), it is difficult to form
generalisations about pollutant removal efficiency of these devices. Different
experiments use different chemicals, influent concentrations, filter designs, filter age,
media, media depths, vegetation, planting density, vegetation age, detention times,
and antecedent dry periods. The calculation of pollutant removal efficiency is also
based on different sampling and timing regimes. To address these inconsistencies in
experiments a direct comparison of treatment efficiency should be made that
compares different media types, vegetated and non-vegetated media, and different
hydraulic detention times.
Additionally, many researchers use a synthetic stormwater solution comprising only a
narrow suite of chemicals. The solution used may not supply all the nutrients required
to promote the processes likely to occur in field systems, so experimental results may
not be representative of field systems.
Considering the differences in experimental design, it is not surprising that the results
of treatment efficiency testing are highly varied (Table 1.1). Some bioretention
systems appear to have very high nutrient removal efficiencies (e.g. Kohler et al.
2002, Kim et al. 2003, and Denman et al. 2006), whereas others report the tendency
for some filters to provide very poor removal or to leach large quantities of nitrogen,
especially nitrate and dissolved organic nitrogen or phosphorus (e.g. Dietz and
14
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Clausen 2006, Davis et al. 2001, Hsieh and Davis 2005a, Davis et al. 2006, Hunt
2003, Hatt et al. 2006). Poor nutrient removal has been attributed to the
mineralisation of soil organic matter (Dietz and Clausen 2006), or of the mulch used
in the experiment (i.e. the leaves and grass clippings used by Hsieh and Davis 2005a
and 2005b), or of captured nitrogen that is nitrified between storm events and
subsequently washed from the system (Hatt et al. 2006, 2007, Hsieh et al. 2007b,
Davis et al. 2006), or the mineralisation of organic nitrogen as it passes through the
filter media (Duncan 2000). Dissolved organic carbon (DOC) is an important nutrient
in stormwater, but removal of DOC by bioretention systems has never been
investigated.
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Table 1.1 Summary of bioretention system pollutant removal efficiency tests (% removed)
Device

Media Depth (m) Vegetation Y/N

TN

Vegetated Roof

TKN

NO3

NH4 Org N

TP

80

Rain Garden

Y

68-69

81 - 87

PO4 Metals Oil & Grease TOC

Authors

68 88 - 95

Kohler et al. 2002

69-86 -9 - 6 -98 - -104

Dietz and Clausen 2006

Bioretention

0.61 - 0.91

Y

41 - 95 -122 - 126 45 - 90

54 - 88

90

Bioretention

0.95

N

1 - 43

4 - 99

66 - 98

Bioretention

0.61 - 0.91

Y

55 - 65 -45 - 5

Bioretention

0.9

N, mulch

Bioretention

0.4

N, mulch

Bioretention

0.03

N, mulch

Sand filter

0.6

N, mulch

72 - 90

Farm 2002

Bioretention

Batch expt

N, mulch

50 - 100

Jang et al. 2005

Review

N

2 - 49

-64 - 19 2 - 23

Davis et al. 2001
96

Hsieh and Davis 2005a

70 - 85

Davis et al. 2006

47 - 68

Hsieh and Davis 2005b

80

Kim, Seagren and Davis 2003
80 - 95

20

Bioretention

0.6 - 0.9

Y

Bioretention

0.46 - 1.2

Y

-636 - 89

Street trees

0.4

Y

82 - 95

Bioretention

0.8

N

-ve

Biofilter *

2

N

Bioretention swale

0.8

Y

0

Bioretention

0.9

Y

65 - 75

-110

50

-1000 - 51

0 - 80

Hong Seagren and Davis 2006

60 - 80

Duncan 2000

89 - 98

Davis et al. 2003

30 - 100

Hunt 2003
Denman et al. 2006

-ve

50

24 - 55

90

Hatt et al. 2006

90

Lau, Marsalek and Rochfort, 2000
Lloyd, S., T. Wong and C. Chesterfield (2002)

65 - 99 80 - 96 50 - 60

Zinger et al. 2007

Note: The systems of Denman et al. 2006, and Dietz and Clausen 2006 were the only media densely vegetated, others were sparsely vegetated (5 - 7 plants/m2 or less) or had no vegetation
* Filter consists of gravel (0.02 m deep) rather than sand or sandy-loam, horizontal flow rather than vertical flow
Y = Yes, N = No, TN = Total nitrogen, TKN = Total Kjeldahl nitrogen, Org N = organic nitrogen, TP = Total phosphorus, TOC = Total organic carbon
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1.6 Bioretention systems pollutant removal pathways
Research on stormwater bioretention systems to date has focussed on measuring
pollutant removal efficiency rather than investigating the mechanisms responsible for
the removal of pollutants from stormwater. Pollutant removal may be due to physical
processes such as screening or sedimentation, chemical processes such as sorption or
precipitation, or biological processes such as uptake or transformation.
The physical processes responsible for the removal of particulate pollutants from
stormwater are better understood and more predictable than the chemical and
biological processes. The ability of the filter media to screen out small particles is
determined by the particle size distribution of the filter media. Particles that are too
large to pass through the interstitial spaces of the media are trapped and retained
(screening). Sedimentation may also occur if the flow of water through the media is
slower than the settling velocity of the suspended particles (Huisman and Wood
1974). The physical screening of particulates from a given media can be calculated
using the approach of Huisman and Wood (1974). They state that a tightly packed
bed of spherical grains of uniform size will prevent the passage of particles 0.155
times the size of the diameter of the media grains, approximately equal to the
diameter of the interstices. If sedimentation is a likely process, the smallest grain size
likely to settle can be calculated using Stoke’s law that predicts the setting velocity for
settlement in laminar flow. Urbonas (1999) provides formulae for estimating 1) the
suspended solids load that a filter is likely to be subjected to, and 2) the removal
efficiency of the filter. He also provides a model that describes the likely flow
through rate that results as a consequence of suspended solids becoming trapped in
the filter matrix.
Chemical pollutant removal processes are less well understood. As discussed in
section 1.5, research on stormwater bioretention systems to date has focussed on
measuring pollutant removal rather than elucidating the pollutant removal
mechanisms. An exception is research on the chemical removal process of sorption
for the removal of dissolved heavy metals conducted by Davis et al. 2001, Jang et al.
2005, and Farm 2002. Many authors discuss likely pollutant removal mechanisms
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(summarised in Table 1.2), but very few of those proposed have been tested
experimentally. The chemical pollutant removal processes most often cited are:
sorption for the removal of P, NH4, heavy metals, and sometimes dissolved organic
compounds, and precipitation for the removal of inorganic phosphorus with calcium
(Ca), aluminium (Al) or iron (Fe). Sorption is cited as a likely pollutant removal
pathway by 14 of the 18 papers reviewed in Table 1.2, and precipitation is inferred by
4 papers. Although sorption is often cited as a nutrient removal pathway, no studies
have attempted to quantify the role of sorption for any nutrients.
Biological processes are often inferred for nutrient removal but very little work has
been done in this area. The microbially mediated process of denitrification, the
conversion of nitrate (NO3-) to nitrogen gas (N2), has been used to explain losses of
nitrogen (in Table 1.2 see Davis et al. 2006, Hsieh and Davis 2005a and 2005b, Kim
et al. 2003, Dietz and Clausen 2006, Zinger et al. 2007). Pollutant uptake of the
inorganic species NH4, NO3, PO4 and possibly some dissolved heavy metals by either
plants or microbes has been invoked to explain the disappearance of these chemicals
(in Table 1.2 see Davis et al. 2003, Davis et al. 2006, Denman et al. 2006, Hatt et al.
2006, Hunt 2003, Lucas and Cosgrove 2005, Sun and Davis 2007). “Retention” is an
ambiguous term that some authors have used to describe nutrients that remained
within the filter media (in Table 1.2 see Berndtsson et al. 2006, Dietz and Clausen
2006). Although nitrification, decomposition, and mineralisation and microbial
transformation processes are mentioned (Table 1.2) these are not strictly removal
processes. They are often cited to describe the breakdown of complex organic
molecules and transformation into the inorganic nutrient species (ammonium, nitrate,
and phosphate) that may leach from the filter media.
Most of this research reviewed in Table 1.2 focuses on bioretention system media,
and assumes that the pollutant removal processes are mostly physical or chemical
(excepting Denman et al. 2006, and Kim et al. 2003 who studied plant uptake of
nutrients and denitrification respectively). The implicit assumption made in most of
the papers is that the physical and chemical removal processes are finite; physical
removal processes ceasing when the media clogs with fine particulates and chemical
removal processes ending when the sorption capacity of the media is exhausted. This
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assumption infers that when these physical and chemical pollutant removal processes
cease, the bioretention system media must be replaced.
The biological processes that may be important for pollutant removal in bioretention
systems have been largely overlooked despite biological pollutant removal pathways
offering the possibility of sustained removal. Two exceptions reviewed in compiling
Table 1.2 that investigated biological nutrient removal are Denman et al. (2006) who
investigated the role of street trees in removing nutrients from stormwater, and Kim et
al. (2003) who studied the potential for nitrate removal via denitrification in
bioretention systems. Biological removal through uptake by plants and microbes
should be especially important for the removal of nutrients such as nitrogen,
phosphorus and carbon, since plants require nitrogen and phosphorus (Salisbury and
Ross 1991, Sharpley 1999), and heterotrophic microbes require all three nutrients
(Wetzel 1999). The microbially mediated process of denitrification also offers the
potential for sustained nitrogen removal. Most studies reviewed overlook the
immobilisation of nutrients by soil microbes as a pathway for nutrient removal,
although the concept was proposed by Duncan (2000) in his review, and by Breen et
al. (2003). The effect of vegetation on nutrient removal by bioretention systems has
not yet been isolated. The importance of the relationship between microbes and
plants in nutrient removal or nutrient transformation has not been explored in any
discussions regarding bioretention systems. Since biological removal pathways offer
great potential for the sustained removal of nutrients in stormwater, nutrient removal
is the focus of the rest of this thesis.
A summary of the collective knowledge in published research regarding nutrient
removal by stormwater bioretention systems is listed in Table 1.2. A conceptual
model summarising the nutrient removal pathways is presented in Figure 1.7. The
conceptual model highlights the chemical nutrient removal pathways of sorption and
precipitation, and indicates the biological nutrient removal pathways of denitrification
and plant uptake. The role of microbes in the transformation of complex organic
compounds into simple inorganic compounds is also illustrated.
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Table 1.2 Summary of bioretention system pollutant removal mechanisms
Device

Pollutant removal process

Authors

Vegetated Roof

N 'retained' by vegetation or soil (sorption or uptake)

Berndtsson, Emilsson and
Bengtsson 2006

Bioretention

P sorption or precipitation with Ca, Fe, Al, NH4 sorption, Org N not elucidated,
effluent NO3 is high resulting from nitrification between irrigation events.

Davis et al. 2001

Bioretention

Metal removal by sorption to mulch layer. Authors note that plant uptake may
accumulate metals. Field sites with finer media and more vegetation performed
better than field sites with mulch yet authors still attribute removal to mulch.

Davis et al. 2003

Bioretention

Minimal NO3 uptake expected, Org N sorption to mulch, denitrification
responsible for N losses, Plant uptake could remove 90 % of TN & 100 % of P.

Davis et al. 2006

Street trees

Plant uptake critical to N removal, extraction of nutrients by plant roots maintain Denman et al. 2006, and Breen
soil's ion exchange/sorption capacity; rhizodeposits support rhizosphere
et al. 2003
biofilms - enhancing microbial uptake and transfer to host plants.

Rain Garden

NH4 sorption, NO3denitrification, P released by decomposition of soil flora and
fauna, mulch 'retained' N & P, plant uptake < 3 %

Dietz and Clausen 2006

Review

P & metals sorption. N, TOC & hydrocarbons processed by microbial activity.
TKN nitrification in filter media. Role of vegetation (uptake and carbon supply)
noted but reviewed work investigates only chemical and physical processes.

Duncan 2000

Sand filter

Metals - sorption or precipitation.

Farm 2002

Bioretention

Organic N and P are subject to sorption and mineralisation in filter media and
inorganic products leach. Plant uptake necessary or media becomes a source
of nutrients rather than sink. Metals removed by sorption.

Hatt et al. 2006 WSUD

Bioretention

Oil and Grease removed by sorption to organic matter and humic acids, then
microbial activity degrades oil and grease. Only leaf mulch tested.

Hong Seagren and Davis 2006

Bioretention

Pollutants removed by sorption or precipitation. NO3 denitrification if submerged
zone and e- donor (carbon source).

Hsieh and Davis 2005a

Bioretention

P sorption or precipitation. Loss of N by denitrification.

Hsieh and Davis 2005b

Bioretention

Nutrient removal due to bio-decay, nutrient cycling and bio-uptake. Pocket
anaerobic zones develop independent of design and permit denitrification.

Hunt 2003

Bioretention

Metals - sorption and diffusion into bark. Co-ion effect noted.

Jang et al. 2005

Bioretention

NO3 denitrification.

Kim, Seagren and Davis 2003

Review

Removal mechanisms in bioretention systems include biological uptake and
transformation. P and metals removed by sorption (P and metals) determined
by CEC and Equilibrium P concentration.

Lucas and Cosgrove 2005

Bioretention

Adsorption, mineralisation, ion exchange, volatilisation

Prince George's County 2005

Bioretention

Sorption of P, denitrification of N, plant and microbial uptake

Lucas and Greenway 2007

Bioretention

Sorption of P, nitrification of N

Hsieh et al. 2007a, b

Bioretention

NO3 denitrification.

Zinger et al. 2007
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Figure 1.7 Conceptual model of nutrient removal processes in bioretention systems
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1.7 Conclusions from Chapter 1
Bioretention systems are one of the devices recommended for the removal of
dissolved pollutants from stormwater. However, experiments testing the pollutant
removal efficiency of bioretention systems have reported highly variable results. This
variability may be due to differences in experimental parameters during testing.
Experiments are required to isolate the effect of different parameters on nutrient
removal efficiency. If the effect of different types of media, vegetation, and detention
times on pollution removal is known, this knowledge will allow designers to
incorporate these elements appropriately into stormwater bioretention systems.
Bioretention systems remove pollutants from stormwater, and many pollutant removal
pathways have been proposed, but very few have actually been tested. Though
physical, chemical and biological nutrient removal pathways are thought to occur in
bioretention systems; only the mechanisms of physical entrapment of particulate
pollutants are well understood. The chemical and biological processes necessary for
the removal of dissolved pollutants are mostly untested in stormwater bioretention
systems. Chemical processes such as sorption are probably finite, but biological
processes offer the potential to provide sustained removal of nutrients. A review of
the available stormwater bioretention system literature identified knowledge gaps
concerning the contribution of sorption to nutrient removal, and the role of microbes
and vegetation in nutrient transformation and uptake. These knowledge gaps form the
basis of the literature reviewed in Chapter 2. Identifying the most important nutrient
removal pathways will allow designers and managers to maintain and enhance those
aspects of the bioretention system that contribute the most to nutrient removal.
Hence this thesis aims to resolve some of these knowledge gaps by testing and
comparing the nutrient removal efficiency of different bioretention system designs
subjected to different conditions. The thesis will aim to quantify some of the most
likely chemical and biological nutrient removal processes occurring in stormwater
bioretention systems.
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1.8 Thesis outline
The first aim of this thesis is to investigate the nutrient removal efficiency of
stormwater bioretention systems. To this goal, four research questions were posed:
1. What is the effect of media particle size on nutrient removal efficiency?
2. What is the effect of vegetation on nutrient removal efficiency?
3. What is the effect of detention time on nutrient removal efficiency?
4. Does nutrient removal change after bioretention systems have been subjected
to sustained loading of nutrients (the effect of enrichment)?
The second aim of the thesis is to determine the contribution of three of the most
likely removal pathways to overall nutrient removal. Experiments were devised to
answer the following research questions:
5. What proportion of the nutrient removal in bioretention systems can be
attributed to sorption processes?
6. What proportion of nutrient removal in bioretention systems can be attributed
to microbial uptake?
7. What proportion of nutrient removal in bioretention systems can be attributed
to plant uptake?
The third aim of the thesis is to construct a conceptual model that reveals the new
understanding of stormwater bioretention system function based on these research
results.
To answer the above research questions, the following approach was taken. Since the
first four research questions focus on resolving differences in nutrient removal
efficiency due to different design parameters, experimental bioretention mesocosms
were designed and built to address this. The mesocosms incorporated treatments
using the types of media most commonly employed for bioretention systems: gravel,
sand and loamy-sand. Vegetated and non-vegetated treatments of each media were
made. A synthetic stormwater was used for all testing. This experimental design
standardised all the comparisons made and overcame the variability inherent to
working with stormwater such as variability in storm size and duration, in antecedent
dry period, and pollution concentrations. To investigate the removal pathways of
nutrients from stormwater (questions 5 to 7), samples of media and plant tissues were
taken from the mesocosms and subjected to laboratory testing.
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This work is reported in the thesis as follows:
Chapter 2 reviews the chemical and biological nutrient transformation and removal
processes likely to occur in the ephemerally wet and dry environments of stormwater
bioretention systems, and identifies those most likely to be responsible for nutrient
removal.
Chapter 3 presents the results of the preliminary investigations conducted to inform
the design and construction of the bioretention mesocosm experiment:
•

The stormwater sampling that informed the composition of the synthetic
stormwater

•

The saturated hydraulic conductivity tests for various potential media used to
determine suitability for bioretention use

•

Particle size analysis of the selected media

•

Breakthrough curves used to detect preferential flow paths in the mesocosms

Chapter 4 reports on the results of the treatment efficiency evaluation of the
bioretention mesocosms, addressing the research questions 1 to 4 as listed above. The
removal of three nutrients (nitrogen, phosphorus, and carbon) was assessed under
experimental conditions using bioretention mesocosms. This enabled differences in
nutrient removal due to media, vegetation, detention times, and the effect of frequent
exposure to nutrients (enrichment) to be tested.
Chapter 5 examines the sorption capacity of bioretention system media (research
question 5). Media was subjected to a solution of nutrients at various concentrations
for short (24 hours) and long (72 hours) detention times. The equilibrium
concentration (the concentration at which neither sorption or desorption occurs) of the
media was determined for all nutrients tested, and the equilibrium concentrations are
reported. A microbial inhibitor was used to prevent microbial activity.
Chapter 6 responds to research question 6 and reports on experiments designed to
identify the role of microbes in the uptake of nutrients. Bioretention system media
was subjected to a range of experimental conditions similar to those used in Chapter
5, but without a microbial inhibitor. Microbial uptake of stormwater nutrients and the
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microbial biomass in media from vegetated and non-vegetated mesocosms were
measured and compared. Microbial removal of nutrients was then compared to the
removal of nutrients by sorption.
Chapter 7 responds to research question 7 by investigating the role of plant tissue as a
nutrient sink in stormwater bioretention systems. Plant tissues were harvested to
determine if the vegetation constituted an important nutrient sink. Cores of media
were also examined to determine if organic matter built up in the media as a
consequence of either vegetation or enrichment. Results are presented and discussed
to demonstrate differences between treatments and species.
Chapter 8 summarises the major findings reported in the previous chapters. Informed
by these findings, a new conceptual model of bioretention system function is
presented that traces the processes responsible for the removal of nutrients in
vegetated and non-vegetated bioretention systems. These conceptual models expand
the current field of knowledge, particularly through emphasizing the importance of
biological processing in stormwater bioretention systems. Based on this research,
recommendations for the design and management are made that aim to enhance and
protect the biological function of bioretention systems.
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2 Nutrient Removal Processes in Bioretention Systems

2.1 Chapter overview
As discussed in Chapter 1, nutrients are an important pollutant in stormwater. Excess
nitrogen and phosphorus in waterways cause significant negative effects on people,
streams, flora and fauna. Bioretention systems are of particular interest because of
their great potential to remove nitrogen and phosphorus from stormwater.
Despite great interest and burgeoning investment in bioretention systems, very little
research has been conducted to explain how the nutrients are removed from
stormwater in bioretention systems. This chapter attempts to expand upon the current
state of knowledge of bioretention system function (as presented in Chapter 1) by
identifying and discussing a range of potential nutrient removal processes that may be
occurring in bioretention systems. These processes have been sourced from research
conducted in physical environments where similar nutrient processing occurs. These
environments include wastewater treatment systems, wastewater wetlands and natural
wetland, riparian zones, agriculture, forests, and natural plant-soil systems.
Nutrient removal processes can be categorised as being either a physical, chemical or
biological process. As bioretention systems are designed to work by removing
dissolved nutrients from stormwater, this review places emphasis on chemical and
biological and processes rather than physical processes such as sedimentation and
screening. An assessment is made of the probable importance of the chemical
removal processes of ammonium volatilisation, phosphate precipitation and
geochemical sorption in stormwater bioretention systems. This review then considers
the role of biological nutrient removal processes such as mineralisation and
immobilisation, nitrification and denitrification and plant uptake. Biological nutrient
processing is likely to be affected by changes in physical conditions such as
ephemeral waterlogging, thus this effect is also considered.
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2.2 Chemical nutrient removal processes
2.2.1

Volatilisation of ammonia

Volatilisation may be responsible for the loss of ammonia in soil-water systems.
Ammonium ions (NH4) can form ammonia gas (NH3) in the presence of hydroxide
ions and subsequently volatilise. Volatilisation in flooded soils requires a pH above
7.5 or 8. The pH of stormwater is unlikely to be higher than 8 (Hatt et al. 2004), so it
is not expected that volatilisation will be an important nutrient removal processes in
bioretention systems.
2.2.2

Precipitation of phosphorus

Phosphate is the only nutrient examined that is likely to form a precipitate.
Precipitation of phosphorus occurs when the critical concentration for nucleation of
seed crystals is exceeded and two or more substances combine to form a solid phase.
For example at low concentrations phosphate ions will be sorbed in a loose bond onto
a metal hydroxide, but at higher concentrations phosphate ions replace the hydroxyl
ion and the metal phosphate precipitates out of solution (Rhue and Harris 1999). For
example, as a consequence of soil flooding, sediment oxygen is depleted as it is used
for respiration by soil microbes and plants, and subsequently nitrate is then depleted
as it is used for denitrification. In the continued absence of oxygen, these reducing
conditions lead to the reduction of metals from mineral oxides such as Iron (Fe). Fe3+
can be reduced to Fe 2+, a more soluble form of iron. If the concentrations of Fe2+ and
phosphate in solution are high enough they will form a precipitate that drops out of
solution and hence that phosphate becomes no longer biologically available (Holford
and Patrick 1981, Rhue and Harris 1999). Precipitation of calcium and phosphorus
may occur if the soil contains calcium carbonate or calcium sulphate (gypsum).
These solids are only sparingly soluble, but precipitation may occur if the distribution
of many electrolytes in the soil solution, pH and temperature are appropriate (Adams
1971). Precipitation is only likely to be an important nutrient removal process if the
filter media is high in Ca or Fe, and if PO4 concentrations are relatively high for
stormwater.
2.2.3

Sorption

Sorption can be an important chemical process for the removal of dissolved nutrients
from polluted stormwater. A number of compounds such as PO4 and NH4 (Phillips
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2002), organic nitrogen, carbon and phosphorus (Phillips and Sheehan 2005a, Kaiser
and Zech 2000, Kaiser et al. 2001) can be removed from polluted waters by soil
sorption processes. Sorption is the removal of a compound from solution by
concentrating it in (absorption) or on (adsorption) a solid phase such as particles of
soil or organic matter, through one of two processes:
a.

Ligand exchange – an anion (especially phosphate) replaces a surface
hydroxyl ion that is coordinated with a metal cation in a solid phase (part of
the clay layer). In acidic waters this occurs with Fe, Al, Mn, and in basic
waters with Ca, Mg.

b.

Ion exchange – ions are attracted to and loosely bound by negative and/or
positively charged sites on permanent and variable charge soil surfaces
(Rhue and Harris 1999).

Permanent (structural) surface charges result from isomorphous substitution, where a
cation within the crystal lattice of clay is substituted with another from the
surrounding solution. This is usually associated with 2:1 layer aluminosilicates such
as montmorillonite, vermiculite, and is not affected by the soil solution ionic
composition or pH. Variable charge surfaces are created by reactions with surface
groups such as organic matter, sesquioxides (Al and Fe oxides) and the edges of some
aluminosilicate clay layers (such as kaolinite) and vary depending on the ionic
concentration and pH of the surrounding solution (Qafoku et al. 2004 in Phillips and
Sheehan 2005b). Variable surface charge components of soil carry predominantly
positive charges at pH values less than the acid dissociation constant (pKa) for that
component i.e. organic matter pKa = 3, exposed hydroxyl (OH) groups on kaolinite
pKa = 3 – 4, sesquioxides pKa = 8 – 9. At a soil pH of approximately 7 organic
matter and exposed OH groups will carry a negative charge, and sesquioxides will
carry a positive charge (Tan 1993). Thus in bioretention systems it is expected that
PO4 will sorb to sesquioxides, whereas NH4 will sorb to organic matter or kaolinite
exposed OH groups.
Ammonium may be retained in some soils through adsorption. However this fraction
is readily desorbed (meaning easily extracted using a solution of low ionic
concentration such as 0.01M CaCl2 solution). This suggests NH4 is retained by weak
electrostatic forces (Phillips 1999). Organic matter has a preference for multivalent
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cations and will adsorb Fe, Mn, and Ca preferentially, before NH4, if these ions are
present in sufficient quantity (Evangelou 1986). However, as concentrations of NH4
increase, so does its ability to displace other cations such as Ca, Mg, K, and Na
(Phillips 1999). Many authors attribute the removal of NH4 in stormwater
bioretention systems to sorption processes (Table 1.2 in Chapter 1), but the removal of
NH4 by sorption is unlikely to be substantial unless multivalent cations such as Ca and
Mg occur only in very low concentrations. Ca and Mg occurred in greater
concentrations than NH4 in stormwater measured during the preliminary studies
described in Chapter 3, and therefore it would be expected that Ca and Mg would
displace NH4 from sorption sites on the filter media, making NH4 sorption unlikely.
Phosphate ions sorb readily to many soils through the process of ion exchange or
ligand exchange. Phillips (1999) demonstrated that soils containing iron (Fe) and
manganese (Mn) hydroxides and oxides, and organic carbon could sorb large amounts
of P. Dissolved organic compounds can also sorb to Fe and aluminium (Al)
oxyhydroxides (Kaiser and Guggenberger et al. 2000, Qualls et al. 2002).
Consequently, although it is expected that sorption will be responsible for the removal
of substantial quantities of PO4 and organic nitrogen, phosphorus and carbon in
bioretention systems, the role of sorption as the nutrient removal process in these
systems has never been tested. Experiments to investigate sorption as a removal
process were performed as part of this thesis and the results are presented in Chapter
5.
Waterlogging initiates several processes that usually lead to the release of P from
inundated sediments. P is released as iron-reducing bacteria use Fe3+ oxides and
oxyhydroxides as terminal electron acceptors for anaerobic respiration. This process
causes the dissolution of Fe3+ to soluble Fe2+, and liberates associated PO4 ions
(Baldwin and Mitchell 2000). In reducing environments such as waterlogged soils,
PO4 ions may also be displaced from Fe – PO4 compounds by S2- ions in the
formation of FeS (Roden and Edmonds 1997). Humic materials that complex with
Fe(III)-PO4 may also release PO4 if the Fe(III) is reduced (Cotner and Health 1990).
Waterlogging can increase the sorption capacity of soils that contain iron (Fe) in
specific circumstances. Waterlogging usually leads to a decrease in redox potential
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(Willett 1989) and can facilitate the reduction and dissolution of Fe3+ oxides and
hydroxides to amorphous Fe2+ hydroxides. As Fe3+ oxides dissolve they may expose
phosphate reactive adsorption sites (Holford and Patrick Jr, 1981). Upon reoxidation
the amorphous Fe2+ hydroxides are oxidised to form Fe3+ oxides and hydroxides once
again, but without the dissolution step associated with reduction. Some labile
phosphate may be immobilised through occlusion of adsorbed phosphate in the
reformation of the more crystalline Fe3+ oxides during oxidation (Holford and Patrick
1981). The reoxidation of a reduced soil does not necessarily increase the sorption
capacity of the soil. However, if redox potentials and pH were low enough during
reduction to maintain a high Fe concentration in solution, upon reoxidation the Fe3+
hydrous oxides formed may be a more amorphous and reactive form. These hydrous
oxides may give the soil an increased adsorption capacity compared to that of a
natural aerobic soil (Holford and Patrick 1981). The ephemerally wet environment of
stormwater bioretention systems may lead to the creation of these highly sorptive
amorphous hydrous oxides.

2.3 Biological nutrient removal processes
Nutrients in water can be removed or transformed by several biological processes.
These include: (1) mineralisation of organic N to NH4 or organic P to PO4, (2)
nitrification of NH4 to NO3, (3) denitrification of NO3 to N2 or N20 gas, and (4) uptake
or immobilisation of nitrogen that is incorporated into plant or microbial biomass, or
deposited as organic matter in the filter media. These processes are discussed below.
2.3.1

Mineralisation and ammonification

Mineralisation is the decomposition of organic matter into inorganic constituents. It is
not a nutrient removal process for nitrogen and phosphorus since mineralisation
transforms organic nutrients such as nitrogen and phosphorus compounds into
inorganic bioavailable forms such as NH4 and PO4, which can be taken up by
microbes such as bacteria or fungi, and vegetation. Mineralisation is enzymatically
driven by bacteria (Wetzel 1999, Newman and Robinson 1999), which account for
approximately 70 % of mineralisation, the remainder catabolised by fungi. Organic
matter found in stormwater includes such things as leaf litter and plant materials,
faeces, hydrocarbons and dissolved organic compounds. Mineralisation results from
one of the following processes: a) direct uptake of organic compounds for respiration
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by microorganisms, releasing nutrients as waste products, or b) mineralisation of
organic compounds by extracellular enzymes such as phosphatases, usually followed
by microbial uptake (Wetzel 1999).
For nitrogen in organic matter to become bio-available, it is necessary that it be
decomposed or broken down into ammonium (NH4) by microorganisms in a process
known as ammonification. Ammonification can take place in the presence or absence
of oxygen, but is usually slower in anaerobic environments due to the low energy of
fermentation, resulting in the synthesis of fewer microbial cells per unit carbon
decomposed (Reddy and Patrick 1984).
Whether nutrients are taken up (immobilised) or released to the environment
(mineralised) depends on the C/N/P ratio of the organic matter (Reddy et al. 1999).
Immobilisation occurs where carbon is plentiful in relation to nitrogen or phosphorus
(wide C/N or C/P ratio); much of the nitrogen or phosphorus may be immobilised or
taken up to meet the microbial metabolic requirements for growth. Mineralisation
occurs where carbon is in short supply relative to nitrogen or phosphorus (narrow C/N
or C/P ratio). Nitrogen or phosphorus will be released because the catabolism of the
organic compounds will be driven by the microbial requirements for carbon rather
than nutrients and nitrogen or phosphorus will be released as waste products.
Material with a wide C/N ratio (80) is more easily decomposed under anaerobic
conditions than aerobic conditions, which require a C/N ratio of 23 (Reddy and
Patrick 1984). This may explain why some researchers have found that more nitrogen
was mineralised under flooded conditions compared to well-drained conditions
(Patrick and Wyatt 1964). The end products of mineralisation such as ammonium can
build up in soils in the absence of oxygen, where nitrification is restricted (Phillips
and Greenway 1998), but this is unlikely in bioretention systems unless saturation of
the media is unusually prolonged. Because mineralisation is dependent on the narrow
C/N/P ratio, it is expected that organic compounds decomposed in unvegetated
bioretention systems will be mineralised. Since vegetation may supply carbon to the
microbes in bioretention systems, it is expected that the decomposition products in
vegetated bioretention systems will be immobilised, rather than mineralised. The
results of experiments investigating microbial uptake of nutrients from stormwater are
presented in Chapter 6.
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2.3.2

Nitrification

Nitrification is the oxidation of NH4 to NO3. Nitrification is dependent on the
presence of oxygen and is carried out by autotrophic microbes that fix inorganic
carbon and use the oxidation reaction to generate energy (Sprent 1987). Nitrification
will occur at concentrations of oxygen as low as 0.3 mg l-1 provided that there is a
suitable flux of oxygen entering the system (Greenwood 1962). Other researchers
prescribe a minimum oxygen concentration of 1.5mg l-1 (Wolverton 1987) or a soil
redox potential above 350 mV (Patrick and Jugsujinda 1992). Nitrification can
probably occur in waterlogged soils in the thin aerobic zone created around the roots
of plants (Reddy and Patrick 1984). Nitrification appears to be a dominant process in
many bioretention systems (Table 1.1 in Chapter 1)
The presence of labile organic carbon can limit nitrification. In the presence of
carbon, heterotrophic microbes that consume organic carbon can outcompete
nitrifying organisms by immobilising ammonium (Zhang et al. 1995, Butturini et al.
2000.) Aerobic heterotrophs also consume oxygen in the process of respiration,
limiting oxygen supply to the nitrifying organisms (Butturini et al. 2000), and
nitrifiers themselves can be responsible for the depletion of oxygen in lakes subjected
to large amounts of nitrogenous wastes (Reddy and Patrick 1984).
It is not expected that nitrification would be inhibited in bioretention systems since the
period of inundation is not long (usually less than 24 hours) and the water is not
stagnant. Sand filters are usually very efficient and nitrifying organic nitrogen
compounds and in some cases near-complete nitrification has been measured (Duncan
2000). After an episode of waterlogging and then drying, any NO3 that is formed is
highly soluble and may be easily leached from the soil in the initial drainage from a
subsequent waterlogging event. The potential for this to occur in bioretention systems
is high because the permeabilities of the filter media are very high.
2.3.3

Denitrification

Denitrification is the conversion of nitrate (NO3) to N20 or N2 gas, and results in the
permanent removal of nitrogen from terrestrial or aquatic ecosystems. Because of
this, denitrification is often studied in agricultural and natural systems (Sprent 1987),
and is used in wastewater treatment to remove nitrogen from effluent (Narkis et al.
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1979). Denitrification is carried out by heterotrophic microorganisms that oxidise
carbohydrate substrates to CO2, using NO3 instead of O2 as an electron acceptor.
The primary control on denitrification rates is the availability of oxygen, because most
denitrifying organisms are facultative anaerobes and will use oxygen if available
(Sprent 1987). A soil is considered aerobic soil if it has a reduction-oxidation (redox)
potential above 350 mV, and in such environment oxygen can be used as the terminal
electron acceptor. At redox potentials less than 350 mV, microbes begin to use
alternate electron acceptors such as nitrate (below 350 mV), manganese – Mn4+
(below 300 mV) and iron – Fe 3+ (below 150 mV) (Patrick and Jugsujinda 1992).
Denitrification rates are controlled in many environments by the availability of labile
carbon (labile meaning readily ingestible by microbes) and nitrate. Labile carbon not
only provides a source of carbohydrates to the denitrifying microbes, it can promote
denitrification by also supporting respiration by aerobic heterotrophs, a process that
consumes oxygen and helps create the anaerobic environment required by denitrifying
microorganisms. It is thought that the major influence of carbon on denitrification is
not just as an energy source for denitrifiers, but for the promotion of respiration that
provides the anaerobic conditions necessary to support denitrification (Tiedje 1988).
Phillips (1999) found that the extent of reducing conditions in several soils tested was
dependent on the soil carbon content. Carbon rich soils have a greater reducing power
that can be attributed to greater heterotrophic microbial activity within the soil
(Patrick and Jugsujinda 1992). Narkis et al. (1979) found that complete
denitrification occurred when the C: N ratio was 2.3:1, where C is expressed as
Biological Oxygen Demand (BOD) and N as nitrate, both in mg l-1. Denitrification
became much less efficient when the ratio dropped below 2.3. e.g. 70% efficient at
2:1, and 50% efficient at 1.5:1. Kim et al. (2003, Table 1.1 and Table 1.2 in Chapter
1) designed bioretention systems to encourage denitrification using an artificial
carbon source. They measured substantial nitrate removal (up to 99 %) where a
carbon source was added and very little removal (up to 10%) in the carbon-free
bioretention systems.
Vegetation can be an important carbon supply for denitrifying microbes or important
in creating anaerobic microsites that support denitrification. Experiments conducted
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with vegetated bioretention columns that incorporated a submerged anaerobic zone
reported nitrate removal rates of up to 99 % (Zinger et al. 2007). Reddy et al. (1989)
measured denitrification rates around the roots zones of aquatic plants and found these
to be six to nine times higher than denitrification rates in flooded bulk soil.
The rate of denitrification may be controlled by nitrification rates, which limit the
supply of nitrate. In many environments such as forests, riparian zones, swamps, and
wetlands, nitrification rates have been found to be generally slower than
denitrification rates (Gutknecht et al.2006). Since nitrification requires oxygen, and
denitrification only occurs in the absence of oxygen, the two processes must be
separated, either spatially or temporally. Both nitrification and denitrification can
occur simultaneously, but separated spatially in flooded soils where aerobic and
anaerobic zones exist (Reddy and Patrick 1984). Anoxic zones can form quickly
amongst submerged decomposing detrital material once a soil is flooded. Since
oxygen diffusion is approximately 10 000 times slower in water than in air,
respiratory consumption removes oxygen faster from sites of decomposition than it
can diffuse in from the surrounding water (Zhang et al. 1995). Anaerobic microsites
will form quickly 100μm below the surface of decomposing material (Zhang et al.
1995), near plant roots (Megonigal et al 2004) or within biofilm colonies (Costerton et
al. 1995). In flooded soils therefore, the supply of nitrate from aerobic areas to
anaerobic microsites will be also governed by the rate of diffusion of nitrate across a
concentration gradient.
The temporal separation of nitrification and denitrification reactions can occur where
cyclic waterlogging and drying cause fluctuating redox conditions. Fluctuations in
redox potential increase the efficiency of the ammonification – nitrification –
denitrification reactions (Reddy et al. 1976). During soil drying, mineralisation and
nitrification is stimulated so that there is an accumulation of labile NH4, NO3
and organic carbon within the soil. Then upon rewetting and reduction of the soil
environment, the concentrations of labile carbon and nitrate stimulate more effective
denitrification. The magnitude of N loss increases as the frequency of waterlogging
and drying increases (up to 25% of soil N), and decreases as the duration of
waterlogging and drying extends beyond 2 days (Reddy and Patrick 1976).
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Both anaerobic microsites and fluctuating redox potentials are likely to occur in
bioretention systems. The redox potential of saturated soil in rain gardens treating
roof runoff was measured at below 300mV (Dietz and Clausen 2006). This was
measured monthly in a system that was regularly wet. The extent to which the redox
potential responds to saturation in the short term (hourly) in bioretention system
media has never been measured, and may be important in the treatment of stormwater
from small runoff events less than 24 hours.
Nitrate may also be removed from water by two other processes; Dissimilatory Nitrate
Reduction to Ammonium (DNRA) and Anaerobic Ammonium Oxidation
(Anammox). DNRA is an anaerobic pathway that occurs in two steps. NO3
is first converted into NO2, a process that yields energy. NO2 is then combined with
hydrogen to produce NH4+. This second step does not yield energy but may serve as
an electron sink for the regeneration of NADH from NADH2 in respiration. DNRA
and denitrification may compete for carbon and NO3. DNRA is thought to be
favoured over denitrification where availability of labile carbon is high and NO3
availability is low, and at higher temperatures. DNRA can be the dominant NO3 sink
in some ecosystems (Megonigal et al. 2004). Anammox is closely linked to nitrate
respiration. NO3 must first be converted to NO2. Anammox bacteria then combine
NO2 with NH4 to yield nitrogen gas and water. Anammox organisms may be
widespread in some ecosystems, and Anammox is expected to be significant where
denitrification is limited by carbon availability (Megonigal et al. 2004).
2.3.4

Microbial and plant uptake

Immobilisation is the assimilation of nutrients into protoplasmic substances of
microbes such as bacteria or fungi. Nutrients are important for microbial growth since
nitrogen constitutes approximately 10% of the dry mass of bacteria (Duff and Triska
2000) and phosphorus constitutes and 1.5 to 2.5 % of the dry mass of bacteria (Atlas
and Bartha, 1998, Alexander 1961). Microbes can remove inorganic nitrogen (NH4+
and NO3) and phosphorus (PO4) from soil solution through direct uptake. Nitrate and
ammonium are the most highly bioavailable forms of nitrogen, and they are the forms
taken up preferentially by bacteria. Orthophosphate (soluble inorganic P) is readily
bioavailable and is usually the form of phosphorus consumed first by bacteria (Kadlec
1999).
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Immobilisation occurs where labile carbon is abundant in relation to nitrogen or
phosphorus. The abundance of available energy in the form of carbohydrates drives
microbial growth, which increases the microbial demand for nutrients such as
nitrogen and phosphorus. Immobilisation is the converse of mineralisation and often
results in the depression of nutrient uptake by plants as available nutrients in the soil
are sequestered by an increasing microbial population, thus limiting plant access to
these nutrients (Atlas and Bartha 1998). It is expected that immobilisation will be
greater in vegetated bioretention systems because the vegetation - mediated supply of
carbon from will be greater than in non-vegetated systems.
Plant uptake can also be responsible for the removal of inorganic nitrogen (NH4 and
NO3) and phosphorus (PO4) from the soil solution. Nitrate and ammonium and
orthophosphate (PO4) are the most highly bioavailable forms of nitrogen and
phosphorus, and are the forms taken up preferentially by plants (Kadlec 1999). Plants
accumulate nutrients in their tissues, and nutrient accumulation in plant tissues may be
1% N and 0.19 % P for dry plant tissues of woody plants such as Melaleuca (Bolton
and Greenway 1997) and as high as 5.8 % N and 1.8 P % for dry plant tissue of
aquatic macrophytes (Greenway 1997).
In any vegetated water treatment system the proportion of nutrients removed that can
be attributed to plant uptake is dependent on the nutrient loading rate. For example,
vegetation in wastewater treatment systems assimilates nutrients into plant tissues at
the following rates:
•

Turf 18 – 43 N, 0.4 – 8.8 P mg m-2 d-1 (Barton et al. 2005)

•

Melaleuca trees 22 – 66 N, 4.4 – 12.1 P mg m-2 d-1 (Bolton and Greenway
1997)

•

Aquatic macrophytes 104 – 128 N, 36 – 44 P mg m-2 d-1 (Greenway and
Woolley 2001)

•

Some aquatic macrophytes are capable of nitrogen uptake rates as high as 685
mg N m-2 d-1 (Brix 1997).

(yearly rates were converted to a daily basis for comparison).
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If a water treatment system such as a wetland has a nutrient loading rate similar to the
nutrient uptake capacity of vegetation growing in it, then the nutrient accumulation in
plant tissues may be responsible for a large portion of the nutrients removed. For
example, wetland microcosms loaded at 247 mg N and 14.5 mg P m-2 d-1 (Huett et al.
2005) had a nutrient loading rate similar to the uptake capacity of some plants.
Consequently nutrient accumulation in the tissues of the vegetation (Phragmites
australis) was able to comprise a large portion (58 % N, 67 % P) of total nutrients
removed from the wetland microcosms. Similarly, Greenway and Woolley (2001)
studied a system with similar loading rates and founded nutrient accumulation in plant
tissues accounted for up to 48% N and 58 % P of the nutrients removed. However, if
the nutrient loading rate far exceeds the nutrient uptake capacity of the vegetation, the
vegetation is unlikely to make a large contribution to the removal of nutrients. In a
subsurface flow wetland receiving high nutrient loads (2400 mg N, 700 mg P m-2 d-1),
the plant biomass held only 11 % of the nitrogen and 3 % of the phosphorus load
(Browning and Greenway 2003). Tanner (2001b) reported similar percentages of
nutrient removal attributable to plant tissues (2 – 8 % N, 2 – 5 % P) in a wetland
receiving similarly high nutrient loads. If vegetation in a water treatment system
contributes substantially to nutrient removal, harvesting the aboveground biomass
may provide the means to permanently remove nutrients from the system. This was
found to be the case in a subsurface flow wetland planted with Melaleuca trees
(Bolton and Greenway 1999). In wetlands where the growth of plants has stabilised,
the harvesting of shoots can be an important nutrient removal mechanism (Huett et al.
2005).
Microbial immobilisation rates can be much higher than plant uptake rates. For
example in fertilised incubation experiments using soils from cropland and forests,
microbial uptake rates for nitrogen were as high as 143 mg N kg-1 soil d-1. To convert
mg N kg-1 soil d-1 to mg N m-2 d-1, it was assumed that the top 10 centimetres of soil is
the most microbially active fraction, and that the soil has a bulk density of 1.5 kg per
litre, 1 m2 soil 10 cm deep = 150 kg. Thus the microbial uptake rate is equivalent to
21,450 mg N m-2 d-1. Microbial uptake rates for phosphorus could not be found in
scientific literature.
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Microbial N uptake rates are approximately 30 to 100 times faster than uptake by
plants. These rapid microbial uptake rates fuel rapid microbial growth but the ability
of most microorganisms to retain nutrients is limited by the relatively weak ability of
microbial cells to withstand disturbances such as predation and dessication, in
comparison to vascular plants. Consequently, some of nutrients assimilated by soil
microorganisms are quickly returned to the soils upon cell death as leachate
(dissolved organic matter), particulate organic matter, and mineral solids (Kadlec
1999). As microbial cells turn over and cell lysis releases microbial nutrients back to
the soil, the roots of plants are able to compete again and again for nutrients. Since
the lifespan of plant cells is much longer than microbial cells (Lipson and Nasholm
2001, Andresen and Michelsen 2005, Kaye and Hart 1997), the vegetation has many
opportunities to compete for microbial nutrients and eventually the vegetation
biomass can capture and retain more nutrients than microbial biomass. Plant uptake is
a slower process than microbial uptake and it may take several weeks for plants to
accumulate the majority of the nitrogen that is initially added to soil (Dunn et al.
2006). In a stormwater bioretention system where exposure of the media to nutrients
is ephemeral and may only last a few hours, it is likely that microbes may account for
most of the nutrients initially removed from solution. It is expected that the
vegetation will acquire nutrients more gradually and consistently as each microbial
generation turns over. The accumulation of nutrients in the tissues of vegetation
growing in stormwater bioretention systems is researched as part of this thesis and is
reported in Chapter 7.
2.3.5

Luxury uptake

Some bacteria have the ability to assimilate surplus P in aerobic conditions and to
store it as polyphosphate granules, which may be released in anaerobic conditions. In
anaerobic conditions these polyphosphate granules are hydrolysed for energy and
adenosine tri-phosphate (ATP) (Sidat et al.1998), resulting in excess phosphate that
builds up within the cytoplasm and subsequently diffuses from the cell. In this way
facultative anaerobes can release excess phosphorus during shifts from aerobic to
anaerobic conditions. This process could be responsible for a release of phosphorus
when filter media is flooded.
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Plants are also capable of accumulating nutrients in excess of their physical
requirements. This is known as “luxury uptake” of nutrients. In a comparison of the
same wetland species from natural and constructed wetlands, plants from the nutrient
enriched constructed wetlands consistently had higher nitrogen and phosphorus leaf
tissue contents (Greenway 1997, Bolton and Greenway 1997). Bolton and Greenway
(1997) also discovered that plants growing in eutrophic conditions might not
translocate nutrients from leaves prior to leaf senescence. The luxury uptake
phenomena may be an important feature of the vegetation and microbes in stormwater
bioretention systems, whose exposure to nutrients is ephemeral and coincides only
with rainfall. The media of bioretention systems is very sandy and expected to be
nutrient poor. It is not known whether plants growing in stormwater bioretention
systems experience a nutrient rich or nutrient poor environment.
2.3.6

Formation of refractory organic compounds

Microbes may contribute to the removal of nutrients through the production of
refractory compounds. Microbes do this by incorporating dissolved organic nutrients
into cellular particulate matter. Not all the cellular material is easily biodegradable.
Consequently refractory microbial cellular material can accumulate in the soil in
response to sustained nutrient inputs (Gatcher and Meyer 1993). Thus the accretion
dissolved organic sediment acts as a nutrient sink, and it is expected that organic
matter will build up in bioretention systems over time as a result.
Vegetation may also contribute to nutrient removal through the production of
refractory compounds. Many plants translocate nutrients from leaves to shoots or
roots prior to senescence (Huett et al. 2005, Bolton and Greenway 1997). Despite
this, litterfall and the accumulation of organic matter in the sediment forms an
important nutrient sink. In a subsurface flow wetland, the leaf litter from Phragmites
australis decomposed to form sediment, which accounted for 40 percent of the
phosphorus removal by the wetland (Headley 2004). Senescent leaf fall was also a
significant contributor to the long-term sediment sink in wastewater Melaleuca
wetlands (Bolton and Greenway 1997). The accumulation of organic matter in the
media of stormwater bioretention systems has never been studied, so its importance as
a nutrient sink is not known. The organic matter content of bioretention system media
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subjected to different treatments was researched as part of this thesis and is reported
in Chapter 7.

2.4 The role of microbes and vegetation in bioretention systems
Microbes are responsible for most of the nutrient processing in soils (Marshner and
Kalbitz 2003), and probably drive nutrient transformation processes in bioretention
systems. The microbial biomass only accounts for 2–3 % of organic matter in soil;
however this is a highly labile fraction containing many nutrients and is a very
important repository for plant-available nutrients (Jenkinson and Ladd 1981). The
microbial biomass of the soil is a key site for mineralisation of soil organic matter
(Brookes et al. 1985), and more phosphorus may be present in the soil microbe
biomass than the plant biomass (Halm 1972 in Sanyal and de Datta 1992). Nutrient
processing in bioretention system media is therefore linked to the microbial
population of the media.
The addition of plants to a bioretention system will increase the population of
microbes in the filter media. The rhizosphere of vegetated soil can have 10 times the
concentration of organic acids in comparison to unvegetated soil (Bolan et al. 1997).
Organic acids and sugars exuded by vegetation act as a source of labile organic C to
microbes (Yevdokimov et al. 2006). Consequently, bacteria and fungi are 20 – 50
times more abundant in the rhizosphere of plants than in the bulk soil (Newman 1978,
Atlas and Bartha 1998). Microbes in the rhizosphere can assimilate applied fertiliser
in quantities equal to that of plant uptake (McLaughlin and Alston 1986). Pollutant
nutrient transformation is also faster in vegetated microcosm wetlands compared to
unvegetated microcosm wetlands (Lin et al.2002). Therefore planting vegetation in
bioretention systems should enhance the nutrient processing by microbes, relative to
an unvegetated filter. Consequently, a bioretention system with vegetation should be
more efficient at retaining and processing pollutants than one without vegetation.

2.5 Conclusions from Chapter 2
Many of the chemical and biological processes discussed have been extensively
studied in other soil-water environments, but the same processes have not been
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studied in stormwater bioretention systems. This review evaluated those chemical
and biological nutrient transformation and removal processes that are likely to occur
in stormwater bioretention systems. The chemical nutrient removal processes of
ammonium volatilisation and phosphate precipitation are unlikely to be important,
given the neutral pH and low concentrations in stormwater bioretention systems.
However, geochemical sorption may be responsible for the removal of ammonium,
phosphate and dissolved organic compounds from solution. Biological nutrient
processing is likely to take place in the bioretention system media. The microbial
mineralisation of organic compounds is likely to result in the leaching of inorganic
nutrients from the unvegetated bioretention systems, whereas immobilisation is more
likely to occur in vegetated bioretention systems. Denitrification may occur but it is
not known if the right reducing environment will develop in bioretention system
media. Plant uptake may be an important nutrient sink in bioretention systems, but it
is not known if plants will grow well with the ephemeral availability of nutrients and
water. The accumulation in the media of refractory compounds from microbial and
plant cell decomposition may constitute a nutrient sink in bioretention systems. It is
expected that vegetated bioretention systems will be more efficient at removing and
retaining nutrients from stormwater, due to the symbiosis between plants and soil
microbes that enhances nutrient processing and removal in the rhizosphere.
Experiments to investigate the nutrient removal pathways discussed and the nutrient
removal efficiency of each pathway investigated were conducted in experimental
bioretention mesocosms. The construction and preliminary testing of these
mesocosms are the subjects of Chapter 3.
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3 Field Trials of Bioretention Systems and Preliminary
Experiments for Bioretention Mesocosms

3.1 Chapter overview
In order to measure nutrient removal by bioretention systems, water quality
monitoring was conducted at two field systems recently constructed in South-East
Queensland. To investigate specific nutrient removal processes, smaller experimental
bioretention mesocosms were constructed and tested. This chapter reports the
bioretention system design flaws that prevented meaningful monitoring of the field
systems. The experience with field systems thus led to the design and testing of
appropriately constructed but smaller experimental mesocosms. Details of the
construction of the experimental mesocosms and the experimental design employment
are presented, followed by results from a series of preliminary experiments.

3.2 Introduction
At the commencement of the thesis, it was planned to measure the nutrient removal
efficiency of two bioretention systems that had recently been constructed to treat
urban runoff. These bioretention systems were the Spencer Road bioretention system
and the Hoyland Street bioretention basin. These sites were chosen because they
represented the first of this type of stormwater quality improvement devices to be
built in South-East Queensland. These systems were designed in collaboration with
the University, and the sites were built with the appropriate facilities for monitoring
and the installation of data recording instruments. These sites were to be monitored to
assess their nutrient removal efficiency. Smaller, experimental bioretention
mesocosms were also built to facilitate experiments to determine specific nutrient
removal pathways under more controlled conditions.
This chapter describes the experiences and lessons learned from the monitoring of the
field systems. These experiences consequently influenced the experimental design for
the bioretention mesocosms. Further, to create realistic and properly functioning
experimental systems, some preliminary research was required. It was necessary to:

42

Chapter 3. Field Trials and Preliminary Experiments

•

Characterise the different media used through particle size analysis

•

Measure the saturated hydraulic conductivity of different media

•

Determine the composition of a synthetic stormwater to be used in
experiments that accurately reflected the composition of real urban runoff.

The results of these experiments are described. Once these parameters were
determined, the experimental bioretention mesocosms were built. A description of
the construction of these mesocosms is presented along with the associated
experimental design employed. The mesocosms were then subjected some
preliminary experiments, namely:
•

Monitoring the mesocosms to ensure that establishment proceeded
appropriately

•

The presence or absence of preferential flow paths in the bioretention
mesocosms needed to be tested. This was done by measuring breakthrough
curves using CaCl2 as a solute.

•

To properly assess the load of nutrients that each mesocosm was subjected to
during the establishment phase, it was also necessary to account for the
atmospheric deposition of nutrients to the mesocosms.

Finally, preliminary trials were conducted using the experimental mesocosms to: a)
test the operation of the mesocosms, b) to compare variability within and between
replicates and c) to measure nutrient concentrations in the bioretention mesocosm
effluent.
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3.3 Monitoring of field sites
3.3.1

The Spencer Road bioretention system

Figure 3.1 Spencer Road Bioretention System, Gold Coast, Queensland, Australia.
Designed to treat highway runoff.

The Spencer Road bioretention system was constructed in Nerang, near the Pacific
Highway exit 71, on the Gold Coast, Queensland (Figure 3.1). It consists of two
trenches constructed in parallel to each other. They are approximately 200m long, 2m
wide and 1.2m deep (Figure 3.2). Each trench is divided into 3 cells along the length,
and each cell is approximately 70m long. All the cells are filled with gravel. The
gravel of the first cell closest to the inlet is 20mm in diameter, the next cell contains
10mm gravel, and the last cell closest to the outlet contains 5mm gravel. A slotted
pipe has been placed within the gravel, running the length of the trench at
approximately 100mm above the base of the trench. This pipe drains the percolate
from the gravel and conducts it towards the trench outlet. Hydraulic load can be
controlled by capping the outlet with different end caps of a specific orifice diameter,
facilitating detention times between 2.1 and 8.5 days.
The base and sides of both trenches are lined by geotextile cloth and covered by a
100mm layer of 50mm river rock to hold the substrate in place during flood events.
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One trench is planted with Lomandra longifolia in a 100mm deep layer of 5mm
gravel and organic mulch (depicted in Figure 3.2). The planting medium consists of
5mm gravel/mulch and lies just underneath the river rock and above the filter
medium. In the vegetated trench, the planting medium is separated from the filter
medium by geotextile cloth. The other trench is left unplanted. Wells have been
constructed at the end of each cell and within cells to facilitate sampling of water and
the incubation of biofilms.

Figure 3.2 Conceptual diagram of the design of the Spencer Road bioretention
trenches

Water enters the trenches at the inlet, percolates through the gravel and moves along
the trench via the gravel or within the slotted pipe. Hydraulic loads above the capacity
of the trenches bypass the trenches via a shallow inverted concrete channel/spillway
between the trenches. Large flows flood the system completely and pass over the top
of the biofiltration system. Autosamplers were installed to sample water just upstream
of the trenches, and from the effluent pits at the downstream end of each trench.
Associated with the autosamplers were probes that measure temperature, dissolved
oxygen and water depth.
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Figure 3.3 The vegetation in the top right screened particulates from stormwater prior
to delivery to the bioretention trench media. The vegetation and deposited sediment
acted as a weir, rendering the flow-depth rating curve inaccurate. The oil slick on the
surface of the water obscures the probe pit where the depth probe was installed.

Figure 3.4 Sediment build–up on the surface of Spencer Road bioretention system
media
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The Spencer Road system had a depth probe installed to measure flow coming into
the bioretention system. A flow-depth rating curve was created from survey
information so that flow could be estimated from the depth of water above the probe.
The monitoring of the field sites posed several problems. When analyzing the
hydrographs of hydraulic loads through the bioretention system, it was discovered that
the quantity of influent was grossly overestimated. This overestimation resulted from
the retention of water behind the vegetation that was growing immediately
downstream of the depth probe (Figure 3.3). The Spencer Road bioretention system
was also built with inadequate protection from sediment. The sediment became
problematic when during the monitoring of the site it became evident that several
tonnes of sediment had been deposited on the gravel filter media (Figure 3.4). The
sediment clogged the bioretention system and drastically reduced the hydraulic
conductivity and infiltration rates of the media. Consequently the bioretention system
no longer functioned as designed, and most of the influent stormwater bypassed the
filter media. With this realisation, further research at the site was abandoned.
The use of flow-depth rating curves to estimate flow quantity relies on accurate
estimation of surface roughness. Surface roughness was difficult to accurately
estimate due to the presence of growing vegetation and the unpredictable, stormdependent accumulation of sediment around the probe pit. Since the calculation of a
mass balance depends on accurate measurement of flow, an accurate mass balance of
the Spencer Road was not possible.
The importance of protecting bioretention systems from sediment was also
demonstrated by these experiences at Spencer Road. The delivery of large volumes of
sediment from the catchment to the bioretention system had clogged the trenches
within 18 months of them being built. Once clogged, the bioretention system was no
longer effective for nutrient removal. For bioretention systems to effectively remove
dissolved pollutants from water, it is essential to protect the media from sediment so
as to preserve the desired hydraulic conductivity. Without sediment protection,
bioretention systems can be expected to fail at a rate proportional to the delivery of
sediment to the device.
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3.3.2

The Hoyland Street bioretention basin

The Hoyland Street bioretention system is a constructed basin, oval in shape
stretching 40m in length and 20m in breadth (Figure 3.5). Stormwater enters the basin
via 3 inlets (Figure 3.6). The filter medium is approximately 1m deep and consists of
a loamy-sand, made up of predominantly sand and silt, with 4 % clay. Beneath this is
a sand filter layer approximately 150mm deep. Beneath the sand filter layer lies a
series of slotted pipes in a gravel bed, which collect filtered water and discharge this
to the creek (Figure 3.7). This retention basin has been planted with Melaleuca
quinquenervia and Lomandra longifolia, which were well established and grew
successfully at the time of investigation.

Figure 3.5 Hoyland Street Bioretention Basin. The Melaleuca quinquenervia trees are
approximately 2 years old.

The basin was designed to allow water to enter via the three inlets and pond within the
basin, before gradually percolating through the loamy-sand to be discharged via the
slotted pipes. When the ponding capacity of the basin was exceeded, water would
enter a high set drain at the outlet end of the basin to bypass the media and be
discharged directly to Bald Hills Creek.

48

Chapter 3. Field Trials and Preliminary Experiments

Stormwater entry inlet

Discharge to
creek

Figure 3.6 Schematic top-view of the Hoyland Street bioretention basin showing the
three water inlets in relation to the position of the outlet.

Overflow bypass
and observation pit

Sandy-loam filter media
Gravel drainage layer

Slotted pipe underdrain

Discharge to creek

Figure 3.7 Schematic long section of the Hoyland Street bioretention system

At the Hoyland Street bioretention system different problems were encountered. It
was difficult to capture influent or effluent from the basin. This bioretention system
had very large surface area for a relatively small catchment area. Consequently
influent flows were very small and hard to catch, and most of the effluent was
retained within the filter media. Therefore it was very difficult to obtain any water
samples.
The Hoyland Street system also demonstrates the importance of being able to
accurately measure hydraulic loads in order to properly conduct a mass balance. In
order to collect suitable effluent samples from such a system, the Hoyland Street
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bioretention system would need to be smaller to overcome the large volume of runoff
retained by the media. To accurately estimate the appropriate size of the bioretention
system, estimates of catchment runoff for certain size storms would need to be
calculated. These could be compared to the pore volume of the filter media to ensure
that the media is flooded by stormwater to the frequency desired i.e. design the system
to be flooded by a storm equivalent to a three-month annual recurrence interval. The
Hoyland Street system appeared to function well and showed no signs of preferential
flow or clogging. However, due to its relatively large size in comparison to its
catchment, it was unlikely to yield effluent except from large, infrequent storm
events. Faced with these difficulties it was decided that this site was unlikely to yield
enough data during the time frame of the thesis research, and further monitoring of
the site was abandoned.

3.4 Justification for using experimental bioretention mesocosms
Since the field bioretention systems that were studied were not designed in such a way
that they would yield useful data, the focus of my research shifted to experimental
bioretention mesocosms. The experimental mesocosms offered many advantages
over the field systems that made collecting meaningful data much easier. For
example:
•

Flows, and thus hydraulic loads into and out of the experimental mesocosms
could be precisely measured, thus enabling mass balance calculations

•

Stormwater concentrations could be controlled through the use of synthetic
stormwater

•

The experimental systems would be protected from sediment clogging and
were therefore unlikely to fail during the research timeframe

Experimental mesocosms were built to test the nutrient removal efficiency of
stormwater bioretention systems. These mesocosms also helped to overcome some of
the difficulties inherent in studying stormwater treatment devices, such as to reduce
the variability associated with storm size, intensity and duration, length of antecedent
dry period, and differences in stormwater concentrations from different storm events.
Since it was desired to simulate as much as possible a full-scale field bioretention
system, the mesocosms were built as large as practicable to reduce the edge effects
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that may be associated with laboratory microcosms due to a large perimeter to volume
ratio. Since it is also important to standardise the concentration of influent between
different treatments and experiments, a synthetic stormwater was created.

3.5 Preliminary experiments
In order to test the efficiency of the bioretention mesocosms, experiments were
conducted to characterise the media, the way water flows through the bioretention
mesocosms, and the quality of stormwater that should be used. These were:
•

The saturated hydraulic conductivity (Ksat) of the media was tested to ensure
that the contact time between the media and stormwater met the recommended
criteria for bioretention systems, approximately 30 – 100mm h-1.

•

Particle size analysis of the media was done so that treatment efficiency could
be related to media type.

•

Since a synthetic stormwater was used to ensure consistency throughout all the
experiments, it was considered critical that this synthetic stormwater be
representative of real stormwater, and that it contain all the nutrients and
elements likely to influence microbial or plant growth.

This chapter documents the methods used for each of the tests above, and reports the
results.
3.5.1

Saturated hydraulic conductivity

Introduction
The hydraulic conductivity of various materials was assessed in order to determine
their suitability for use in the bioretention mesocosms. Saturated hydraulic
conductivity (Ksat) is a measure of the permeability of a porous material to a liquid.
The hydraulic conductivity of the mesocosm media is an important factor in
determining the hydraulic retention time of the bioretention system i.e. the length of
time for which water is retained within the device. Since a total retention time for the
total volume dosed of approximately 24 hours was desired, it was necessary to
identify a media with a hydraulic conductivity at saturation of approximately 40mm
hr-1. Several media were trialled for this purpose. Three different media treatments
were selected for the bioretention experiment representing the range of media
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currently employed in bioretention systems: 5mm gravel, fine siliceous sand, and a
loamy-sand (“brickies loam”). Both the gravel and fine sand have saturated hydraulic
conductivies greater than this design guideline. To control the detention time for
those treatments the discharge outlet would be restricted so that the flow rate would
be equal to a hydraulic loading of 40mm hr-1.

Materials
In order to make the trials more representative of the experimental situation (4.2
Bioretention Experiment), a modified constant head permeameter was created. The
constant head permeameter was made from a 90mm diameter PVC pipe
approximately 700mm long. A plastic mesh with a pore size of approximately 1mm
was fastened to the bottom of the pipe to prevent the column of media/soil from
falling out the bottom. The column was supported above the floor with clamps at a
height that allowed a large plastic flask to be placed beneath it. A Marriott bottle of
2-litre capacity was used to regulate the hydraulic head. A 10mm plastic tube
supplied water from the Marriott bottle to the PVC column.

Methods
Saturated hydraulic conductivity (Ksat) was measured as per Reynolds (1993). For
each trial the column was packed with approximately 1.5kg of media. The media was
then compacted by dropping the PVC pipe from a height 200mm for a specific
number of times, depending on the compaction desired. The volume was then
measured and the bulk density (g cm-3) calculated. Bulk density was used to compare
the degree of compaction between samples. Tap water was used for the experiment.
A column of water approximately 500mm tall was gently poured onto the media
column and the media was allowed to saturate. The rate of flow from the column was
measured by weighing the volume of water collected in the collection flask over a
specific period of time. The media was considered saturated when the flow rate
stabilised to within 1 ml 30 s-1. This took between 1 to 2 hours. The saturated
hydraulic conductivity was determined by measuring the flow for 5 consecutive time
periods. The mean was derived for the results and the hydraulic conductivity
calculated using the following formula, which assumes a constant hydraulic head.
K sat = VL / [At (H2 – H1)]
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Where:
K sat = saturated hydraulic conductivity (m/s)
V = volume of water flowing out of the media column
A = cross-sectional area of media column (m2)
t = time (s)
L = media column length (m)
(H2-H1) = hydraulic head difference imposed across the media sample (m)

Results and Discussion
The results of these trials are presented in Table 3.1. The “brickies loam” has been
identified as appropriate for the finest grade of media for the bioretention mesocosms
on the basis that its saturated hydraulic conductivity is closest to the desired value of
40mm h-1. The bioretention mesocosms will also incorporate the fine sand (Ksat
649mm h-1) and small gravel (3mm) (Ksat approx 180m h-1 – data from David
Newton, Griffith University).
Table 3.1 Saturated hydraulic conductivity results for the four types of media tested

Media Name
Screened Natural Soil
Brickies Loam
Roof Tilers Loam
Fine Sand

3.5.2

Bulk density (g cm-3)
1.60
1.62
1.53
1.62

Ksat (mm h-1)
18
30
233
649

Particle size analysis of bioretention media

Introduction
Particle size analysis (PSA) enables the classification of the different media into their
respective media types. The particle size distribution of the bioretention media
samples allows an estimation of the capacity of the media to filter particles of specific
sizes, since physical filtration is determined by the pore size of the media. It may also
help explain the sorption capacity of the different media, since particle size has been
linked with sorption capacity (Atalay 2001). The particle size distribution of the 3
media chosen for use in the bioretention mesocosms was measured.
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Methods
The particle size analysis was done according to the method of McTainsh et al.
(1998).
•

Gravel (Dry Sieve)

•

Fine sand (Dry Sieve)

•

Brickies loam (Dry Sieve, Wet Sieve and Pipette Analysis)

Particle size analysis was done for the classes shown in Table 3.2.
Table 3.2 Size classes used for particle size analysis

Sieve pore size
(µm)

Particle size classification

Size class limits (µm)

Clay
Fine Silt
Medium Silt
Coarse Silt

<2
2–6
6 – 20
20 – 60

Fine Sand

60 – 200

Medium Sand

200 – 600

Coarse Sand

600 – 2000

Gravel

> 2000

2
7.8
20
31.2
37
63
75
150
300
425
600
1.18
2.36

Results and Discussion
The results for the media classification are displayed in Table 3.3. The fine sand
tested has a very small amount of silt (2%), while the loamy-sand (known locally as
“brickies loam”) has 8% silt and some clay (3%).
Table 3.3 Particle size classes of bioretention media

Particle Size
Gravel (<2mm)
Sand (2000 – 60μm)
Silt 60 – 2μm
Clay (>2μm)

3mm Gravel
100

Sand

Loamy-sand

98
2

89
8
3
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3.5.3

Composition of synthetic stormwater

Introduction
Dissolved organic nitrogen, phosphorus and carbon are often overlooked in water
quality monitoring, and consequently the concentrations of organic nutrients are very
rarely reported. Most of the scientific literature on stormwater reports nutrients as
total values (TN, TP) or dissolved inorganic species. Carbon is sometimes reported as
biological oxygen demand, which includes the particulate fraction. However, some
research suggests that dissolved organic nutrients may make up an important
component of runoff. Taylor et al. (2005) report that dissolved organic nitrogen can
make up between 17 – 50 % of the total nitrogen present in stormwater. In addition,
Wallace (2005) reported that 88 % of the organic carbon leaving a rural-urban
catchment was contained in the dissolved rather than particulate fraction.
Additionally, riverine dissolved organic matter has been identified as contributing to
the occurrence of marine coastal algal blooms by supplying nitrogen and phosphorus
(Graneli et al.1990).
Dissolved organic nutrients have been shown to be bioavailable or readily degradable
into bioavailable forms. Dissolved organic matter contains some labile nutrients
readily available for uptake by microorganisms and algae, which do not require
special enzymes for their uptake (Lynch 1982 in (Marschner and Kalbitz 2003). A
survey of nutrient species in 50 rivers entering the Baltic Sea found that 30% of the
dissolved organic nitrogen and 75% of the dissolved organic phosphorus was
potentially bioavailable to the pelagic bacteria of the Baltic Sea (Stepanauskas et al.
2002).
Hence dissolved organic nutrients are likely to represent an important component of
the nutrient load in urban stormwater, and a source of bioavailable nutrients capable
of promoting eutrophication and the degradation of the receiving waterways. An
understanding of the fractionation of nutrients as dissolved and particulate in
stormwater is important to prioritising the processes to be facilitated by stormwater
quality improvement devices (Taylor et al. 2005). Stormwater treatment systems
whose predominant treatment pathway is sedimentation may have no effect on the
dissolved nutrients (Wallace 2005).
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Since stormwater suitable for bioretention should normally be pre-treated by a
sedimentation basin or swale (discussed in Chapter 1.3.2), and since the objective of
bioretention systems is primarily the treatment of dissolved pollutants, this research
will focus on dissolved nutrient removal. Consequently the synthetic stormwater
created for the experiments will only contain dissolved nutrients. Previous
experimentation on bioretention devices for stormwater treatment used “synthetic
stormwater” solutions that contain only dissolved inorganic nitrogen and phosphorus,
and sometimes inert suspended solids (Denman et al. 2006, Davis et al. 2001, Davis
et al. 2006, Hsieh and Davis 2005a, 2005b, Kim et al. 2003, Lloyd et al. 2002). To
correctly assess the removal of the dissolved organic components of stormwater, it
was important that the synthetic stormwater used to test the mesocosms was
representative of real stormwater, including representative fractions of the dissolved
organic and inorganic nutrients. Representative concentrations of the major cations
found in stormwater (Ca2+, Na+, K+, Mg2+) were also added to solution so that
sorption processes or limitations to microbial and plant growth would not be affected
by their absence. Stormwater effluent from a sedimentation basin was sampled for
this purpose.

Methods
Water Quality Sampling
The Bridgewater Creek stormwater treatment wetlands in Coorparoo, Brisbane were
used as a case study site. Water samples were collected from the outlet of the
sedimentation pond (Pond 1) before, during, and after runoff events (basin described
by Greenway and Jenkins 2004). The water was tested for the following:
•

Total suspended solids (TSS), Volatile suspended solids (VSS)

•

Total nitrogen (TN), Total phosphorus (TP)

•

Dissolved inorganic nutrients (Ammonium – NH4 nitrate and nitrite – NO3, +
NO 2, Orthophosphate – PO4). Since NO2 concentrations were ubiquitously
low, these were combined with NO3 and reported as NO3.

•

Dissolved organic nitrogen (DON), dissolved organic phosphorus (DOP)

•

Dissolved organic carbon (DOC)

•

Exchangeable cations (Ca2+, Na+, K+, Mg2+).
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Measurements of these parameters in rainfall were also be made so that the nutrient
contribution of rainfall to the experimental mesocosms could be accounted for. A
total of 10 water samples were collected after 3 rainfall events as summarised by
Table 3.4
Table 3.4 Details of water samples collected from sedimentation basin outlet

Date

Rainfall

27 September 2003
3 October 2003
7 October 2003

Day after light rain
Day after moderate rain
Day after several days of moderate rain

Number of Samples
Taken
3
4
3

Water Quality Analyses
Nutrient Parameters were derived as follows:
•

Total nitrogen (unfiltered, digested)

•

Dissolved organic nitrogen = TN – (NO3 + NH4)

•

Dissolved inorganic nitrogen (NO2- + NO3- reported as NO3, NH4, filtered,
not digested)

•

Total phosphorus (unfiltered, digested)

•

Dissolved organic phosphorus = TP minus PO4

•

Dissolved inorganic phosphorus (PO4 filtered, not digested)

•

Total Suspended Solids (filtered and dried) and Volatile Suspended Solids
(filtered, dried and burnt)

The persulphate digest of Hosomi and Sudo (1986) was used where digestion was
required. Water was analysed for nutrients using colorimetric assays by flow
injection analysis using a Lachat QuikChem 8000 analyser as described in section
4.2.5 Total suspended solids were analysed by filtering water onto glass-fibre filter
papers and drying (105 OC) to constant weight. Total volatile solids were then
analysed by burning the glass fibre filters (450 OC) and calculating the mass lost
during combustion. Metals were analysed by flame emission spectroscopy.
Results
The analysis of the nitrogen composition of stormwater showed that for each of the 3
events sampled, TN concentrations ranged 0.7 to 1.5 mg l-1 (Figure 3.8). A substantial
portion of TN from each of the events comprised dissolved forms of nitrogen. When
assessed as a percentage of TN (Table 3.5), dissolved nitrogen compounds (NO3, NH4
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and dissolved organic nitrogen) comprised 45 – 67 % of TN, and dissolved organic
nitrogen comprised 32 – 46 % of the TN present in the water sample.

Figure 3.8 Concentrations of nitrogen species in stormwater treated by sedimentation
basin

The concentrations of TP in the stormwater samples ranged 0.34 – 0.5 mg l-1 (Figure
3.9). Dissolved forms of P made up a substantial portion of the samples (21 – 78 %,
Table 3.6). However, most of the dissolved portion was made up of inorganic PO4
and dissolved organic phosphorus made up only 3 – 12 % of TP.
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Figure 3.9 Concentrations of phosphorus species in stormwater treated by
sedimentation basin
Table 3.5 Composition of nitrogen species in stormwater

Nitrogen Species
Dissolved N0x
Dissolved NH4
Dissolved organic N
Particulate N
Total

Percent of total (%)
16
9
38
37
100

Table 3.6 Composition of phosphorus species in stormwater

Phosphorus Species
Percent of total (%)
50
Dissolved inorganic P (PO4)
Dissolved organic P
10
Particulate P
40
Total
100

Concentrations of carbon in the collected stormwater were measured. The
measurement of volatile suspended solids (VSS) was used to estimate the mass of
particulate organic matter in the water. Volatile suspended solids values ranged 5 –
15 mg l-1 (Figure 3.10).

Figure 3.10 Total suspended solids composition of stormwater treated by
sedimentation basin
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Dissolved carbon analyses (Figure 3.11) indicated that most of the carbon in
stormwater was in organic form. The concentrations of dissolved organic carbon
found in stormwater (11 – 28 mg l-1) were almost double those for dissolved inorganic
carbon (4 – 6 mg l-1).

Figure 3.11 Relative proportions of carbon species in stormwater treated by
sedimentation basin

The cations calcium (Ca2+), magnesium (Mg2+), sodium (Na+) and potassium (K+) in
stormwater were also measured. Their average concentrations of all the samples
collected in the three events were included as the cation component of the synthetic
stormwater).

Discussion
The dissolved organic nutrients measured in the stormwater made up an important
component of all the dissolved nutrients; dissolved organic nitrogen = approximately
33 % of TN, dissolved organic phosphorus = approximately 10 % of TP, and
dissolved organic carbon = approximately 66 % of total organic carbon. These
measurements of dissolved organic nutrients roughly agree with the dissolved organic
measurements of Taylor et al. (2005) (DON = 17 – 50 % of TN), Stepanauskas et al.
(2002) (DON = 41 % of TN, DOP = 18% of TP) and Wallace (2005) (DOC = 88 % of
TOC). Together, these results indicate that dissolved organic nutrients constitute an
important component of the nutrient loads in different kinds of waterways.
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These dissolved organic and inorganic components measured in the stormwater were
used as the basis for the composition of the synthetic stormwater to be used in all
further experimentation (Table 3.7). Fertilisers were added to the synthetic
stormwater as a source of dissolved organic nitrogen, phosphorus, and carbon
(Agrichem fertilisers, Loganholme, Australia; Supahumus – comprised concentrated
humic compounds and was an organic C source), Kelpak – a kelp based organic
fertiliser containing organic P, C and N, Aminofeed – contains amino acids and was a
source of organic C and N. Inorganic nitrogen and phosphorus were added in the
form of ammonium phosphate (NH4)2.PO4. Calcium and nitrate was added in the form
of calcium nitrate Ca(NO3)2.4H20) and other cations (CaCl2, Mg – EDTA, NaCl, K in
Supahumus) were also added.
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Table 3.7 Chemical composition of synthetic stormwater

Pollutant
Nitrate
Ammonium

Chemical
Calcium nitrate
(CaNO3)2.4H20
Ammonium phosphate
(NH4)H2PO4

Desired
Concentration
(mg l-1)

Actual
Concentration
(mg l-1)

1.18

0.69 ± 0.12

0.12

0.48 ± 0.24

Dissolved organic
nitrogen

Liquid organic fertiliser

1.47

3.66 ± 0.39

Phosphate

Ammonium phosphate
(NH4)H2PO4

0.43

0.40 ± 0.05

Liquid organic fertiliser

0.05

0.02 ± 0.06

Liquid organic fertiliser

18.00

12.00 ± 3.73

CaCl2
MgEDTA
NaCl
Liquid organic fertiliser

12.20
7.00
2.60
3.20
7

12.35
7.16
3.00
11.00
7.0

Dissolved organic
phosphorus
Dissolved organic
carbon
Ca
Mg
Na
K
PH
± standard deviation

3.6 Construction of the experimental bioretention mesocosms
The experimental bioretention mesocosms were built on an outdoor concrete platform
at the Logan Water Pollution Control Centre, situated 50 kilometers south of Brisbane
in South-East Queensland.
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Figure 3.12 Bioretention mesocosms during dosing experiments. Note water tank
(5000L), thin hoses for irrigation, 10 litre bottle and hose connected to drains to collect
effluent

These experimental bioretention mesocosms were constructed in 240 litre plastic
containers commonly known as “wheelie bins” – of dimensions 1000mm x 500mm x
500mm, manufactured by SULO, Brisbane, Australia. Prior to packing the containers
with media, the plastic interior of the bins was roughened with sandpaper and painted
with a 2 – 3 mm thick layer of petroleum jelly to reduce the likelihood of preferential
flow paths forming along the outside edge of the media. The media was deposited in
layers approximately 200 mm deep and gently compacted, again to reduce the
likelihood of preferential flow paths forming through less dense portions of the media.
The depth of the media was 815mm, including a layer of gravel approximately 50mm
deep, which lined the bottom of the bins to evenly drain the mesocosms. There was
approximately 185mm freeboard above the media surface to allow for extended
detention of water. The bottom of each mesocosm was fitted with a drainage port and
tap. The mesocosms were placed on concrete bricks that were 200mm high to
facilitate drainage, plumbing and water sampling (Figure 3.12). The vegetated gravel
treatments had a planting layer of fine sand (200mm) on top of the gravel (615mm
deep) to help support plant growth. No organic matter was added to the media except
for the small quantity present with the seedling tube stock. The volume of organic
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matter added with the seedling stock was approximately 45cm3 per plant, 5 plants per
mesocosm, accounting for 0.1% of the total media.
Three different media types were compared: 3mm gravel, fine sand, and loamy-sand
(“brickies loam” or paving sand, hereafter referred to as loamy-sand). These media
were chosen because they reflect the range of particle sizes that have been employed
in bioretention systems in South-East Queensland. For each media type, vegetated
and non-vegetated mesocosms were compared. Each vegetated treatment was planted
with one individual of each of 5 species: Banksia (Banksia integrefolia) – a
shrub/tree, Bottlebrush (Callistemon pachyphyllus) – a shrub/tree, Pigface
(Carpobrotus glaucesens) – an herbaceous creeping groundcover, Flax Lily (Dianella
brevipedunculata) – a tufted small lily, Swamp Foxtail Grass (Pennisetum
alopecurioides) – a tufted grass. The plant species used in the vegetated mesocosms
were chosen for their local provenance and suitability to the climate of South-East
Queensland, their existing widespread use in landscaping in the region, and their
ability to grow in sandy, free draining soils. More details are presented in Chapter 7.
The following abbreviations are used to denote the various treatments: G – gravel, GV
– vegetated gravel, S – sand, SV – vegetated sand, L – loamy-sand, LV – vegetated
loamy-sand. Thirty mesocosms were built to allow for four replicates of each of the 6
treatments (Figure 3.13) and one control. The controls were the non-enriched
mesocosms – subjected to nutrient enrichment only at the time of nutrient removal
efficiency testing. Only one control was provided for each treatment because testing
the enrichment effect was not considered as important as testing differences in
effluent concentrations between different media and vegetated and non-vegetated
mesocosms. Testing the enrichment effect was important for Chapter 5 - the sorption
experiments. For this case, replication was not necessary as sufficient media was
available for bulk sampling and sub-sampling to achieve the required replication. The
different treatments were randomly allocated positions in a grid formation.
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Enriched Treatments
Loamy-sand
Sand
Gravel

Non-enriched controls

Figure 3.13 A Summary diagram of bioretention mesocosms that were built, illustrating
numbers of treatments (vegetation and media type) and replicates
3.6.1

Establishment of experimental bioretention mesocosms

For the first 26 weeks the mesocosms were watered weekly with potable tap water;
approximately 46 litres per mesocosm per week, 0.92 pore volumes (p.v.) (Table 3.8).
Tap water was used because it was very low in nutrients (see Table 4.1 in Chapter 4)
and because an adequate supply could be assured. Thereafter the mesocosms were
irrigated with approximately 108 litres of synthetic stormwater once per fortnight for
28 weeks (concentrations listed in Table 4.1 in Chapter 4 for nutrient concentrations).
This amounted to 14 doses each equivalent to runoff from 22mm of rainfall or 2.16
p.v. to a bioretention system sized at 5% of the impervious area of the catchment. The
masses of the nutrient loads to the bioretention mesocosms are listed in Table 3.9.
Thus, the tested nutrient removal efficiency was representative of fully commissioned
or established bioretention systems. One replicate of each treatment was watered only
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with tap water during the entire establishment and enrichment periods. These
mesocosms served as controls in later experiments to determine if nutrient removal
would become less effective after a period of exposure to nutrients (the “nonenriched” mesocosms). This experiment was built outdoors, and consequently
received all rainfall that the site was exposed to, which was approximately 1200mm
per year, or 300L, 6 p.v. per mesocosm per year.
A timeline of the research showing when specific experiments were conducted is
presented in Figure 3.14. Numbers in brackets are used to illustrate to which thesis
chapter particular experiments contributed.
Table 3.8 Irrigation schemes applied to experimental mesocosms

Experimental phase
Plant establishment
Media enrichment
1. Dosing: 24h
2. Dosing: 72h
3. Flushing

Irrigation scheme
26 weeks, once per week, 46 litres of tap water
28 weeks, once per fortnight, 108 litres of stormwater
12 h tap water, 29 h stormwater
12 h tap water, 12 h stormwater, mesocosms plugged for 60 h, then
unplugged and 10 h of tap water
8 h stormwater, 7 d free draining, 8 h tap water

Figure 3.14 Timeline of experiments conducted on experimental bioretention
mesocosms
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Table 3.9 Nutrient loads added to bioretention mesocosms (mass of media basis,
volume in litres kg-1, others mg kg-1)

Enriched Mesocosms
Phosphate- Diss
Nitrate + Ammonium
P
Org P TP Nitrite-N
-N
Months Volume
Diss Org N TN
6
3.99
0
0
0.04
2.35
0.36
0
2.47
9
5.98
0
0
0.06
3.53
0.54
0
3.71
15
11.82
2.34
0.12 2.86
7.56
3.34
21.37
35.48
18
13.74
3.10
0.16 3.78
8.88
4.26
28.40
45.92
22
14.66
3.10
0.16 3.79
9.43
4.35
28.40
46.49
30
17.11
3.10
0.16 3.82
10.87
4.57
28.40
48.01
Non-enriched Mesocosms
6
3.99
0
0
0.04
2.35
0.36
0
2.47
9
5.98
0
0
0.06
3.53
0.54
0
3.71
15
11.82
0.32
0.02 0.49
7.05
1.38
2.93
11.18
18
13.74
1.09
0.05 1.42
8.38
2.30
9.96
21.63
22
14.66
1.09
0.05 1.43
8.92
2.38
9.96
22.20
30
17.11
1.09
0.05 1.45
10.37
2.60
9.96
23.72
(assumes a bulk density 1.5kg media per L for 200 litres of media per mesocosm)

TOC
12.76
19.14
89.22
112.26
115.20
123.05
12.76
19.14
44.86
67.90
70.85
78.70

Table 3.10 Nutrient loads added to bioretention mesocosms (areal volume in litres,
others g m-2)

Enriched Mesocosms
Nitrate +
Phosphate- Diss
Nitrite- AmmoniumP
Org P
N
N
Months Volume
TP
6
4.78
0
0
0.05
2.82
0.43
9
7.18
0
0
0.07
4.23
0.65
15
14.18
2.80
0.14
3.44
9.07
4.01
18
16.49
3.72
0.19
4.54
10.66
5.12
22
17.59
3.72
0.19
4.55
11.31
5.21
30
20.54
3.72
0.19
4.58
13.05
5.48
Non-enriched Mesocosms
6
4.78
0
0
0.05
2.82
0.43
9
7.18
0
0
0.07
4.23
0.65
15
14.18
0.38
0.02
0.59
8.46
1.65
18
16.49
1.31
0.07
1.70
10.05
2.76
22
17.59
1.31
0.07
1.71
10.71
2.86
30
20.54
1.31
0.07
1.74
12.44
3.12

Diss
Org N
0
0
25.65
34.08
34.08
34.08

TN
2.97
4.45
42.57
55.11
55.79
57.62

TOC
15.31
22.96
107.06
134.71
138.24
147.66

0
0
3.51
11.95
11.95
11.95

2.97
4.45
13.42
25.96
26.64
28.46

15.31
22.96
53.84
81.48
85.02
94.44
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3.6.2

Breakthrough curves to detect preferential flow in bioretention
mesocosms

Introduction
Spatial heterogeneity of vertical flow paths or preferential flow results in reduced
contact between the media and solution, and consequently reduced water treatment. It
has been used to explain poor pollutant removal in some column studies (Farm 2002,
Hsieh and Davis 2005a). Thus, an assessment of preferential flow using miscible
displacement experiments is critical to ensuring the efficient design of soil filter
systems. These miscible displacement experiments are known as breakthrough
curves. Breakthrough curves enable the assessment of the media pore volume (p.v.).
When the pore volume is known, the contact time between the media and infiltrating
solution can be calculated as follows: pore volume / discharge flow = contact time.

Methods
Breakthrough curves were created by measuring saturated hydraulic conductivity
(Ksat) as per Reynolds (1993) and Section 3.3.1 of this chapter, but using the
bioretention mesocosms in place of the laboratory media column. The mesocosms
were tested seven months after their construction (Figure 3.14). The mesocosms were
saturated for several hours with tap water, the freeboard filled and the drains plugged
with a rubber bung and left overnight. The next morning the plugs were removed
from the drains and the level of ponded water on the media surface was allowed to
drop until it fell just under the surface of the media, when the drain was once again
plugged. The conductivity of the initial bioretention system effluent was measured.
20 litres of 0.5 M (molar) concentration calcium chloride solution was made up, the
electrical conductivity (EC) of the solution was measured (27 mS cm-1) and the
solution was then gently poured onto the media surface. The drain was unplugged and
the ponding level of the calcium chloride solution allowed to drop until it fell just
below the media surface. The drain was plugged once again. The freeboard of the
mesocosm was filled with tap water until it reached the rim, the drain then unplugged
and experiment commenced. Tap water was added to the mesocosm at a rate of 12
litres per hour, and the drain was restricted to the same flow rate. The mesocosm
effluent was sampled every 10 minutes and the electrical conductivity of the samples
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measured. Sampling continued until the electrical conductivity of the water returned
to that of tap water.
Conductivity measurements were plotted against volume discharged. EC/EC* was
used to describe the conductivity of the effluent (EC) as a proportion of the
conductivity of the influent (EC*). Preferential flow was assessed by analysing the
shape of the curve. Preferential flow is indicated by an early breakthrough followed
by a long tail. If the increasing slope in plotted EC was approximately equal to the
decreasing slope, preferential flow paths were not likely to be dominant. The volume
of effluent discharged between the addition of 0.5M CaCl2 at the media surface and
the conductivity peak of the discharge was used as an estimate of the water saturated
pore volume. The loamy-sand and sand media were tested successfully. This method
of measuring breakthrough curves was not successful with the gravel media. The high
porosity of the gravel made it impossible to load the freeboard above the media
without causing substantial mixing between calcium chloride solution and the water
already present in the media. Consequently the column was too well mixed to
generate a curve for electrical conductivity.
Results
There was very little difference between the breakthrough curves of the vegetated
(LV) and non-vegetated loamy-sand (L) and sand media (see Figure 3.15 and Figure
3.16). It appears that the presence of vegetation in the filter media does not strongly
affect solute transport.
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Figure 3.15 Breakthrough curves for vegetated (LV, dotted line) and non-vegetated (L,
continuous line) loamy - sand media

Figure 3.16 Breakthrough curves for vegetated (SV, dotted line) and non-vegetated (S,
continuous line) sand bioretention media

However, when the breakthrough curves of the sand and loamy-sand media are
compared, important differences become apparent (see Figure 3.17). The EC/EC* of
the y-axis is a measure of the amount of mixing that takes place as the solute flows
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through the media column i.e. if EC/EC* = 1, no mixing takes place indicating piston
flow. The peak EC/EC* of the sand ranges from 0.65 – 0.85 indicating relatively
little mixing. The shape of the curve is consistent with non-reactive flow with no
preferential flow paths. The peak of the curve indicates that the pore volume of the
sand media is approximately 50 litres. The EC/EC* for the loamy-sand is much lower
(range 0.4 – 0.5) indicating that more mixing takes place as the solute passes through
the media. The shape of the breakthrough curve for loamy-sand indicates that
concentrated solute is soon discharged from the mesocosm after 5 to 10 litres, and the
curve is flatter with a longer tail, indicating some preferential flow.

Figure 3.17 Breakthrough curve for loamy-sand and sand bioretention system media

The pore volume for the mesocosms was estimated to be approximately 50 litres for
the sand media and approximately 40 litres for the loamy-sand. The approximate
contact time of stormwater with the sand media is thus (pore volume/discharge rate)
50 litres / (10.56 to 10.8 l h-1) (from Chapter 4, discharge rates in Table 4.2) = 4.6 h to
4.7 h. For loamy-sand the approximate contact time is 40 l / (6.8 to 12.9 l h-1) = 3.1 h
to 5.8 h.
If plant roots were to create preferential flow paths, some differences in the shape of
the breakthrough curves would be expected. At the time of the experiment the plants
were seven months old and very well established. It appears that the high
permeability of the sand media in comparison to many natural soil profiles provides
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little restriction to flow. Preferential flow paths are more likely to form in media of
low permeability that offers high resistance to flow. No evidence of preferential flow
was visible in the sand media. Some preferential flow is evident in the loamy-sand
mesocosms, but this is probably not a dominant pathway since the increasing slope of
measured electrical conductivity was gradual and only slightly steeper than the
decreasing slope. This preferential flow may be important in explaining differences
in treatment efficiencies if the sand filter media functions better at removing nutrients
than the loamy-sand filter media. Some preferential flow will therefore be
unavoidable in these experiments. Many steps were taken to minimise preferential
flow e.g. the interior surfaces of the mesocosms were sanded to create a rough inner
surface, petroleum jelly was painted on the interior surface to further discourage
preferential flow paths, the mesocosm was carefully filled, packed and gently
compacted to ensure that the media was evenly distributed and of a consistent density.
3.6.3

Accounting for atmospheric deposition

Atmospheric deposition was considered a possible nutrient source for the bioretention
mesocosms, in addition to the synthetic stormwater irrigated onto these mesocosms.
TN and TP in rainwater were measured as part of this research, but these results,
along with similar local values measured by Drapper (2000) were highly variable.
Because wet deposition samples of rainfall were collected without specialised
equipment, the samples may have been prone to contamination, the likely cause of
this variability. Pollman et al. (2002) reviewed many papers on atmospheric
deposition, and concluded that contamination is likely unless researchers were
meticulous in maintaining specialised equipment in order to collect contaminant-free
samples. In the absence of more accurate data, the results of the studies of Pollman
and colleagues are used to estimate an approximate value for Logan, South-East
Queensland, where the bioretention mesocosms were kept. Using these studies has
the additional benefit of incorporating dry deposition of N and P in addition to wet
deposition values. The climate, location (proximity to Moreton bay) and land use of
Logan are comparable to that of Tampa Bay, Florida, USA. Poor et al. (2001)
measured total atmospheric N deposition at 7.3 kg N ha-1 y-1. Several years later
atmospheric deposition in the same area was reported at a higher value of 17 kg N ha1 y-1 (Poor et al. 2006). These values are equivalent to 1.8 to 4.2 g N m-2 in 2.5
years, and amount to only 0.03 to 0.09 % of the N irrigated onto the mesocosms
72

Chapter 3. Field Trials and Preliminary Experiments

(based on 57 620 mg N m-2 irrigated over 2.5 years). Atmospheric P deposition in the
same region of Florida was measured to be 7.5 mg P m-2 y-1 (Pollman et al. 2002).
This mass of deposition is equivalent to 18.75 mg P m-2 per mesocosm in 2.5 years,
amounting to only 0.4 % of the P irrigated onto the mesocosms in that time (based on
4 580 mg P m-2 irrigated over 2.5 years). Because the atmospheric depositional input
of N and P was such a small component of the total nutrient inputs, it was ignored in
mass balance calculations.
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3.7 Preliminary dosing experiment

Introduction
The bioretention mesocosms were tested nine months after establishment, just prior to
the period of nutrient enrichment. This experiment was conducted to test the
operation of the mesocosms, to compare variability within and between replicates,
and to measure nutrient concentrations in the bioretention mesocosm effluent
Methods
The mesocosms were tested by irrigating the mesocosms with a solution of synthetic
stormwater (Table 3.11 below). The mesocosms were irrigated using a system of
drippers that can supply water at either 36 or 12 litres per hour. A tap at the outlet
drain restricted discharge to approximately 12 litres per hour (equivalent saturated
hydraulic conductivity 30 mm per hour). The mesocosms were initially flooded with
tap water (refer Table 3.11) and saturated flow was maintained for approximately 12
hours. This was done to flush out any nutrients that may have built up in the pore
water since the last time the mesocosms were watered. The mesocosms were then
flooded with synthetic stormwater and the irrigation rate reduced to 12 l h-1 for the
duration of the experiment, maintaining saturated flow. Each mesocosm was dosed
with approximately 240 litres over 20 hours. The pore volume was estimated to be
approximately 50 litres during breakthrough curves conducted prior to testing (refer to
section 3.6.2). The approximate contact time between the stormwater and the media
was thus 50l/12l h-1 = 4h 10m.
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Table 3.11 Chemical composition of synthetic stormwater and tap water (reported as
concentration of target element i.e. N, P, or C)

Nutrient
Nitrate
Ammonium
Dissolved organic nitrogen
Phosphate
Dissolved organic phosphorus
Dissolved organic carbon
Potassium (K)
Calcium (Ca)
Magnesium (Mg)
Sodium (Na)
pH

Concentration (mg l-1)
Stormwater
Tap Water
1.184 ± 0.34
0.59 ± 0.01
0.123 ± 0.14
0.01 ± 0.01
1.47 ± 0.94
0.000 ± 0.01
0.43 ± 0.08
0.001 ± 0.01
0.05 ± 0.01
0.000 ± 0.01
12.00 ± 3.73
3.20 ± 0.77
11.00
12.35
7.16
3.00
7
7

Samples were collected of the tap water (from the drippers), the synthetic stormwater
influent (from the drippers) and the bioretention effluent from the drain at the base of
the mesocosms for water quality analysis. The effluent was sampled at the following
intervals after the commencement of irrigation of synthetic stormwater:
•

0 litres

•

58 litres – after one pore volume of stormwater had passed through media,

•

90 litres,

•

112 litres

•

221 litres

•

266 litres – irrigation of synthetic stormwater stopped after this sample

•

316 litres – after one pore volume of tap water flushed through the
mesocosms.

Water was analysed for the following parameters: total nitrogen (TN) & total
phosphorus (TP) (persulphate digest), dissolved organic N and P (persulphate digest),
nitrate and nitrite (NO 2 + NO3 reported as NO3), ammonium (NH4), orthophosphate
(PO4) (Flow injection analysis using Lachat QuikChem 8000) and total organic
carbon (TOC) (Shimadzu TOC Analyser TOC – Vcsh).
A post-hoc power analysis was then conducted to determine the number of replicates
required to determine differences between treatments. An online statistical power
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calculator was used (http://www.dssresearch.com/toolkit/sscalc/size_a2.asp). The
calculator requires the following input: average concentration, standard deviation,
alpha error level (5 % was used, an alpha level of 5% corresponds to a 95 %
confidence interval), beta error level (50 % was used, a beta level of 50 % is used in
most simple calculations of sampling error and was recommended as the default by
the designers of this power calculator). Pairwise comparisons were made between
vegetated and non-vegetated mesocosms for each media, for the following nutrients:
NO3, TN, PO4, and TP.

Results
Concentrations of nutrients in the effluent from the mesocosms were lower than
concentrations in the influent, indicating that nutrients were removed (Figure 3.18,
Figure 3.19 and Figure 3.20) The quality of effluent from each individual mesocosm
varied widely throughout the experiment with some replicates having concentrations
10 times higher than other replicates (as judged by the error bars for the loamy-sand
in Figure 3.18, the sand in Figure 3.19, all media in Figure 3.20). The charts have
been paired according to media types. Generally, the vegetated mesocosms had much
lower concentrations of nutrients in the mesocosm effluent than the non-vegetated
mesocosms.
The results of the power analyses conducted indicated that where error bars on Figure
3.18, Figure 3.19, or Figure 3.20 did not overlap, results were sufficiently different to
require only one replicate of each treatment type. Significant differences between
vegetated and non-vegetated mesocosms depended on the timing of the sample, as
indicated by the volume leached on the x-axis. There was no regular pattern whereby
significance could be determined consistently for a specific volume leached.

Discussion
The preliminary dosing experiment demonstrated that clear differences exist between
the nutrient removal efficiency of vegetated and non-vegetated mesocosms. Although
many comparisons between vegetated and non-vegetated mesocosms were significant,
effluent concentrations were highly variable. To overcome this sample heterogeneity,
a more intensive sampling regime was implemented for the experiments described in
Chapter 4. It was decided to sample more of the effluent more often. Instead of sub76
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sampling from 1 litre every five to six hours, all of the effluent would be captured and
a subsample taken from this every hour (approximately 12 litres were captured each
hour). Capturing and mixing bulk samples would better represent the concentration
of all of the nutrients in the effluent, and would smooth the extremely high and low
concentrations measured in the preliminary trial. This gives a more accurate
indication of treatment efficiency of each bioretention system. However, at this
sampling intensity it was only possible to sample one mesocosm representative of
each treatment type. This approach was justified based on the power analysis
demonstrating significance for the pairwise comparisons between vegetated and nonvegetated mesocosms.
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Figure 3.18 Concentration of phosphate (left column) and total phosphorus (right
column) in effluent from bioretention mesocosms during dosing with synthetic
stormwater. Lines between sampling points are not intended to approximate
concentrations of effluent, rather they enhance clarity by connecting data points from
the same treatment.
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Figure 3.19 Concentration of ammonium (left column) and nitrate (right column) in
effluent from bioretention mesocosms during dosing with synthetic stormwater. Lines
between sampling points are not intended to approximate concentrations of effluent,
rather they enhance clarity by connecting data points from the same treatment.
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Figure 3.20 Concentration of total nitrogen in effluent from bioretention mesocosms
during dosing with synthetic stormwater. Lines between sampling points are not
intended to approximate concentrations in effluent between sampling times, rather
they enhance clarity by connecting data points from the same treatment.

3.8 Conclusions from Chapter 3
Investigations of field bioretention systems revealed that for monitoring to be
effective, the inlet and outlet structures must be carefully designed to facilitate the
measurement of the hydraulic loads entering and leaving the bioretention system.
Consideration must also be given to the volume and duration of expected flows
through the bioretention system so that neither too little nor too much water passes
through the locations where water measurements will be taken. Since the
measurement of the volume of influent and effluent forms the basis of a mass balance,
the calculation of treatment efficiency of a bioretention system can only be possible
where water flux can be accurately measured. The clogging that became evident
while monitoring the Spencer Road bioretention system also illustrated the
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importance of incorporating a treatment step for sediment removal prior to directing
stormwater to a bioretention system.
Reliable results from field systems were very difficult to procure without control over
the timing, hydraulic loading, volume and concentration of flows through the
bioretention systems. This was overcome by using experimental bioretention
mesocosms that permitted control over many of the variables that influence nutrient
removal. The preliminary experiments resolved many issues that may potentially
compromise the function of experimental mesocosms. Edge effects can create
substantial differences between small experimental systems and large field systems,
but for this experiment edge effects do not appear to be dominant. Measuring and
incorporating the organic component of nutrients in stormwater as well as the
important cations ensures that the experimental results are as applicable to field
systems as much as possible and addresses the macro and micro nutrients required for
chemical and biological processing in the filter media. The results from the
preliminary dosing experiment were used as the basis for the sampling frequency of
bioretention effluent samples. Having investigated and satisfied these criteria, it was
then appropriate to progress to testing the effectiveness of the bioretention mesocosms
for nutrient removal (the subject of Chapter 4).
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4 Nutrient Removal Efficiency of Bioretention Mesocosms

4.1 Overview of Chapter 4
This chapter describes a series of experiments designed and conducted to test the
treatment efficiency of the experimental bioretention mesocosms. The results from
the experiments are presented and discussed, and conclusions are drawn.

4.2 Introduction
Bioretention devices are being increasingly employed for stormwater treatment in
South-East Queensland, Melbourne, and Sydney in Australia (author’s own
experience), and much documentation of their implementation in Maryland, USA
exists (Davis et al., 2001). Bioretention devices are chosen for their flexibility in
shape and their supposed efficient pollutant removal capability, yet few publications
exist on the performance of these devices. Those publications in existence have
demonstrated that bioretention systems are effective for the removal of metals (Hsieh
and Davis 2005b, Davis et al. 2001), oil and grease (Hsieh and Davis 2005b), and
total suspended solids (Hatt et al. 2006).
The available publications that focus on nutrient removal have been constrained by
experimental design. Davis et al. (2001) reported on the performance of a laboratoryscale bioretention system consisting of a vegetated loamy-sand media. The
experiment was constrained by low media permeabilities below design
recommendations. The saturated hydraulic conductivity was 3 – 4 mm h-1 rather than
the intended of 30 – 40 mm h-1. In addition, without unvegetated controls the
experimental design of Davis et al. could not be used to isolate the effect of
vegetation on nutrient removal. Davis has also tested field systems (Davis et al.
2006) and found very high nutrient removal efficiencies (TN 49 – 59%, TP 65 – 87%
but poor nitrate removal (15 – 16%). These systems were vegetated so again the
influence of vegetation on nutrient removal cannot be compared to unvegetated
systems. Unvegetated bioretention system media columns were examined by Hatt et
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al. (2006). When these were dosed with synthetic stormwater, both nitrogen and
phosphorus leached from the columns. In contrast, vegetated columns examined by
Denman et al. (2006) showed very good nutrient removal (82-95% TN). The
difference in results between these two experiments suggests that vegetation may play
an important role in removing nutrients from solution. The experiments reported in
this paper compare all three media types employed by the above researchers, in
vegetated and non-vegetated systems, thereby facilitating a direct comparison of the
media and vegetation treatment efficiencies.
The effects of detention time were investigated. Although different detention times
have been tested by Davis et al. (2006), the differences in treatment efficiency for
different detention times were confounded for phosphorus by the large variability in
effluent concentrations. In the experiments of Davis et al. (2006), total nitrogen was
removed but nitrate export was noted for both short and longer detention times. The
effect of continued exposure to nutrients or enrichment has not been previously
reported in the context of comparing vegetated and non-vegetated systems.
Unvegetated columns were investigated through 12 consecutive dosing events (Hsieh
and Davis 2005b). These continued to remove nutrients despite repeated exposure to
nutrients, and showed relatively constant nutrient removals after the first five events.
Vegetated systems have been tested but without the aim of comparing the nutrient
removal efficiency that results from differences in prior nutrient loading rates (i.e.
Davis et al. 2006). Davis et al. designed their experiment to test different detention
times and do not report on differences due to nutrient loading. To address this
knowledge gap, this chapter also reports on experiments that test the effect of prior
exposure to nutrients on nutrient removal efficiency.

4.3 Research questions
This chapter addresses the aims proposed in section 1.8, to investigate the nutrient
removal efficiency of bioretention systems by testing the following questions:
1. What is the effect of media particle size on nutrient removal efficiency?
2. What is the effect of vegetation on nutrient removal efficiency?
3. What is the effect of detention time on nutrient removal efficiency?
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4. Does nutrient removal change after bioretention systems have been subjected
to sustained loading of nutrients? In other words, the effect of enrichment.
Treatment efficiency was assessed for the removal of the dissolved inorganic and
organic forms of nitrogen and phosphorus, and dissolved organic carbon. The
reduction-oxidation (redox) potential of the media was measured to investigate
changes in redox potential during and after irrigation and to relate these changes to the
observed treatment efficiency.

4.4 Methods
4.4.1

Experimental treatments

The bioretention mesocosms (described in Chapter 3) were used to test the treatment
efficiency of bioretention systems. Three different media types were compared: 3mm
gravel, fine sand, and loamy-sand. These media were chosen because they reflect the
range of particle sizes that have been employed in bioretention systems in South-East
Queensland. For each media type, vegetated and non-vegetated systems were
compared. The following abbreviations were used to denote the various treatments: G
– non-vegetated gravel, GV – vegetated gravel-sand, S – non-vegetated sand, SV –
vegetated sand, L – non-vegetated loamy-sand, LV – vegetated loamy-sand. Thirty
mesocosms were built with five replicates of each of the 6 treatments. For the
experiments only one mesocosm of each type was used.
4.4.2

Synthetic stormwater and irrigation

The treatment efficiency of the bioretention mesocosms was tested by irrigating them
with a solution of synthetic stormwater. The concentration of the nutrients in the
synthetic stormwater solution is listed in Table 4.1. The concentration of nutrients
measured in tap water is also listed because tap water was used in some experiments.
The synthetic stormwater or tap water was delivered using a system of a tank and
pump supplying drippers that could irrigate at either 36 or 12 litres per hour. Each
mesocosm had a tap at the outlet drain that restricted discharge to approximately 6.8 –
13 litres per hour for all mesocosms. The discharge rates measured during the
experiments for each media type are listed in Table 4.2. Whilst 10 – 12 l h-1 was
desired, such fine control was not always possible with the valves used.
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Table 4.1 Chemical composition of synthetic stormwater and tap water used in
experiments

Nutrient (mg l-1)

Influent (24h)

Influent (72h)

Tap (72h)

Tap (Leaching)

Phosphate
Diss Org P
TP
Nitrate-N
Ammonium-N
Diss Org N
TN
TOC
K
Ca
Mg
Na
PH

0.40 ± 0.05
0.02 ± 0.06
0.48 ± 0.05
0.69 ± 0.12
0.48 ± 0.24
3.66 ± 0.39
5.44 ± 0.69
12.00 ± 3.73
11.00
12.35
7.16
3.00
7

0.50 ± 0.04
0±0
0.51 ± 0.04
0.72 ± 0.04
0.41 ± 0.24
3.95 ± 0.69
5.08 ± 0.61
12.00 ± 3.73
11.00
12.35
7.16
3.00
7

0.01 ± 0.01
0.01 ± 0.01
0.02 ± 0.02
0.23 ± 0.18
0.04 ± 0.04
0.31 ± 0.15
0.59 ± 0.19
-

0±0
0±0
0.01 ± 0.04
0.59 ± 0.01
0.09 ± 0.02
0±0
0.62 ± 0.27
3.20 ± 0.77
-

± standard deviation

Table 4.2 Discharge rates of bioretention mesocosms

Hydraulic conductivity in
experiment (mm h-1)

180 000

Experimental
Discharge Rate
(l h-1)
9.6

Vegetated Gravel-sand
(GV)
Sand (S)

650
650

9.8
10.6

32.1
34.4

Vegetated Sand (SV)
Loam (L)

650
30

10.8
6.8

35.2
22.3

Vegetated Loam (LV)

30

12.9

42.2

4.4.3

Treatment

K sat (mm h-1)

Gravel (G)

31.2

Experiment preparation

Before starting the dosing experiments (numbers 1 and 2 below), the mesocosms were
flooded with tap water (12 l h-1) and saturated flow was maintained for approximately
12 hours to flush out the existing pore water and any associated nutrients. The
mesocosms were then flooded with synthetic stormwater and the irrigation rate
maintained at 12 l h-1 for the duration of the experiment, maintaining saturated flow.
A summary of all the irrigation schedules that apply to each experiment is provided in
Table 3.8, and the timing of experiments in described in Figure 3.14.
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Table 4.3 Irrigation schemes applied to experimental mesocosms

Experimental phase
Plant establishment
Media enrichment
1. Dosing: 24h
2. Dosing: 72h
3. Flushing

Irrigation scheme
26 weeks, once per week, 46 litres of tap water
28 weeks, once per fortnight, 108 litres of stormwater
12 h tap water, 29 h stormwater
12 h tap water, 12 h stormwater, mesocosms plugged for 60 h, then
unplugged and 10 h of tap water
8 h stormwater, 7 d free draining, 8 h tap water

h = hours, d = days
4.4.4

Details of experiments

Four experiments were conducted to assess different aspects of the treatment
efficiency of the bioretention mesocosms. The term detention time indicates the time
it takes to treat runoff from a specific size storm event, and includes the time of water
ponding above the filter media, as well as the time taken for the stormwater to pass
through the media
1. Dosing Experiment (simulated storm event): 24-hour detention time: The
mesocosms were dosed as described above. The total volume of synthetic stormwater
used corresponded to a storm event of the equivalent of 60mm of runoff treated in a
24-hour period by a bioretention system sized at 5% of the impervious area of the
catchment. The final volumes of treated water were between 200 and 370 litres
treated per mesocosm depending on the discharge rate of the mesocosm outlet tap,
equivalent to 4 to 7.4 pore volumes. Effluent samples were collected from the drain
of each mesocosm — hourly for the first 14 hours, and again hourly from hours 22 to
29 — such that a total of 22 samples were taken from each mesocosm. One
mesocosm representative of each treatment type (G, GV, S, SV, L, and LV) was
tested.
2. Dosing experiment (simulated storm event): 72-hour detention time: Five days after
the conclusion of the 24-hour experiment, an experiment was conducted to investigate
the effect of increased detention time, specifically to determine if increased contact
time facilitated increased nutrient removal. The same 6 mesocosms were irrigated
with tap water for 12 hours as for the previous experiment, before irrigating with
stormwater. Once irrigation with stormwater had commenced, mesocosm effluent
was sampled every 3 hours, with 4 samples taken over 12 hours from each mesocosm,
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totalling approximately 120 litres or 2.4 p.v. After 12 hours the irrigation was
stopped and the drains of all mesocosms were plugged for 60 hours. After 60 hours,
the plugs were removed and effluent was collected hourly for 8 hours. At hour 61, tap
water irrigation was recommenced to maintain a consistent hydraulic head above the
filter media. Therefore, only the first the first pore volume or 50 litres after the
mesocosm drains were unplugged was used to evaluate treatment efficiency after
extended detention.
3. Flushing (leaching) experiment: This experiment was conducted to determine the
proportion of nutrients trapped during dosing that would then be flushed out by
subsequent flows. Each of the mesocosms – G, GV, S, SV, L, LV – the same
mesocosms used in dosing experiments number 1 and 2, was dosed with 108 litres
(approximately 2.16 p.v.) of synthetic stormwater and left to drain for 7 days. The
mesocosms were then irrigated with tap water and the effluent was sampled hourly for
8 hours. The volume of stormwater treated corresponded to 55 to 110 litres
depending on mesocosm hydraulic conductivity, or 1.1 to 2.2 pore volumes.
4. Enrichment experiment: To determine if there was any decrease in performance
over time resulting from continued exposure to nutrients, control mesocosms that had
not previously been dosed with synthetic stormwater (the “non-enriched experimental
controls) were compared to those that had been “enriched” by regular doses of
stormwater over the previous 6 months. The loads of nutrients irrigated onto the
enriched and control mesocosms are described in Table 3.9). One non-enriched
mesocosm of each treatment (G, GV, S, SV, L, and LV) was compared to an
equivalent enriched mesocosm. Experimental conditions were the same as those for
dosing experiment 1. and the water quality data from the non-enriched mesocosms
were compared to the data from dosing experiment 1.
4.4.5

Water sampling and water chemistry analyses

Samples of the tap water and the synthetic stormwater influent were collected from
the drippers. Ten influent samples were collected for each of the four experiments.
The mesocosm effluent was sampled hourly from the drains at the bases of the
mesocosms. Water was analysed for the following parameters using colorimetric
assays by flow injection analysis using a Lachat QuikChem 8000 analyser:
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•

Total nitrogen (TN) & total phosphorus (TP) (persulphate digest of unfiltered
water sample followed by analysis for NO3-N and PO4-P respectively)

•

Nitrate and nitrite (NO 2 + NO3 reported as NO3-N, filtered (0.45µm) water
sample, by cadmium column reduction and sulphanilamide colour reagent,
QuikChem Method 31-107-04-1-D), ammonium (NH4-N, filtered (0.45µm)
water sample, sodium dichloroisocyanurate colour reagent, QuikChem
Method 10-107-06-4-D), and orthophosphate (PO4-P, filtered (0.45µm) water
sample, molybdate Colour reagent QuikChem Method 31-115-01-3-A)

•

Total organic carbon (TOC) (unfiltered water sample) was analysed using a
Shimadzu TOC Analyzer TOC-Vcsh). For all nutrients the method detection
limit was 0.01mg l-1.

4.4.6

Reduction-oxidation potential

The reduction-oxidation (redox) potential of the bioretention mesocosm media was
investigated to determine if nutrient treatment was affected by fluctuations in redox
potential. The redox potential of the media was measured prior to, during and after
dosing with synthetic stormwater. Redox probes were carefully inserted and packed
approximately 8cm into the media at a 45-degree angle 2 weeks prior to
experimentation. These were left in the media throughout the experiments.
4.4.7

Nutrient load estimation

The loads of nutrients in the effluent were calculated as follows:
Mass of nutrient in effluent between samples 1 and 2 =
(([sample 1 mg l-1] + [sample 2 mg l-1])/2) x volume discharged between samples (L)

All time periods were added together to calculate the total load of pollutants
discharged from each mesocosm. These data were plotted (load against volume
discharged) and a curve fit to the data. Because the flow rates from each mesocosm
were slightly different from each other, the volume of effluent discharged from each
treatment at the time of sampling was not the same. Thus, loads could not be directly
compared. The loads from all treatments at discharge volume = 200 litres (equivalent
to 1000 litres m-3media) were therefore interpolated using the equations for the curve
derived from plots of the cumulative load discharged versus volume discharged. The
discharged load for 200 litres was then subtracted from the influent load for 200 litres
to generate the mass of nutrients removed by each mesocosm, and a percentage (%)
removal.
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To realistically describe the performance of bioretention systems and to accommodate for the
nutrients flushed out of the mesocosms before the 24h experiment, the data from experiment 1
– 24 hour dosing experiment was combined with the data from the experiment 3 – flushing.
The mesocosms were flushed with tap water for 12 hours before the 24h detention time
dosing experiment. To accommodate for this flushing, the loads flushed from the flushing
experiment (8 hours) were extrapolated to the equivalent of 12 hours using the equations for
the curves derived from plots of the cumulative load flushed versus volume discharged. The
flushed nutrients were then incorporated into the calculation of nutrient removal efficiency as
follows for each nutrient and each treatment:
Total mass of nutrient removed by bioretention system =
(Mass removed by 24h dosing experiment) – (calculated mass leached during
flushing experiment)

To accommodate the small differences in influent concentrations between the 24h and
72h detention time experiments, data from both experiments were standardised by
using the index of Effluent Concentration /Influent Concentration (Cout/Cin).

4.5 Results
4.5.1

Dosing experiment: 24-hour detention time

The vegetated treatments (LV, SV, and GV) and non-vegetated sand (S) removed
almost all of the PO4 from the synthetic stormwater (Figure 4.1). Loam (L) and
gravel (G) were less effective for PO4 removal. The results for TP are very similar to
those for phosphate due to PO4 making up a large fraction (80%) of total phosphorus.
Most of the ammonium (NH4) was removed by all treatments up to 110 litres (the first
10 hours). After 110 litres for S and after 230 litres for SV there was a breakthrough
where the concentration index climbed to 1.4 (0.8 mg l-1, S) and 2.75 (1.3 mg l-1, SV)
times the influent concentrations. The vegetated treatments removed most of the
nitrate (NO3) from the synthetic stormwater. Effluent NO3 discharged from G
remained at the same concentration as the influent, indicating no net removal.
Effluent NO3 concentrations from L and S rapidly increased up to 1.7 mg l-1 for L – 5
times the influent concentration, and 1.4mg l-1 for S – 2 times influent stormwater
concentration, This indicated that nitrification was taking place in the media. Some
total nitrogen (TN) was removed by all treatments; however LV, SV and GV removed
almost twice as much nitrogen as the non-vegetated equivalents (L, S and G).
Differences in total organic carbon (TOC) removal are not easy to discern due to the
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variability and overlap in effluent concentrations. The lowest effluent TOC
concentrations came from the L and LV mesocosms, and the presence of vegetation
made little difference to effluent TOC concentrations.
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Figure 4.1 Results from dosing experiment – 24h detention time, concentration of
nutrients in effluent for PO4, TP, NH4, NO3, TOC, and TN. Cout/Cin (concentration of
effluent/ concentration of influent) on the left Y-axis gives an indication of the influent
concentration and the proportion of nutrients removed from solution (i.e. where Cout/Cin
= 1, effluent concentration = influent concentration, if Cout/Cin = 0.1, removal = 90%;).
The actual effluent concentration is represented by the second Y-axis (right). Lines
between sampling points are not intended to approximate concentrations in effluent
between sampling times, rather they enhance clarity by connecting data points from
the same treatment.
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4.5.2

Flushing experiment

The flushing experiment was conducted to account for the nutrients that may leach
from bioretention media when flushed with a solution containing low concentrations
of nutrients. Very little PO4 was leached from the vegetated mesocosms (GV, SV,
LV) and S. The effluent concentrations measured were very close to the detection
limits of the analysers (Figure 4.2). Concentrations of PO4 in the leachate from G
were the highest, followed by L. The same pattern is evident for leachate TP (Figure
4.2). The concentrations of TP were approximately twice those of PO4 indicating that
up to half of the TP leached from the mesocosms were organic phosphorus
compounds. Nitrate concentrations in leachate were much lower from the vegetated
treatments than the non-vegetated treatments (Figure 4.2) with concentrations even
less than that of the flushing solution, which was tap water – approximately 0.59 mg l1

. The nitrogen present in tap water is attributed to the use of chloramines in

Brisbane’s water disinfection process (Dr. Darryl Hawker, Griffith University, Pers.
comm. 2004.). Total nitrogen in mesocosm effluent followed a similar pattern to
nitrate, but at approximately twice the concentration (Figure 4.2). NO3 comprises
approximately 40 – 60% of TN at each point of measurement. Ammonium
concentrations in leachate from all bioretention mesocosms were at or below
detection limits (0.01mg l-1); this data is not shown. Since ammonium in the leachate
was undetectable, this indicates that approximately half of the TN leached from the
media is made up of dissolved organic nitrogen compounds. Differences in TOC
concentrations flushed from the mesocosms were hard to discern due to the high
variability and overlap amongst treatments. The L and LV mesocosms released the
least TOC, and the presence of vegetation did not affect the concentrations of TOC in
the effluent for sand or gravel mesocosms.
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Figure 4.2 Results from flushing experiment, concentration of nutrients in effluent from
mesocosms for PO4, TP, NO3, TN, NH4, and TOC. Lines between sampling points are
not intented to approximate concentrations in effluent between sampling times, rather
they enhance clarity by connecting data points from the same treatment.

4.5.3

Calculation of treatment efficiency

The vegetated treatments (LV, SV, GV) and sand (S) removed 90 – 100% of the
influent PO4 (Table 4.4). Total phosphorus loads followed a similar trend, the
vegetated treatments and sand (S) removing much of the TP. Treatment by G was
comparatively poor (31%). Vegetated treatments were also very effective at
removing NO3. In contrast, nutrient treatment by non-vegetated media resulted in an
export of NO3, at concentrations much higher than the influent stormwater from the
24h dosing experiment. Ammonium was effectively removed from the influent
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solution by the vegetated mesocosms and loamy-sand (L). Removal from gravel (G)
and sand (S) was slightly lower. Vegetated treatments were the most effective at
removing TN, and the non-vegetated treatments removed considerably less TN. TN
was even exported from G. Note that the top 200 mm of GV is a planting layer of
sand, which explains why vegetating gravel improves nutrient removal proportionally
more than vegetating sand or loam. The loamy-sand (L) and vegetated loamy-sand
(LV) mesocosms removed more TOC (66 and 50 % respectively) than all the other
treatments. The vegetated and non-vegetated treatments for both sand and gravel had
removal rates of approximately 30 %, and the presence of vegetation made little
impact on the removal of TOC from the synthetic stormwater.
In order to rank the performance of the different treatments, the nutrient removal
effectiveness (%) of TP and TN for each treatment was compared from Table 4.4.
Vegetated sand (SV) and vegetated loam (LV) provided the best overall nutrient
removal capacity, followed by vegetated gravel-sand (GV). Non-vegetated
mesocosms provide poor nutrient removal. Treatments were ranked as follows: SV =
LV > GV > S = L > G.
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Table 4.4 Summary of nutrient removal by bioretention mesocosms (incorporating 24h
dosing experiment and flushing experiment)
Mass
Nutrient Ave Influent
Mass in Influent Removed Mass Flushed
(Treatment Concentration
(mg/200l)
(24h expt)
(mg)
)
(mg l-1)
(mg 200l-1)
PO4-P
Influent
0.40
80
G
56
18
GV
80
1
S
80
0
SV
80
0
L
65
5
LV
79
1
NO3-N
Influent
0.69
138
G
-9
204
GV
122
32
S
-57
312
SV
120
11
L
-124
277
LV
136
8
NH4-N
Influent
0.48
96
G
84
0
GV
90
0
S
69
0
SV
92
0
L
91
0
LV
90
0
TP Influent
0.48
95
G
71
41
GV
88
6
S
89
3
SV
94
4
L
79
9
LV
89
3
TN
influent
5.44
1088
G
493
624
GV
797
116
S
686
579
SV
980
139
L
668
393
LV
918
77
TOC
Influent
12.58
2515
G
1286
483
GV
1167
474
S
1291
546
SV
1507
769
L
1801
132
LV
1563
316

Average
Total Mass
Effluent
Removal (mg % Removed
Concentration
-1
200 l )
(mg l-1) #

38
79
80
80
60
78

48%
98%
100%
99%
74%
97%

0.21
0.01
0.00
0.00
0.10
0.01

-212
90
-369
108
-401
128

-154%
65%
-268%
79%
-291%
93%

1.75
0.24
2.54
0.15
2.69
0.05

84
90
69
92
91
90

88%
94%
72%
96%
95%
94%

0.06
0.03
0.13
0.02
0.02
0.03

30
81
86
90
70
86

31%
85%
90%
94%
74%
90%

0.33
0.07
0.05
0.03
0.13
0.05

-130
680
106
841
275
841

-12%
63%
10%
77%
25%
77%

6.09
2.04
4.91
1.23
4.06
1.23

802
693
745
737
1668
1247

32%
28%
30%
29%
66%
50%

8.57
9.11
8.85
8.89
4.24
6.34

Negative values indicate nutrient export, # Ave conc. = Mass (mg) in 200 litres effluent
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4.5.4

Comparing detention times

In order to compare the effect of detention time on nutrient removal efficiency,
nutrient concentrations were represented as Cout/Cin (effluent concentration / influent
concentration) to standardise slight differences in influent concentrations between the
24h and 72h experiments (Figure 4.3). Where no differences between treatments (24h
and 72h) were evident, results are not reported, as was the case for phosphate (PO4),
total phosphorus (TP), and ammonium (NH4). When the detention time was
extended, nitrate removal performance from gravel (G) worsened (Figure 4.3). The
magnitude of this change was considerable; nitrate effluent from gravel (G) increased
to a concentration between 7.5 and 9 times the concentration of influent stormwater
nitrate. This equates to approximately the same concentration as TN in the
stormwater influent (i.e. influent NO3, 0.69mg l-1 x 8 = 5.5mg l-1, TN influent =
5.44mg l-1) suggesting that much of the TN had been converted to NO3. A similar
pattern of worsening nitrate removal with extended detention was evident for sand (S)
and loam (L). In contrast to this, for the vegetated treatments (GV, SV, LV), effluent
nitrate concentrations decreased after extended detention. Although the effluent NO 3
concentrations were very low before plugging (Cout/Cin 0.1 x 0.69mg l-1 = 0.069mg l1

), nitrate became undetectable in the effluent of GV, SV or LV after the mesocosms

had been plugged for 60 hours, suggesting that almost all the nitrate had been
removed from solution.
TN concentrations in the effluent from G, S and L increased after extended detention
(Figure 4.4) to the extent that TN was exported from the gravel filter media, indicated
by effluent concentrations of TN being higher than influent concentrations. Again,
the vegetated treatments contrasted with the unvegetated treatments. TN
concentrations in the effluent from the vegetated mesocosms dropped by a
concentration index of 0.1 (approximately 0.54mg l-1) when detention time was
increased (Figure 4.4).
The effect of extending the detention time was different for TOC. There was no
change in effluent concentrations for the non-vegetated mesocosms (G, S, L), but the
effluent TOC concentration doubled for GV and SV, and increased to 3.5 times the
influent concentration in LV.
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Figure 4.3 Results from dosing experiment (24h detention time) and 72h detention time
experiment for NO3: (G) Gravel, (GV) Vegetated Gravel, (S) Sand, (SV) Vegetated Sand,
(L) Loam, (LV) and Vegetated Loam. The vertical dotted line indicates the point where
the mesocosms were plugged for 60h. For (SV) the mesocosm was plugged for 48h
only. Lines between sampling points are not intended to approximate concentrations
in effluent between sampling times, rather they enhance clarity by connecting data
points from the same treatment.
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Figure 4.4 Results from 24h dosing experiment and 72h detention time experiment for
TN: (G) Gravel, (GV) Vegetated Gravel, (S) Sand, (SV) Vegetated Sand, (L) Loam, (LV)
and Vegetated Loam. The vertical dotted line indicates the point where mesocosms
were plugged for 60h. For (SV) the mesocosm was plugged for 48h only. Lines
between sampling points are not intended to approximate concentrations in effluent
between sampling times, rather they enhance clarity by connecting data points from
the same treatment.
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Figure 4.5 Results from dosing experiment (24h detention time) and 72h detention time
experiment for TOC: (G) Gravel, (GV) Vegetated Gravel, (S) Sand, (SV) Vegetated Sand,
(L) Loam, (LV) and Vegetated Loam. The vertical dotted line indicates the point where
mesocosms were plugged for 60h. For (SV) the mesocosm was plugged for 48h only.
Lines between sampling points are not intended to approximate concentrations in
effluent between sampling times, rather they enhance clarity by connecting data points
from the same treatment.

4.5.5

Enrichment effect

Overall, the differences in nutrient removal from stormwater between enriched and
non-enriched mesocosms were small (Table 4.5). Nutrient removal by vegetated
systems appeared almost unaffected by enrichment. Enrichment had variable effects
on non-vegetated mesocosms, sometimes improving and sometimes worsening
nutrient removal.
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Table 4.5 Comparison of treatment efficiency by the percent (%) of nutrients removed
by enriched and non-enriched bioretention mesocosms

Nutrient
PO4-P

NO3-N

NH4-N

TP

TN

TOC

Treatment
G
S
L
GV
SV
LV
G
S
L
GV
SV
LV
G
S
L
GV
SV
LV
G
S
L
GV
SV
LV
G
S
L
GV
SV
LV
G
S
L
GV
SV
LV

Enriched
70
100
81
100
99
99
-6
-42
-90
89
87
99
88
72
95
94
96
94
74
93
83
92
98
94
45
63
61
73
90
84
51
51
72
46
60
62

Non-enriched
89
100
81
99
100
99
11
2
-157
89
85
97
88
76
100
96
100
96
85
100
83
93
96
96
46
57
60
74
78
85
45
51
71
54
61
63
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4.5.6

Reduction-oxidation Potential

Although measurements of redox values using platinum electrodes in natural systems
do not represent true redox values because they do not agree with solution-ion
concentration based chemistry (Chapelle et al 1996, Boon and Sorrell 1991), redox
measurements from the bioretention media can still be used as a relative measure.
Most redox probes showed values above 300 mV when the bioretention system were
dry, and redox values dropped substantially in response to inundation. Redox probes
can therefore still be used to report the change in oxidation status of the media in
response to inundation, and to compare differences between treatments.
Saturating and flushing the media with tap water overnight before the 24-hour dosing
experiment caused the redox potential to decrease slightly in most treatments.
However, once the synthetic stormwater was added to the mesocosms the reductionoxidation (redox) potential declined rapidly, with a smaller effect on G. The
vegetated systems became more reduced than the respective non-vegetated systems.
The redox potential of all systems fell below 300 mV, LV fell below 100mV, and GV
fell below 0 mV. Three days after dosing had ceased, the redox values began to
return towards to their pre-treatment values (Figure 4.6a). Very similar patterns were
evident for the non-enriched mesocosms during the 24-hour dosing experiment
(Figure 4.6b). Redox potentials during the 72 hour dosing experiment were similar to
those patterns measured during the 24h experiment, except that the longer duration
permitted redox potentials to drop slightly lower, and most redox potentials dropped
below 0 mV during the 72 hour experiment (Figure 4.6c). No substantial change in
redox potential was noted during the course of the flushing experiment (Figure 4.6d).
The short timeframe of the flushing experiment may not have been sufficient to create
a change in redox potential, since it takes several hours to fully saturate the media.
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Figure 4.6 Redox potential of filter media during experiments: (a) 24h dosing
experiment (b) non-enriched mesocosms – 24h dosing experiment (c) 72h dosing
experiment (d) flushing experiment. Lines between sampling points are not intended to
approximate redox values between sampling times, rather they enhance clarity by
connecting data points from the same treatment.

4.6 Discussion
4.6.1

The role of vegetation in enhancing nutrient removal.

Of all the treatments tested, the most influential in promoting the removal of nutrients
from water was the effect of vegetation. Vegetation was especially important for the
removal of nitrogen, which would otherwise leach from filter media after an interevent dry period (Figure 4.2). It appears that organic nutrients are mineralised within
the filter media during these inter-event periods, and the products of mineralisation
(NO3 and PO4) are highly soluble and prone to leaching. In unvegetated mesocosms
much of the phosphorus in L and G, and nitrogen in L, S, and G that was trapped by
the media after dosing with synthetic stormwater, was subsequently leached out when
the media was flushed with tap water. Vegetated treatments behaved differently;
nutrient concentrations leached during the flushing experiment were consistently very

101

Chapter 4. Nutrient Removal Efficiency

low. It appears that phosphorus and nitrogen in the vegetated mesocosms were
mineralised and subsequently quickly assimilated by plants and microbes
(immobilised) so that very little was leached during the flushing experiment. It is
probable that the beneficial vegetation effect was due to the assimilation of these
soluble nutrients by the plants in the intervening dry period, thus preventing their loss
by leaching.
The enhanced uptake of nutrients in vegetated mesocosms may be due to the higher
microbial activity and population of microbes that occur in the rhizosphere of
vegetated soil (Marschner and Kalbitz, 2003; Pierzynski et al., 2000, Atlas and Bartha
1998). Enhanced microbial growth in the rhizosphere of vegetated media is also
supported by the consistently lower redox potentials of the vegetated media in
comparison with the non-vegetated media. Plant root exudates rich in carbon may be
supporting greater microbial respiration rates (Marschner and Kalbitz, 2003;
Pierzynski et al., 2000), which consume more of the available oxygen, resulting in
lower redox potentials. The plants used in the mesocosms are all terrestrial plants
adapted to sandy, free-draining soils. Although wetland plants are known to
translocate air into their below-ground tissues (i.e. Armstrong and Armstrong 1990),
this is unlikely to be the case with the terrestrial plants used. In support of this
hypothesis that terrestrial plants translocate very little oxygen to their root tissues,
Figure 4.6a, b and c shows that the redox potential of the vegetated media dropped
more quickly than the equivalent non-vegetated media during the dosing experiments.
The lower redox potentials indicate that oxygen was less available in the vegetated
media than the non-vegetated media.
Larsen and Greenway (2004) and Tietz et al. (2007) found no difference in biofilm
biomass, nor any significant treatment differences associated with vegetation, in a
gravel sub-surface horizontal flow wetland for wastewater treatment. Concentrations
of nutrients in wastewater are normally much higher than stormwater. Larsen and
Greenway (2004) used influent concentrations of approximately TN – 15mg l-1, and
TP – 2mg l-1. Tietz used influent concentrations of TN – 42mg l-1, and TP – 6.6mg l-1,
and TOC 160 mg l-1. In such nutrient rich conditions, microbial productivity is much
less likely to be dependent on plant root exudates, and the vegetation may
consequently have much less effect. Stottmeister et al. (2003) contend that the
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rhizodeposition effect on microbes is only significant in constructed wetlands if the
influent carbon load is very low. This is the case for stormwater but not for many
wastewater environments.
4.6.2

The influence of media type

Of the unvegetated treatments, sand (S) or loamy-sand (L) were more effective than
gravel for nitrogen and phosphorus removal. Loam removed TOC more effectively
than the coarser media. These differences are probably due to the difference in
surface area between the three media types. Since the surface area of the media
particles increases with decreasing particle size, loam will have a greater surface
area/unit volume than sand, which is higher than gravel, i.e. gravel <0.01m2 g -1, sand
– 0.1m2 g -1, silt 1.0m2 g -1, clay 100 – 1000m2 g -1 (White, 1997). Thus, the microbial
community that colonises the loam or sand media surfaces has a 10 – 100 times
greater surface area to colonise compared to gravel. Therefore, sandy filter media has
a greater interaction between the media and the solution passing through it, making
treatment more effective. The sand media was very effective at removing PO4 with
and without vegetation. If the sand was high in calcium or calcium carbonate, these
compounds may have reacted with PO4 to form insoluble apatites (Ca-PO4 minerals)
(Tan, 2003). Further testing would be required to verify this.
The effect of vegetation on nitrogen and phosphorus removal was more important
than the differences in media size classes tested. The nutrient removal rates of all
media improved greatly when vegetated. Unvegetated TP removal fell in the range 74
– 93% but with vegetation, this improved to 92 – 98%. Similarly, unvegetated TN
removal fell in the range 45 – 63 and this improved to 74 – 85% removal if the
mesocosm was vegetated. Overall, both loamy-sand and sand were effective media
for bioretention. Loamy-sand should be chosen before sand if the growth of plants is
limited by the water holding capacity of the media, as is the case in dry climates. The
smaller particle sizes and greater clay/silt fraction of loam can better support plant
growth by providing more nutrients and a greater media water holding capacity
(White, 1997). The vegetation growing in the loam bioretention mesocosms appeared
better able to survive hot and dry periods in the middle of summer than the vegetation
growing in sand or gravel. During the hottest part of the summer, some of the
Banksia plants in GV died of water stress despite being watered every 2 weeks. This
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was a result of the poor water holding capacity of the gravel media. Sand could be
used in preference to loamy-sand if higher media hydraulic conductivities were
desired and plant water stress was not a concern.
4.6.3

The effect of extended detention times

Nitrogen Removal. Extending the detention time from 24 to 72 hours improved NO3
and TN removal in the vegetated treatments (GV, SV and LV), yet worsened NO3 and
TN removal from the non-vegetated treatments (G, S and L). The dramatic increases
in NO3 effluent concentrations after 72 hours compared to 24 hours in the nonvegetated treatments of G, S and L, indicate that much of the TN becomes nitrified
during the extended detention time. The extended detention allows more time for the
decomposition of organic matter and the consequent nitrification of these compounds
to nitrate. Part of the increase in total nitrogen in the effluent from the non-vegetated
mesocosms may also be due to the solubilisation of particulate organic compounds of
microbial or plant origin that might have formed in the media matrix. Extending the
detention time had no effect on phosphorus removal.
Nitrate became undetectable in the effluent from GV, SV and LV after the mesocosms
had been plugged for 60 hours. This is probably due to uptake and immobilisation by
the microbes and plants of the filter media, or possibly denitrification that is made
possible in the vegetated mesocosms by the supply of vegetation-derived carbon.
Denitrification is more likely to occur if redox potentials fall below 300mV, and if
NO3 and organic carbon are in adequate supply (Kadlec and Knight, 1996). Redox
potentials fell below 300mV in all mesocosms except gravel (G), yet nitrate
disappeared only from the vegetated mesocosms, suggesting plant uptake of nitrate or
denitrification. It is plausible that such low redox potentials coupled with an organic
carbon supply from plant root exudates, led to denitrification in the vegetated
mesocosms. Although redox potentials in the non-vegetated treatments were quite
low, the effect of extended detention was an increase in effluent nitrate and TN
concentrations. Without vegetation and the plant-mediated supply of organic carbon
to the microbes inhabiting the media, denitrification may be carbon limited.
Consequently, organic nitrogen molecules from the fertilisers in the synthetic
stormwater are decomposed to more soluble forms such as dissolved organic nitrogen
104

Chapter 4. Nutrient Removal Efficiency

or nitrate. Yet, in the absence of plant carbon, the nitrate cannot be used in
denitrification and it is discharged with the effluent.

Dissolved organic carbon removal
Extending the detention time to 72 h substantially increased by 2 to 3 times the
amount of TOC that leached from the vegetated mesocosms, but had no impact on the
TOC leaching from the non-vegetated mesocosms. The increase in TOC from the
vegetated mesocosms may be due to the carbon exuded from plant roots
(rhizodeposition) in the vegetated media.
Extending the detention time has provided some indications that TOC removal may
be an abiotic process such as adsorption or absorption, or humification and
precipitation. Dissolved organic carbon removal was highest from the non-vegetated
mesocosm, however when the difference in TOC removal between 24 h and 72 h
experiments for the non-vegetated mesocosms is compared, 1) TOC concentrations in
the effluent were not affected by an increased contact time with the media, and 2)
TOC concentrations were not affected by the change in redox potential that resulted
from waterlogging. If TOC removal were a biological process, either increased
contact time or waterlogging might have altered the respiration or uptake of organic
carbon, as was the case for organic nitrogen and nitrate. For the TOC removal from
the synthetic stormwater to be an abiotic process suggests that the organic carbon
present in the synthetic stormwater is relatively non-labile for microbes.
4.6.4

Redox potential

Although nitrification in the non-vegetated mesocosms was apparent during the 24h
and 72h detention time experiments, the redox potentials measured in those
mesocosms during those experiments suggest that a shortage of oxygen should limit
nitrification. However, there may be sufficient aerobic microsites throughout the
media that permit nitrification during the early stages of the 24h detention time
experiment, and as these become reduced, nitrification tapers off (Figure 4.1, NO3, L
and S). Nitrification also continues during the 72h detention time experiment after the
mesocosms have been plugged (Figure 4.3, G, S, and L), especially for gravel (G),
where NO3 concentrations increased the most. However, the production of nitrate was
less for loamy-sand and sand, whose redox potentials fell quickly near zero mV. The
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oxygen was exhausted in S and L during the plugged period of the experiment. The
smaller increase in NO3 suggests that nitrification was restricted and was limited by
the loss of aerobic microsites within the media during this plugged period.
Redox potential dropped more quickly after irrigation with synthetic stormwater than
it did after irrigation with tap water. This indicates that oxygen in the filter media was
consumed more rapidly during irrigation with stormwater, an indication that the
microbial respiration rates increased in response to a supply of nutrients and carbon.
The redox potentials of the vegetated mesocosms usually dropped faster than those of
the non-vegetated mesocosms, and reached lower potentials. This suggests that the
consumption of oxygen was faster and more complete than in the non-vegetated
systems. Given this response, it is likely that the media of the vegetated mesocosms
has a higher oxygen demand fuelled by either a greater microbial population, or a
more active microbial population.
4.6.5

Comparisons with other studies

To the author’s knowledge, these experiments are the first to use a realistic synthetic
stormwater solution containing inorganic and organic forms of nitrogen, phosphorus
and carbon, as well as cation concentrations equivalent to stormwater (Ca, Mg, K,
Na), and thus a suite of macro and micro nutrients suitable for maximising plant and
microbial growth.
The vegetated gravel-sand (GV) mesocosms are conceptually similar to a bioretention
system that was used in place of traditional kerb and gutter drainage in a greenfield
suburb development in Melbourne (Lynbrook Estate) (Lloyd et al. 2002). The
nutrient removal efficiency they report is much lower than measured in this research.
They measured load reductions of 66% for dissolved PO4 and 47% for TP, compared
to 98% for PO4 and 85% for TP in the current study. The authors attributed this
reduction sorption of PO4 to the sediment that constituted part of the synthetic
stormwater mix and subsequent sedimentation of these particles within the
bioretention system media matrix. In the Lynbrook Estate experiment dissolved
nitrate loads were reduced by 29% yet there was no net reduction in TN. In the gravel
experimental mesocosms (G) of the current study dissolved nitrate removal was much
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higher – 65%, as was TN reduction – 63%. Lloyd et al. (2002) attributed the poor
nitrogen removal rates to the leaching of organic fertilisers that were used to establish
the overlying grasses at the time of construction. A further explanation for the
difference in nutrient removal efficiency between the Lloyd et al. (2002) experiment
and the current study is the short soil-water contact time in the Lynbrook Estate
biofiltration system. The Lynbrook Estate biofiltration system had a media contact
time of 1–2 hours. This estimate is based on a 200mm layer of sand with a saturated
hydraulic conductivity of possibly 200mm h-1, and gravel beneath this with a much
higher saturated hydraulic conductivity, compared to approximately 5 hours in the
current mesocosm experiment.
Davis et al. (2001) tested a laboratory-scale bioretention system similar in many
aspects to the vegetated loamy-sand (LV) mesocosm. Since that time Davis has
published other papers on many aspects of bioretention but this one is compared
because it most closely resembles the experimental conditions reported here.
Differences in important parameters are listed in Table 4.6. The LV bioretention
mesocosm had higher influent nutrient concentrations but still produced effluent of
equivalent quality to the bioretention box of Davis et al., (2001). This was despite
several characteristics of the bioretention box that should make its nutrient removal
capability greater than LV, namely: lower influent concentrations; less influent
volume; greater media silt and clay particle size fraction that equates to greater
sorptive potential or surface area for microbial growth; and lower media hydraulic
conductivity that which equates to longer media contact time. The effect of
vegetation is most likely to be the attribute that makes the LV mesocosm more
efficient at removing nutrients than the bioretention box of Davis et al. is. The
bioretention mesocosm LV was more densely planted than the bioretention box (20 m2

vs. 5 m-2); therefore the vegetation effect in the LV mesocosm was stronger. Thus,

the presence of densely planted vegetation was more important for improving nutrient
removal than the other four factors listed above. The comparison between the
bioretention mesocosms and the bioretention box demonstrates that a more densely
planted system will be a more efficient nutrient filter than a less densely planted
system.
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Table 4.6 Comparison of experimental parameters of Davis et al. (2001) and
bioretention mesocosms

Parameter

Bioretention Mesocosm

Surface Area (m2)
Depth (m)

0.25
0.815
Loamy-sand (8% silt, 3%
clay)

Media

Bioretention Box (Davis et al.
2001)
4.5
0.91
Sandy-loam (16% silt, 8% clay)

Saturated Hydraulic
30 – 40
3–4
Conductivity (mm h-1)
Volume of Influent (l m-3
1000
238
media)
Planting ratio (plants m-2)
20
5
Influent TN Concentration
5.44 ± 0.69
3.14 ± 1.1
(mg l-1)
Influent TP Concentration
0.48 ± 0.05
0.52 ± 0.04
(mg l-1)
TN Removal Efficiency (%)
77 (1.235 mg l-1)*
63 (1.16 ± 1.1 mg l-1)
-1
TP Removal Efficiency (%)
90 (0.045 mg l )*
81 (0.10 ± 0.02 mg l-1)
* Calculated from Table 4.4. Concentration = Mass in effluent/200l

The performance of non-vegetated sand filters tested in four US cities and
summarised by Urbonas (1999) are compared to the unvegetated sand (S) mesocosm.
No information was given on detention times, although the article recommends up to
48 hours for enhanced sedimentation. It is presumed that the filters were not
vegetated, since vegetation was not mentioned in the report. Nutrient influent
concentrations for the dosing experiment with 24-hour detention are comparable with
Urbonas’ values, and the effluent concentrations fell within the range he quotes. TP
removal from S of 90 % is at the upper extreme of Urbonas’ range of 5– 92%; while
TN removal of 10 % is lower than the most common range he reports 30 – 50%.
4.6.6

Reproducibility of experimental results.

There are some comparisons that can be made to assess the reproducibility of these
experimental results. Figure 4.3, Figure 4.4 and Table 4.6 present data from the 24hour and 72 hour experiments. The first four data points on these graphs are
essentially replicates of the same mesocosm subjected to the same conditions in
succession. There is very close agreement between the two lines for the vegetated
systems, but there is some divergence between the lines for the non-vegetated
systems. A comparison between the enriched systems and the non-enriched systems
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can also be considered as a test of the variability inherent in these devices. Table 4.5
presents the treatment efficiency results for the same types of mesocosm subjected to
nutrient enrichment or not subjected to nutrient enrichment. There was very little
difference between the enriched and non-enriched systems in both cases, suggesting
that the data collected is a typical representation of the performance of these
mesocosms.
Follow-up experiments have recently been conducted using the same mesocosms by
Lucas and Greenway (2007 and 2008). Although these researchers collected
mesocosm effluent differently, as bulked samples, they affirm that the results of their
tests confirm the findings reported in this chapter and in Henderson et al. (2007).
4.6.7

Implications of this research for bioretention system design and
management

The most important implication of this research for bioretention system design is that
vegetation plays a very important role in removing nutrients from stormwater.
Consequently bioretention systems should be densely vegetated to maximise the
influence of plants on the filter media. A contact time of five hours between the
stormwater and the filter media was sufficient to provide effective nutrient removal.
Therefore, bioretention systems should be designed to facilitate at least five hours of
contact time. Longer contact times than 5 hours provided little additional benefit.
Bioretention media should comprise loamy-sand or sand rather than gravel, since the
former media types were much more effective in facilitating nutrient removal.
4.6.8

Experimental limitations and future research recommendations

Various experimental adjustments were made in assessing the nutrient removal
efficiency of the mesocosms, which make the mesocosms behave slightly differently
to field systems. The most important adjustments made were to incorporate the tap
water-flushed load into the overall mass balance, and to compare mass balances
between treatments at 200 litres. As is the case with many experimental systems, in
order to study a system accurately, some artificial constraints are imposed to control
the experimental conditions. Because of this, the treatment performance of the
mesocosms cannot be directly transferred to the treatment performance of a field
system. The likely impact of these adjustments is that the mesocosm treatment
performance underestimates the performance of bioretention mesocosms in the field.
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Because tap water is less concentrated than stormwater, the tap water would cause
more desorption and dissolution in the media than stormwater. The comparison made
between the different treatments of media and vegetation is valid, and the experiment
succeeds in identifying which combination of media and vegetation provides the
greatest nutrient removal capacity.
Further testing of bioretention systems is still needed to validate and confirm the
nutrient removal efficiency of these devices. To date, those systems that have been
monitored have produced variable results (Davis 2007, Hunt et al. 2006, and Deletic
2007). The high variability of results reported reflects the highly variable nature of
bioretention system effluent concentrations. Indeed this variability was revealed in
the preliminary mesocosm testing discussed in Chapter 3, and was evident in the
constantly varying effluent concentrations measured in this chapter. It is
recommended that field systems be sampled more intensively to fully capture the
variability of nutrient concentrations in the bioretention system effluent. Future
testing of bioretention mesocosms should aim to increase replication while
maintaining sampling intensity, to provide data that can be used to demonstrate
statistical significance between treatments. Experimental bioretention mesocosms
should be tested as they age to assess if nutrient removal efficiency changes further
with time and continued exposure to nutrients. Bioretention mesocosms can also be
used to determine the influence of different types of vegetation by testing mesocosms
planted with different species.

4.7 Conclusions from Chapter 4
The best media choice for bioretention systems is sand or loamy-sand, as these media
removed more nutrients than gravel. Vegetating the media greatly improves the
removal efficiency of nitrogen and phosphorus, and vegetated media retains more
nutrients during the initial flush after an inter-event dry period. The presence of
vegetation reduces the leaching of nutrients from the media, whereas high
concentrations of nutrients may leach from unvegetated systems. Under longer
detention times (72h vs. 24h) nitrogen removal is slightly improved in vegetated
systems (GV, SV and LV). However, nitrogen removal worsens in non-vegetated
media (G, S and L) under longer detention times, and some of the TN appears to be
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nitrified and leached as NO3. The nutrient removal efficiency of vegetated
mesocosms did not deteriorate with repeated exposure to stormwater nutrients,
indicating exposure to sustained nutrient loading in the short term of 6 months has
very little effect on nutrient removal. Based on these experimental results, the
optimum design for a stormwater bioretention system is to use sand or loamy-sand
media with a media-water contact time of 5 hours. Since the study’s results show that
vegetation is very important to nutrient removal, bioretention systems should be
designed to maximise the influence of vegetation on the media but without adding
nutrients to the path of stormwater.
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5 Sorption and Desorption Behaviour of Nutrients in
Loamy-sand Bioretention Media Subject to Different
Conditions (Vegetation, Enrichment and Incubation
Time)

5.1 Overview of Chapter 5
Chapter 5 describes and reports an experiment used to determine the contribution of
sorption processes to the removal of nutrients from stormwater. It is the first of three
chapters that investigate the contribution of specific nutrient removal pathways to the
overall high nutrient removal rates measured in Chapter 4.

5.2 Introduction
Soil sorption processes can contribute significantly to the removal of nutrients from
polluted water. Most inorganic phosphorus either directly added to wetland systems
or released through decomposition and mineralisation is retained within wetlands
through sorption and precipitation reactions (Rhue and Harris 1999). Since contact
with the soil or media in bioretention systems is enhanced relative to wetlands, it is
expected that sorption reactions will also be an important removal process for these
systems.
The sorption processes likely to occur in bioretention systems have been described in
detail in Chapter 2. Previous research investigating the removal of pollutants from
stormwater by sorption processes has focused on heavy metals (Farm 2002, Davis et
al. 2001, and Davis et al. 2003). These papers reported very high removal rates (close
to 100%) for copper, lead, and zinc. The removal of phosphate by sorption was not
been directly tested but was strongly inferred by Hsieh and Davis (2005b) and Hsieh
et al. (2007a). These researchers measured a substantial increase in extractable soil
phosphorus following repeated nutrient inputs of phosphorus in solution to an
unvegetated column of bioretention media. However, Hsieh et al. (2007a) used
solutions concentrations of 3 mg l-1, and such high concentrations are unlikely to be
encountered in stormwater. The removal of organic nitrogen products from

112

Chapter 5. Sorption Behaviour of Bioretention Media

stormwater by sorption processes has also been proposed (Davis et al. 2006). In spite
of the interest in sorption processes in bioretention systems, no published literature
was found describing the contribution of sorption to the removal of the nutrients
nitrogen and phosphorus from stormwater in bioretention systems. Some researchers
have inappropriately ascribed the removal capacity as being equivalent to the
maximum sorption capacity of the media i.e. Davis et al. (2006). Such reasoning
ignores the important role of the equilibrium concentration of the media and its effect
on solution concentration.
Although the potential capacity of media to remove compounds from solution
depends on the number of available sorption sites on the media surfaces, and the
charge of those sites, the practical removal efficiency is limited by the equilibrium
concentration of the media i.e. the solution concentration at which compounds in
solution will neither sorb to media nor desorb from the media (Sparks 2003b). If the
solution surrounding the media is at a concentration greater than the equilibrium
concentration of the media, nutrients will be removed as compounds in solution sorb
to the media. However, if the solution surrounding the media is at a concentration
less than the equilibrium concentration of the media, nutrients may be released from
the media to solution. For example, Kim et al. (2004) measured river sediments from
which PO4 desorbed if the water column PO4 concentration fell below 1.4mg l-1.
Since the PO4 concentrations in the overlying water were usually below 0.l mg l-1, the
sediments acted as a nutrient source rather than a nutrient sink. The media of
bioretention systems is usually sandy and the equilibrium concentration of sandy soils
is known to be quite low (Wang and Alva 2000). It is expected therefore that the
equilibrium concentration of bioretention media will be low, and thus the nutrient
removal capacity will be limited by a low equilibrium concentration. Although mass
loads of nutrients in urban run-off are high due to the large volumes generated, actual
nutrient concentrations are variable and can also be low (Duncan 1999) and may be
near the equilibrium concentration of filter media.
These sorption experiments sought to identify the equilibrium concentration of the
media for all the nutrients of interest in order to determine if sorption processes are
likely to remove nutrients from stormwater. The contribution of sorption processes to
the removal of the nitrogen compounds NH4 and organic N, and the phosphorus
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compounds PO4 and organic P in bioretention systems was assessed. Nitrate was not
used since this ion is known to be non-reactive with soil (Tisdale and Nelson 1993).
Bioretention media subjected to different conditions was tested: vegetated and
unvegetated media; enriched and non-enriched media, and under detention times of 24
and 72 hours. Of specific interest was to identify if the equilibrium concentration for
the media tested was below or above the concentration of nutrients in stormwater, and
to determine if the different media conditions affected the equilibrium concentration
of the media. This study is the first to incorporate realistic concentrations of cations
in a sorption study of stormwater bioretention media, and the first to consider the role
of the media equilibrium concentration in the nutrient removal processes of
stormwater bioretention systems.

5.3 Research aims
This chapter addresses research question 5 proposed in section 1.8. It investigates one
of the most likely nutrient removal pathways and seeks to determine:
What proportion of nutrient removal in biofiltration systems can be attributed
to sorption processes?
This research question was broken down in the following way:
•

Does prior exposure to nutrients affect sorption capacity or sorption
equilibrium concentration?

•

Is the sorption capacity or sorption equilibrium concentration different in
vegetated or unvegetated media?

•

Do longer incubation times facilitate more nutrient removal than shorter
incubation times?

5.4 Methods
5.4.1

Sorption

Sorption isotherms can be used to identify the sorption capacity of media, and to help
identify the equilibrium concentration. The equilibrium concentration is the
concentration at which no sorption or desorption occurs. A sorption isotherm is
created by equilibrating a sorptive solution of known volume and composition with a
known amount of sorbent media until equilibrium is reached. For example, nutrient
solutions spanning low to high concentrations are shaken with measured masses of
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media for a specific period. The difference between the initial and final equilibrating
solution concentration is the mass sorbed or desorbed by the media. Sorption
isotherms are usually reported as a plot showing P adsorbed (on y-axis) and P in
solution after a period of equilibration (on x-axis) (Reddy et al. 1999). Sorption
results in this chapter are not presented as the traditional isotherms just described.
Results are instead reported as a plot showing the mass of P adsorbed (on y-axis) and
P in solution prior to equilibration (on x-axis). This was done to make the results
more meaningful and applicable to practicioners working in the stormwater discipline,
where the concentration of compounds in stormwater runoff is much more likely to be
known than the concentration of compounds after a period of equilibration with the
soil. These curves are referred to as “sorption retention curves” so as not to be
confused with sorption isotherms.
The exchange equilibrium for specific compounds may be affected by the
concentrations of other ions in solution (i.e. calcium, potassium, magnesium) (Phillips
et al.1988a, 1988b). For this reason the equilibrium concentrations of various
nutrients in stormwater were compared using a synthetic stormwater solution
comprising of most of the compounds likely to be found in urban run-off, rather than
investigating each in isolation.
The experiment compared the sorption potential of the loamy-sand filter media for
PO4, organic P and NH4, and organic N. Only the loamy-sand media was selected for
testing as this media is expected to have the highest sorption capacity. The loamysand was the only media that contained an appreciable amount of clay, and usually the
sorption capacity of a soil is proportional to the quantity of clay it contains (Tisdale
and Nelson 1993). The method chosen is similar to the incubation-extraction method
(Voroney et al. 1993) used to measure mineralisation of organic residues and the
nutrients contained within microbial biomass. The media samples are saturated and
incubated but are not subjected to mixing, (unlike the batch technique often used for
sorption isotherms) or flow (typical with leaching columns). Toluene was added as a
microbial inhibitor, intended to prevent microbial uptake or mineralisation but
causing microbial cell death (Tabatabai 1994). In doing so, sorption experiments can
be followed up with mineralisation and microbial biomass nutrient content
experiments subjected to the same conditions, but without the inhibitor. The
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contribution of sorption to nutrient removal can thus be measured and compared with
the experiments described in Chapter 6 that measure microbial uptake and
mineralisation under the same conditions.
The media was taken from bioretention mesocosms that had previously been
subjected to one of four conditions:
1. Unvegetated Enriched Media (L)
2. Vegetated Enriched Media (LV)
3. Unvegetated non-enriched Media Control (LC)
4. Vegetated non-enriched Media Control (LVC)
Firstly, the loamy-sand media was sampled from the bioretention mesocosms from the
surface layer (0-10 cm), bulked and mixed, placed in sealable plastic bags and put
immediately on ice. Approximately 40g of media (equivalent dry weight) were
packed into an open-ended cylinder (a 50ml polypropylene centrifuge tube with the
bottom cone removed) and weighed to achieve a bulk density of approx 1.06 g/cm3.
A piece of cloth was attached to the bottom of the cylinder with an elastic band to
stop the media from falling from the cylinder (Figure 5.1). The samples were kept
overnight at 4 degrees C. A portion of the media collected was dried to determine the
media moisture content.
Secondly, the bioretention media was saturated with one of four concentrations of
nutrient solution containing PO4, NH4, organic P and organic N (Table 5.1). Solution
1 contained almost no nutrients. Those nutrients present are believed to be associated
with the toluene that was added as a microbial inhibitor. Solution 2 contains
concentrations equivalent to stormwater. Solution 3 is more concentrated again and
solution 4 contains very high concentrations of nutrients. Solutions 3 and 4 were used
to assess whether the sorption capacity of the media would saturate under high
concentrations. The solute used to make up the solutions contained concentrations of
cations representative of those found in stormwater (Table 5.2).
Thirdly, the appropriate nutrient solution (the equilibrating solution) and toluene was
added to the media in the cylinder up to the point of saturation. Firstly, 0.5ml toluene
was added, followed by 2.5ml of solution. This was repeated in 4 stages. The
solution was allowed to soak into the media for 5 minutes before repeating each
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application. Thus a total of 10 ml of solution and 2ml Toluene was added to the
media in each cylinder. The cylinders were then placed inside a large sealed plastic
bag lined with wet paper towels to prevent evaporation. Samples were incubated in
the dark at 25 degrees C for the required time period of 24 or 72 hours. Controls
without media were treated in the same way; nutrient solutions were added to sterile
centrifuge tubes and incubated at the same time. The detention times of 24 and 72
hours were selected to investigate the increase in sorption with increased contact time
with the bioretention system media. For some compounds, a greater contact time
between particle and solution results in greater fixation through dehydration of the
clay layers, or crystal reorientation (Tisdale and Nelson 1993).
Fourthly, to separate the media from solution after incubation, the saturated media
samples were transferred from the open-ended cylinder to an intact centrifuge tube.
Fifteen ml of solution 1 was then added to each tube. The tubes were shaken end over
end for 30 minutes and centrifuged at 2000rpm for 30 minutes. The supernatant was
drawn off leaving the toluene with the media and filtered using a 0.45 μm filter. The
mass of the centrifuge tube + media was measured before and after drawing off the
supernatant to determine the volume of liquid remaining in the media. The extracted
solution was diluted to 100ml with de-ionised water to provide enough sample for all
the required analyses, and stored frozen until analysis.
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Table 5.1 Concentration of equilibrating solutions used in bioretention system media
sorption testing
Incubation (hours)
Initial Solution
Concentration (mg l
1
)

24

1

PO4

0.00±0

2

72

3

0.55±0.05 45.30±2.64

4

1

232.23±18.71

0.00±0

2

3

4

0.51±0.03 41.26±2.31 226.52±9.94

Organic P

0.15±0.04 0.18±0.16

3.75±0.80

4.21±7.29

0.12±0.01 0.4±0.15

8.97±0.89

18.66±16.28

NO3

0.03±0.01 0.04±0.03

0.01±0.01

0.07±0.06

0.01±0.01 0.01±0.01

0.00±0

0.00±0

NH4

0.30±0.13 0.53±0.09 17.17±0.81

87.92±2.66

0.22±0.03 0.46±0.03 17.51±0.96

Organic N

7.77±0.86 7.52±1.65 36.69±5.12

89.99±16.71

7.01±0.12 7.88±0.15 24.65±1.77 110.65±17.39

84.37±5.25

Table 5.2 Cations and pH of equilibrating solutions used in bioretention system media sorption
testing
Chemical

Solution 1

Solution 2 Solution 3 Solution 4

K

3

11.00

86.89

422.48

Ca

12

12.35

24.21

73.05

Mg

7

7.16

12.39

33.96

Na

3

3.00

3.19

3.96

PH

7

7

7

7

(Calculated from chemical manufacturer’s specifications)
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Elastic band

Cloth

Figure 5.1 Example of cylinders used to incubate bioretention system media (centre
and right). The bottom of the centrifuge tube had been removed and the elastic band
and cloth held the media within the cylinder.

The extracted solutions were analysed for the following parameters: dissolved organic
N and P (persulphate digest of filtered water sample then subtracting inorganic
fraction), nitrate and nitrite (NO 2 + NO3 reported as NO3 – Lachat QuikChem
Method 31-107-04-1-D, no dialysis), ammonium (NH4 – Lachat QuikChem Method
10-107-06-4-D, no dialysis), orthophosphate (PO4- Lachat QuikChem Method 31115-01-3-A). All samples were analysed using flow injection analysis (Lachat
QuikChem 8000). Method detection limit was 0.01mg l-1 for nutrient analyses.
A dilution factor was applied to the concentrations of the extracted solution to correct
for making the solution up to 100ml. The final concentration of nutrients present in
the supernatant was measured and compared to the initial solution concentration,
which was the concentration of the liquid in the control cylinders after a period of 24
or 72 hours of incubation. The difference in solution concentrations was assumed to
be the quantity of nutrients sorbed to the media. This was converted to a mass basis
by dividing the sorbed mass of each nutrient by the mass of media in each cylinder
(mg nutrient per g media)
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For statistical analyses, results were converted to percentages to accommodate small
differences in initial equilibrating solution concentrations between 24 h and 72 h
treatments. The percentages were arcsine transformed for analysis, which is
recommended for percentage and proportion data (Sokal and Rohlf 1997). The
arcsine transformation stretches both tails of a distribution and compresses the middle.
Statistical significance between treatments was determined using a 3-way ANOVA in
the SAS statistical analysis software.
The following treatments were tested as main effects:
•

Enriched media vs. non-enriched media control

•

Vegetated media vs. unvegetated media

•

Incubation time: 24 h vs. 72 h.

Since no NO3 was added to the initial equilibrating solutions, all NO3 measured is
considered to have leached from the media. For this reason NO3 data was not
converted to percentages. NO3 data was analysed using the same ANOVA based on
the mass sorbed/mass of media basis.
The timing of the sorption experiments in relation to other work is shown in Figure
3.14. Media for conditions 1 and 2 were taken from the bioretention mesocosms that
had been nutrient enriched with regular doses of synthetic stormwater. These
mesocosms had been irrigated 14 times, with synthetic stormwater whose
concentrations were equivalent to solution 2. The irrigation load was equivalent to
22mm of runoff each time, once per fortnight over 6 months. The nutrient loads are
summarised in Table 3.9. Media for conditions 3 and 4 were taken from bioretention
mesocosms that had been regularly irrigated with tap water but not dosed with
nutrients. The nutrient loads for the non-enriched mesocosms are also summarised in
Table 3.9. Together these treatments test:
•

The effect of vegetation on the sorption properties of media

•

The effect of regular enrichment of nutrients on the sorption equilibrium
concentration of the media.
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In summary:
•

5 media types (L, LV, LC, LVC)

•

2 detention times (24 h, 72 h)

•

4 solution concentrations

•

3 replicates

(n = 120)
5.4.2

Desorption

Desorption of nutrients from the loamy-sand media was measured to determine the
likely leaching potential of sorbed nutrients from bioretention system media. This
was done by adding 20ml of solution 1 (cation concentrations equivalent to
stormwater but no nutrients) to the media in an intact centrifuge tube immediately
following the sorption experiment. Hence, the nutrients extracted represent the
stormwater-soluble extractable fraction. Samples were then shaken end over end for
2 hours, centrifuged at 2000 rpm for 30 minutes and the supernatant drawn off. This
process was repeated and the supernatant bulked, filtered using a 0.45-μm filter, and
made up to 100ml. The solution was analysed as described above and samples were
frozen until analysis.
The nutrient concentration of the extract was assumed to contain the quantity of
nutrients desorbed from the media plus the nutrients remaining from the sorption
experiment. The nutrients in the liquid that remained with the media from the
sorption experiment were calculated, based on the mass of liquid remaining with the
media and using the solution concentration just measured, and subtracted from this
total. The remainder was assumed to be the quantity of nutrients desorbed from the
media. This was converted to a mass basis as described for the sorption experiment.
The following samples were extracted:
•

3 media types (L, LV, LC)

•

2 detention times (24 h, 72 h)

•

4 solution concentrations

•

3 replicates
(n = 72)
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5.5 Results
5.5.1

Sorption retention curves

The sorption retention curves differ very little between treatments overall
(enrichment, vegetation, and detention time, Figure 5.2, Figure 5.3), conforming in
most cases to a straight line. Changes in sorption capacity become apparent at low
concentrations of equilibrating solution (near the concentrations of solutions 1 and 2).
Enriched media has a higher PO4 equilibrium concentration that is the solution
concentration at which neither sorption nor release of PO4 occurs. This is indicated
by a shift in the sorption retention curve to the right on the x-axis. This can be seen in
Figure 5.4a where the sorption retention curve for the enriched media (L 24 and LV
24) crosses the x-axis at approximately 1.5 mg l-1. The sorption retention curve for
the non-enriched media (LC 24, LVC 24) intersects the axes at 0, 0 – indicating that
no release of PO4 takes place if there are no nutrients in the equilibrating solution, and
that sorption is likely to occur at any nutrient concentration higher than zero. For
sorption to occur with the enriched media, initial equilibrating solutions need to be
greater than 1.5 mg l-1. A similar shift in equilibrium has occurred for the enriched
media L72 and LV72 (Figure 5.4b).
For the sorption of organic phosphorus (Figure 5.5a and b) and ammonium (Figure
5.6a and b) there appears to be no difference between treatments (vegetation,
enrichment or incubation time). For organic nitrogen, in the 24 hour incubation
(Figure 5.7a) the equilibrium concentration for the vegetated media was higher than
that for the unvegetated media. In the 72 hour incubation (Figure 5.7b) the
unvegetated enriched media released much more organic nitrogen than the other
treatments during the incubation.
Since NO3 was not added to any of the equilibrating solutions, bar graphs are used to
represent leaching of the water-soluble fraction of nitrate from the media (Figure 5.8).
This chart shows that the nitrate leached readily from unvegetated media and moreso
if the media was enriched. Very little nitrate leached from vegetated media, even if it
was enriched.
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Figure 5.2 Sorption to bioretention system media for a) phosphate and b) organic
phosphorus, for all treatments and all concentrations
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Figure 5.3 Sorption to bioretention system media for a) ammonium and b) organic
nitrogen, for all treatments and all concentrations
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Figure 5.4 Sorption of phosphate to bioretention system media at low concentrations
a) 24 hour incubations, b) 72 hour incubations
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Figure 5.5 Sorption of organic phosphorus to bioretention system media at low
concentrations for a) 24 hour incubations, b) 72 hour incubations
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Figure 5.6 Sorption of ammonium to bioretention system media at low concentrations
for a) 24 hour incubations, b) 72 hour incubations.
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Figure 5.7 Sorption of organic nitrogen to bioretention system media at low
concentrations for a) 24 hour incubations, b) 72 hour incubations
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Figure 5.8 Leaching of NO3 from bioretention system media during sorption experiment

5.5.2

Nutrient removal as a proportion of nutrients added

The mass of nutrients that sorbs to, or desorbs from the media was calculated for all
media treatments at all concentrations of equilibration solution. These calculations
were used to determine the percentage of nutrients removed from solution by sorption
processes. Tables showing the values used to calculate these percentages are
presented as Table 5.7. These tables show data for media equilibrated in solutions 1
and 2 since these concentrations are most relevant to stormwater systems. Tables
showing the sorption and desorption data for media equilibrated in solutions 3 and 4
have been reserved for the appendix. Statistical analyses were then performed to
determine statistical differences between media treatments for each concentration
used in the sorption retention curve testing (three replicates per treatment).
Sorption processes removed a very high proportion of all nutrients (phosphate,
organic phosphorus, ammonium, organic nitrogen) from concentrated equilibrating
solutions (solutions 3 and 4 – the highest concentrations), regardless of the media
treatments to which that the media had been subject. At these high concentrations
removal rates were 93 – 97% for phosphate, 93 – 100% for organic phosphorus, and
91 – 94% for ammonium. Organic nitrogen was more variable (33 – 88%). Data
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tables of sorption results are included in the Appendix for Chapter 5. Statistically
significant differences between treatments at these high concentrations of
equilibrating solutions (3 and 4) exist. However, in most cases where a statistically
significant difference was found between treatments, the measured difference
translated to very small quantities of nutrients that would not substantially influence
interpretation. For example, Table 5.8 shows that the enrichment effect is highly
significant for phosphate in solution 3 (p < 0.0001). Although significant, the
difference translates to a difference in removal efficiency of only 3 to 4 %. The
exception was organic nitrogen, where differences in nutrient removal varied
substantially between treatments equilibrating solutions 3 and 4. Direct interpretation
of these effects was confounded by significant interactions that exist between all
media treatments, thus preventing an assessment of any individual treatment effects.
Differences in the sorption behaviour of bioretention media at concentrations
representative of stormwater are discussed here in more detail since the assessment of
stormwater is the focus of this thesis.
Phosphate (PO4) – In an equilibrating solution without nutrients (solution 1)
phosphate ions were extracted from the enriched media (L, LV) while none were
released from the control media (LC, LVC) (Table 5.3). At ionic concentrations
equivalent to stormwater (solution 2) phosphate ions were released from most of the
enriched media treatments yet the non-enriched media sorbed phosphate ions.
Enriched media sorbed less PO4 at high concentrations (solutions 3 and 4) than nonenriched media.
Organic phosphorus (Organic P) – For weaker organic P solutions (1 and 2) some
statistical differences are discernable but the concentrations involved and sorption
rates are so low that statistical significance is unlikely to be important. Organic P
concentrations in the initial equilibration solutions 1 and 2 were both below the
detection limits of 0.01mg l-1 (Table 5.4) and consequently desorption of low
concentrations of organic P was evident in all media equilibrated with these solutions.
Nitrate (NO3) – The effect of vegetation on leaching of nitrate was very strong.
Nitrate was extracted from all unvegetated media treatments and in all equilibrating
solutions, whereas all vegetated media treatments leached very little nitrate or none at
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all (Table 5.5). Enriched media is more likely than non-enriched media to release
nitrate, but leaching is much reduced if the enriched media is vegetated. This is
supported by significant statistical interactions between enrichment and vegetation for
solutions 1 and 2. Less nitrate leached after longer incubation times in unvegetated
enriched media, but incubation times had a much smaller effect on vegetated media.
A significant statistical interaction between vegetation and incubation for solution 2
was observed, whilst the interaction was almost significant for solution 3. Significant
interactions cloud the interpretation of the main effects for solution 4 incubations
(Table 5.8). Despite these difficulties in interpretation of incubation or enrichment
effects, the effect of vegetation was consistent – no nitrate leached from any of the
vegetated media treatments.
Ammonium (NH4) – At low solution concentrations (solution 1) more ammonium
ions were released from the vegetated media treatments than the unvegetated media
treatments (Table 5.6). Some sorption of NH4 was evident for all media treatments in
solution 2. For solution 1, the significant statistical interaction between vegetation,
incubation time and enrichment is the result of variability that is inherent when
dealing with extremely low concentrations (0.01 – 0.03 mg l-1) rather than any
important interaction between the main effects (Table 5.8). In concentrations
representative of stormwater (solution 2) vegetated media treatments sorbed less than
unvegetated treatments, and enriched media sorbed less than non-enriched media
treatments (Table 5.8). Yet together these effects were not additive whereby the
reduction in sorption was approximately the same as one of these effects individually
i.e. if the media was only unvegetated or enriched but not both. Unvegetated media
sorbed more NH4 as incubation time increased, yet vegetated media sorbed less as
incubation time increased.
Organic nitrogen (Organic N) – Organic nitrogen was extracted from all vegetated
media treatments and L72 when equilibrated in low concentration solutions (1 and 2).
Since solutions 1 and 2 did contain some organic N, sorption of was evident in LC 24,
LC 72 and L 24 (Table 5.7). Concentrations of organic N in equilibrating solutions 1
and 2 were almost identical due to the presence of organic N as a contaminant,
thought to be associated with the use of toluene, the microbial inhibitor.

131

Chapter 5. Sorption Behaviour of Bioretention Media

Significant statistical interactions exist between all media treatments for solutions 1,
2, 3 and 4 (Table 5.8) that prevent an assessment of any individual effects.
Overall,
1. Enriched media sorbed less PO4 than non-enriched media. At concentrations
representative of stormwater, enriched media sorbed none, or very little PO4.
2. Very little or no NO3 was released from vegetated media, whereas substantial
amounts of nitrate were released from unvegetated media.
3. Slightly less NH4 was sorbed by enriched media
4. There was strong sorption of all nutrients at higher concentrations of
equilibrating solution (solutions 3 and 4).
Table 5.3 Phosphate sorption and desorption by bioretention system media

Solution

Mass
Initial Mass
(mg kg-1 Sorbed (mg
media)
kg-1 media)
Media Type Incubation
L
LV

1
LC
LVC
L
LV
2
LC
LVC

% Sorbed

Mass
Desorbed
(mg kg-1 % of Sorbed
media)
Desorbed

24

0±0

-0.22±0.19

Leaching

0.19±0.05

Leaching

72

0±0

-0.21±0

Leaching

0.11±0.03

Leaching

24

0±0

-0.34±0.01

Leaching

0.21±0.03

Leaching

72

0±0

-0.23±0.07

Leaching

0.16±0.03

Leaching

24

0±0

-0.01±0.03

Leaching

0.06±0

Leaching

0.11±0.01

Leaching

72

0±0

0±0

-

24

0±0

0±0

-

72

0±0

0±0

-

24

0.14±0

-0.23±0.05

Leaching

0.20±0.06

Leaching

72

0.14±0

-0.15±0.11

Leaching

0.12±0.02

Leaching

24

0.14±0

-0.22±0.01

Leaching

0.17±0.03

Leaching

72

0.14±0

-0.04±0.08

Leaching

0.13±0.09

Leaching

24

0.14±0

0.13±0.02

90

0.09±0.01

69

72

0.14±0

0.14±0

100

0.12±0.05

88

24

0.14±0

0.14±0

100

72

0.14±0

0.12±0.02

90

Blank cell = not tested
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Table 5.4 Organic phosphorus sorption and desorption by bioretention system media

Solution

Mass
Initial Mass
(mg kg-1 Sorbed (mg
media)
kg-1 media)
Media Type Incubation
L
LV

1
LC
LVC
L
LV
2
LC
LVC

% Sorbed

Mass
Desorbed
(mg kg-1 % of Sorbed
media)
Desorbed

24

0±0

-0.03±0.05

Leaching

0.01±0.02

Leaching

72

0±0

-0.10±0.05

Leaching

0.02±0.02

Leaching

24

0±0

-0.09±0

Leaching

0.03±0.01

Leaching

72

0±0

-0.17±0.04

Leaching

0.07±0.01

Leaching

24

0±0

-0.11±0.02

Leaching

0.02±0.01

Leaching

0.01±0.02

Leaching

72

0±0

-0.13±0

Leaching

24

0±0

-0.12±0.02

Leaching

72

0±0

-0.10±0.02

Leaching

24

0±0

0.00±0

Leaching

0.03±0.01

Leaching

72

0±0

-0.13±0.15

Leaching

0.00±0.04

Leaching

24

0±0

-0.10±0.02

Leaching

0.02±0.02

Leaching

72

0±0

-0.16±0.13

Leaching

0.00±0.08

Leaching

24

0±0

-0.14±0.02

Leaching

0.01±0

Leaching

0.00±0.02

Leaching

72

0±0

-0.1±0.02

Leaching

24

0±0

-0.13±0.01

Leaching

72

0±0

-0.14±0.02

Leaching

Blank cell = not tested
Table 5.5 Nitrate leaching from bioretention system media

Solution

Mass
Initial Mass
(mg kg-1 Sorbed (mg
media)
kg-1 media)
Media Type Incubation
L
LV

1
LC
LVC
L
LV
2
LC
LVC

% Sorbed

Mass
Desorbed
(mg kg-1 % of Sorbed
media)
Desorbed

24

0±0

-0.66±0.57

Leaching

0.05±0.23

Leaching

72

0±0

-0.92±0.11

Leaching

0.30±0.04

Leaching

24

0±0

-0.03±0.03

Leaching

0.01±0.01

Leaching

72

0±0

0.00±0

-

0.00±0

24

0±0

-0.14±0.02

Leaching

0.05±0

Leaching

0.05±0.01

Leaching

72

0±0

-0.16±0.03

Leaching

24

0±0

-0.03±0.02

Leaching

72

0±0

0.00±0

-

24

0±0

-1.17±0.13

Leaching

0.38±0.04

Leaching

72

0±0

-0.76±0.2

Leaching

0.25±0.06

Leaching

24

0±0

-0.01±0.03

Leaching

0.01±0

Leaching

72

0±0

0.00±0.01

Leaching

0.00±0.01

Leaching

24

0±0

-0.21±0.18

Leaching

0.07±0.06

Leaching

0.05±0

Leaching

72

0±0

-0.13±0

Leaching

24

0±0

0.00±0

-

72

0±0

0.00±0

-

Blank cell = not tested
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Table 5.6 Ammonium sorption and desorption by bioretention system media

Solution

Initial Mass
Mass
(mg kg- Sorbed (mg
Media Type Incubation
media)
kg-1 media)
L
LV

1
LC
LVC
L
LV
2
LC
LVC

% Sorbed

Mass
Desorbed
(mg kg-1 % of Sorbed
media)
Desorbed

24

0.08±0

0.03±0.04

45

0.19±0.05

583

72

0.05±0

-0.09±0.02

Leaching

0.11±0.03

Leaching

24

0.08±0

-0.09±0.06

Leaching

0.21±0.03

Leaching

72

0.05±0

-0.05±0.03

Leaching

0.16±0.03

Leaching

24

0.08±0

-0.01±0.07

Leaching

0.06±0

Leaching

72

0.05±0

0.01±0.04

22

0.11±0.01

167

24

0.07±0

-0.09±0.03

Leaching

72

0.05±0

-0.07±0.04

Leaching

24

0.14±0

0.04±0.02

30

0.20±0.06

270

72

0.12±0

-0.05±0.04

Leaching

0.12±0.02

Leaching

24

0.14±0

-0.01±0.03

Leaching

0.17±0.03

Leaching

72

0.11±0

-0.02±0.07

Leaching

0.13±0.09

Leaching

24

0.14±0

0.1±0.04

70

0.09±0.01

90

0.12±0.05

240

72

0.12±0

0.05±0.02

39

24

0.14±0

-0.02±0.03

Leaching

72

0.11±0

0.02±0.02

16

Blank cell = not tested
Table 5.7 Organic nitrogen sorption and desorption by bioretention system media

Solution

Mass
Initial Mass
(mg kg-1 Sorbed (mg
media)
kg-1 media)
Media Type Incubation
L
LV

1
LC
LVC
L
LV
2
LC
LVC

% Sorbed

Mass
Desorbed
(mg kg-1 % of Sorbed
media)
Desorbed

24

1.85±0.01

1.09±0.61

59

2.30±1.21

210

72

1.62±0

-4.87±0.11

Leaching

0.26±0.02

Leaching

24

1.82±0.01

-0.14±0.34

Leaching

1.48±0.18

Leaching

72

1.59±0.01

-1.33±1.09

Leaching

1.25±0.39

Leaching

24

1.86±0

0.63±0.07

34

1.18±0.15

188

72

1.63±0.01

0.39±0.08

24

0.79±0.08

201

24

1.81±0

-4.81±0.17

Leaching

72

1.59±0

-0.19±0.08

Leaching

24

1.64±0.01

0.62±0.41

38

1.97±0.2

320

72

1.87±0.02

-4.84±0.16

Leaching

0.24±0.13

Leaching

24

1.59±0.01

-0.6±0.06

Leaching

1.61±0.13

Leaching

72

1.82±0.02

-0.11±0.97

Leaching

2.06±0.75

Leaching

24

1.65±0

0.45±0.21

27

1.43±0.05

318

0.83±0.05

140

72

1.87±0

0.59±0.04

32

24

1.59±0.01

-0.91±0.14

Leaching

72

1.81±0

-0.2±0.25

Leaching

Blank cell = not tested
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Table 5.8 Sorption results from 3-way ANOVA
Sorption
Source

Soln 1

Soln 2

Soln 3

Type III SS F Value Pr > F Type III SS F Value Pr > F Type III SS F Value Pr > F

Soln 4
Type III
SS
F Value Pr > F

PO4
vegetation
enrichment
incubation
Vegetatio*
enrichment
Vegetatio*
incubation
enrichmen*
incubation
vegeta*enrich
*incuba
Org P
vegetation
enrichment
incubation
Vegetatio*
enrichment
Vegetatio*
incubation
enrichmen*inc
ubation
vegeta*enrich
*incuba
NO3
vegetation
enrichment
incubation
Vegetatio*enri
chment
Vegetatio*inc
ubation
enrichmen*inc
ubation
vegeta*enrich
*incuba
NH4
vegetation
enrichment
incubation
vegetatio*enri
chment
vegetatio*incu
bation
enrichmen*inc
ubation
vegeta*enrich
*incuba
Org N
vegetation
enrichment
incubation
vegetatio*enri
chment
vegetatio*incu
bation
enrichmen*inc
ubation
vegeta*enrich
*incuba

0.0060
0.3700
0.0067

1.13
69.32
1.25

0.3041 120.5568
0.68 0.4234 3.8001
<.0001 34921.7475 195.53 <.0001 154.2801
0.2802 553.0560
3.1
0.0976 19.2067

6.26 0.0236 4.6113
254.05 <.0001 7.3262
31.63 <.0001 15.5848

27.27
43.33
92.18

<.0001
<.0001
<.0001

0.0088

1.65

0.217

99.1047

0.55

0.4671

0.0513

0.08

0.775

5.2454

31.02

<.0001

0.0024

0.45

0.5121

0.0117

0

0.9936

0.2583

0.43

0.5235

0.0160

0.09

0.7622

0.0043

0.8

0.3845

505.9098

2.83

0.1118

1.2467

2.05

0.1712

0.0017

0.01

0.9221

0.0043

0.8

0.3845

442.8145

2.48

0.1349

0.0026

0

0.9486

0.5281

3.12

0.0962

0.0045
0.0018
0.0077

4.24
1.72
7.19

0.0562
0.2087
0.0164

0.0092
0.0051
0.0077

1.69
0.94
1.41

0.2123 345.8763
0.3477 193.8585
0.252
1.0375

10.79
6.05
0.03

0.0047 179.1974
0.0257 0.9204
0.8595 99.7968

2.51
0.01
1.4

0.1329
0.9111
0.2546

0.0100

9.34

0.0075

0.0040

0.73

0.4042

36.6795

1.14

0.3007

0.9204

0.01

0.9111

0.0000

0.04

0.8539

0.0005

0.09

0.765

19.8198

0.62

0.4432 99.7968

1.4

0.2546

0.0092

8.6

0.0098

0.0187

3.43

0.0826

8.3898

0.26

0.616

5.9402

0.08

0.7768

0.0007

0.66

0.4293

0.0051

0.94

0.3477

0.6834

0.02

0.8857

5.9402

0.08

0.7768

1.2558

29.34

<.0001

1.8928

163.12 <.0001

0.4056

42.85

<.0001

0.0580

107.94 <.0001

0.6176
0.0187

14.43
0.44

0.0016
0.518

0.9680
0.0913

83.42
7.86

<.0001
0.0127

0.2904
0.0280

30.68
2.96

<.0001
0.1047

0.0294
0.0241

54.7
44.78

<.0001
<.0001

0.6176

14.43

0.0016

0.9283

79.99

<.0001

0.2904

30.68

<.0001

0.0294

54.7

<.0001

0.0408

0.95

0.3432

0.0840

7.24

0.0161

0.0280

2.96

0.1047

0.0241

44.78

<.0001

0.0234

0.55

0.47

0.0434

3.74

0.0712

0.0182

1.92

0.1852

0.0228

42.45

<.0001

0.0234

0.55

0.47

0.0384

3.31

0.0877

0.0182

1.92

0.1852

0.0228

42.45

<.0001

0.0216
0.0003
0.0006

10.03
0.12
0.28

0.006
0.7295
0.6049

798.5681
1002.0753
28.9960

6.04
7.58
0.22

0.0258
0.0142
0.646

30.9855
7.1177
0.4293

22.24
5.11
0.31

0.0002
0.0381
0.5865

4.4807
1.9437
0.4455

24.01
10.42
2.39

0.0002
0.0053
0.1418

0.0028

1.31

0.2697

658.7728

4.98

0.0403

0.4845

0.35

0.5636

0.2709

1.45

0.2457

0.0088

4.09

0.0601

953.0641

7.21

0.0163

6.1105

4.39

0.0525

0.2109

1.13

0.3035

0.0060

2.79

0.1141

128.2513

0.97

0.3394

7.9005

5.67

0.03

1.3490

7.23

0.0161

0.0113

5.23

0.0362

1.4504

0.01

0.9179

0.5859

0.42

0.5258

0.0000

0

0.9963

4623.9832
9.8432

51.55
0.11

<.0001 2553.7877
0.7447
93.0234

18.11
0.66

0.0006 9.9975
0.4286 190.5757

3.98
75.86

0.0634 36.3588
<.0001 27.3494

23.39
17.59

0.0002
0.0007

1623.4505

18.1

0.0006

72.6276

0.51

0.4834 647.8165

257.88 <.0001 180.2920 115.99 <.0001

125.9042

1.4

0.2534

596.3057

4.23

0.0565 189.1132

75.28

<.0001

8.2368

5.3

0.0351

1037.4035

11.57

0.0037

1102.8348

7.82

0.0129 243.6525

96.99

<.0001 10.8542

6.98

0.0177

1066.2667

11.89

0.0033

309.5298

2.19

0.1579 217.7435

86.68

<.0001 89.9388

57.86

<.0001

603.7057

6.73

0.0196

1047.6852

7.43

0.015

102.13 <.0001 29.7928

19.17

0.0005

256.5642
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5.5.3

Desorption curves

The mass of nutrients sorbed to the media was plotted against the mass of nutrients
that subsequently desorbed from the media (presented as sorption – desorption curves
in Figure 5.9 and Figure 5.10). The curve for PO4 shows very little divergence
between treatments for media incubated in solutions 1, 2, or 3 (Figure 5.9a). For
solution 4 differences become more pronounced. More PO4 desorbed from enriched
media than from non-enriched media. Vegetated media retained the most PO4 against
desorption compared to unvegetated media. For organic P (Figure 5.9b) no individual
treatment differed substantially from the others. NH4 desorption showed very little
difference between treatments for solutions 1, 2 and 3 (Figure 5.10a). For solution 4
incubations, slightly more NH4 desorbed from enriched media than non-enriched
media. No trends are evident in the sorption-desorption curve for organic N. This is
thought to be due to the concentrations of organic N in equilibrating solutions 1 and 2
being almost identical due to the presence of organic N as a contaminant, which is
thought to be associated with the use of toluene, the microbial inhibitor. For media
incubated in equilibrating solution 4, more organic N desorbed from enriched media
than non-enriched media. Unfortunately, large overlaps in standard deviations render
differentiation impossible.
Nitrate continued to leach during the desorption phase of the experiment, following a
similar pattern to leaching of nitrate during the sorption experiment (Figure 5.11),
though leaching occurs to a reduced extent. The enriched media treatments released
the most nitrate, only very small quantities of nitrate leached from the vegetated
media treatments.
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Figure 5.9 Desorption of a) PO4 and b) organic P from filter media
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Figure 5.10 Desorption of a) NH4 and b) organic N from filter media
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Figure 5.11 Desorption of NO3 from bioretention system media

The mass of nutrients released from the media was calculated for all media
treatments. These calculations were compared to the sorption experiment to
determine the percentage of nutrients removed from solution by desorption. Tables
showing the values used to calculate these percentages are presented for equilibrating
solutions 1 and 2 in Table 5.3 to Table 5.7 and the data for solutions 3 and 4 are
included in the appendix of Chapter 5. Statistical analyses were then performed to
determine statistical differences between media treatments (Table 5.8). Once again,
the following analysis of results is focussed on differences in desorption behaviour of
bioretention media at concentrations representative of stormwater (equilibrating
solutions 1 and 2) since the assessment of stormwater is the focus of this thesis.
PO4 – More PO4 desorbed from enriched media than non-enriched media for media
previously equilibrated in solutions 1 and 2 (Table 5.3). Significant statistical
interactions controlled the release of PO4 from media equilibrated in solutions 1 and 2
– if the media was not enriched, more PO4 desorbed after a long detention time (72 h),
whereas if the media was enriched, less PO4 desorbed after a long detention time.
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Organic phosphorus – Some organic P continued to leach from the media during the
desorption extraction if the media had been incubated in solution 1 or 2 (Table 5.4).
Although there are significant interactions between treatment effects for solution 1
and 3 incubated media, the concentrations of supernatant were very low and the
differences are a consequence of the variability inherent with working near the
detection limits of analysis, rather than an important difference in composition (Table
5.9).
Nitrate – Very little nitrate was released from any of the media during the desorption
extraction, yet slightly more nitrate was released from the enriched media (Table 5.5).
For solution 1 and 2 incubated media there were significant statistical interactions
between vegetation and incubation, and enrichment and incubation (Table 5.9).
Enriched media released more NO3, and vegetated media released very little NO3.
The vegetation effect appears to overcome the enrichment effect, keeping NO3
leaching of to negligible concentrations despite the media being enriched. More NO3
leached from enriched media after longer incubation times (72 h), but non-enriched
media appeared unaffected by incubation time. For solution 3 and 4 incubations the
main effects of enrichment and vegetation were still significant. Enriched media
released more NO3, and vegetated media released less NO3.
Ammonium – Small quantities of NH4 were released from media that had been
incubated in solution 1, but the quantities were less than during the initial incubation
(Table 5.6). There are significant statistical interactions for these desorption
extractions, but this is due to working near the detection limits of analysis, rather than
an important difference in composition (Table 5.9). For media that had been
incubated in solution 2, more NH4 desorbed from enriched media, especially if the
previous incubation time was short. Longer incubation times prevented desorption
from the media to the extent that the enrichment effect was overcome by the longer
incubation time. Thus there was a significant statistical interaction between
enrichment and incubation (Table 5.9).
Organic nitrogen – More organic N was released from the media than was sorbed
during the initial incubation. Those treatments that did not sorb any organic N
continued to release organic N (Table 5.7). Significant statistical interactions are
present for both solution 1 and 2 incubations (Table 5.9). These are unlikely to be
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important because of the low concentrations of the supernatant extracted and the high
background concentrations in the controls.
In summary,
1. More PO4 desorbed from enriched media than non-enriched media
2. Very little NO3 was released from vegetated media, whereas more NO3 was
released from enriched media, but vegetation overcame the enrichment effect.
3. More NH4 desorbed from enriched media, but this enrichment effect was
overcome if the previous incubation time was long (72 h). Less NH4 desorbed
from vegetated media.
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Table 5.9 Desorption results from 3-way ANOVA
Desorption
Source
PO4
vegetation
enrichment
incubation
vegetatio*
incubation
enrichmen*
incubation
Org P
vegetation
enrichment
incubation
vegetatio*
incubation
enrichmen*
incubation
NO3
vegetation
enrichment
incubation
vegetatio*
incubation
enrichmen*
incubation
NH4
vegetation
enrichment
incubation
vegetatio*
incubation
enrichmen*
incubation
Org N
vegetation
enrichment
incubation
vegetatio*
incubation
enrichmen*
incubation

Soln 1
Soln 2
Soln 3
Soln 4
Type III
F
Type III
Type III
Type III
SS
Value Pr > F
SS F Value Pr > F
SS
F Value Pr > F
SS F Value Pr > F
0.0028
0.0140
0.0012

3.04 0.1069 0.0006
15.1 0.0022 0.0090
1.27 0.2822 0.0012

0.22 0.6505 0.4645
3.48 0.0866 0.9318
0.47 0.505 0.1296

25.39 0.0003 23.9772 20.79 0.0007
50.93 <.0001 11.1246 9.65 0.0091
7.08 0.0207 0.1715 0.15 0.7065

0.0006

0.62 0.4449 0.0014

0.53 0.4793 0.0332

1.82 0.2028 0.2801

0.24

0.0130

14.1 0.0027 0.0100

3.87 0.0727 0.1582

8.65 0.0124 0.4394

0.38 0.5486

0.0123
0.0005
0.0022

51.41 <.0001 0.0018
1.91 0.1925 0.0013
9.25 0.0102 0.0001

1.09 0.3167 0.0005
0.81 0.3872 0.0008
0.09 0.771 0.0024

0.87 0.3691 0.0380
1.28 0.2793 0.3457
3.92 0.071 0.0018

0.12 0.736
1.08 0.3185
0.01 0.942

0.0016

6.48 0.0257 0.0022

1.39 0.2608 0.0000

0.02 0.8791 0.8584

2.69 0.1269

0.0013

5.28 0.0404 0.0011

0.71 0.4152 0.0000

0.04 0.8406 0.3457

1.08 0.3185

0.0840
0.0444
0.0109

8.91 0.0114 0.2903 193.97 <.0001 0.0757
4.71 0.0508 0.2033 135.89 <.0001 0.0610
1.16 0.3026 0.0049 3.29 0.0949 0.0018

55.93 <.0001 0.0029
45.08 <.0001 0.0018
1.33 0.2715 0.0002

9.71 0.0089
5.98 0.0308
0.59 0.4573

0.0489

5.19 0.0418 0.0104

6.96 0.0217 0.0061

4.5

0.0553 0.0004

1.19 0.2966

0.0453

4.81 0.0488 0.0084

5.61 0.0355 0.0052

3.83 0.0741 0.0005

1.55 0.2367

0.0003
0.0280
0.0121

0.25 0.6237 0.0004
23.98 0.0004 0.0061
10.4 0.0073 0.0152

0.29 0.6031 0.0330
3.91 0.0715 0.0728
9.66 0.009 0.0254

6.4 0.0264 1.1746
14.12 0.0027 0.4256
4.92 0.0466 0.0134

29.3 0.0002
10.62 0.0068
0.34 0.5733

0.0411

35.23 <.0001 0.0038

2.43 0.1448 0.0038

0.74 0.4065 0.0951

2.37 0.1494

0.0423

36.21 <.0001 0.0162

10.33 0.0074 0.0045

0.88 0.3664 0.1812

4.52 0.0549

0.0229
0.2615
1.8094

0.08 0.7796 1.5939
0.94 0.3526 0.0014
6.47 0.0258 0.6993

15.03 0.0022 0.0080
0.01 0.9117 0.3014
6.59 0.0246 0.7294

0.13 0.7233 2.8975
4.95 0.046 9.3462
11.99 0.0047 0.0028

7.56 0.0176
24.37 0.0003
0.01 0.9333

2.4215

8.66 0.0123 3.5763

33.72 <.0001 0.4585

7.53 0.0178 0.0489

0.13 0.7273

2.0214

7.23 0.0197 0.9580

9.03

7.1

4.43 0.0571

0.011

0.4323

0.0206 1.6978

0.631

5.6 Discussion
5.6.1

Enrichment effect

The enriched media exhibited a reduced ability to sorb PO4, and to a lesser extent
NH4. This enrichment effect may be due to the available sorption sites being already
occupied because of sustained prior exposure to nutrients. The previously enriched
media of the current experiment was no longer capable of sorbing PO4 at
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concentrations equivalent to those found in stormwater. For the enriched media L 24
and LV 24, the equilibrium concentration (EC0) for PO4 was approximately 1.6mg l-1.
Thus, a solution concentration of approximately 1.6 mg l-1 must be exceeded before
any sorption will take place to the enriched media. The EC0 (mg l-1) for all of the
media treatments are presented in Table 5.10. These PO4 equilibrium concentrations
for all enriched treatments are higher than the PO4 concentrations measured in
stormwater. Consequently, if the media were exposed to stormwater, the EC0 will be
exceeded, no sorption will take place and release of PO4 is likely. This experiment
demonstrates that the PO4 equilibrium concentration for the top 10 cm depth of media
is reached within 6 months of exposure to nutrient loads that are equivalent to
stormwater.
Table 5.10 Equilibrium concentration of media for different nutrients

Nutrient

ECo (mg l-1)

PO4

0.6 – 1.6A

Organic P

0.3 – 0.6

NH4

0.2 – 0.7

Organic N

1–7

Stormwater concentration
(mg l-1)
0.40 ± 0.05C
0.05 – 0.33G
0.02 ± 0.06C
0.48 ± 0.24C
0.11 – 0.17G
3.66 ± 0.39C

A – enriched media EC0 shown, non-enriched media treatments EC0 = 0 mg l-1 PO4
C – Results from stormwater testing by Henderson 2007, unpublished thesis data
G – Data from stormwater quality monitoring by Greenway et al. 2002

The enrichment effect for NH4 was not as clear as it was for PO4. Yet, even without
enrichment, because of the high Media EC0 for NH4, NH4 ions in stormwater will not
sorb to most media at stormwater concentrations. Since concentrations of NH4 in
stormwater are approximately the same as the EC0 for the bioretention system media
tested (Table 5.10), the EC0 for NH4 is often high enough that bioretention system
media will release NH4 into solution rather than sorb NH4 from solution.
The ECO of the media for organic P is higher than concentrations likely to be found in
stormwater. If the media is exposed to stormwater, organic P is likely to be released
from filter media to the water. Similarly, the EC0 of the media for organic N is often
higher than the concentrations of organic N commonly found in stormwater.
Consequently, sorption is not likely to occur if the media is exposed to organic
nutrient concentrations similar to those that are found in stormwater.
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In agricultural soils it has been found that when the continual application of P exceeds
crop requirements, P may accumulate in the soil above the sorption threshold, with
subsequent desorption and release of P to drainage water (Sharpley 1995). In
bioretention system media the EC0 represents the threshold at which nutrients will no
longer sorb to the media. This is quickly reached in stormwater systems because the
concentrations of nutrients applied are much lower, and due to the sandy nature of the
soils typically chosen for bioretention, the sorption capacity of the media is typically
lower than that of agricultural soils. For PO4 this sorption threshold was exceeded
within 6 months (14 events, total load approximately 2.80 g m-2 of PO4). The EC0 of
the media for organic N and P, and NH4 is higher than the concentrations likely to be
found in stormwater, thus these nutrients are unlikely to be sorbed even if the media is
not enriched.
The effect of a solution concentration less than the media EC0 on the desorption of
nutrients was demonstrated by the mesocosm treatment efficiency testing in Chapter
4. Unvegetated mesocosms were dosed with stormwater concentration solutions. The
unvegetated mesocosms were successful at removing nutrients from the influent.
However, when the mesocosms were flushed with tap water of low nutrient
concentrations, large quantities of soluble nitrogen and phosphorus were leached from
the filter media. In contrast to the unvegetated mesocosms, very little nutrients
leached from the vegetated mesocosms, suggesting that biological activity rather than
chemical activity may play a role in nutrient retention.
5.6.2

Vegetation effect

Though no nitrate was added during the experiments, nitrate was extracted from the
unvegetated media (Figure 5.8 and Figure 5.11). Enrichment also increased the
quantity of extractable nitrate in the unvegetated media treatments. Since nitrate in
soil is thought to be completely mobile, moving mostly with the soil water (Tisdale
and Nelson 1993), nitrate is readily extractable. The nitrate in the media probably
derives from sorbed or trapped nitrogen products in the bioretention system media
from previous doses of synthetic stormwater or from decomposing microbial biomass
that is mineralised and nitrified to NO3 and subsequently leached. In contrast, very
little nitrate was extracted from vegetated media. The absence of nitrate is probably
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due to the uptake by plants and rhizosphere microbes. Microbial uptake in the
rhizosphere is likely to be greater than that in the bulk soil because of greater
populations of microbes in the rhizosphere (Pierzynski et al.2000a) whose growth and
activity is supported by organic acids and sugars exuded by plant roots (Marschner
and Kalbitz 2003). The absence of nitrate in the media extracts is consistent with the
flushing experiment conducted in Chapter 4, where unvegetated media released large
quantities of NO3, whereas very little nitrate was leached from vegetated bioretention
mesocosms.
The leaching of NO3 is a phenomenon documented by many researchers such as
Davis et al. (2001), Urbonas (1999) and Hatt et al. (2007). Appropriately vegetating
bioretention systems may eliminate the problem of nitrate leaching from filter media.
Without the presence of vegetation in the media, less NO3 uptake will take place and
more NO3 will drain from the filter media with the soil water.
The EC0 of the media for all sorbed nutrients may be lowered in time by the uptake of
nutrients from the liquid phase of the soil solution by plants and microbes. The
uptake of nutrients from solution will reduce the solution concentration, causing the
soil-solution system to find a new, lower chemical equilibrium (Olander and
Vitousek, 2004). The sorption capacity of media in intermittently loaded systems can
thus be rejuvenated between loads by biological uptake (Lantzke et al. 1998).
5.6.3

Incubation time effect

The desorption of less ammonium ions after an incubation period of 72 h rather than
24 h may be due to the diffusion of NH4 into clay particles within the media. Since
diffusion is a time dependent process, less NH4 would be released during the
extraction, which was relatively short (2 hours) compared to the incubation (72
hours).
NH4 may be converted to NO3 if conditions are appropriately oxygenated, although
there may be a lag time of approximately 2 days for the establishment and growth of
the nitrifying bacteria before substantial conversion of NH4 to NO3 is seen (Tisdale
and Nelson 1993). Laboratory incubation experiments of NH4 in soil solutions have
shown that NH4 can be almost completely converted to NO3 within 14 days (Phillips
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et al. 2002). If this conversion of NH4 to NO3 were the case in for the sorption
experiment, there should have been a concomitant increase in NO3 concentrations in
the media extracts after the 72 h incubations. Never the less, nitrate concentrations in
the extracts were not elevated after the 72 h incubation, in comparison to the 24 h
incubation. It is therefore unlikely that NH4 was converted to NO3 during the course
of the experiment. This demonstrates that toluene was an effective inhibitor of
microbial activity in this experiment.
5.6.4

Sorption and desorption of nutrients at high concentrations

Sorption rates were very high for all nutrients at high concentrations (solutions 3 and
4), indicating that the media had a high sorption capacity for all the compounds tested.
If a bioretention system were inundated with a pulse of stormwater containing high
nutrient concentrations such as may occur after a chemical spill or due to the washoff
of fertiliser or animal faeces, the media would be able to retain a high proportion of
these nutrients. For media that had been previously equilibrated with high
concentration nutrients (solutions 3 and 4), the desorption of all nutrient compounds
tested was quite low (less than 25%, with the exception of organic N solution 3). This
indicates that if a bioretention system were exposed to a pulse of fresh water
containing few nutrients, most of the sorbed nutrients would be retained by sorption
hysteresis. Hysteresis reactions include: occlusion by Al/Fe precipitates, precipitation
as insoluble compounds, and slow diffusion of compounds into solids (Pierzynski et
al. 2000b). Although the media once enriched to a small extent is no longer able to
sorb contaminants at concentrations found in stormwater, it can act as a buffer to trap
pulses of contaminants in high concentrations. The media is also able to retain most
of the contaminants against desorption in the event of a pulse of fresh water.
Abiotic condensation such as humification and a subsequent reduction in solubility,
may help explain why desorption of organic N from media equilibrated in solution 3
(high concentration) was substantially higher than desorption after equilibration in
solution 4 (very high concentration). The desorption data for solutions 3 and 4 is
included in tables in the Appendix for Chapter 5. At lower concentrations (solution 3)
typical sorption processes may occur since organic nitrogen compounds (hydrophilic
and hydrophobic) are known to be strongly sorbing to Al and Fe hydrous oxides. The
hydrophobic fraction of dissolved organic matter sorbs strongly to clays (kaolinite and
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illite), whereas the hydrophilic component sorbs weakly (Kaiser and Zech 2000).
Soluble organic matter may also sorb to other organic compounds in the soil by hbonding or perhaps van der Waals (electrostatic) forces (Qualls 2000). If
concentrations are sufficiently high, some soluble organic compounds may condense
abiotically to form larger insoluble organic compounds such as humic acids as the
high concentrations forces different molecules to interact (Qualls 2000). In the more
concentrated equilibrating solutions (solution 4) the concentration of organic
compounds was sufficiently high such that abiotic condensation may have occurred,
rendering some compounds insoluble and inextractable. Consequently, as a
proportion of the amount sorbed, desorption was lower after solution 4 equilibration,
than after equilibration in solution 3.
5.6.5

Implications of this research for bioretention system design and
management

This research has demonstrated that the equilibrium concentration of the bioretention
media limits nutrient removal by sorption processes alone. Nutrients may still
accumulate in the media if they are biologically sequestered. Because the biological
uptake of sorbed nutrients by plants or microbes can reduce the equilibrium
concentration of a soil media (Olander and Vitousek, 2004), the sorption capacity of
the media can be replenished during the intervals between loads (Lantzke et al. 1998).
Sorbed nutrients can also be then converted into recalcitrant organic matter in the soil
media as living cells die. It has been found that with persistent exposure to fertiliser
nutrients, ions such as NH4 do not necessarily accumulate on the sorption sites of the
soil but are converted to organic matter whereby the organic matter content of the soil
increases (Evangelou et al. 1986).
If the media is vegetated, the biochemical behaviour of the plants may help maintain
sorption sites of filter media. Using phosphorus as an example, P uptake by plant
roots induces a pH decrease around the root as a result of more cations than anions
entering the root (Hedley et al. 1982 in Gahoonia and Neilsen 1992), and P starved
plants may also exude organic acids (Hoffland et al. 1989 in Gahoonia and Neilsen
1992). With a decrease in soil pH, plants are better able to exploit labile P (KHCO3
extractable inorganic P), and a considerable portion of residual P (6M H2SO4
extractable P) not normally considered available to plants (Gahoonia and Neilsen

147

Chapter 5. Sorption Behaviour of Bioretention Media

1992). The decrease in pH changes some of the HPO42- to H2PO4- (which is more
soluble), and may solubilise some CaPO4. Organic P in the soil is also a likely source
of plant nutrition since some plants are known to secrete phosphatases (Helal and
Dressler 1989 in Gahoonia and Neilsen 1992. Thus, sorption sites are maintained or
renewed through plant uptake of sorbed inorganic P and catabolism of sorbed organic
P.
The role of sorption may not be as a permanent nutrient removal pathway, but a way
of extending the residence time of stormwater nutrients in the media of bioretention
systems. Microbes and plant roots can take up sorbed compounds (Olander and
Vitousek 2004) and may thereby reduce the equilibrium concentration of the media
over time in areas of plant and microbe activity. The extended nutrient residence time
gives plants and microbes a greater chance to access retained nutrients.
Measurement of the maximum sorption capacity of bioretention system media should
not be the most important consideration for determining bioretention system media
utility for nutrient removal. Stormwater concentrations rarely reach high
concentrations, and since equilibrium concentration is quickly reached, any sorption
capacity beyond that is useful only for buffering the effect of pulses of high
concentration stormwater. The role of sorption in bioretention system media may be
to weakly sorb compounds on temporary sorption sites. This extends the residence
time of nutrients within the media and gives more chance for mineralisation and
uptake by microbes and plants in the rhizosphere. Since the accumulation of living or
dead tissues in soil is an important storage mechanism of nutrients in soil-plant
ecosystems (Evangelou et al.1986, Jordan 1985, Menzies et al.1999), it may also be
an important sink for stormwater nutrients in bioretention systems. This nutrient sink
is discussed further in Chapter 7.
Therefore, in choosing the appropriate media for stormwater bioretention systems,
care to select for the right saturated hydraulic conductivity should be the priority,
rather than selecting for a large sorption capacity. The appropriate media should
contain some clay fraction; the material used in this study contained approximately 3
% clay. Some organic matter may be useful, since organic matter can provide both
permanent and variable charge sorption sites. The media used in these experiments
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contained approximately 2 % organic matter, discussed further in Chapter 7. If the
clay fraction is too high, the hydraulic conductivity of the media will be too slow to
adequately treat the quantity of water that bioretention systems receive. If organic
matter content in the media is high, there is a risk that mineralisation of the organic
matter will release nutrients as water drains from the filter.
5.6.6

Experimental limitations and future research recommendations

There was a small source of organic nitrogen in the controls, probably from nitrogen
in the Mg-EDTA. This reduced the utility of the organic nitrogen results for the
media equilibrated in low concentration nutrient solutions (solutions 1 and 2).
Although toluene appeared to function well as a microbial inhibitor, toluene is an
organic carbon product as such it prevented any assessment of the sorption of organic
carbon to the filter media. The toluene clouded any discernable trends in the organic
carbon extracted from the media. Consequently, the sorption capacity of bioretention
media for organic carbon is an area that still requires research.
Future research on the following issues may provide useful information:
•

Using leaching columns to determine the mass of nutrients that media may be
exposed to before it reaches an equilibrium concentration

•

Using stable isotopes or radioactive tracers to determine the fate of removed
nutrients

•

Performing sequential extracts on mature bioretention media to identify the
fate of removed nutrients that have been trapped by the filter media

•

Investigating the sorption capacity of coarser media such as sand and gravel

•

Further tests on vegetated filter media to determine if and how quickly
sorption capacity may be restored by plant or microbial uptake of sorbed
nutrients.

149

Chapter 6. Sorption behaviour of bioretention media

5.7 Conclusions from Chapter 5
Sorption is unlikely to be an important long-term nutrient removal pathway in
bioretention systems. Once sufficient nutrients build up on the sorption sites of the
media, a change point known as the equilibrium concentration is reached; the media
begins to release nutrients to solution rather than removing nutrients from solution.
The phosphate and ammonium equilibrium concentration of the stormwater media
tested increased rapidly after regular exposure to nutrients. After the enrichment
process of six months of regular irrigation of stormwater, enriched media was no
longer capable of sorbing either inorganic or organic forms of nitrogen and
phosphorus from solution. However, sorption may play a role in extending the contact
time between sorbed compounds and microbes and roots of the rhizosphere and over
time biological activity may work to reduce the equilibrium concentration of the
media. This research indicates that pathways other than geochemical sorption are
responsible for the removal of nutrients from stormwater in bioretention systems.
Since nitrate was found to accumulate in unvegetated media, but was absent from
vegetated media it is suggested that biological uptake or processing of nutrients
fostered by the presence of plants is a removal pathway. Hence, the suitability of a
particular media for bioretention systems should not be based on the equilibrium
concentration or maximum sorption capacity of the media. Media for bioretention
systems should be selected for the suitability to support vegetation, within the
constraints of the desired hydraulic conductivity.
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6 Nutrient Removal by Microbial Uptake in Bioretention
Mesocosms

6.1 Overview of Chapter 6
Chapter 6 presents research used to investigate the contribution of microbial uptake to
the removal of nutrients from stormwater. It is the second of three chapters that
investigate the contribution of specific nutrient removal pathways to the overall
removal of nutrients from stormwater by bioretention systems.

6.2 Introduction
Urban runoff can contain high concentrations of dissolved nutrients, which can
promote eutrophication in the receiving waterways. Dissolved nutrients can be
removed from runoff by passing the stormwater through vegetated biofiltration
systems (Chapter 4, Davis et al. 2001). Removal of dissolved nutrients is facilitated
by 3 processes 1) geochemical sorption 2) microbial uptake or transformation 3) plant
uptake. Chapter 6 specifically addresses microbial uptake. Microbial uptake or
immobilisation of nutrients has been shown to be a significant nutrient sink in many
soil-water environments. For example, microbial immobilisation removed 34 – 43 %
of phosphorus (P) added in manure to stream sediments (McDowell and Sharpley
2003), 34 – 45 % of phosphate (PO4) added to wetland sediments (Khoshmanesh et
al.1999), 22 – 26 % of nitrate (NO3) added to a riparian wetland (Matheson et al.
2002), 14 – 74 % of ammonium (NH4) added to seedling pot trials, and 15 % of NO3
and 25 % PO4 added to a constructed wetland buffer zone (Silvan et al. 2003). This is
the first study to date to quantify the microbial immobilisation of nutrients in
stormwater biofiltration systems.
The sorption study (Chapter 5) showed that the sorption capacity of bioretention
media was finite. Media that had been regularly irrigated with synthetic stormwater,
the equivalent of treating runoff from 14 runoff rainfall events, was no longer capable
of further sorbing nutrients. The sorption equilibrium concentration of the media
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(EC0 – the solution concentration at which nutrients neither sorb to the media from
solution, nor desorb from the media) had increased during the regular exposure to
nutrient irrigation. Since the EC0 was then higher than the concentration of
stormwater, at concentrations equivalent to urban runoff nutrients had begun to desorb
from rather than be sorbed to the media. Despite this, most nutrients were removed
by the biofiltration mesocosms when they were irrigated with synthetic stormwater
(Chapter 4). This suggests that biological removal pathways such as microbial uptake
and transformation, or uptake by plants must be responsible for nutrient removal in
vegetated biofiltration mesocosms. In the unvegetated mesocosms, microbial
processes must be the dominant nutrient removal pathway.
Experiments of nutrient removal efficiency showed that nutrient removal was higher
in vegetated bioretention systems than unvegetated bioretention systems (Chapter 4).
If microbes are responsible for much of the nutrient processing in soil, it is expected
that nutrient uptake and transformation will be faster in the rhizosphere than the bulk
soil. In some cases, microbial immobilisation of nitrogen (N) and phosphorus (P)
appeared to be limited by the availability of labile carbon (Khoshmanesh et al.1999,
Parfitt and Salt 2001, Recous et al. 1999, Vance and Chapin 2001). Vegetation can
supply carbon to the rhizosphere by secreting simple sugars in root exudates (Paterson
2003). Thus, the presence of vegetation in the media may reduce this carbon
limitation. Consequently, it is expected that microbial uptake and transformation will
be higher in media from vegetated bioretention systems, than in media from
unvegetated bioretention systems.

6.3 Research aims
This chapter addresses research question 6 proposed in section 1.8. It investigates one
of the most likely removal nutrient pathways and seeks to determine:
•

What proportion of nutrient removal in biofiltration systems can be attributed
to microbial uptake?

152

Chapter 6. Nutrient Removal by Microbial Uptake

This research question was broken down in the following way:
1. Does nutrient removal from solution concentrations below the sorption EC0
take place if microbial activity is not inhibited?
2. Are more nutrients are removed from vegetated media than unvegetated
media?
3. Do longer incubation times facilitate more nutrient removal than shorter
incubation times?
4. Is there a difference in microbial nutrients between: a) vegetated and
unvegetated media? b) Media incubated for short and long incubation times?
(24 h and 72 h) and c) media incubated in solutions of different concentrations?

6.4 Methods
6.4.1

Incubation

In order to directly compare the nutrient removal resulting from microbial activity
with the removal that results from geochemical sorption (Chapter 5), the sorption
experiment was repeated but without using the toluene microbial inhibitor. The
methods used were described in Chapter 5. In brief, fresh media taken from enriched
bioretention mesocosms, both vegetated and unvegetated, was saturated to field
capacity with solutions of four different concentrations. These samples were
incubated for 24 or 72 hours. Consequently, microbial processes could continue
uninhibited during the incubation in addition to any chemical sorption processes. The
uptake of nutrients by microbes was calculated as follows:
Change in concentrationwithout microbial inhibitor – Change in concentrationwith
microbial inhibitor

= Change due to microbial activity

The treatments compared were:
•

2 enriched media types (L = unvegetated loamy-sand, LV = vegetated loamysand)

•

2 incubation times (24 h = 24 hour incubation, 72 h = 72 hour incubation)

•

4 solution concentrations (no nutrients, synthetic stormwater, high, and very
high concentrations) (Table 6.1)
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Table 6.1 Concentration of incubating solutions in controls at the end of the incubation
period (microbial uptake experiment)
Solution Incubation
1

24
72
24
72
24
72
24
72

2
3
4

Ave Solution Ave Solution Ave Solution
NO3 mg l-1
NH4 mg l-1
PO4 mg l-1
0.01
0.00
0.51
0.40
40.36
41.36
207.43
204.44

0.14
0.10
0.14
0.05
0.64
0.12
2.45
1.22

0.43
0.21
0.58
0.29
18.08
18.21
91.16
90.29

Ave Solution
Org P mg l-1

Ave Solution
Org N mg l-1

Ave Solution
Org C mg l-1

0.00
0.00
0.11
0.20
25.76
26.23
135.47
116.95

1.98
2.40
2.75
2.82
16.59
17.39
83.38
74.92

4.47
5.37
18.33
18.10
266.20
265.57
1351.50
1323.50

Table 6.2 Cations and pH of equilibrating solutions used in bioretention media
incubation experiment (mg l-1) (Calculated from chemical manufacturer’s
specifications

Chemical Solution 1
K
Ca
Mg
Na
pH

6.4.2

3
12
7
3
7

Solution Solution
Solution 4
2
3
11.00
86.89
422.48
12.35
24.21
73.05
7.16
12.39
33.96
3.00
3.19
3.96
7
7
7

Fumigation to determine microbial nutrient biomass

Microbial biomass was measured using the fumigation-extraction technique of
Voroney et al. (1993). Fumigation with chloroform (CHCl3) destroys the cell
membranes of soil organisms, allowing their cell contents to leak into the soil (Paul
and Clark 1996). The cell contents are then extracted and measured directly in
solution (microbial nutrients + leachable nutrients). The fumigated samples are
compared to the non-fumigated samples that were extracted without fumigation (the
leachable nutrients). The quantity of nutrients in microbial biomass is calculated by
the difference in nutrients extracted:
(Microbial nutrients + leachable nutrients) – (leachable nutrients)
= Microbial nutrients.
This was done as follows: after the media had been incubated and extracted, the
media was allowed to dry overnight on the laboratory bench until the media was moist
rather than saturated. The drying step was necessary to reduce the degree of water
saturation in the media so as to ensure that fumigation would result in effective
chloroform gas penetration throughout the soil sample, so as to be effective in lysing
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microbial cells. Because the media remained moist, it is considered unlikely that the
drying process would have caused the high degree of osmotic shock and consequent
cell rupture that can lead to erroneous soil nutrient reporting, as described by Turner
and Haygarth (2001).
Half of the samples were then fumigated for 24 hours with chloroform (CHCl3) and
subsequently extracted by adding a solvent and shaking end over end. The solvent
used was the equilibrating solution 1, which contains the cations Ca, Mg, Na and K at
concentrations equivalent to those found in stormwater but no nutrients. The nonfumigated samples were sealed in plastic bags and held at room temperature for the
same duration (24 hours) and then extracted as described in Chapter 5. The microbial
biomass was calculated thus:
Fumigated media extract – unfumigated media extract =
microbial nutrients released by fumigation
The extracted solutions were analysed for the following parameters: dissolved organic
N and P (persulphate digest of filtered water sample then subtracting inorganic
fraction), nitrate and nitrite (NO 2 + NO3 reported as NO3 – Lachat QuikChem
Method 31-107-04-1-D, no dialysis), ammonium (NH4 – Lachat QuikChem Method
10-107-06-4-D, no dialysis), orthophosphate (PO4- Lachat QuikChem Method 31115-01-3-A) and dissolved organic carbon. All samples were analysed using flow
injection analysis (Lachat QuikChem 8000), except organic carbon (Organic C),
which was analysed using a Shimadzu TOC Analyzer TOC-Vcsh). Method detection
limit was 0.01mg l-1 for all analyses.
Statistical significance between treatments was determined using a 2-way ANOVA
with the statistical software SAS, using the following treatments as main effects 1.
Vegetated media vs. unvegetated media and 2. Incubation time (24 h vs. 72 h). Since
no NO3 was added to the initial equilibrating solutions, all NO3 measured is
considered to have leached from the media, or to be the result of microbial
decomposition. Nitrate data were not converted to percentages but were analysed
using the same ANOVA based on the mass removed/mass of media basis.
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6.5 Results
6.5.1

Nutrient removal retention curves

Nutrient uptake was assessed using the same sorption retention curve method by
which sorption was assessed. The mass of nutrients removed was plotted against the
mass of nutrients added to generate a curve. The curves describing nutrient removal
differed very little between the treatments of vegetation or incubation time for most
nutrients, conforming in most cases to a straight line (Figure 6.1(a) to Figure 6.5(a)).
No asymptote was evident from any of the sorption retention curves, suggesting that
even at the highest concentrations the ability of the media to remove nutrients was not
approaching saturation. The sorption retention curves for PO4 (Figure 6.1a) and
organic C (Figure 6.5b) show that for those samples incubated in the most
concentrated solutions, higher removal rates are associated with longer detention
times. For the less concentrated incubations, there appears initially to be no
difference between treatments.
However, the most important result from this experiment is the difference that arises
between treatments when lower concentrations of equilibrating solutions such as
solutions 1 and 2 are compared (Figure 6.1(b) to Figure 6.5(b). The equilibrium
concentration (EC0) was introduced in Chapter 5 to describe sorption reactions. The
EC0 is the concentration at which neither uptake nor leaching takes place. It is used
here to describe nutrient removal due to both sorption reactions and microbial uptake
that occurs concurrently. The influence of microbial uptake alone can then be
calculated by subtracting the proportion of nutrients removed due to sorption alone as
calculated in Chapter 5.
Data analysis in Chapter 5 indicated that the equilibrium concentrations of the media
for each of the nutrients investigated was higher than the concentration of the
nutrients in stormwater, or equilibrating solution 2. Consequently nutrients were not
removed by enriched media and in many cases nutrients desorbed from the media to
the solution. For PO4 the equilibrium concentrations (EC0) lie between 0.1mg l-1 and
0.38 mg l-1 (Figure 6.1b), which is lower than the concentration of PO4 in the
synthetic stormwater. This indicates that microbial activity facilitated the removal of
PO4 from all treatments at concentrations equivalent to stormwater (solution 2).
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Likewise for NH4, the EC0 for NH4 was lower than the concentration in the synthetic
stormwater for L24, L72, and LV72, indicating that NH4 was removed from solutions
of nutrients equivalent to stormwater concentrations (Figure 6.7b). NH4 was also
removed from LV24 but the EC0 could not be calculated because the curve does not
cross the x-axis. This is because there was no leaching from the LV24 Solution 1
incubation.

The EC0 for organic P was low enough to ensure that organic P was removed from the
synthetic stormwater (solution 2, Figure 6.b). The EC0 for organic N was very close
to the concentration of organic N used in Solutions 1 and 2, making it difficult to
determine an EC0 for each treatment (Figure 6.4b). It is notable that vegetated media
removed more organic N than unvegetated media. The EC0 for organic C was just
below the solution 2 organic C concentration (L24 15mg l-1, L72 16 mg l-1, LV24
17mg l-1), meaning that this media removed a little organic C (Figure 6.5b). The EC0
(organic C) for LV72 was 26 mg l-1, thus organic C was released from this media
when incubated in stormwater concentration solution.
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Mass of PO 4 removed (mg kg -1 media)
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Figure 6.1 Mass of PO4 removed during incubation, against initial concentration of
incubating solution: a) spanning the concentration range of all 4 solutions, b) at
concentrations equivalent to stormwater, solutions 1 and 2. L = unvegetated media, LV
= vegetated media, 24 = 24 h incubation, 72 = 72 h incubation
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Mass of NH4 removed (mg kg-1 media)
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Figure 6.2 Mass of NH4 removed during incubation, against initial concentration of
incubating solution: a) spanning the concentration range of all 4 solutions, b) at
concentrations equivalent to stormwater, solutions 1 and 2. L = unvegetated media, LV
= vegetated media, 24 = 24 h incubation, 72 = 72 h incubation
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Mass of organic P removed (mg kg -1 media)
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Figure 6.3 Mass of organic P removed during incubation, against initial concentration
of incubating solution: a) spanning the concentration range of all 4 solutions, b) at
concentrations equivalent to stormwater, solutions 1 and 2. L = unvegetated media, LV
= vegetated media, 24 = 24 h incubation, 72 = 72 h incubation
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Mass of organic N removed (mg kg -1 media)
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Figure 6.4 Mass of organic N removed during incubation, against initial concentration
of incubating solution: a) spanning the concentration range of all 4 solutions, b) at
concentrations equivalent to stormwater, solutions 1 and 2. L = unvegetated media, LV
= vegetated media, 24 = 24 h incubation, 72 = 72 h incubation
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Mass of organic C removed (mg kg -1 media)
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Figure 6.5 Mass of organic C removed during incubation, against initial concentration
of incubating solution: a) spanning the concentration range of all 4 solutions, b) at
concentrations equivalent to stormwater, solutions 1 and 2. L = unvegetated media, LV
= vegetated media, 24 = 24 h incubation, 72 = 72 h incubation

An important effect of vegetation is the influence that it has on the presence of NO3 in
the media. No NO3 was added to the incubated media. Bar graphs have been used to
represent leaching from the media (Figure 6.6). Some NO3 was present in the
controls after the 24 h and 72 h incubating periods, thus some NO3 removal was noted
when incubated with the media. The presence of NO3 may have been due to the
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nitrification of organic compounds in the equilibrating solutions. Equilibrating
solutions 1 and 2 had very low concentrations of NO3 (Table 6.1). The unvegetated
treatments released nitrate to the equilibrating solutions 1 and 2, yet the vegetated
treatments released very little or even removed some of the NO3 present in solution.
Within the unvegetated treatments, the longer incubation time (72 h) promoted more
NO3 release than the shorter time (24 h).

0.6

Mass removed (mg kg -1)

0.4
0.2
0
-0.2

Soln 1

-0.4

Soln 2
-0.6

Soln 3
Soln 4

-0.8
-1
L 24

L 72

LV 24

LV 72

Treatment

Figure 6.6 Leaching or removal of NO3 from media during incubation experiment. L =
unvegetated media, LV = vegetated media, 24 = 24 h incubation, 72 = 72 h incubation

6.5.2

Nutrient removal as a proportion of nutrients added

These results are presented with the equivalent results from the sorption experiment
(Chapter 5) to compare media with and without the influence of microbial activity
(Table 6.3 to Table 6.8). These tables show data for media equilibrated in solutions 1
and 2 because these concentrations are most relevant to stormwater systems. Tables
showing the sorption and desorption data for media equilibrated in solutions 3 and 4
are presented in the appendix.
In an equilibrating solution without nutrients (solution 1), PO4 leached from all media
types regardless of whether a microbial inhibitor was used (Table 6.3). At
concentrations equivalent to stormwater (solution 2) the vegetated treatments
removed most of the PO4 (85 to 100%), whereas the unvegetated treatments removed
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less of the PO4 (21 to 25%). At higher concentrations (solutions 3 and 4) most of the
PO4 was removed from solution (data in Appendix to Chapter 6).
Table 6.3 Removal of phosphate from sorption and microbial uptake experiments
Sorption Experiment

PO4 Solution Treatment
1
L 24
L 72
LV 24
LV 72
2
L 24
L 72
LV 24
LV 72

Microbial Uptake Experiment

PO4 added
mg kg-1

PO4 sorbed
mg kg-1

% PO4
sorbed

0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.14 ±0
0.14 ±0
0.14 ±0
0.14 ±0

-0.22±0.19
-0.21±0
-0.34±0.01
-0.23±0.07
-0.23±0.05
-0.15±0.11
-0.22±0.01
-0.04±0.08

Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching

PO4 added mg PO4 removed
kg-1
mg kg-1
0.00 ± 0
0.00 ± 0
0.00 ± 0
0.00 ± 0
0.12 ± 0
0.10 ± 0
0.12 ± 0
0.10 ± 0

-0.09 ± 0.01
-0.07 ± 0
-0.05 ± 0.09
-0.03 ± 0.02
0.03 ± 0.01
0.02 ± 0.02
0.10 ± 0.03
0.10 ± 0

% PO4
removed
leaching
leaching
leaching
leaching
21
25
85
100

The vegetation effect for PO4 was significant for Solutions 2 and 3, and although nonsignificant the effect was still important for solutions 1 and 4. The incubation time
effect was only significant at high concentrations of PO4 (solutions 3 and 4) (Table
6.9 presents the results from the 2-way ANOVA).
Very little NO3 leached from media from vegetated mesocosms (Table 6.4). Longer
incubation times had the effect of: a) allowing more NO3 to leach from the media
incubated in solutions 1, 2, b) causing leaching instead of removal in solution 3 and c)
lowering nitrate removals from solution 4. For nitrate removal from solutions 1 and
2, the vegetation effect was the strongest, followed by incubation time. Yet both of
these treatments had an effect because there was a significant interaction between
them (Table 6.9), whereby longer incubation times substantially increased leaching of
NO3 from unvegetated media, but had only a small effect on vegetated media (the
vegetation effect mostly overcame the incubation time effect). More nitrate leached
from those media samples that had been incubated in higher concentration nutrient
solutions.
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Table 6.4 Removal of nitrate from sorption and microbial uptake experiments
Sorption Experiment
NO3
Solution
1

2

3

4

Treatment
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72

NO3
added mg NO3 sorbed mg
kg-1
kg-1
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0

-0.66±0.57
-0.92±0.11
-0.03±0.03
0.00 ±0
-1.17±0.13
-0.76±0.2
-0.01±0.03
0.00±0.01
-0.6±0.09
-0.36±0.26
0.00 ±0
0.00 ±0
-0.29±0.03
-0.05±0.05
0.00 ±0
0.00 ±0

% NO3
sorbed
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching

Leaching
Leaching

Microbial Uptake Experiment
NO3 added NO3 removed mg
mg kg-1
kg-1
0.03 ± 0
0.02 ± 0
0.03 ± 0
0.02 ± 0
0.03 ± 0
0.01 ± 0
0.03 ± 0
0.01 ± 0
0.15 ± 0
0.03 ± 0
0.15 ± 0
0.03 ± 0
0.58 ± 0
0.29 ± 0
0.58 ± 0
0.29 ± 0

-0.40 ± 0.08
-0.75 ± 0.01
0.01 ± 0.02
-0.05 ± 0.02
-0.42 ± 0.05
-0.71 ± 0.01
-0.01 ± 0.02
-0.03 ± 0.02
0.05 ± 0.03
-0.08 ± 0.05
0.03 ± 0.03
-0.02 ± 0.02
0.44 ± 0.06
0.19 ± 0.03
0.47 ± 0.06
0.12 ± 0.08

% NO3
removed
Leaching
leaching
19
leaching
leaching
leaching
leaching
leaching
33
leaching
20
leaching
77
65
81
42

There appeared to be no vegetation effect on the ability of the media to remove NH4
(Table 6.5). Longer incubation times appeared to cause release of NH4 in low
concentration solutions (1 and 2), (Table 6.5). Although many of the treatment effects
were significant in controlling treatment differences for NH4 removal, the actual
values between treatments are very close and only differ by a small percentage, and
would make very little practical difference in efficiency of removing NH4 (Table 6.9,
Results of 2-way ANOVA).
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Table 6.5 Removal of ammonium from sorption and microbial uptake experiments
Sorption Experiment
NH4
Solution
1

2

Microbial Uptake Experiment

Treatment

NH4 added
mg kg-1

NH4 sorbed
mg kg-1

% NH4
sorbed

L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72

0.08±0
0.05±0
0.08±0
0.05±0
0.14±0
0.12±0
0.14±0
0.11±0

0.03±0.04
-0.09±0.02
-0.09±0.06
-0.05±0.03
0.04±0.02
-0.05±0.04
-0.01±0.03
-0.02±0.07

45
Leaching
Leaching
Leaching
30
Leaching
Leaching
Leaching

NH4 added mg NH4 removed
kg-1
mg kg-1
0.10 ± 0
0.05 ± 0
0.10 ± 0
0.05 ± 0
0.14 ± 0
0.07 ± 0
0.14 ± 0
0.07 ± 0

-0.03 ± 0.02
-0.03 ± 0.01
0.04 ± 0.04
-0.06 ± 0.05
0.05 ± 0.02
-0.03 ± 0.02
0.03 ± 0.04
-0.01 ± 0.03

% NH4
removed
leaching
leaching
40
leaching
35
leaching
24
leaching

Organic P was released from all treatments (Table 6.6). At stormwater
concentrations, vegetated media improved organic P removal, and overcame the
leaching associated with L24 (vegetation effect P < 0.08, Table 6.9). Longer
incubation times ensured that most organic P was removed from solution (incubation
effect P < 0.001). The interaction between vegetation effect and incubation effect was
also significant P < 0.04. At higher concentrations (solutions 3 and 4) there were very
high removal rates of organic P for all treatments (96 to 100 %). Even though some
treatments were significant (i.e. solution 3, vegetation effect P < 0.03), the real
differences in concentrations (~ 1%) were so small that the organic P removal should
be considered the same. Data for solutions 3 and 4 are in Appendix to Chapter 6.
Table 6.6 Removal of organic phosphorus from sorption and microbial uptake
experiments
Sorption Experiment
Org P
Solution
1

2

Treatment
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72

Org P added Org P sorbed
mg kg-1
mg kg-1
0±0
0±0
0±0
0±0
0±0
0±0
0±0
0±0

-0.03±0.05
-0.10±0.05
-0.09±0
-0.17±0.04
0.00 ±0
-0.13±0.15
-0.10±0.02
-0.16±0.13

% Org P
sorbed
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching

Microbial Uptake Experiment
Org P added mg Org P removed
kg-1
mg kg-1
0.00 ±0
0.00 ±0
0.00 ±0
0.00 ±0
0.03 ± 0
0.05 ± 0
0.03 ± 0
0.05 ± 0

-0.20 ± 0.29
0.00 ±0
-0.01 ± 0.02
-0.21 ± 0.3
-0.01 ± 0.02
0.05 ± 0
0.02 ± 0.01
0.05 ± 0

% Org P
removed
leaching
leaching
leaching
leaching
leaching
100
56
95

Organic N leached from the media of most treatments incubated in solution 1.
However, solution 1 did contain very small amounts of organic N, and therefore some
organic N was removed from solution by LV72 (Table 6.7). Media incubated in
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solution 2 leached or removed only very small amounts of organic N. Very high
removal rates were measured in solution 3 and 4 incubations, but no statistical
differences were evident between treatments (Table 6.9).
Table 6.7 Removal of organic nitrogen from sorption and microbial uptake experiments
Sorption Experiment
Org N
Solution

Treatment

1

Org N added Org N sorbed
mg kg-1
mg kg-1

L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72

2

1.85±0.01
1.62±0
1.82±0.01
1.59±0.01
1.64±0.01
1.87±0.02
1.59±0.01
1.82±0.02

1.09±0.61
-4.87±0.11
-0.14±0.34
-1.33±1.09
0.62±0.41
-4.84±0.16
-0.60±0.06
-0.11±0.97

Microbial Uptake Experiment
% Org N
sorbed
59
Leaching
Leaching
Leaching
38
Leaching
Leaching
Leaching

Org N added mg Org N removed % Org N
kg-1
mg kg-1
removed
0.47 ± 0
0.57 ± 0
0.47 ± 0
0.57 ± 0
0.65 ± 0
0.66 ± 0
0.65 ± 0
0.67 ± 0

-0.83 ± 0.2
-0.44 ± 0.05
-0.04 ± 0.19
0.08 ± 0.33
-0.64 ± 0.12
0.07 ± 0.52
0.27 ± 0.16
-0.04 ± 0.07

leaching
leaching
leaching
14
leaching
10
41
leaching

Organic C leached from media in solution 1 incubations, and the vegetated treatments
leached more than the unvegetated treatments (Table 6.8), although the amount
leached was not statistically significant, P < 0.13, Table 6.9. Organic C also leached
from vegetated media in solution 2 incubations (LV24), but longer incubations
promoted organic C removal, hence the significant interaction term between
vegetation and incubation (P < 0.01) for solution 2.
Table 6.8 Removal of organic carbon from sorption and microbial uptake experiments
Sorption Experiment
Org C Solution

Treatment

1

L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72

2

Microbial Uptake Experiment
OC added mg kg-1

No results for
sorption
experiment
No results for
sorption
experiment

1.06 ± 0
1.27 ± 0
1.05 ± 0.01
1.27 ± 0.01
4.34 ± 0
4.26 ± 0.01
4.34 ± 0.02
4.27 ± 0.02

OC removed mg
kg-1
% OC removed
-3.37 ± 1.36
-2.71 ± 1.5
-5.03 ± 2.53
-4.21 ± 1.12
1.12 ± 0.58
0.70 ± 0.23
-1.62 ± 1.15
0.34 ± 0.47

leaching
leaching
leaching
leaching
26
16
leaching
8
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To summarise the results of nutrient uptake by microbial activity:
•

Vegetated media removed more PO4 than unvegetated media. Longer
detention times (72 h) promoted more PO4 removal than shorter detention
times (24 h). At concentrations representative of stormwater, enriched media
removed between 21 to 100 % of the solution PO4.

•

Very little or no NO3 was released from vegetated media, whereas substantial
amounts of nitrate were released from unvegetated media.

•

At stormwater concentrations, NH4 was removed during short incubations, but
released during long incubations

•

Removal rates were high for all nutrients at higher concentrations of
equilibrating solution (solutions 3 and 4)
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Table 6.9 Results of 2-Way ANOVA testing vegetation and incubation effects
Solution 1
PO4
vegetation
incubation
vegetatio*incubation
NO3
vegetation
incubation
vegetatio*incubation
NH4
vegetation
incubation
vegetatio*incubation
Org P
vegetation
incubation
vegetatio*incubation
OrgN
vegetation
incubation
vegetatio*incubation
OC
vegetation
incubation
vegetatio*incubation

Solution 2

Solution 3

Solution 4

Type III SS

F Value

Pr > F

Type III SS

F Value

Pr > F

Type III SS

F Value

Pr > F

Type III SS

F Value

Pr > F

0.01
0.00
0.00

2.73
0.68
0.01

0.13
0.43
0.93

9828.11
323.43
231.66

60.71
2.00
1.43

<0.0001
0.19
0.26

130.66
187.62
3.59

41.99
60.29
1.15

<0.0001
<0.0001
0.31

27.95
408.80
16.86

2.14
31.29
1.29

0.17
0.0002
0.28

0.98
0.13
0.07

454.30
61.74
30.73

<0.0001
<0.0001
<0.0001

1.03
0.08
0.06

1052.25
86.50
61.08

<0.0001
<0.0001
<0.0001

0.00
0.03
0.01

1.13
25.32
4.78

0.31
0.001
0.05

0.00
0.30
0.01

0.43
86.25
1.85

0.53
<0.0001
0.20

0.00
0.01
0.01

1.36
8.15
8.30

0.27
0.02
0.02

0.00
0.01
0.00

0.02
18.52
1.32

0.88
0.001
0.28

77.74
88.86
50.34

27.34
31.25
17.70

0.001
0.001
0.001

92.18
23.61
21.31

8.88
2.27
2.05

0.01
0.16
0.18

0.00
0.00
0.13

0.01
0.00
2.60

0.94
0.99
0.14

0.00
0.01
0.00

3.74
64.88
5.36

0.08
<0.0001
0.04

63.69
0.00
2.14

6.41
0.00
0.22

0.03
1.00
0.65

18.00
2.33
23.47

0.53
0.07
0.69

0.48
0.80
0.43

1.38
0.21
0.06

29.57
4.48
1.28

<0.001
0.06
0.29

0.55
0.14
0.89

8.05
2.01
13.13

0.02
0.19
0.00

54.48
71.25
23.07

0.59
0.77
0.25

0.46
0.40
0.63

333.20
1204.43
191.25

0.84
3.02
0.48

0.38
0.11
0.50

7.97
1.76
0.02

2.82
0.62
0.01

0.13
0.45
0.94

8.21
2.03
4.87

14.88
3.68
8.82

0.001
0.08

0.22
0.52
1.34

0.22
0.52
1.34

0.65
0.49
0.27

445.86
856.68
14.50

8.22
15.79
0.27

0.02
0.001
0.62

0.01

Significantly different probabilities are highlighted bold
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6.5.3

Comparison of microbial nutrient uptake with sorption

Nutrient removal attributable to microbial uptake instead of sorption can be estimated
by comparing the results of this uptake experiment with the results of the sorption
experiments discussed in Chapter 5. Since this uptake experiment used no inhibitor,
nutrients could be removed by either sorption or microbial uptake. The difference in
nutrient removal between the current experiment and the sorption experiment can
therefore be attributed to microbial activity. Table 6.3 to Table 6.7 show a summary
of results from both experiments side by side. The percentage removed by each
treatment permits an easy comparison between the two experiments (compare column
5 to column 8).
PO4 uptake by microbes reduced the leaching of PO4 at very low concentrations
(Table 6.3). At concentrations equivalent to stormwater, microbial activity permitted
nutrient removal to occur rather than leaching. Nutrient removal from solutions 3 and
4 were very similar in both experiments. Though no nitrate was added to the
incubating solutions, NO3 was extracted from the media in the sorption experiment
(Table 6.4). Less NO3 leached from the unvegetated media in the uptake experiment
in comparison to the sorption experiment. Nitrification of the organic compounds or
NH4 was evident in the controls of the uptake experiment. The stronger the solution
incubated in the otherwise empty centrifuge tubes, the more NO3 that was produced
(shown as mass of NO3 added, column 6, Table 6.4). No nitrification was noted in the
sorption experiment where toluene was added to the solution (column 3, Table 6.4).
NH4 removal in both experiments was very similar for media incubated in solutions 1,
and 2 (Table 6.5). Organic P uptake by microbes in vegetated media reduced the
leaching of organic P at stormwater concentrations (Table 6.6). Organic N removal in
both experiments was very similar. Organic C removal by sorption and uptake
experiments cannot be compared because the microbial inhibitor, toluene, is an
organic carbon compound and consequently confounded organic carbon analyses
from the sorption experiment.
6.5.4

Nutrients in microbial biomass

Bioretention media that had been subjected to all of the experimental treatments was
fumigated to release the nutrients held by the microbial biomass. All fumigated
treatments (Table 6.10 to Table 6.12, column 4) were compared to their nonfumigated equivalents (Table 6.10 to Table 6.12, column 3) to determine the mass of
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nutrients released as a result of fumigation (Table 6.10 to Table 6.12, column 5).
Statistical significance between mass of nutrients extracted from non-fumigated and
fumigated samples is noted where it is significant (P < 0.05). However, no statistical
significance could be tested for the differences in microbial nutrients (the P, N or C
released by fumigation) between treatments (e.g. incubation time, vegetation),
because this calculation is based on the subtraction of the mean value of unfumigated
media extracts from the mean value of the fumigated media extracts. Combining the
error terms of both means substantially increases the uncertainty in this calculation.
Therefore these differences are used only as an indication of which treatment contains
the most microbial nutrients.
Although slightly more P was extracted from the fumigated media than the nonfumigated media, in most cases the difference between the fumigated and nonfumigated samples was not significant (Table 6.10). Microbial P was higher in
vegetated media (LV 24 and LV 72) that had been incubated in solutions 3 or 4.
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Table 6.10 Total phosphorus (P) extracted from fumigated and non-fumigated media

Solution

Treatment

Mean Extract P
mg kg-1

Mean
Fumigated
Extract P
mg kg-1

1

L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24*
LV 72
L 24
L 72
LV 24
LV 72

1.047
0.817
1.142
0.905
1.106
0.969
1.197
1.343
2.361
2.010
2.078
1.686
11.179
7.627
8.314
6.884

1.329
1.000
1.366
1.392
1.124
1.004
1.505
1.241
2.463
2.136
3.165
2.103
10.116
6.816
9.462
7.898

2

3

4

Microbial P
mg kg-1

Least Significant
Difference

Error Mean
Square

0.282
0.183
0.224
0.487
0.017
0.035
0.308
-0.102
0.101
0.126
1.087
0.417
-1.063
-0.811
1.148
1.014

0.685

0.157

0.925

0.285

0.839

0.235

2.366

1.869

* indicates significant difference between fumigated and non-fumigated extracts
n = 3, alpha = 0.05, error degrees of freedom = 16, critical value of t = 2.120

Microbial N was higher in the vegetated media than the unvegetated media.
However, very few of the comparisons between fumigated and non-fumigated media
were statistically significant (Table 6.11). Unexpectedly, the microbial biomass
calculated for all the unvegetated media incubated in solutions 2, 3 and 4 was
negative, meaning that more N was extracted from the non-fumigated samples than
the fumigated samples. Significantly greater quantities of NO3 were extracted from
media that was not fumigated, but only in the unvegetated media (L72 solution)
(Figure 6.7, stars indicate significance), suggesting that mineralisation and
nitrification takes place in the non-fumigated, unvegetated media rather than nutrient
uptake. Also, much less nitrate (significant P < 0.05) was produced by vegetated
media when compared to the equivalent unvegetated treatment (L72 solution 4
excepted) (Figure 6.7, letter “A” indicates significance).
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Table 6.11 Total nitrogen (N) extracted from fumigated and non-fumigated media

Solution

Treatment

Mean Extract N
mg kg-1

Mean
Fumigated
Extract N
mg kg-1

1

L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72*
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72*

8.882
7.341
5.243
6.891
9.643
9.684
6.785
9.189
10.372
10.438
5.001
9.060
14.345
16.263
10.784
13.815

9.749
7.709
6.925
9.890
8.990
8.916
7.344
12.962
7.918
8.492
7.689
10.633
10.537
15.475
14.106
21.215

2

3

4

Microbial N
mg kg-1

Least Significant
Difference

Error Mean
Square

0.867
0.368
1.682
2.999
-0.653
-0.768
0.559
3.773
-2.454
-1.946
2.688
1.573
-3.808
-0.788
3.322
7.400

3.857

4.964

1.818

1.104

4.290

6.143

5.656

10.679

* indicates significant difference between fumigated and non-fumigated extracts
n = 3, alpha = 0.05, error degrees of freedom = 16, critical value of t = 2.120

The amount of organic carbon released from most fumigated samples was
significantly more (P < 0.05) than the non-fumigated equivalents (Table 6.12, Figure
6.8), making the measurement of microbial C a more accurate assessment of
microbial biomass than either N or P. Significantly (P < 0.05) more organic C was
extracted from vegetated fumigated samples than from the equivalent unvegetated
treatments (Table 6.12, Figure 6.8).
More microbial C was extracted from media that was either vegetated, or had been
exposed to longer incubation times (Figure 6.9). Also, more microbial C was
extracted from media that had been incubated in stronger incubating solutions (3 and
4, especially for vegetated media), suggesting that the microbial C increased in
response to the incubation solution concentration.
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Table 6.12 Organic carbon extracted from fumigated and non-fumigated media

Solution

Treatment

Mean Extract
Org C
mg kg-1

1

L 24
L 72*
LV 24*
LV 72*
L 24
L 72*
LV 24*
LV 72*
L 24*
L 72
LV 24*
LV 72*
L 24
L 72*
LV 24*
LV 72*

7.571
8.237
8.681
8.789
9.837
8.493
13.848
9.371
10.203
10.928
11.865
9.785
16.597
16.200
17.609
17.545

2

3

4

Mean
Fumigated
Extract Org C
mg kg-1

Micro
Org C
mg kg-1

16.302
25.355
30.991
50.390
17.515
19.028
29.148
48.111
19.442
18.799
33.706
76.250
27.016
35.674
51.663
85.733

8.731
17.118
22.310
41.601
7.678
10.535
15.300
38.740
9.239
7.871
21.841
66.465
10.419
19.474
34.054
68.188

Least Significant
Difference

Error Mean
Square

10.240

35.001

7.847

20.554

9.014

27.118

12.049

48.458

* indicates significant difference between fumigated and non-fumigated extracts
n = 3, alpha = 0.05, error degrees of freedom = 16, critical value of t = 2.120

1.4
1.2

Mean non-fumigated extract

NO3 extracted mg Kg

-1

Mean fumigated extract

1.0
0.8
0.6
A

0.4
A

A

A

A

A
A

0.2
0.0
1

2

3

L 24

4

1

2

3

L 72

4

1

2

3

4

LV 24

1

2

3

4

LV 72

Treatment and incubation solution

Figure 6.7 Differences in extractable NO3 between non-fumigated and fumigated media.
Stars indicate significant (P < 0.05) differences between non-fumigated and fumigated
media. The letter A indicates where significantly (P < 0.05) less NO3 was extracted
from vegetated treatments compared to equivalent unvegetated treatments (comparing
non-fumigated media extracts only).
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Figure 6.8 Differences in extractable organic carbon (organic C) between nonfumigated and fumigated media. Stars indicate significant (P < 0.05) differences
between non-fumigated and fumigated media. The letter B indicates where
significantly (P < 0.05) more organic C was extracted from vegetated treatments
compared to equivalent unvegetated (fumigated media only).
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Figure 6.9 Differences in microbial carbon (microbial C) between all treatments
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In summary:
•

There were no differences in the mass of P extracted from fumigated or nonfumigated media

•

Microbial N was higher from vegetated media, though not significant in many
cases. NO3 was extracted from non-fumigated media suggesting that
mineralisation of nitrogen compounds had taken place during the experiment

•

Significantly more microbial C was extracted from vegetated media than
unvegetated media, and from media that had long incubation times in high
nutrient solution concentrations.

6.6 Discussion
6.6.1

The role of microbes in bioretention media

Without a microbial inhibitor nutrients were removed from stormwater concentration
solutions despite solution concentrations being below the sorption equilibrium
concentration for the media. Geochemical sorption is unlikely to occur at or below
the sorption equilibrium concentration since the equilibrium dictates that the transfer
of ions at those concentrations is likely to be neutral or in the other direction i.e. from
the media to solution. Thus at stormwater concentrations, the PO4, organic P and
organic N ions in solution are geochemically non-active and can only be removed by
biological processes. Therefore, it is likely that microbial activity in the bioretention
media was responsible for the increase in removal of PO4, organic P and organic N
from low concentration solutions. This accords with the proposal of Olander and
Vitousek (2005) that biological demand is the dominant control of P that enters the
soil solution at low background concentrations. Olander and Vitousek (2004) also
suggest that if P enters the soil solution through a large nutrient pulse, it is likely to
exceed the biological demand of the soil microbes, resulting in the remaining P being
geochemically bound by sorption processes, as was likely the case for the media
incubated in solutions 3 and 4 (high and very high nutrient concentrations).
Microbial competition for organic phosphorus, organic nitrogen and organic carbon is
likely to be similar to that for P, since these compounds can also be sorbed (Kaiser
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and Zech 2000, Kaiser 2001, Qualls 2000) and are also bio-available to microbes
(Saetre and Stark 2005, Jones et al. 2005, Hadas et al. 1992, Lipson and Nasholm
2001).
There was very little difference between the percentages of all nutrients removed from
higher concentration solutions in the sorption and uptake experiments. This indicated
that microbial activity in the media had very little influence on the bulk of the
nutrients removed at these concentrations.
Since the mass of nutrients that can be taken up by microbes is limited by the
biological demand of the microbial community, the microbial removal of nutrients is
limited by the microbial biomass. The microbial biomass P was only 0.1 to 1 mg kg-1
for the media incubated in the high concentration solutions (3 & 4) (Table 6.10),
whereas the mass of P removed by these media was approximately 8 or 40 mg kg-1
(Table 6.3). Even if the microbes were able to double their microbial P content
through immobilisation of solution P, removal would still only account for less than 5
% of all the P removed. In the experiments of Olander and Vitousek (2004), the
microbes were only able to remove the equivalent of their initial microbial-P content
in short-term incubations (30 minutes to 2 days). Nutrient fertilisation can lead to an
increase in microbial biomass but that increase is not likely to be so much that soil
microbes can be responsible for the bulk of nutrient removal from high concentration
solutions such as solution 3 and 4 used in this experiment. For example, soil
microbes only doubled their N & P content in response to nutrient fertilisation over a
year in a wetland buffer zone subject to N and P enrichment (Silvan et al. 2003). The
influence of the microbes on P uptake in our experiments was probably limited by the
small microbial population and their limited ability to take up P, in comparison to the
large amount of solution P. Consequently, at higher concentrations (solutions 3 and
4) geochemical sorption was probably responsible for most of the nutrient removal.
The relatively small influence of microbial activity on the high concentration
incubation removals may increase with time. The media tested showed a pronounced
hysteresis, meaning that very little of the nutrients that sorbed to the media were
easily released by the subsequent water extract. In most cases only 10 to 20% of the
sorbed nutrients desorbed (Chapter 5, the desorption experiment). Phosphorus can
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move from the sorbed pool to the microbial pool when the appropriate nutrients are
available (Olander and Vitousek (2004), demonstrating that microbes are able to make
use of sorbed P. The microbial use of sorbed P may free sorption sites, thus
replenishing the sorption capacity of the media. This has been demonstrated for
vertical flow wetlands treating wastewater (Lantzke et al. 1998), though the extent to
which this occurs in bioretention systems has not been tested.
The data from these experiments suggest that both sorption and microbial uptake are
important nutrient removal pathways. If the concentrations of the nutrients in solution
are below the equilibrium concentrations for the media, biological demand will most
likely control nutrient removal. If solution concentrations are above the media
equilibrium concentrations, sorption processes will control nutrient removal, though
some portion of the geochemically bound nutrients may still be accessible to soil
microbes. Concentrations found in stormwater are likely to be very close to the
equilibrium concentrations for N, P, and C. As such, biological uptake will be
important in nutrient removal from stormwater, and sorption may play a smaller role.
The vegetated media was much better at removing PO4 and preventing NO3 leaching
from stormwater-strength nutrient solutions. This enhanced nutrient removal ability
may be due to the enhancement of microbial activity in vegetated media. Root
exudates consisting of organic acids and simple sugars help drive microbial
productivity and mineralisation in the rhizosphere (Paterson 2003). Carbon in
rhizodeposits can be immobilised very quickly (1 day) by soil microbes (based on
labelled carbon recovered in microbial biomass), and can then rapidly turn over to
become soil organic matter C after 8 days (Yevdokimov et al. 2006). Other microbes
in the rhizosphere then immobilise any mineralised nutrients, but these are released
again when the microbial biomass turns over (Paterson 2003). Although microbes
compete more effectively than plants in the rhizosphere, in the long-term plant roots
are more successful because of the longer lifespan of their tissues and their ability to
store and translocate nutrients (Kaye and Hart 1997), thus plants get some nutritional
benefit from rhizodeposition. Consequently, the vegetated media of the experiments
probably contains many rhizodeposits that stimulate microbial mineralisation and
immobilisation and hence the higher rates of PO4 and NO3 removal from vegetated
media. Organic C removal was reduced from the vegetated media with respect to the
178

Chapter 6. Nutrient Removal by Microbial Uptake

unvegetated media, perhaps due to a build-up of organic rhizodeposits that were
extracted during the experiment, or because the rhizodeposits are a more labile source
of carbon, which was taken up in preference to the carbon in the incubating solutions.
Incubation time was only a significant treatment effect for NH4. When incubated for
72 h in stormwater-equivalent concentrations of nutrients, NH4 was leached from the
media to the equilibrating solution rather than being removed from solution. Since
NH4 is the end product of decomposition (ammonification), NH4 may have built up in
the media during the extended incubation time as a consequence of decomposition of
organic compounds by heterotrophic bacteria. During the extended incubation time
the absence of oxygen may have limited the nitrification of any NH4 to NO3 (a
process that only occurs in the presence of oxygen). Alternatively, respiration would
be inhibited in such a deoxygenated environment, and this may have limited microbial
productivity and NH4 uptake, resulting in the NH4 build-up.

6.6.2

The effect of vegetation and incubation time on microbial biomass

Organic carbon was the best indicator of differences in microbial biomass. For
organic C nearly all fumigated treatments were significantly different from their nonfumigated equivalent, whereas for microbial N and microbial P very few differences
were significant between fumigated and non-fumigated samples. Microbial biomass
in the bioretention system media was much lower than those measured in natural or
agricultural soils (Table 6.13). Consequently the quantities of microbial N and P
extracted are lower than usually encountered, and quantities extracted were mostly
smaller than the statistical least significant difference.
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Table 6.13 Microbial biomass and organic matter content of selected soils

Micro C
biomass mg

Micro N
biomass mg

kg

Stormwater
Bioretention
Mesocosm

Micro P
biomass

Reference

kg

mg kg-1

% Organic
Matter

8 – 68

1–6

0.05 – 1

< 1B

Current
Experiment

Wetland Buffer
Zone (Finland)

36 – 72

5 – 10

2–3

Pasture (New
Zealand)

400 – 1400

135 – 324

Arctic Heath

2000 –
3000

250 – 370

Ecosystem

-1

Pine Forest
(Finland)
Forest (Alaska)

3800 –
5200

Forest (Hawaii)

108 – 133

-1

Silvan et al. 2003
3.5 – 7A

Mishra et al.
2005

52 – 74

Schmidt et al.
2002

7 – 32

~5 & ~60

Priha and
Smolander 2003

400 – 1000

40 –42

Vance and
Chapin 2001

12 –48

Olander and
Vitousek 2004

29 – 105

11 – 80

All values shown as uncorrected microbial biomass, A = Org C + Org N, B – from Chapter 7

Microbial organic C was more abundant in vegetated treatments and treatments with
longer incubation times. The elevated quantities of fumigation-extractable organic C
from the vegetated media suggest that vegetated media contains more microbial
organic C than the unvegetated media. Vegetation would contribute to the
fumigation-extractable organic C if intact root cells were lysed by the chloroform.
However, if roots alone were responsible for the difference in extractable carbon, the
quantity of extractable carbon should not differ between the media incubated in the
different concentrations of nutrient solutions. Thus the quantity of fumigationextractable organic C derived from the vegetation is that quantity extracted from the
solution 1 incubations. For LV 24 this quantity of extractable organic C (microbial C)
did not differ between incubations in solution 1, 2 or 3, but for LV 72 the quantity of
extractable carbon increased with increasing concentrations in the incubating solution.
Similarly, microbial P and microbial N were higher in extracts from LV 72 incubated
in solutions 3 and 4. This suggests that there were more microbes in the vegetated
media than the unvegetated media. The microbes were able to take up more carbon
when it was available to them, and were able to grow more in response to nutrient
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enrichment. Longer incubation times allowed the microbes to grow more and
accumulate the ambient nutrients within their biomass.
A microbial response to increased nutrients was only seen at high ambient
concentrations and long incubation times. This is probably due to diffusion limiting
microbial access to nutrients in a non-flowing environment. At high concentrations,
microbial access to nutrients was sufficient to permit an increase in microbial
productivity that could be measured.
More nitrification was evident in the unvegetated media compared to vegetated media
(Figure 6.6). Carbon may be limiting microbial growth in unvegetated media if the C:
N ratio of the microbes’ resources is too narrow. Where the C: N ratio is too narrow,
decomposition produces nitrate in excess of microbial cell uptake requirements. Since
NO3 was extracted from the unvegetated media but not from the vegetated media, it is
probable that in vegetated media, plant derived carbon was sufficient for the
microbes’ C requirements. In vegetated media any NO3 produced through
decomposition of organic matter is taken up for microbial growth, and does not leach
from the media.
6.6.3

Implications of this research for bioretention system design and
management

The theoretical implication of these results is that potential nutrient removal capacity
of a media cannot be estimated simply by measuring the sorption capacity or other
sorption parameter for a media (for example Del Bubba et al. 2003). The sorption or
leaching behaviour is controlled by the sorption equilibrium concentration (EC0) of
the media (Chapter 5). However nutrients can still be removed from solution by
microbial activity even when the solution concentration is lower than the media.
Work by Menzies et al. (1999) found that the largest P sink in wastewater-irrigated
land was plant uptake, microbial immobilisation and the accumulation of peat in the
soil layer. Future work should focus on estimating the uptake and retention capacity
of these sinks for nutrients.
Vegetation derived carbon appears to be important in microbial processing of
nutrients. Despite the large quantities of carbon in the equilibrating solutions,
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mineralisation and leaching was still evident in the unvegetated media. This suggests
that rhizodeposits may offer a more labile carbon source to microbes than the organic
carbon in the fertilisers. The author does not know of any studies of the types and
lability of carbon in urban runoff. Such studies would improve our understanding of
microbial processing in these systems. These experimental results indicate that nonlabile sources of carbon such as sawdust, paper, woodchips and bark (a direction
pursued by Kim et al. 2003) are not likely to be as useful to enhancing microbial
processing as the carbon in rhizodeposition that results from vegetating bioretention
system media.
The practical implication of this research is that maintaining effective biological
processing in bioretention media is important to nutrient removal. Microbial
productivity of bioretention system media is enhanced in vegetated systems, hence
care for microbial productivity and vegetative growth is important for nutrient
removal. Excess heat or desiccation that bioretention systems experience in urban
environments could compromise the biological function of the media. Soil
amendments that increase the water holding capacity of the soil without
compromising the saturated hydraulic conductivity could be useful.

6.6.4

Experimental limitations and future research recommendations

The concentrations of microbial nutrients extracted were also very low compared to
other soils studied (see Table 6.13) and this created difficulties trying to discern a
difference between the quantity of nutrients extracted from fumigated and nonfumigated soils. Because the differences between low concentration incubations were
hard to separate, more replication is recommended to improve the strength of the
statistical comparisons.
There was no flow during the experiment and consequently diffusion probably limited
microbial uptake. Using leaching columns with saturated flow creates an
environment that is more like that experienced in a biofiltration system and the media
can be subjected to a greater volume. Thus, it is recommended that future
experimentation on microbial processing in stormwater bioretention systems
incorporate the following:
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•

Measuring uptake capacity using leaching columns

•

Determining if microbially-facilitated nutrient removal is affected by media
desiccation

•

Determining the fate of the nutrients removed from stormwater by using stable
isotope tracers 15N, and 13C, and measuring the recovery of these nutrients in
soil microbes and vegetation, at intervals after dosing

•

Investigating the microbial uptake in coarser media such as sand

6.7 Conclusions from Chapter 6
Microbial uptake is an important nutrient removal pathway for low nutrient
concentration solutions. This experiment has demonstrated that nutrients can be
removed from solutions equivalent to urban runoff even when the sorption EC0 for
that media is higher than the solution concentration. Sorption is probably responsible
for the bulk of nutrients removed from higher concentration solutions because the
ability of microbes to take up nutrients is limited by their biomass, and microbial
biomass was very low in the bioretention media tested. Vegetated media was much
better than unvegetated media at removing PO4 from solution and preventing NO3
leaching from media and this may be due to enhanced microbial activity facilitated by
the vegetation. Extending the detention time did not improve nutrient removal in
most cases, and resulted in more NH4 leaching from media incubated at stormwater
concentrations. Organic C was the best indicator of microbial biomass. Vegetated
media has more microbial C than the unvegetated media, and the microbial biomass in
the vegetated media increased in response to high solution concentrations and longer
incubation time. The non-fumigated extracts indicated that mineralisation was likely
in unvegetated media, whereas immobilisation was likely in vegetated media. It is
thought that vegetation derived C in rhizodeposits is driving immobilisation in the
vegetated media, and that a lack of this carbon may be limiting immobilisation in the
unvegetated media. Since biological processing of nutrients is important at
concentrations equivalent to stormwater, biofiltration systems should be managed to
protect and enhance these biological functions.
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7 Nutrient Uptake by Vegetation and Organic Matter
Accumulation in Bioretention Mesocosms

7.1 Overview of Chapter 7
Chapter 7 describes and reports the experiments used to determine the accumulation
of nutrients in plant tissues and the methods used to determine the proportion of
nutrient removal that could be attributed to this nutrient removal pathway. The
accumulation of organic matter in the filter media is also assessed. It is the last of
three chapters that investigate the contribution of specific nutrient removal pathways
to the nutrient removal rates measured in Chapter 4.

7.2 Introduction
Vegetation is used in surface flow and subsurface flow constructed wetlands for the
treatment of municipal wastewater (Greenway 1997, 2003, 2005, Browning and
Greenway 2003, Bolton and Greenway 1997, Tanner 2001b, Brix 1997). Plants have
also been used in subsurface flow wetlands to treat lower nutrient concentrations such
as nursery effluent (Huett et al. 2005) and in surface flow wetlands to treat
stormwater (Greenway and Jenkins 2004). Vegetation has been used in bioretention
systems to treat stormwater (Davis et al. 2001), indeed, their use in stormwater
bioretention systems is recommended in bioretention design manuals (Fletcher et al.
2003, Prince George’s County 2005) but their role has not been quantified. Vegetated
bioretention systems have much higher nutrient removal efficiencies (Chapter 4) than
unvegetated systems, and phytoaccumulation of nutrients was identified as a possible
nutrient removal pathway.
Phytoaccumulation is a proven nutrient removal pathway in constructed sub-surface
flow wetlands (Greenway and Woolley 2001). Nutrients that accumulate in the plant
biomass are derived from the water and water-borne suspended solids that are
deposited in the wetland. This has been quantified in surface flow and subsurface
flow wetlands treating wastewater, where plant uptake accounts for 2 – 8 % TN and 2
– 5 % TP (Tanner 2001b), up to 48 % TN and 58 % TP (Greenway and Woolley
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2001) of the nutrient removal. In the treatment of lower nutrient concentration waters
in nursery effluent, plants were responsible for 76 % TN and 86 % TP nutrient
removal (Huett et al. 2005). Soil water systems are more complex and plants may
source nutrients from the soil or media in addition to the water column (Thorburn et
al. 2003). Nutrient removal by phytoaccumulation is limited by the uptake capacity
of the plants, thus plants can remove a greater proportion of nutrients from lower
nutrient waters than higher nutrient waters (Greenway 2005).
Another nutrient sink in plant-water filter systems is the accumulation of recalcitrant
organic material either in the wetland or within the filter media. Tanner (2001b) even
suggests that peat or recalcitrant organic matter accumulation is the most important
nutrient sink. He states that plants play an important role in acquiring labile nutrients
and converting them into less degradable forms, but the final sink for those nutrients
is the deposition and accumulation of peat on the bottom of the wetland or within the
filter media. In a study of land irrigation of treated wastewater, Menzies et al. (1999)
found that the greatest P pool was organic matter accumulation. However, the
accumulation of organic matter is dependent on the mineralisation rates being slower
than the accumulation rates. In certain circumstances (i.e. daily irrigation), high soil
moisture contents can foster high mineralisation rates, leading to a reduction rather
than accumulation in nutrients held within soil organic matter (Thorburn et al. 2003).

7.3 Research aims
This chapter addresses research question 7 proposed in section 1.8. It investigates
nutrient removal by plants in bioretention systems and seeks to determine to
proportion of nutrient removal that may be attributed to vegetation. This research aim
is broken down in the following ways:
1. Calculating the recovery of nitrogen from plants in stormwater bioretention
systems that had been exposed to regular doses of nutrients at concentrations
equivalent to stormwater runoff. In doing so, the growth rates and tissue
nitrogen concentrations of the different species used were compared.
2. Determining if the type of media used affected nitrogen uptake. Growth and
tissue nitrogen composition of plants growing in different media were
compared i.e. loamy-sand, sand, and a sand-gravel layered combination
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3. Measuring the accumulation of organic matter in the media of stormwater
bioretention mesocosms to determine if organic matter content increases in
response to enrichment. This was done by comparing enriched systems that
were regularly irrigated with nutrients, to non-enriched that were irrigated
with tap water only, and by comparing vegetated and unvegetated bioretention
mesocosms.

7.4 Methods
7.4.1

Planting vegetation in bioretention mesocosms

These species were chosen because they are all commonly used in urban landscapes
in South-East Queensland, they are all tolerant of hot and dry conditions likely to be
experienced in the mesocosms, and they are adapted to sandy, free-draining soils
(pers. comm. Steve Dent, Wallum Nurseries). A mixture of growth forms was chosen
so that the potential for the media to be exploited by the plants’ rhizosphere would be
maximised. Five species of vegetation were chosen for use in the stormwater
bioretention mesocosms. They were:
•

Banksia integrefolia. Common name: Coast Banksia Family: Proteaceae.
Description: Tree 5 – 25 m high, according to exposure of habitat. Occurrence:
Widespread, chiefly from coastal sites to the ranges.

•

Callistemon pachyphyllus. Common name: Wallum Bottlebrush. Family:
Myrtaceae. Description: Dense straggling shrub to 1.5 m high. Occurrence:
Grows in moist ground in Wallum heath and hind dunes

•

Carpobrotus glaucescens. Common name: Pigface, Ice plant. Family:
Aizoaceae. Description: Prostrate perennial groundcover with stems to 2 m
long. Occurrence: on coastal sand dunes, usually very close to the sea.

•

Dianella brevipedunculata. Common name: Flax Lily. Family: Phormiaceae.
Description: Plant tufted, solitary, to 0.5 m high. Stems less than 8 cm long,
more or less touching. Roots fleshy-fibrous. Leaves 0.5–1 m long. Occurrence:
Open forest.
Pennisetum alopecuroides. Common name: Swamp Foxtail Grass. Family:
Poaceae. Description: Tufted perennial grass to 1 m high. Occurrence: Usually
grows on flats below watercourses and in boggy areas.

(National Herbarium of New South Wales, 1999)
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The plants were planted into 3 different kinds of media, loamy-sand, sand and a sandgravel combination (full details are described in Chapter 4). The plants were sourced
from Wallum Nurseries, 1237 New Cleveland Rd, Gumdale. Queensland. 4154
(specialists in growing tube stock of native bushland flora). The tube stock was
planted directly into the media of the mesocosms with the potting mix (approximately
25 cm3) still attached to their roots. Plants were evenly spaced in the mesocosms
(Figure 7.1). The surface of the media was covered with a thin layer of pea gravel to
protect the surface against wind and water erosion or disturbance. The plants were
allowed to establish themselves in the mesocosms for 6 months, during which time
they were watered only with tap water of very low nutrient concentrations (Table
3.11, Chapter 3). Thereafter the mesocosms were irrigated with synthetic stormwater
on a regular basis. The details regarding watering during the establishment phase and
irrigation are described in Chapter 3.

Figure 7.1. Vegetation: Clockwise from top right: Pennisetum (Grass), Callistemon,

Banksia, Carpobrotus, Dianella

7.4.2

Monitoring the growth of plants and measuring biomass

Growth and biomass were monitored to determine which species grew best in the
bioretention mesocosm environment, which species were able to accumulate the
greatest biomass, and which media facilitated the most vigorous plant growth. The
growth of the vegetation was monitored throughout 30 months of the experiment
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(Figure 3.14, Chapter 3). Growth was monitored by measuring several selected
parameters for each plant. These were based on the form of the plant. Those that best
reflected growth for each species were used for analysis (Table 7.1).
Table 7.1 Growth parameters measured for each species in the bioretention
mesocosms

Banksia

Callistemon
(Bottlebrush)

Height

Height

Diameter at
base
Number of
leaves

Diameter at
base
Number of
leaves

Carpobrotus
(Pigface)

Dianella
(Flax lily)

Cover of area
(cm2)
Number of
leaves
Number of
culms

Length of longest
leaves (cm)
Number of leaves
Number of culms

Pennisetum
(Swamp Foxtail
Grass)
Length of longest
leaves (cm)
Circum. at base
(cm)
Number of culms

Plant tissue samples were also taken at the following intervals to monitor leaf tissue N
content (Figure 3.14, Chapter 3):
•

0 months – prior to planting

•

6 months after planting – end of tap water irrigation

•

15 months after planting – during dosing experiments

•

22 months – 4 months after cessation of irrigation

•

30 months after planting – final biomass harvest

For consistency in sampling over time the youngest fully expanded leaves were
sampled, a technique that has been used successfully in many species to measure plant
nutrient status (Smith and Loneragan 1997). Leaves were sampled from every plant
in all mesocosms.
At 30 months a large portion of the above-ground biomass was subsampled. The
following measurements were taken of the harvested portion:
•

Banksia integrifolia: 30 % of the standing biomass was removed.
Measurements were made of the length, diameter and mass of stems, number
and mass of leaves.

•

Callistemon pachyphyllus (Bottlebrush): 30 % of the standing biomass was
removed. Measurements were made of the length, diameter and mass of stems,
number and mass of leaves

188

Chapter 7. Nutrient Uptake by Vegetation and Organic Matter Accumulation

•

Carpobrotus glaucescens (Pigface): 50% of the standing biomass was
removed. Measurements were made of the cover of area harvested, mass of
stems, and number and mass of leaves

•

Pennisetum alopecurioides (Swamp Foxtail Grass): 50% of the standing
biomass was removed, mass of leaves measured

•

Dianella brevipedunculata (Flax Lily): 50% of the standing biomass was
removed, mass of leaves measured

The following growth parameters were measured at final harvest (30 months) in order
to calculate the total standing biomass:
•

Banksia: length and diameter of all stems and number of leaves

•

Callistemon (Bottlebrush): length and diameter of all stems and number of
leaves

•

Carpobrotus (Pigface): cover of area harvested (cm2)

•

Pennisetum (Swamp Foxtail Grass): 50% of the standing biomass was
removed, therefore total biomass was calculated by doubling the harvested
biomass

•

Dianella (Flax Lily): 50% of the standing biomass was removed, therefore
total biomass was calculated by doubling the harvested biomass

To calculate the total plant above-ground biomass at harvest, the biomass of the
harvested portion was multiplied by the ratio of Total Plant: Harvested Portion
specified in equation 1.
Biomass total above-ground plant tissues = Biomass Harvest x
[Growth parameter Total Plant / Growth parameter Harvested tissues]
(Equation 1)
The length and diameter of stems harvested permitted an estimation of the total
volume of woody material in the harvested and standing biomass portions. The
number of leaves was used to calculate the proportion of leaves sampled compared to
the number of leaves on the plant at harvest (Banksia and Callistemon). Carpobrotus
grows as a creeping groundcover. Therefore total biomass was approximated by subsampling a proportion of the area covered, and multiplying by the total area of cover.
Both the Pennisetum and the Dianella grow as tufted plants. The most accurate way
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of subsampling the tufts was to take half of the standing biomass, and to double the
mass of the sampled parts to calculate the full standing biomass. The parameters
measured for the harvested fraction was compared to the parameters measured for the
total plant prior to harvesting.
Only above-ground tissues were sampled to avoid destroying the utility of the
mesocosms for future follow-up research. Harvested plant tissues were separated into
leaves and stems, placed in paper bags and dried to constant dry weight (24 – 48
hours) at 70 °C. Plant tissues were then weighed to express final values in grams (g)
dry weight.
7.4.3

Nutrient accumulation in plant tissues

The contribution of plants to the removal of nitrogen from stormwater was calculated
by measuring the nitrogen that was incorporated into plant tissues. The mass of
nitrogen retained by the plants (phytoaccumulation) was calculated from the product
of the leaf tissue nitrogen content and the above-ground biomass. The measurement
of leaf tissue nitrogen content permitted an assessment of how tissue nitrogen
responded to nutrient availability and plant age. Leaf tissue samples collected
throughout the life of the mesocosms, and the leaves, stems, flowers and seeds from
the final biomass harvest were analysed for tissue nitrogen content. Samples of
leaves, stems, flowers and capsules/fruit were ground to a fine powder using a ball
mill or puck and mill grinder (for small or large samples respectively). Samples were
stored in airtight plastic vials until analysis. Total nitrogen in the plant tissues was
determined by combustion using a Europa Mass Spectrometer (nitrogen only, plant
tissue phosphorus content was measured using the tri-acid digestion of Allen (1989),
but recovery of standards was highly variable and consequently the data was
considered unfit for further analysis).
To calculate the accumulation of nitrogen in the harvested plant tissues, the N content
of each tissue type (i.e. stem, leaf, and seed) was multiplied by the biomass of each of
the harvested plant tissues.
[% N tissue A x Biomass tissue A] + [% N tissue B x Biomass tissue B] +...
= mg N in plant tissues

(Equation 2)
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7.4.4

Direct estimation of organic matter in bioretention media

To determine if organic matter accumulated in the bioretention media as a
consequence of nutrient enrichment, the organic matter content of the media was
measured. These assays also permitted an assessment of the contribution of plants to
organic matter accumulation in the media. Cores were dug into the media using an
auger (5cm bore) after plant harvest at 30 months after planting. One core was taken
from each mesocosm of sand and loamy – sand media, including all vegetated and
unvegetated mesocosms. The profile was divided into the following depths: 0 – 10,
10 – 20, 20 – 30, 30 – 40, 40 – 50, 50 – 60, 60 – 70, 70 – 75 cm. The freshly
collected media was placed in sealable plastic bags and immediately put on ice.
Thereafter, samples were stored in a refrigerator (4 °C) until analysis.
The media profiles were analysed for organic matter using the loss-on-ignition
method of Nelson and Sommers (1996), which is based on the method of Ben-Dor
and Banin (1989). The dried media was kept in open aluminium containers and burnt
in a muffle furnace at 400 °C for 16h, cooled in a desiccator until the sample returned
to ambient temperature, and weighed (to 0.001g). Organic matter content is assumed
to equal the mass lost on ignition. This was calculated as follows (equation 3):
[(DW – Wc)/DW] x 100 = % organic matter
(Equation 3)

where: DW = oven dry weight (g)
Wc = weight after combustion in muffle furnace (g)
7.4.5

Assay for media moisture content

To investigate the ability of different media types to retain water, the moisture profiles
of the sand and loamy-sand media were assessed. The soil moisture profiles could
then be used to explain differences in plant growth (if any) between different media.
After the media core samples for organic matter were taken, they were placed in
aluminium trays and weighed to 0.001g. Media and trays were placed in an oven at
105 °C for 24h, before being cooled in a dessicator until weight was constant, and reweighing. Moisture content was determined using the following equation 4):
[(FW – DW)/FW] x 100 = % moisture
where: FW = fresh weight (g)

(Equation 4)

DW = oven dry weight (g)
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7.5 Results
7.5.1

Growth of vegetation in bioretention mesocosms

Plant growth throughout the life of the bioretention mesocosms was measured using
various plant attributes, and these were used as indicators of plant growth throughout
the experiment (Figure 7.2 to Figure 7.6). Raw data for all attributes is contained in
the appendix. The mesocosms were irrigated regularly with synthetic stormwater
from February to November 2004 (6 to 12 months after planting). During this time
relatively constant growth was recorded for all species. After the cessation of
stormwater irrigation (18 months after planting), plant growth slowed down (Banksia
and Callistemon) or stabilised and decreased (Carpobrotus, Pennisetum and
Dianella). For example, Banksia and Pennisetum stopped producing new leaves, or
lost leaves that were not replaced with new growth. In some treatments this resulted
in a decrease in the number of leaves (Banksia) or girth (Pennisetum) of the plant. The
biomass peak as indicated by these attributes coincides with the end of regular
irrigation with synthetic stormwater in November 2004 (Figure 7.2 to Figure 7.6).
During the first 6 months of plant growth when irrigation was done using tap water
only, there appears to be no difference between species in plant growth. After this
time differences between the same species grown in different media become apparent
as the mesocosms are regularly irrigated with synthetic stormwater. The growth
indicators for species grown in loamy-sand or sand are higher than those in sandgravel, however, most of the time these differences are non-significant as indicated by
the overlapping error bars. Data for Banksia is missing from the sand-gravel
mesocosms from August 2004 onwards (Figure 7.2). The Banksia plants died after
this date during a prolonged hot and dry period.
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Figure 7.2. Growth of Banksia in enriched loamy-sand, sand and sand-gravel
mesocosms (~ = start, and x = end of period of irrigation with synthetic stormwater).
Compared by number of leaves.
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Figure 7.3. Growth of Callistemon in enriched loamy-sand, sand and sand-gravel
mesocosms (~ = start, and x = end of period of irrigation with synthetic stormwater).
Compared by height.
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Figure 7.4. Growth of Carpobrotus in enriched loamy-sand, sand and sand-gravel
mesocosms (~ = start, and x = end of period of irrigation with synthetic stormwater).
Compared by cover of area.
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Figure 7.5. Growth of Pennisetum in enriched loamy-sand, sand and sand-gravel
mesocosms (~ = start, and x = end of period of irrigation with synthetic stormwater).
Compared by circumference at base.
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Figure 7.6. Growth of Dianella in enriched loamy-sand, sand and sand-gravel
mesocosms (~ = start, and x = end of period of irrigation with synthetic stormwater).
Compared by number of culms.

7.5.2

Above-ground biomass of plants in bioretention mesocosms

When 30 months after planting, the vegetation measured was growing best in sand or
loamy-sand. For the enriched systems the total above-ground biomass of vegetation
was significantly higher in loamy-sand or sand media than in sand-gravel (Figure 7.7).
Plant biomass was also higher in enriched than the non-enriched mesocosms. There
was one non-enriched mesocosm for each media type. The above-ground biomass in
the non-enriched mesocosms (n=1) was compared with the 95 % confidence interval
surrounding the means of the enriched mesocosms (n=4). The above-ground biomass
in the non-enriched sand-gravel and sand mesocosms was lower than the 95 %
confidence interval for the equivalent enriched mesocosms (Figure 7.7).
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Figure 7.7. Above-ground biomass for vegetation in enriched and non-enriched
bioretention mesocosms at 30 months after planting. Different letters indicate
significant differences between biomass in enriched mesocosms of different media
(Alpha = 0.05, Error Degrees of Freedom = 9, Error Mean Square = 245066, Critical
Value of t = 2.26, Least Significant Difference = 792). 95% confidence interval indicated
by error bars. An asterix * indicates that the biomass measured in the non-enriched
mesocosm sits outside the 95% confidence interval for the equivalent enriched media.
95 % confidence intervals for enriched media as follows: Gravel = 100g, Sand = 744g,
Loamy-sand= 376g. Gravel denotes the sand-gravel mesocosms.

Table 7.2. Results from ANOVA comparing above-ground biomass in different media
and in different species

Source
DF Type III SS Mean Square F Value
Pr > F
Media
2
577475
288737.632
5.22
0.0092
Species
4
6507571
1626892.738 29.39 < 0.0001
Media*species 8
1772903
221612.887
4
0.0012

Individual species’ growth was affected differently by different media, indicating a
significant statistical interaction between media and species (Table 7.2). Therefore to
determine differences between species, the differences had to be examined one media
at a time. Callistemon (Bottlebrush) was the most vigorously growing plant in all
media, and its biomass accounted for much of the above-ground biomass in the
mesocosms (54% of total in GV, 82% in SV, 74 % in LV) (Figure 7.8, Table 7.3).
Pennisetum (Swamp Foxtail Grass) accounted for 35% of total biomass in GV
(significantly more than other species in GV), 12 % in SV and 17% in LV (no
significant difference with the remaining species tested). The other species
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contributed less than 6% each towards the total above-ground biomass. Data for
Banksia is missing from the sand-gravel mesocosms (Figure 7.8). The Banksia plants
died after this date during a prolonged hot and dry period.
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Figure 7.8. Comparison of differences in above-ground biomass between species for
each enriched filter media. Different letters indicate significant differences between
species for that media type (n = 4). Gravel denotes the sand-gravel mesocosms.

Table 7.3. Least significant differences to determine between-species differences for a
given media type

Media
Error Mean Square Least Significant Difference
Sand-gravel
2261
71.66
Sand
124686
532.19
Loam
39141
298.18
Alpha = 0.05, Critical value of t = 2.13, n=4

Callistemon grew better in sand or loamy-sand than in sand-gravel mesocosms. In
sand-gravel Callistemon only reached 25% of the biomass of the same species grown
in the other media (Figure 7.9 and Table 7.4). There were also significant differences
in the biomass of Dianella grown in different media, but the contribution of this
species to the total biomass was very small. There were no significant differences in
biomass between the other species when grown in sand-gravel, sand or loamy-sand.
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Figure 7.9. Comparison of differences between media in above-ground biomass for
each species for enriched media. Different letters indicate significant differences
between media for that species (n=4).

Table 7.4. Least significant differences to determine between-media differences in
above-ground biomass for a given species

Species

Alpha

Banksia
Callistemon
Carpobrotus
Dianella
Pennisetum

0.05
0.05
0.05
0.05
0.05

7.5.3

Error Degrees of
Freedom
6
9
9
9
9

Error Mean Critical Value
Square
of t
212
2.45
271272
2.26
1351
2.26
496
2.26
3550
2.26
N=4

Least Significant
Difference (g)
25.25
833.13
58.81
35.63
95.31

Leaf tissue nitrogen content

Leaves were harvested throughout the experiment to monitor changes in leaf tissue
nitrogen content. Leaf tissue nitrogen content (%) was very high, 2 to 3 % tissue N
content in all seedlings at planting (0 months), probably a consequence of the
fertilisers used in the nursery from where the plants were sourced (Figure 7.10 to
Figure 7.14). After 6 months of being watered with tap water the leaf tissue N content
had dropped to approximately 0.5 % N for all species. During the period that the
plants were irrigated with synthetic stormwater, the leaf tissue N % rose slightly for
most species. This response was most pronounced in Dianella and Pennisetum. Once
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irrigation with synthetic stormwater ceased, the tissue N % decreased again to
approximately 0.5 % N for all species.
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Figure 7.10 Change in Banksia leaf tissue N (%) over duration of experiment (~ = start,
and x = end of period of irrigation with synthetic stormwater).

Date of Sampling

Figure 7.11 Change in Callistemon leaf tissue N (%) over duration of experiment (~ =
start, and x = end of period of irrigation with synthetic stormwater).
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Figure 7.12 Change in Carpobrotus leaf tissue N (%) over duration of experiment (~ =
start, and x = end of period of irrigation with synthetic stormwater).
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Figure 7.13 Change in Dianella leaf tissue N (%) over duration of experiment (~ = start,
and x = end of period of irrigation with synthetic stormwater).
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Figure 7.14 Change in Pennisetum leaf tissue N (%) over duration of experiment. (~ =
start, and x = end of period of irrigation with synthetic stormwater).

Leaf tissue nitrogen results from samples taken during the period in which the
mesocosms were being regularly irrigated with nutrients were statistically compared
to determine if differences existed between species or between media types during
this period. Individual species were affected differently by different media and there
was a significant statistical interaction between media and species – Table 7.5. To
determine differences in tissue % N between species, the differences were examined
one media at a time.
Table 7.5. Results from ANOVA comparing leaf tissue nitrogen content (% N) in
vegetation from bioretention mesocosms

Source
DF Type III SS Mean Square F Value Pr > F
Media
2
0.270
0.135
2.09
0.1356
Species
4
5.295
1.324
20.5
<.0001
Media*species 8
3.461
0.433
6.7
<.0001

Significant differences in leaf tissue nitrogen content (%) were evident between
species grown in the same media such as sand-gravel and loamy-sand, but no
significant difference existed between the tissue N content of any of the species
grown in sand (Figure 7.15 and Table 7.6).
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Figure 7.15. Comparison of leaf tissue nitrogen concentration (% N) in different species
for each enriched filter media. Different letters indicate significant differences between
species for that media type. Leaves were harvested 15 months after planting (n=4).
Gravel denotes the sand-gravel mesocosms.

Table 7.6. Least significant differences to determine between-species differences (%
N) for a given media type.
Error Degrees

Error Mean

Critical Value

Least Significant

Media

of Freedom

Square

of t

Difference

Sand-gravel

12

0.048

2.18

0.34

Sand

15

0.075

2.13

0.41

Loam

15

0.080

2.13

0.43

Alpha = 0.05

Leaf tissue nitrogen content (% N) was not affected by the media in which the plant
was growing for most species (Figure 7.16 and Table 7.7), except for Pennisetum,
which had its highest % N in sand-gravel mesocosms, less % N in sand, and the
lowest % N in loamy-sand mesocosms.
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Figure 7.16. Comparison of differences between media in leaf tissue nitrogen content
compared species by species in August 2005, at 15 months after planting and during
the period of irrigation with synthetic stormwater. Different letters indicate that tissue
nitrogen content was significantly different between media for that species.

Table 7.7. Least significant differences to determine between-media differences in
tissue nitrogen content for a given species
Error Degrees Error Mean Critical Least Significant
of Freedom
Square
Value of t Difference (%N)

Species

Alpha

Banksia

0.05

6

0.03

2.45

0.31

Callistemon

0.05

9

0.11

2.26

0.53

Carpobrotus

0.05

9

0.09

2.26

0.47

Dianella

0.05

9

0.08

2.26

0.45

Pennisetum

0.05

9

0.02

2.26

0.25

Differences between leaves from enriched and non-enriched (control) mesocosms
harvested at the same time indicated that leaf tissue N content responded to the
nutrient status of the mesocosms (Figure 7.17). In 10 out of 15 cases, the leaves from
the non-enriched mesocosms had tissue N contents lower than the 95 % confidence
interval for the equivalent leaves from the enriched mesocosms. Leaf N content
reflected increased exposure to nutrients for most species except Banksia. Particular
exceptions were also the Carpobrotus and Dianella leaves from the loamy-sand
mesocosms, which showed no differences between enriched and non-enriched
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mesocosms.
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Figure 7.17. Comparison of differences in leaf tissue nitrogen (N) content between
enriched (n=4) and non-enriched mesocosms (n=1) for samples taken 15 months after
planting, August 2004. An asterix indicates that the non-enriched sample sits outside
the 95 % confidence interval for the enriched samples.

To determine if leaf tissue nitrogen content changed in response to the supply of
nutrients to the mesocosms, the leaf tissue nitrogen contents measured at 15 months
were then compared to leaf tissue nitrogen content at the conclusion of the experiment
at 30 months. Plant tissue %N measured in August 2004 during dosing (15 months
after planting) was significantly higher in most cases than plant tissue %N measured
in December 2005 (30 months after planting and 1 year after nutrient dosing ceased)
(Figure 7.18, Table 7.8). This was the case for all species except Banksia. Banksia
tissue %N did not change with either time or media. For most species, tissue N
content was almost twice as high in August 2004 as it was in December 2005. For
Pennisetum there was a significant statistical interaction between media and time.
Leaf tissue N content was significantly different in different media in 2004, but the
tissue N content converged to a lower value by December 2005.
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Table 7.8. Results from ANOVA comparing leaf tissue nitrogen content (% N) in
vegetation from bioretention mesocosms – August 2004 compared to
December 2005.

Species
Banksia

Callistemon

Carpobrotus

Dianella

Pennisetum

Source
Media
Time
Media*time

DF

Type III
SS

Mean
Square

F
Value

Pr > F

1

0.0003

0.0003

0.01

0.9176

1

0.0473

0.0473

1.72

0.2138

1

0.0541

0.0541

1.97

0.1859

Media
Time
Media*time

2

0.2029

0.1015

1.74

0.2031

1

2.1361

2.1361

36.72

<.0001

2

0.2120

0.1060

1.82

0.1903

Media
Time
Media*time

2

0.0609

0.0305

0.55

0.5862

1

1.7822

1.7822

32.2

<.0001

2

0.1801

0.0900

1.63

0.2242

Media
Time
Media*time

2

0.1249

0.0625

1.52

0.2461

1

2.3438

2.3438

56.94

<.0001

2

0.0042

0.0021

0.05

0.9501

Media
Time
Media*time

2

0.6297

0.3149

20.26

<.0001

1

3.6193

3.6193

232.88

<.0001

2

0.4358

0.2179

14.02

0.0002
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Figure 7.18. Differences in tissue nitrogen (N) content based on samples taken in
August 2004 and December 2005. An asterix * indicates that the effect of time was
significant. A hash # indicates that there was a significant time effect, but also an
interaction with the media effect, such that plant tissue % N that was initially
significantly different from each other converged to a similar value.
Table 7.9. Least significant differences to determine differences due to time of
sampling in tissue nitrogen content for a given species

Species
Banksia
Callistemon
Carpobrotus
Dianella
Pennisetum

7.5.4

Error
Degrees of
Alpha Freedom
0.05
12
0.05
18
0.05
18
0.05
18
0.05
18

Least
Error
Significant
Mean
Critical Difference
Square Value of t
(%N)
0.03
2.18
0.18
0.06
2.10
0.21
0.06
2.10
0.20
0.04
2.10
0.17
0.02
2.10
0.11

Nitrogen accumulation in plant tissues

The accumulation of nitrogen in above-ground plant tissues was calculated to
determine differences in nutrient accumulation between plant species and between
media types. Since the differences in tissue N concentration between species or
between media treatments are not very large, especially in comparison to the
differences in above-ground plant biomass, the mass of N in plant tissues closely
follows the total biomass of above- ground tissues (note the similarity between Figure
7.7 and Figure 7.19). The loamy-sand and sand mesocosms held a significantly
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greater mass of N in the above-ground plant tissues than the sand-gravel mesocosms
when the plants were harvested in December 2005.
Enriched mesocosms were compared with non-enriched mesocosms. The mass of N
held in above-ground biomass in the non-enriched mesocosms (one mesocosm for
each media type) was compared with the 95 % confidence interval surrounding the
means of the enriched mesocosms. The masses of N in above-ground biomass in the
non-enriched sand-gravel and sand mesocosms were lower than the confidence

Mass N in above ground biomass (mg)

interval for the equivalent enriched mesocosms (Figure 7.19).

14000
12000

Total - Enriched

10000

B

B

Total - Control

8000
6000
4000
2000

A

*
*

0
Gravel

Sand

Loam

Treatm ent

Figure 7.19. Mass of nitrogen in above-ground biomass of vegetation in bioretention
mesocosms at harvesting in December 2005. Different letters indicate that the mass of
nitrogen (N) in biomass was significantly different between enriched media (Alpha =
0.05, Error Degrees of Freedom = 9, Error Mean Square = 9428868, Critical Value of t =
2.26, Least Significant Difference = 4912) An asterix * indicates that the mass of N in
biomass measured in the non-enriched mesocosm sits outside the 95% confidence
interval for the equivalent enriched media. 95% confidence intervals for media as
follows (mg N): Sand-gravel = 747, Sand = 3822, Loamy-sand= 3464. Enriched media
n=4, non-enriched media n=1. Gravel denotes the sand-gravel mesocosms.

Similar to the comparisons of leaf tissue nitrogen content between species, the mass
of N in tissues of individual species was affected differently by different media.
There was a significant statistical interaction between media and species (Table 7.10).
To determine differences between species in the mass of N held, the differences had
to be examined one media at a time. The greatest quantity of nitrogen assimilated into
above-ground biomass was recovered from Callistemon. This mass of nitrogen
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represented 51% of the N from above-ground biomass in sand-gravel mesocosms, 82
% in sand, and 76 % in loamy-sand (Figure 7.20,Table 7.11). Pennisetum held the
next largest proportion of N, containing 17% of the above-ground N in the loamysand mesocosms, 13 % in the sand, and 39% in the sand-gravel mesocosms. Each of
the other species contained less than 6% of the N mass of all the above-ground
tissues.
Table 7.10. Results from ANOVA comparing mass of nitrogen in above-ground
biomass in different media and in different species
DF

Type III SS

Mean Square

F Value

Pr > F

Media

2

20134114.6

10067057.3

4.55

0.0159

Species

4

243792417.2

60948104.3

27.53

<.0001

Media*species

8

65989559.9

8248695

3.73

0.002

Mass N in above ground biomass (mg)
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Figure 7.20. Comparison of between species differences in mass of nitrogen (N)
recovered from the above-ground biomass for each filter media. Different letters
indicate significant differences between species for that media type. Gravel denotes
the sand-gravel mesocosms.
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Table 7.11. Least significant differences to determine differences between-species in
the mass of nitrogen contained in above-ground biomass for a given media
type

Species
Banksia
Callistemon
Carpobrotus
Dianella
Pennisetum

Least
Significant
Error
Degrees of Error Mean Critical Difference
(g)
Alpha Freedom
Square Value of t
0.05
6
9410
2.45
168
0.05
9
10887044
2.26
5278
0.05
9
18672
2.26
219
0.05
9
11209
2.26
169
0.05
9
147322
2.26
614

Callistemon was the most important plant nitrogen sink for all media types; yet it was
a more effective nitrogen sink in sand or loamy-sand media. The mass of N held by
Callistemon was significantly higher in loamy-sand or sand, than in sand-gravel. In
sand-gravel, Callistemon contained only 20% of the N that was held by Callistemon
tissues grown in sand or loamy-sand, significantly less (P < 0.05) (Figure 7.21 and
Table 7.12). There were also significant differences in the mass of tissue N of
Dianella grown in different media, but the contribution of this species to the total N
mass for each mesocosm was very small. Different media created no significant
differences in the mass of N held by plant tissues for Banksia, Carpobrotus or
Pennisetum.
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Figure 7.21. Comparison of differences in the mass of nitrogen (N)+ contained in the
above-ground biomass for each species differences grown in different media.
Different letters indicate significant differences between media for that species.

Table 7.12. Least significant differences to determine differences between species in
the mass of nitrogen (N) contained in above-ground biomass for a given
media type
Mass N per plant Alpha Error Degrees of Freedom Error Mean Square Critical Value of t Least Significant Difference
Sand-gravel

0.05

12

99532

2.13

475

Sand

0.05

15

3348506

2.13

2758

Loam

0.05

15

3194274

2.13

2694

7.5.5

Recovery of irrigated nitrogen in above-ground plant tissues

To determine the contribution of plant uptake to the removal of nitrogen from the
bioretention mesocosms, the mass of nitrogen irrigated onto each mesocosm (from
Table 7.13) was compared to the mass of nitrogen recovered in the above-ground
plant material (Table 7.13). Only above-ground biomass was measured, so the mass
of nitrogen held by plants is an underestimate of the quantity of nitrogen removed by
plants. The N removed by the mesocosms (row 2 in Table 7.13) was calculated by
multiplying the nutrient removal efficiency for each of the treatments as presented in
Chapter 4 by the mass of nitrogen loaded onto the mesocosms. Thus N removed by
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GV: 63 % x 57.62 g m-2 = 36.3 g m-2, N removed by LV or SV: 77 % x 57.62 g m-2=
44.37 g m-2. The calculation of N in above-ground biomass ((3) in Table 7.13) was
derived from the data for Figure 7.19, converted to a square metre basis by
multiplying the mesocosm data by 4, since the area of the mesocosms is
approximately 0.25 m2, 4 x 0.25 m2 = 1 m2. The mass of nitrogen in the seedlings ((5)
in Table 7.13) was subtracted from the above-ground biomass N to discount that
nutrient source that was not supplied to the mesocosms by irrigation. Finally the
proportion of nitrogen recovered in the above-ground biomass was calculated as a
proportion of the mass of nitrogen removed by the mesocosms (from Table 7.13, (5) /
(2) x 100 = % retained by plant biomass).
A very high proportion of nutrients removed by the mesocosms was retained in the
plant biomass. For the enriched loamy-sand and sand mesocosms this amounted to 78
% and 71 % respectively. In the non-enriched systems, recovery of nutrients in the
loamy-sand mesocosm was even higher than the expected nitrogen load removed by
this system. It is probable that the plants in this system derived some nitrogen from
the media itself.
Table 7.13. Mass of nitrogen in solutions irrigated onto each mesocosm and recovered
in above-ground plant biomass (enriched mesocosms n=4, non-enriched
mesocosms n=1)
Enriched Mesocosms
-2

Non-enriched Mesocosms

(g m )

LV

SV

GV

LV

SV

GV

1. N irrigated onto mesocosms

57.62

57.62

57.62

28.46

28.46

28.46

2. N removed by mesocosms

44.37

44.37

36.30

21.91

21.91

17.93

3. N recovered in above-ground
biomass

38.28

35.31

12.35

29.84

12.83

5.30

4. N in seedlings

3.49

3.49

3.49

3.49

3.49

3.49

5. N in above-ground biomass
minus N in seedlings

34.79

31.82

8.86

26.35

9.34

1.81

6. Proportion of N removed by
mesocosms that was recovered in
above-ground plant biomass

78 %

71 %

24 %

120 %

42 %

10 %
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7.5.6

Buildup of organic matter in bioretention media

The organic matter content throughout the profiles of the bioretention mesocosms
treatments was measured to determine if the organic content of the media was
affected by the media type, the presence of vegetation, or nutrient enrichment.
Samples of media taken throughout the profile were highly interdependent, meaning
their organic matter content was highly correlated to the strata either above or below
that being assessed. In unvegetated mesocosms, the organic matter content increased
slightly towards the bottom of the profile (Figure 7.22). In contrast, in vegetated
systems, more organic matter was present in the surface 30cm of the profile, than near
the bottom (Figure 7.22b and c). This difference was especially marked in the surface
layers of the vegetated loamy- sand, which had the highest proportion of organic
matter.
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Figure 7.22. Organic content of bioretention media profiles a) unvegetated sand and
loamy-sand, b) unvegetated and vegetated sand, c) unvegetated and vegetated loamysand (n=4 for each treatment)
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A split-plot ANOVA was run to test for differences in organic matter content between
the enriched media types of loamy-sand and sand, and between vegetated and
unvegetated media (Table 7.14). There were significant differences between media
types; loamy-sand contained more organic matter than sand (Table 7.15). There were
also significant differences between vegetated and unvegetated media; vegetated
media contained more organic matter than unvegetated media (Table 7.15). The
significant statistical interaction between media and vegetation illustrates that
vegetating the loamy-sand media increases the organic matter content more than
vegetating the sand media.
Table 7.14. Results from split-plot ANOVA testing for differences between organic
carbon content of different media, and vegetated and unvegetated media

Tests of Hypotheses Using the ANOVA MS for rep (media*veg) as an
Error Term
Source
DF ANOVA SS
Mean Square F Value Pr > F
Media
1
2.186
2.186
139.86 <.0001
Veg
1
1.322
1.322
84.61 <.0001
Media*veg 1
0.064
0.064
4.1
0.0657

Table 7.15. Summary of means from split-plot ANOVA

Media
L
L
S
S

Veg
NV
V
NV
V

Mean (%)
0.406
0.654
0.190
0.348

Std Dev (%)
0.076
0.175
0.030
0.072

To investigate if organic matter builds up in the bioretention media as a consequence
of enrichment, the organic matter content throughout the profiles of enriched and nonenriched mesocosms were compared. A 95 % confidence interval surrounding the
means of the enriched mesocosms was calculated. If the organic matter content of the
media from non-enriched mesocosms lies outside this 95 % confidence interval, it is
considered to be significantly different from the enriched media (Figure 7.23 and
Figure 7.24). Interestingly, the organic matter content of enriched sand (S-En) was
significantly higher than non-enriched Sand (S-C) throughout the middle of the
profile, but there was no significant difference at the top and bottom. There were no
consistent differences between the organic matter content of the enriched loamy-sand
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(L-En) and the non-enriched loamy-sand (L-C). The vegetated, enriched sand
mesocosms (SV-En) had organic matter contents significantly higher than the
vegetated, non-enriched sand (SV-C) throughout most of the profile. Vegetated,
enriched loamy-sand mesocosms (LV-En) were similarly different to vegetated, nonenriched loamy-sand mesocosms (LV-C) throughout most of the profile.
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Figure 7.23 Organic matter content in the media throughout the profile of enriched
(n=4) and non-enriched mesocosms (n=1) – a) sand, b) loamy-sand
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Figure 7.24. Organic matter content in the media throughout the profile of enriched
(n=4) and non-enriched mesocosms (n=1) – a) vegetated sand, b) vegetated loamysand.

7.5.7

Moisture content through the bioretention media profile

The moisture content of the media was measured throughout the profile at the same
time as the organic matter samples were taken. The moisture content of the
bioretention media increased down the profile in all treatments (Figure 7.25). At the
time of sampling, 7 days had elapsed since the mesocosms were last irrigated with
approximately 40 litres of tap water per mesocosm, and no rain had fallen during
those 7 days. More moisture was found in the loamy-sand media than the sand media
in the top 50cm of the profile. Towards the bottom of the profile all media types
converged towards a similar value.
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Figure 7.25. Moisture content of media profiles in bioretention mesocosms (n=5 for
each treatment)

7.6 Discussion
7.6.1

Effect of media type on plant growth, biomass and nutrient accumulation
in mesocosms

The above-ground biomass of the vegetation was much higher in sand and loamysand compared to sand-gravel, indicating that a 20cm layer of sand above the gravel
profile was insufficient to maintain good plant growth. The type of media in the
mesocosms also significantly affected the quantity of nutrients that accumulated in
plant tissues. Vegetation growing in loamy-sand or sand accumulated a much higher
mass of nitrogen in the plant biomass than plants growing in the sand-gravel
combination. The mass of nitrogen recovered from vegetation in the loamy-sand and
sand respectively was 38.28 and 35.31 g m-2, compared to 12.35 g m-2 recovered from
vegetation growing in sand-gravel. Vegetation growing in gravel can accumulate
very high quantities of nutrients if the vegetation is exposed to solutions of high
nutrient concentrations frequently for extended periods. This is the case for the high
biomass accumulation in the vegetation of wastewater wetlands. Many examples of
this have been documented (Greenway 1997, Greenway 2003, Greenway 2005,
Browning and Greenway 2003, Brix 1997, Tanner 2001b, Bolton and Greenway
1997).
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An important difference between stormwater and wastewater environments is the
short contact time between the vegetation and the nutrient solution, limited to the
duration of rainfall. This contact time is even shorter in freely draining media such as
gravel compared with the more slow draining media such as loamy-sand. The large
pores of gravel media retain very little water by capillary action in comparison to fine
media such as loamy-sand (White 1997). Consequently, less water is held in the
media of sand-gravel mesocosms, which resulted in the plants being exposed to a
smaller quantity of nutrients and having less water to support plant growth. The
media of the loamy-sand and sand mesocosms are able to retain water by capillary
action even after flow has ceased, therefore the volume of the plant-usable water and
exposure to water-associated nutrients is increased relative to the sand-gravel
mesocosms.
The particle size of the media influences the growth and accumulation of nutrients by
plants. Particle size is inversely related to the surface area (White 1997). Media with
smaller particle sizes such as loamy-sand and sand have a much greater surface area
than large particles such as gravel. Increases in surface area correspond to increases in
sorption capacity (Atalay 2001). A larger surface area also has the potential to
support a larger population of microbial biofilms (Zhang 1995). Therefore, nutrients
may be retained in finer media through a greater sorption capacity or a greater
population of microbial biofilms. Both of these mechanisms have the ability to retain
nutrients in the media, thus increasing the opportunity for vegetation to take up
nutrients. Thus it is thought that the greater growth and greater accumulation of
nitrogen in the vegetation growing in loamy-sand or sand media is due to the
enhanced availability of water and nutrients in these media relative to sand-gravel.
The moisture content of the loamy-sand was higher than the sand media and this
confers some benefits to the filter media. The ability of the loamy-sand media to
retain moisture may increase the nutrient removal efficiency of this media. In the
loamy-sand the plant biomass was higher, the recovery of nutrients in the vegetation
was higher, and the organic content of the media was higher than the sand media. The
ability of the loamy-sand to retain more moisture is a key factor in the suitability of
the media for plant growth. Plant growth was less limited by moisture and therefore

218

Chapter 7. Nutrient Uptake by Vegetation and Organic Matter Accumulation

the vegetation in the loamy-sand systems was able to produce more biomass and
hence remove more nitrogen from the filter media.
7.6.2

Effect of plant species on biomass and nutrient accumulation

An important finding regarding plant growth was that some species can accumulate
biomass much more rapidly than others, and this in turn affects their potential to act as
a nutrient sink within the bioretention mesocosms. Callistemon was the most
vigorously growing species, and for each mesocosm its biomass was greater than the
biomass of the other four plant species combined.
Pennisetum had the next largest biomass, and the other species contributed very little
to the overall biomass. The relative success of Callistemon can be attributed to 1)
vigorous growth, 2) tolerance of drought, 4) tolerance of low-nutrient conditions.
Pennisetum grew vigorously, but died back quickly in hot and dry weather, or when
nutrients were restricted.
Most of the nutrients captured by the vegetation were recovered in Callistemon
tissues. Since differences in biomass between species were much more pronounced
than differences in tissue % N, standing biomass was a better measure of success as a
nutrient bioaccumulator. Consequently Callistemon was the plant responsible for the
accumulation of the largest proportion of nutrients in the standing biomass (51 to 82
%). All the other species were responsible for a much smaller proportion of nutrient
accumulation.
7.6.3

Effect of nutrient availability on plant biomass and tissue nitrogen
concentration

Plant growth in all systems responded to nutrient availability. Two key trends
identified in the data analyses indicate that plant growth was limited by nutrient
availability. Firstly, the vegetation increased in size consistently during the period
when the mesocosms were regularly irrigated with synthetic stormwater. After
irrigation with synthetic stormwater ceased, the vegetation ceased to grow and in
some cases even decreased in size, suggesting that plant growth and biomass
maintenance was limited by lack of nutrients. Secondly, the vegetation harvested
from the enriched mesocosms had significantly greater biomass than the vegetation
harvested from the non-enriched mesocosms.
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Leaf tissue nitrogen increased in response to nutrient availability and decreased in
response to nutrient scarcity. This was illustrated when the nitrogen content of the
leaves increased during the period when the mesocosms were regularly irrigated with
synthetic stormwater. The leaves sampled during this time had a significantly higher
nitrogen content than leaves sampled from the same plants one year later, at which
time the mesocosms were being watered with tap water only. The response in leaf
tissue nitrogen to nutrient availability was also illustrated by the differences in
nitrogen content of leaves from the enriched and non-enriched treatments. Leaves
from the enriched mesocosms had significantly higher nitrogen content than those
from the non-enriched mesocosms. In addition, the nitrogen content of leaves for
each of the five species tested did not differ significantly between species. Therefore,
the ability of these plant species to act as a nutrient sink depends largely on
differences in plant growth rather than differences in leaf tissue nitrogen content.
The bioretention mesocosms represented a nutrient poor environment for the
vegetation. Leaf tissue N was very low in all species, between 0.5 and 2 % in all
cases. Pennisetum tissue content was between 0.7 – 1.8 %, below the critical
concentration of 2 % N that identifies nitrogen deficiency in pasture grasses
(Pinkerton et al. 1997), and Banksia tissue content was between 0.7 – 0.9 %, less than
the range of 1 – 1.14 % N for Banksia integrifolia (Price et al. 1997) in their natural
environment. The leaves of all species were pale green to yellow throughout the
length of the experiment, indicating chlorosis due to nitrogen deficiency (Grundon et
al. 1997, Salisbury and Ross 1992). Such nutrient deficiency suggests that the plants
have a further capacity for nutrient uptake, and would be able to assimilate a greater
nutrient load if available, than the conditions of the experiment.
Huett et al. (2005) report on an experiment where the grass Phragmites australis was
used in wetland mesocosms to filter nutrients from nursery effluent (10mg l-1 N, 0.58
mg l-1 P). They found that leaf tissue N concentrations were low (0.81 % N, 0.053 %
P), and were also well below the critically low composition for grass growth (2 % TN,
0.2 % TP, Pinkerton et al. 1997), indicating that plant nutrient uptake was limited by
the concentrations of nutrients that the plants were exposed to in their experiments.
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7.6.4

Nutrient uptake by vegetation

The role of the nutrients in the irrigated solutions as a source of nitrogen from the
vegetation is highlighted by the differences in biomass nitrogen between the enriched
and non-enriched systems of sand and sand-gravel media (Figure 7.19). The
significant differences in tissue nitrogen between the enriched and non-enriched
mesocosms demonstrated that the vegetation in the enriched mesocosms relied on the
nutrients in the irrigated solution for a large component of their nutrient supply.
Not all of the nitrogen in the plant biomass is expected to have been derived from the
solutions irrigated onto the mesocosms. For example, the vegetation in the nonenriched loamy-sand mesocosm contained more nitrogen than was irrigated onto this
mesocosm. In this case the plants must have sourced nitrogen from the media in
addition to the nitrogen that was irrigated in solution. For loamy-sand there was no
significant difference in vegetation biomass nitrogen between the enriched and nonenriched systems. The lack of significant difference for the loamy-sand suggests that
the media was a source of nutrients in addition to the irrigated stormwater.
When the mass of nitrogen recovered in above-ground biomass was compared to the
mass of nitrogen removed from stormwater by the mesocosms, it appeared that most
of the nitrogen removed from the solutions irrigated onto the mesocosms could have
been assimilated by the vegetation in the mesocosms. The above-ground biomass of
plants in loamy-sand and sand mesocosms contained 78 % and 71 % respectively of
the mass of nutrients removed from all the water that was irrigated onto the
mesocosms. These figures are an underestimate of the nutrients assimilated by the
vegetation because only those nutrients in the above-ground tissues were accounted
for. Therefore, plants will be responsible for the removal of an even greater
proportion than 78 % or 71 % for the loamy-sand and sand mesocosms respectively.
Ultimately, the vegetation in the bioretention systems may be responsible for the
removal of all of the nutrients removed from solution by the mesocosms.
The extent to which nutrient accumulation was underestimated by sampling only
above-ground tissues was assessed by reviewing other studies that compared the
proportion of nutrients held by above and below ground plant tissues. The proportion
of plant tissue nutrients partitioned above and below ground is variable in different
221

Chapter 7. Nutrient Uptake by Vegetation and Organic Matter Accumulation

species and different growing environments. For example, Phragmites grasses in a
subsurface flow wetland treating nursery effluent held a very high proportion of
nitrogen and phosphorus below ground. 58% of the nitrogen and 67% of the
phosphorus was recovered from the root tissues (Huett et al. 2005). For Melaleuca
trees growing in a subsurface flow wetland treating wastewater, the proportion was
even greater, with root tissues holding 27 – 39% nitrogen, and 48 – 50% phosphorus
(Bolton and Greenway 1997). In contrast, in a study of four species of sedges in a
subsurface flow wetland treating wastewater, the below-ground portion held less than
20% of the tissue nitrogen and phosphorus (Browning 2003). Therefore, given that
the above-ground to below-ground proportion varies widely and without direct
evidence, it is not possible to predict what proportion of nutrients were held below
ground in the bioretention mesocosms.
The role of plants in removing nutrients should not be based on standing biomass
alone. Different plant species contribute differently to rhizosphere microbial
processing, which is also an important process in nutrient removal in bioretention
systems. Microbial uptake was important for the removal of nutrients from
stormwater in experiments reported in Chapter 6. Similarly, Lin and Jing. (2002)
found that different species of plants promoted different rates of nutrient removal due
to the influence of plants on microbial processes. Mesocosm wetlands planted with
certain species differed in their potential for denitrification, presumably due to the
ability of specific species to produce carbon that supported the microbial activity
responsible for denitrification. Similarly, some species contribute less to the standing
biomass, but have greater rates of litterfall. This was reported Bolton and Greenway
(1999) when comparing different species of Melaleuca. Litterfall can contribute to
nutrients being immobilised as they build up as organic matter builds up in the media.
7.6.5

Contribution of plant uptake to nutrient removal in bioretention
mesocosms

The nutrients that accumulated in the above-ground plant biomass account for most of
the nutrients removed by the mesocosms, up to 78 % (Table 7.13). These calculations
suggest that plant tissue nutrient accumulation is an important nutrient pathway in
stormwater bioretention systems. The proportion of the nutrients stored by the
vegetation in the bioretention mesocosms was much higher than wastewater systems
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such as those reported by Tanner (2001b), who attributed only 6 – 11 % of TN and 6
– 13 % of TP removal to storage in live plant tissues. This discrepancy can be
explained as follows. The high nutrient loadings of wastewater treatment systems can
exceed the uptake capacity of the vegetation, whereas in the comparatively lower
nutrient loads experienced in stormwater systems the nutrient accumulation by
vegetation can account for much of the nutrients removed.
Comparisons of the uptake rates of the vegetation in the mesocosms with other
wetland systems (Table 7.16) suggest that the uptake rates observed in the mesocosms
are equivalent to uptake by Phragmites grass in the subsurface flow wetlands
measured by Huett et al. (2005), or the Melaleuca trees measured by Bolton and
Greenway (1997), sedges measured by Tanner (2001a), and the uptake of nutrients in
solution by fertigated sugar cane (Thorburn et al. 2003). Plants in some environments
were capable of uptake rates two to three times greater – the subsurface flow wetlands
of Greenway and Woolley (2000), and Browning 2003, and the wastewater irrigated
pasture grasses measured by Barton et al. (2006a). The nutrient loads in these two
latter systems were four to ten times higher than the nutrient loads of the bioretention
mesocosms.
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Table 7.16 Comparison of nutrient accumulation in above-ground biomass with other vegetated environments treating wastewater
Environment

N Load

N accumulation in aboveground biomass

P Load

P accumulation in aboveground biomass

g N m-2 y-1

g N m-2 y-1

g P m-2 y-1

g P m-2 y-1

3.03

-

Henderson, this thesis

1.96

0.2 – 0.3

Huett et al. 2005

Author

3.5 (GV)

Shrubs and grasses in biofiltration mesocosm treating low conc.
synthetic stormwater. Table, N in above-ground biomass after 2.5
years divided by 2.5 to give a yearly basis

37.74

Phragmites in SSF Wetland treating low conc. nursery effluent

33.55

2 – 4.5

Sugar Cane receiving daily fertigation

8 – 24

4.0 – 15.5

Pasture grasses irrigated with wastewater

40

18.5 – 43.7

15

0.4 – 8.8

Barton et al. 2006a

Melaleuca spp. in subsurface flow wetlands treating wastewater

141

6.1 – 14.8

101

1.2 – 2.7

Bolton and Greenway
1997

Schoenoplectus in subsurface flow wetlands treating wastewater.
One growth season

430 – 2400

8 – 15

73 – 440

0.5 – 1.5

Tanner 2001a

Typha, Eleocharis, and Schoenoplectus in subsurface flow
wetlands treating wastewater

135

8.4 – 30.6

127

2.0 – 8.7

Greenway and Woolley
2000

880 – 960

14.0 – 58.1

233 – 240

3.0 – 4.5

Browning 2003

Baumea, Carex, Phylidrum and Schoenoplectus in subsurface
flow wetlands treating wastewater

12.7 (SV)
13.9 (LV)

Thorburn et al. 2003
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7.6.6

Buildup of organic matter in the filter media

The buildup of organic matter in the media of the bioretention mesocosms indicates
that nutrients may also accumulate as recalcitrant organic matter within the filter
media. Enriched media contained more organic matter than non-enriched media,
indicating that some of the nutrients added to the mesocosms were transformed into
organic matter and thence remained trapped in the media. In unvegetated media, the
source of the organic matter buildup could be either microbial biomass, or the buildup
of organic matter due to sorption of organic compounds in the synthetic stormwater to
the mineral surfaces of the media (Kahle et al. 2004, Marschner and Kalbitz 2003).
More organic matter accumulated in vegetated mesocosms than unvegetated
mesocosms, demonstrating that vegetation increases the buildup of organic matter in
the filter media relative to unvegetated systems. Tanner (2001b) reports that 1.6 to 6
times more organic matter accumulated in the media of vegetated filters compared to
unvegetated filters. Accumulated organic matter in the media also contained twice
the mass of N that was held by dead and living standing biomass. Thus he concluded
that uptake was a small nutrient sink, and important for nutrient sequestration and
transformation into accumulating organic matter, which represents a larger nutrient
sink. Research by Menzies et al. (1999) indicated that the largest P sink in effluentirrigated pasture was the soil organic matter/peat layer.
Organic matter accumulation can arise from the shedding of root cells or the death of
roots. If the microbial population is enhanced in the rhizosphere, microbial turnover
and the resultant buildup of microbial material will also be increased in vegetated
media in comparison to unvegetated media. Plant roots also excrete enzymes and
carbohydrates into the rhizosphere soil (Hallet et al. 2003), and the by-products of the
decomposition of these compounds can also remain in the media, or may sorb to the
mineral surfaces. Accumulating organic material may also be derived from litterfall
(Kerek et al. 2002).
Such accumulation of organic matter in the media has the benefit of increasing the
microbial population of the filter media. Kerek et al. (2002) found that organic matter
such as plant and root fragments and debris accumulated in the sandy soils of golf
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greens over time. The accumulation of plant derived organic matter was associated
with an increase in microbial biomass growing on the organic matter since microbial
biomass increased 7-fold over 25 years. Humic and fulvic substances were formed
from the microbial metabolites and accumulated in the soil with time. Organic matter
increases the cation exchange capacity and water holding capacity of soil, which can
decrease the risk of nutrient leaching (Habeck and Christians 2000 in Kerek 2003).
Kerek et al. (2003) found that older golf greens, with a higher organic matter content
had a smaller potential for leaching of fertiliser N, than newer golf greens with a less
developed profile containing less organic matter. Microbial biomass also increases as
the organic matter in the soil profile increases with age (Kerek et al. 2002), buffering
any nutrient leaching from the soil with the increased microbial uptake capacity.
7.6.7

Implications of research results for bioretention system design and
management

This chapter identified the important role that vegetation plays in the removal of
nutrients from stormwater. Plant uptake appears to be a substantial sink for nutrients
in stormwater bioretention systems, as does the deposition of organic matter within
the media. Maximising the growth of vegetation will have the effect of maximising
the potential for nutrient removal via these pathways. Towards this goal the following
recommendations are made regarding plants:
•

Select vigorously growing species and plant densely to maximise the potential
for nutrient removal to the standing biomass, and to maximise the rhizosphere
effect of the vegetation.

•

Choose drought tolerant species suited to sandy, free-draining soils.

•

Use sandy soils such as loamy sand as filter media. Loamy-sand is better than
sand due to its greater water holding capacity, which is important for plant and
microbe growth and survival in drier areas. Loamy-sand also has a greater
capacity for organic matter accumulation as a consequence of better plant and
microbe growth in this media.

•

Consider the microclimate of the site to create ideal growing conditions for
plants and to protect plants and microbes from stresses such as desiccation and
extremes of temperature. Considerations include ensuring a good canopy
cover and ensuring that the media surface is covered by a non-buoyant mulch
or groundcover.
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•

Do not add organic matter to the media but allow it to build up naturally.
Organic matter deposited in the filter media by plants has many advantages for
the plant growth and other nutrient removal processes – it improves microbial
growth (Kerek et al. 2002), it increases the number of cation exchange sites
and increases the water holding capacity of the soil (Tate 1987), and it
stabilises the soil aggregates against wetting stress and helps maintain porosity
(Hallet et al. 2003). However, organic matter should be allowed to build up
naturally to reduce the risk of mineralised nutrients leaching from the filter,
and to maximise the potential for nutrient removal via organic matter
accumulation.

7.6.8

Experimental limitations and future research recommendations

Harvesting was limited to the above ground portion of plants. Further research is
required to fully account for the nutrients accumulated in plant roots. It is expected
that such work will be extremely time consuming due to the difficulty in separating
fine root fragments from fine soil particles.
Litter may represent an important nutrient sink in bioretention systems but litterfall
was not measured during this research. Biomass trials for selected species, including
measurements of litterfall would permit a more accurate estimation of plant uptake,
and the contribution of each species to litterfall.
The understanding of nutrient removal by plants in bioretention systems would be
advanced by research in the following areas:
•

The fate of nutrients in stormwater should be verified by further research using
stable N and radioactive P isotopes. Isotopes could be traced from the
stormwater through to the organisms responsible for their removal i.e. to the
vegetation or the media. The detection of nutrient isotope signatures in the
plant, microbe or soil at different times will indicate the relative dominance of
each pathway at different timescales.

•

Trials to identify any limiting micronutrients for plant growth would prove
informative, because if micronutrients were limiting plant growth, these could
be added to the bioretention systems to increase N and P uptake (an adaptation
of an idea by Barton et al. 2005 for pasture irrigation by wastewater).
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•

Soil amendments that increase the water holding capacity of the media should
be tested to see if they confer a benefit to plants in dry conditions without
interfering with solute transport or nutrient removal.

•

Long term studies focussing on organic matter accumulation are needed to
clarify nutrient removal via this pathway. Measuring the nutrient content of
accumulated soil organic matter and the rate of organic matter accumulation
would permit an estimation of the potential for nutrient removal by this path.
Studies that focus on organic matter accumulation buildup over a longer
duration of 10 to 20 years are needed. This research could also identify what
nutrients are retained in organic matter, and whether these nutrients are
derived from microbial or plant material.

7.7 Conclusions from Chapter 7
The vegetation in bioretention systems appears to be a very important nutrient sink.
The recovery of nitrogen in above-ground plant tissues accounted for as much as 78%
of all the nitrogen removed by the bioretention mesocosms throughout their life.
Though it has been demonstrated that microbial uptake can be responsible for the
removal of most of the nutrients from stormwater (as demonstrated in Chapter 6),
permanent nutrient removal by microbes is limited by their ability to retain nutrients
in their cells for extended periods, which may be as little as hours to days. The
comparatively longer lifespan of plants gives vegetation the ability to function as a
nutrient sink over a time frame that is sufficiently long to ensure that nutrients are not
quickly returned to the water column.
The ability of vegetation to accumulate nutrients is dependent on the ability of
vegetation to access nutrients and moisture. The growth of vegetation was better in a
loamy-sand or sand media than in the gravel mesocosms that had only a shallow
planting layer of sand. The greater water holding capacity of the finer grained media
such as loamy-sand and sand gave the vegetation in these systems a longer period of
access to moisture and nutrients and thus facilitated greater nutrient removal.
Different species also differ in their ability to extract nutrients from filter media. The
most vigorously growing species, Callistemon, held a much larger proportion of
nutrients in its plant tissues than the other four species combined. Therefore nutrient
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removal is best promoted by the combination of two things: (i) a filter media that is
the most appropriate for good plant growth while still meeting other functional criteria
important for bioretention such as the appropriate hydraulic conductivity and a low
proportion of the decomposable soil organic matter, and (ii) species of vigorously
growing vegetation that have the ability to rapidly extract nutrients from the media.
Thus the suitability of the media for plant growth should be an important
consideration when designing bioretention systems.
A second important nutrient sink is likely to exist in stormwater bioretention systems.
Nutrient enrichment was found to lead to an increase in the organic matter content of
the filter media. Some of the nutrients taken up by soil microbes and vegetation are
transformed into recalcitrant organic matter that builds up in the filter media. The
importance of such accumulation of organic matter as a nutrient sink is supported by
other researchers whose work indicated that organic matter accumulation was the
largest nutrient sink in other vegetated water treatment systems. The research reported
in this chapter therefore highlights the accumulation of nutrients in the filter media of
stormwater bioretention systems as a deserving and fruitful area of further
investigation.
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8 General Discussion and Recommendations

8.1 Overview of Chapter 8
On the basis of the research conducted of this thesis, the understanding of the nutrient
removal pathways in stormwater bioretention systems has been substantially
improved. The results of the data chapters were integrated to update the conceptual
model of bioretention system function initially presented in Chapter 1. Consequently
two new conceptual models are presented and discussed to highlight the different
processes at work in vegetated and unvegetated systems. An overview of nutrient
processing in vegetated and unvegetated systems is then presented. The new
conceptual models incorporate the importance of media equilibrium concentration on
nutrient removal by sorption processes, and the rapid removal of nutrients by soil
microbes. The important effect of vegetation is emphasised: the immobilisation of
nutrients in vegetated media contrasts with the mineralisation of nutrients in
unvegetated media.
The conceptual models are followed by a detailed discussion of the removal pathways
identified for each of the nutrients investigated. The removal processes for each of
the seven nutrients investigated is discussed individually as the pathways vary
depending on the chemical composition of the nutrients. The pathways discussed are
mineralisation, nitrification, denitrification, and immobilisation by microbes and
vegetation. For each of these five processes, nutrient transformation and removal
rates were drawn from other research to provide the first estimates for the rates of the
nutrient processing in stormwater bioretention systems. Bioretention system design
and management recommendations are summarised and the key advancements from
the thesis in the scientific knowledge of bioretention systems are discussed.
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8.2 Conceptual models for nutrient removal in stormwater bioretention
systems
Research conducted to date on stormwater bioretention systems has largely been
founded on theories that oversimplified nutrient removal processes. The basis of
previous bioretention system research as discussed in Chapter 1 was that nutrients
were removed by:
•

Sorption to, or precipitation in the media,

•

Microbial transformation of organic N to nitrate, or organic P to PO4, followed
by plant uptake

•

Nitrate compounds were denitrified to nitrogen gas

On the basis of this thesis research, the conceptual model presented at the beginning
of the thesis (Chapter 1) can be modified and updated. Due to the strong influence of
vegetation on nutrient processing, separate conceptual models are presented here for
unvegetated and vegetated bioretention systems.
8.2.1

Nutrient removal in unvegetated bioretention systems

The following text summarises the conceptual model for unvegetated bioretention
systems (Figure 8.1). Whereas previous work in bioretention systems assumes that
sorption is an important nutrient removal pathway (discussed in Chapter 2), the
sorption experiments in Chapter 5 demonstrated that sorption was not a nutrient
removal pathway in unvegetated bioretention systems after a period of enrichment.
Prior regular exposure of the filter media to stormwater-equivalent concentrations of
nutrients had raised the equilibrium concentration of the media such that the media
was no longer capable of sorbing any more nutrients.
Microbial uptake experiments in Chapter 6 demonstrated that microbial uptake was
responsible for removing considerable nutrients in the short term. For retention times
under 24 hours up to 100% of nutrients were removed depending on nutrient type and
treatment. Therefore it seems that microbial uptake of nutrients can be an important
nutrient removal pathway rather than a pathway that simply mineralises organic
compounds.
Trapped nutrients are not held within unvegetated filter media for long. Cell turnover
and lysis occurs as microbial resources are exhausted, nutrients become limiting to
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growth and desiccation results in the lysed cell products leaching from the media
when it is next flushed with water. Organic N compounds held by the filter media are
also mineralised during the inter-event interval resulting in elevated concentrations of
nitrate flushing from the filter when it is next flushed with water. Mass balances
conducted during mesocosm nutrient removal efficiency testing (Chapter 4) show that
very little nitrogen is removed by unvegetated bioretention systems, suggesting that
denitrification is not an important nitrogen removal pathway.
More organic matter had accumulated in bioretention systems that had been regularly
dosed with stormwater, suggesting that some organic matter builds up in the filter
media and that this may be a sink for stormwater nutrients (Chapter 7).
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Figure 8.1 Updated conceptual model of unvegetated bioretention system function

8.2.2

Nutrient removal in vegetated bioretention systems

The conceptual model for vegetated bioretention systems is presented in Figure 8.2,
and summarised by the following text. The presence of vegetation in bioretention
media increases microbial populations and activity. This was demonstrated by the
results from Chapter 6, which showed that both microbial biomass and uptake was
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higher in media taken from vegetated bioretention mesocosms compared to
unvegetated systems. Microbial uptake of nutrients in vegetated bioretention systems
was sufficient to explain the removal of most of the nutrients removed during the
mesocosm nutrient removal efficiency testing (Chapter 4).
Vegetated bioretention systems retain the nutrients that were removed from
stormwater, whereas in unvegetated systems large quantities of soluble nutrients are
flushed from the media after an inter-event dry period (this was assessed during
experiments discussed in Chapter 4). Nutrient retention by the vegetated systems
indicates that the mineralised nutrients were taken up by the vegetation and soil
microbes before they could be flushed from the media. Mass balances indicate that
the majority of the nitrogen irrigated onto the bioretention systems was recovered in
the vegetation (these results are presented in Chapter 7). It is proposed that plant
rhizodeposits support microbial production by providing a source of labile carbon and
thus alleviating a carbon limitation on microbial growth and uptake.
Contrary to the assertion of some researchers (i.e. Kim et al.2003, Zinger et al.2007),
denitrification is not considered to be a major nutrient removal pathway for nitrogen.
Appropriate conditions for denitrification do exist in vegetated bioretention systems,
these being: alternating oxidising and reducing conditions in the media, labile carbon
from plant rhizodeposits, and a supply of nitrate. Despite this, denitrification rates are
limited by the availability of nitrate (discussed further in section 8.4), and nitrate
makes up only a small proportion of TN in stormwater. The supply of nitrate in
addition to that available in stormwater is controlled by relatively slower
mineralisation rates.
The accumulation of organic matter in the filter media was more pronounced in the
vegetated than the unvegetated bioretention systems (Chapter 7). It is thought that the
organic matter accumulation was a result of the deposition of dead plant root cells and
dead, recalcitrant microbial material.
Sorbed nutrients can be removed from the mineral or organic soil surfaces by both
plants and microbes, thus restoring the sorption capacity of the media. Using PO4 as
an example, plants and soil microbes take up PO4 when the solution PO4
234

Chapter 8. Discussion and Recommendations

concentration is below the equilibrium concentration of the soil (Olander and
Vitousek 2004). This is supported by the findings of Hsieh et al. (2007), who
reported that the PO4 sorbed to bioretention media was bio-available. The removal of
PO4 ions from solution changes the chemical equilibrium between solid and liquid
phases of the soil solution, causing PO4 ions to desorb from the mineral surfaces, and
reducing the equilibrium concentration (EC0) of the media (discussed in Chapter 5).
Thus plants and microbes can partially restore the sorption capacity of the filter
media.
Plants and microbes can also access PO4 that is bound in Ca-PO4 complexes such as
apatite. Microbes, which are especially active in the root zone of plants, stimulate
PO4 release by producing organic acids that cause the dissolution of Ca-PO4
compounds (Alexander 1961). The activity of plants and soil microbes can also
release PO4 bound in iron (Fe) and aluminium (Al) oxides and oxyhydroxides. Since
plants secrete organic compounds that promote metabolism and respiration by
rhizosphere microbes, the activities of the plants and microbes thus act to create
reducing conditions in the soil. The reducing conditions cause the dissolution of Fe
and Al oxides and oxyhydroxides (Phillips 2001) and the consequent release of PO4,
which is then available for plant or microbial uptake. Thus, plants and microbes act
indirectly to partially restore the sorption capacity of the filter media.
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Figure 8.2 Updated conceptual model for vegetated bioretention systems
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8.3 Probable removal pathways of nutrients in vegetated bioretention
systems
The most likely nutrient removal pathways for all of the nutrients that were
investigated are discussed below in light of the research results. Nutrient removal
pathways for different nutrients differ depending on the chemical of interest. Firstly
the removal of the bioavailable inorganic nutrients (NO3, NH4, PO4) is discussed,
followed by the transformation and removal processes that affect the dissolved forms
of organic nitrogen, organic phosphorus and organic carbon.
8.3.1

Inorganic nutrients (NO3, NH4, PO4)

The microbial uptake rates in media taken from vegetated mesocosms (measured in
Chapter 6) were sufficiently high to explain the bulk of the nutrients removed from
stormwater by vegetated bioretention mesocosms (measured in Chapter 4). Thus it is
concluded that the dominant inorganic nutrient removal pathway in the first 24 hours
after exposure to stormwater is microbial uptake. The role of microbes is very
important in nutrient retention because the quantity of nutrients that can taken up by
vegetation in 24 hours is limited by the slow uptake rates of vegetation (discussed in
detail in 8.3.4), and only a very small proportion of inorganic NH4 or PO4 in
stormwater will sorb to the filter media (discussed in Chapter 5).
Nutrients captured by microbes are not retained for very long because of the relatively
weak ability of microbial cells to withstand disturbances such as predation and
dessication, in comparison to vascular plants. Thus the lifespan of microbial cells is
short, on average lasting only hours to days (Atlas and Bartha 1998). When microbial
cells turnover, the cell contents can be rapidly mineralised by other microbes and the
inorganic nutrients released become available for plant uptake (Kaye and Hart 1997,
Yevdokimov and Blagodatsky 1993). Thus, although microbes compete very strongly
for nutrients in the short term, plants are able to compete again and again as each
generation of microbes turns over (Lipson and Nasholm 2001, Andresen and
Michelsen 2005, Kaye and Hart 1997). Thus at timescales longer than days, plant
biomass becomes the dominant nutrient sink for inorganic nutrients.
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8.3.2

Organic nitrogen and organic phosphorus

The dominant removal pathway for organic nutrients for the first 24 hours after
exposure to stormwater is probably sorption to mineral or organic surfaces in the
media, and to the surface of biofilms. The sorption experiments in Chapter 5 showed
that dissolved organic matter was easily extracted from the media. Therefore, the
sorption reactions are thought to be non-covalent interactions, easily reversible and
controlled by diffusion gradients (Chang et al. 1997, Shih and Wu 2002 in Hong et
al., Davis et al. 2006). In the presence of microbes, these organic compounds are
quickly mineralised and become available for plant or microbial uptake. Once
mineralised, the inorganic nutrients follow the removal pathways outlined in 8.3.1.
8.3.3

Organic carbon

Despite large differences in nitrogen removal between vegetated and unvegetated
mesocosms as measured in Chapter 4, i.e. 77 % of total nitrogen removal in vegetated
loamy-sand compared to only 25 % removal in unvegetated loamy-sand, there was
very little difference in carbon removal between vegetated and unvegetated
mesocosms, i.e. 50 % removal in LV v. 66 % in L (results from Chapter 4). Organic
carbon was the only nutrient that had higher removal rates from unvegetated
mesocosms than vegetated mesocosms. This suggests that the presence of vegetation
may be contributing to the organic carbon load in the effluent of vegetated
mesocosms. Considering that vegetation produces its own carbon, vegetation is
unlikely to be a removal pathway. Interestingly, although media from vegetated
mesocosms had higher measure of microbial biomass (Chapter 6), the removal of
carbon from stormwater did not correlate with microbial biomass, suggesting that
organic carbon in stormwater was not removed by microbial uptake. The likely
removal pathway for the organic carbon in stormwater is therefore likely to be an
abiotic or chemical process such as sorption, in combination with microbial
respiration. The use of the organic compound toluene as a microbial inhibitor in the
sorption experiments confounded the measurement of sorption results for organic
carbon, and as a consequence the sorption results cannot be used to substantiate this
idea.
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8.4

Nutrient transformation and removal rates in bioretention systems

The revised conceptual models presented in this chapter are (to the author’s
knowledge) the first attempt to accurately describe the nutrient removal pathways in
stormwater bioretention systems. No information currently exists regarding the rates
of the transformation and removal of nutrients in bioretention systems. To address
this knowledge gap, a review of information from closely related disciplines was
conducted in order to populate the conceptual model with appropriate rates of nutrient
processing. All of the rates assessed in the review of available literature were
adjusted to account for the environmental conditions experienced in stormwater
bioretention systems. The following section describes the resulting estimates of the
nutrient transformation and removal rates in bioretention systems. These rates are then
directly compared with the nutrient removal efficiencies measured in the experimental
bioretention mesocosms. In doing so it was possible to identify which processes may
limit nutrient removal.
8.4.1

Mineralisation

Gross mineralisation rates of organic N measured in grasslands by Unkovich et al..
(1998) were 1.2 – 3.6 mg N kg soil-1 d-1. When scaled to the size of the mesocosm
(approximately 305 kg media) and the soil: solution contact time (approximately 5
hours) this equates to 76 – 229 mg N mineralised to NH4 per mesocosm in 5 h. The
load of organic N in one dose of the synthetic stormwater is 854 mg N: calculated as
follows from the TN load in influent from Table 4.4.
5.44 mg l-1 x 200 l = 1088mg,
1088 mg TN – 96 mg NH4 – 138 mg NO3 = 854 mg organic N
If we use the mineralisation rates of Unkovich et al.. (1998), then only 9 – 27 % of the
organic N in the synthetic stormwater is susceptible to mineralisation
(i.e. 76 / 854 x 100 = 9 %).
The mass of organic nitrogen removed in the dosing experiment was 623 mg (LV),
equivalent to 73% removal of the mass of organic nitrogen. This indicates that
mineralisation processes alone did not account for all of the organic nitrogen removed
from stormwater, and that other processes such as uptake and sorption must also be
responsible.
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8.4.2

Nitrification

Nitrification rates were measured in steady-state flow through soil columns by Reddy
and Patrick (1984). They quote 1st order rate constants used with the following
equation:
–d[S]/dt = k[S]
Where S is the substrate concentration (i.e. NH4), t is time, and k is the rate constant.
They report rate constants ranging from 0.24 – 1.11 day-1, which, when substituting
the influent NH4 concentration in their equation (0.48mg l-1), gives nitrification rates
of 0.12 – 0.53 mg l-1 day-1. To calculate the nitrification rates for the mesocosms the
following parameters are used:
Volume = 200 litres,
Soil: solution contact time of 5h.
The estimated mass of nitrate generated is 4.8 – 22.2 mg
i.e. 0.12 mg l-1 day-1 x 200l x 5/24h = 4.8mg
This suggests that only 5 – 23 % of the influent NH4 could be nitrified to NO3. The
rate of nitrification in the dosing experiment (Chapter 4) can be estimated by
assessing the quantity of nitrate leached from the unvegetated mesocosms. For the
vegetated loamy-sand mesocosms (LV), 124 mg of nitrate was generated from 200 L
of synthetic stormwater. The mass of nitrate generated by this mesocosm was much
higher than the estimation based on Reddy and Patrick's equation, indicating that
nitrification in the mesocosms is not limited by the initial concentration of ammonium
in the stormwater. The ammonification of the stormwater's dissolved organic
nitrogen compounds as they pass through the media must supply additional
ammonium to support these higher than nitrification rates.
8.4.3

Denitrification

Denitrification can potentially account for the loss of all of the nitrate from the
mesocosms, but because nitrate makes up only a small proportion of total nitrogen,
this would only amount to a removal of 13-14 % of the influent TN. Because
denitrification rates are expected to be higher than nitrification rates (based on the
estimates for nitrification given above and denitrification following), denitrification is
likely to be limited by slower nitrification rates. To model microbial denitrification,
Reddy and Patrick (1984) proposed the equation:
dN/dt = -knCN,
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Where kn is the rate constant, C is the concentration of carbon available for microbial
mineralisation, and N is the concentration of NO3. Calculations were made using a
selection of rate constants that cover the rates measured by Reddy and Patrick (1984)
– 0.03, 0.9, 2.15 day-1. The carbon concentration was assumed to be 6 mg l-1
mineralisable carbon. This is based on the results of chapter 4 where approximately
half of the carbon in the influent was removed in the dosing experiments. A solution
influent [NO3] of 0.69 mg l-1 was used. Calculated denitrification rates were 0.1, 3.7
and 8.9 mg l-1 d-1. When scaled to the mesocosms this equates to 5, 155 or 371 mg
NO3 denitrified. The potential pool of NO3 available for denitrification is the influent
NO3 (138 mg) and the nitrified NH4 calculated above (4.9 – 22.2 mg) giving a total of
142.8 – 160.2 mg NO3, which is 13 – 14% of influent TN. This is approximately the
same mass of nitrogen that can be denitrified using calculations based on the middle
rate constant for denitrification of Reddy and Patrick (1984), = 0.9 day-1, giving 155
mg NO3 removal. Mermillod-Blondin et al. (2005) report nitrogen consumption in
hyporheic river sediments that they attribute to denitrification, at similar rates to those
modelled by Reddy and Patrick. It is unlikely that substantial denitrification occurred
in the unvegetated mesocosms because these mesocosms released large quantities of
nitrate (Table 4.4). Therefore, while denitrification may be responsible for nitrate
removal in the vegetated mesocosms, the removal of nitrate accounts for the removal
of only 13 – 14% of influent TN.
8.4.4

Immobilisation by microbes

Microbial uptake of nutrients in soil-water solutions can be extremely rapid, and
consequently it is proposed that microbial immobilisation is the short-term sink for
most of the nitrogen removed from stormwater by bioretention systems. Microbial
uptake rates have not been directly measured in bioretention systems but some
indication of the potential for microbial nitrogen uptake can be gained from research
in agricultural and silvicultural environments. Immobilisation of added N in cropland
and forest soils was tested by Yevdokimov et al. (2005). They measured very high
rates (143mg N kg soil-1 d-1) in fertilised incubation experiments. When adjusted to
accommodate the soil-water contact time of 5 hours in the bioretention mesocosms,
this rate is equivalent to 9105 mg N per mesocosm. This quantity of nitrogen is much
higher than the influent load for the mesocosms (8.3 times higher than the stormwater
load of 1088 mg TN). The mesocosms have a lower potential for microbial
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immobilisation than the arable or forest soils because of 2 factors: a) the lower soil
organic matter content is likely to support fewer microbes (Kerek et al. 2002), and b)
microbial growth is also likely to be retarded by the frequency and intensity of
desiccation and flooding disturbances. The free draining soils of bioretention systems
increase the intensity of droughts, and the concentration of runoff from a catchment to
a bioretention system increases the intensity of flooding experienced by the soil
microbes in the media. Even if the mesocosms have an uptake potential of only 10 %
of that measured by Yevdokimov et al. (2005), this potential (910 mg N in 5 h)
equates to 84 % removal of the mesocosms’ influent TN. Actual TN removal rates
measured in Chapter 4 were only as high as 77 %.
The bioavailability of nitrogen compounds may also limit uptake in the mesocosms.
Bioavailable inorganic nitrogen compounds (NO3 and NH4) make up only 28 – 43 %
of TN (calculated by adding the estimates of mineralisation with the influent
concentrations of NO3 and NH4), and these are the nitrogen forms preferred for
microbial or plant uptake. However, plants and microbes are capable of taking up
simple organic compounds (Jones et al.. 2005, Hadas et al. 1992, Lipson and
Nasholm 2000), and this helps to explain why removal rates in the vegetated
mesocosms of 77 % are higher than the bioavailable nitrogen proportion of 28 – 43 %.
Microbes may be able to take up some of the organic nitrogen compounds.
A basic estimate can also be made of the potential for microbial immobilisation as a
short-term nutrient sink for added P. Olander and Vitousek (2005) measured P uptake
rates at 84 mg P kg soil-1 day-1. When adjusted to accommodate the soil-water contact
time of 5 hours in the bioretention mesocosms, this rate is equivalent to 5348 mg P
per mesocosm. Again, this quantity of phosphorus is much higher than the influent
load (95 mg TP) for the mesocosms. As was done for estimates of N immobilisation,
if it is assumed that the uptake rates in bioretention media are only 10 % of that of
forest or arable soil to account for the lower organic content of the media and the
effects of flooding and dessication perturbations in reducing microbial activity, this
immobilisation rate is equivalent to 534 mg P per mesocosm per storm event. This is
much higher than the removal rates measured in the mesocosms in which the
vegetated sand mesocosm (SV) removed 90mg P, and vegetated loamy-sand (LV)

242

Chapter 8. Discussion and Recommendations

removed 86 mg P (Table 4.4, Chapter 4). Microbial immobilisation therefore, has the
potential to be an important phosphorus sink in the short term.
8.4.5

Immobilisation by vegetation

No values on nutrient uptake rates by vegetation in stormwater bioretention systems
have been published in scientific literature. Therefore, to determine the likely rates of
nutrient uptake by vegetation, some values were sought from research in similar
environments. Based on the values found, nutrient uptake by vegetation could
account for between 4 – 48% removal of TN from the mesocosms. Nutrient uptake
rates for riparian vegetation reported by Hefting et al. (2005) range from 22 – 47 mg
N m-2 d-1, which when scaled to the size of the mesocosms (0.25m2) equates to less
than 1 – 2.5 mg N per mesocosm in 5 hours, which is less than 1 % of the TN load in
the influent stormwater. Tanner (2001b) reports higher removal rates from subsurface flow wetlands for wastewater (200 – 300 mg N m-2 d-1), which equates to
removal rates of 10 – 15 mg per mesocosm in 5 h, which is still < 1 % of the TN in
the influent stormwater. However, if the nutrients entering the mesocosm were
immediately sequestered by microbes or sorption and subsequently released to the
rhizosphere in the week following, the potential for plant uptake is much greater.
Over 7 days, vegetation could account for the removal of 40 – 83 mg N according to
the rates from Hefting et al.. 2005, which amounts to between 4 – 8% of the influent
TN load, or up to 350 – 525 mg N using Tanner’s rates, which amounts to 32 – 48 %
of the influent TN load per mesocosm. Nitrogen accumulation in vegetation
measured in Chapter 7 was higher than both of these rates, equivalent to between 24 –
78 % of the influent TN load (from Table 7.13), indicating that vegetation in
stormwater bioretention systems is very effective at removing nutrients from the
media, and is an important nutrient sink at timescales longer than a few hours.

8.5 Future research recommendations
Recommendations for future research of a practical and applied nature were made at
the end of each of the preceding data chapters. The conceptual models proposed in
this chapter would be best served by future research that focussed on the following
two areas:
•

The fate of individual inorganic (NO3, NH4, PO4) nutrients could be more
accurately traced by using stable isotopes (13C, 15 N) and radioactive isotopes
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(32P) through the processes of sorption, microbial uptake and transformation,
plant uptake, and organic matter accumulation. Stable isotopes in labelled
organic compounds could also be used to measure decomposition rates of
dissolved organic matter. These experiments would also yield information on
the rates of the above processes.
•

Measuring the denitrification potential of the bioretention system media using
the acetylene block assay would be a very simple experiment that would
determine whether denitrification was an important nitrogen removal process
in bioretention systems.

8.6 Design and management recommendations
The most important implication of this research is that vegetation and microbial
activity play key roles in removing nutrients from stormwater in bioretention systems.
Therefore to improve nutrient removal from stormwater in bioretention systems the
following recommendations should be considered:
•

Densely vegetate bioretention systems to maximise the influence of plants on
the filter media

•

Select vigorously growing species to maximise the potential for nutrient
removal to the standing biomass, and to maximise the rhizosphere effect of the
vegetation

•

Choose drought tolerant species suited to sandy, free-draining soils

•

Use a variety of species to: reduce the risk of all plants succumbing to disease,
insect attack or extreme weather conditions, to maximise the exploitation of
the media by the plants, and to buffer any changes in filter function in
response to seasonal growth

•

Consider the microclimate of the site to create ideal growing conditions for
plants and to protect plants and microbes from stresses such as desiccation and
extremes of temperature. Considerations include ensuring a good canopy
cover and that the media surface is covered by a non-buoyant mulch or
groundcover.

•

A contact time of five hours between the stormwater and the filter media is
sufficient to provide effective nutrient removal
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•

Use sandy soils such as loamy sand as filter media. Loamy-sand is better than
sand due to its greater water holding capacity, which is important for plant and
microbe growth and survival in drier areas. Loamy-sand also has a greater
capacity for organic matter accumulation as a consequence of better plant and
microbe growth in this media.

•

Do not add organic matter to the media but allow it to build up naturally

•

Select media for the right saturated hydraulic conductivity rather than
selecting for a large sorption capacity

8.7 Research outcomes
This is the first research to develop detailed conceptual models of bioretention system
function for nutrient removal. The conceptual models are based on empirical data
derived from experiments that were designed to isolate and test the contribution of
specific nutrient removal pathways. Bioretention system function is a new area of
research and consequently the knowledge and techniques employed were borrowed
from other soil-water systems such as agriculture, forestry, riparian zone and wetland
research and then adapted to replicate the stormwater environment. As such they
represent a novel application of all the investigative techniques used in this thesis.
Previous research on bioretention systems was limited to the ‘black box’ approach,
whereby nutrient concentrations in the influent were compared to those in the effluent
to determine the nutrient removal efficiency. While such work was fundamental, it
did not identify the mechanisms of nutrient removal and therefore could not be used
to guide or to refine bioretention system design. These shortcomings have been
overcome by isolating and testing specific nutrient removal pathways in the
experimental mesocosms. In many cases, previous bioretention system research
relied on experimental mesocosms and a synthetic stormwater composition that were
inappropriately designed. The use of large-scale experimental mesocosms and an
appropriate stormwater composition to test the nutrient removal pathways has also
overcome many of the shortcomings of previous research.
The research results reported in this thesis have revealed and substantiated the very
important and highly interrelated role that microbes and vegetation play in nutrient
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removal, and have demonstrated the limited role of sorption. The experiments also
showed that detention times longer than 24 hours provided little additional treatment
benefit. Subsequent to these experiments, two conceptual models were developed to
compare and contrast the function of vegetated and unvegetated bioretention systems.
The conceptual models created are the first attempt to accurately describe bioretention
system function. Consequently, the only data available on which to base the models
is derived from this thesis. In order to substantiate the conceptual models and to
populate these with approximate rates for individual nutrient removal and
transformation processes, nutrient processing rates from other ecologically similar
environments were reviewed and applied to stormwater bioretention systems. Once
adapted to the stormwater environment, the rates derived from the literature review
reinforced the key role of microbes and vegetation in nutrient removal. The rates
derived from the literature also identified the processes likely to limit nutrient
removal. Of particular importance, this review revealed that denitrification is unlikely
to be responsible for the bulk of nitrogen removal.
The research results and the development of the conceptual models have led to many
design recommendations. While the nutrient removal pathways are complex and
highly interrelated, the research outcomes for bioretention system design are very
simple: nutrient removal from stormwater can be maximised by promoting plant
growth and microbial activity in bioretention systems.
Finally this thesis provides a framework upon which fruitful and informative future
research can be based.
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10 Appendices
10.1 Appendix to Chapter 5
Phosphate sorption and desorption by bioretention system media

Solution

Initial Mass
Mass
(mg kg-1 Sorbed (mg
Media Type Incubation
media)
kg-1 media)
L
LV

1
LC
LVC
L
LV
2
LC
LVC
L
LV
3
LC
LVC
L
LV
4
LC
LVC

% Sorbed

Mass
Desorbed
(mg kg-1 % of Sorbed
media)
Desorbed

24

0±0

-0.22±0.19

Leaching

0.19±0.05

Leaching

72

0±0

-0.21±0

Leaching

0.11±0.03

Leaching

24

0±0

-0.34±0.01

Leaching

0.21±0.03

Leaching

72

0±0

-0.23±0.07

Leaching

0.16±0.03

Leaching

24

0±0

-0.01±0.03

Leaching

72

0±0

0±0

0.06±0

Leaching

0.11±0.01

Leaching

24

0±0

0±0

72

0±0

0±0

24

0.14±0

-0.23±0.05

Leaching

0.2±0.06

Leaching

72

0.14±0

-0.15±0.11

Leaching

0.12±0.02

Leaching

24

0.14±0

-0.22±0.01

Leaching

0.17±0.03

Leaching

72

0.14±0

-0.04±0.08

Leaching

0.13±0.09

Leaching

24

0.14±0

0.13±0.02

90

0.09±0.01

69

0.12±0.05

88

72

0.14±0

0.14±0

100

24

0.14±0

0.14±0

100

72

0.14±0

0.12±0.02

90

24

10.53±0.10

9.75±0.14

93

1.38±0.28

14

72

9.57±0.05

9.06±0.09

95

0.94±0.10

10

24

10.24±0.05

9.58±0.08

94

0.88±0.13

9

72

9.33±0.02

8.88±0.06

95

0.65±0.02

7

24

10.46±0.03 10.14±0.06

97

0.59±0.06

6

0.61±0.05

7

8.62±0.38

17

72

9.56±0.03

9.34±0.03

98

24

10.18±0.03

9.91±0.08

97

72

9.29±0.03

9.11±0.03

98

24

54.2±0.36

50.24±0.32

93

72

52.82±0.37 49.84±0.35

94

8.28±1.49

17

24

52.6±0.11

48.94±0.24

93

5.49±1.31

11

72

51.22±0.16 48.21±0.21

94

5.75±1.47

12

24

54.14±0.45 51.24±0.28

95

6.31±0.52

12

72

52.55±0.15 50.28±0.15

96

6.73±0.64

13

24

52.55±0.08 48.83±0.34

93

72

51.19±0.17 48.38±0.19

95
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Organic phosphorus sorption and desorption by bioretention system media

Solution

Initial Mass
Mass
(mg kg-1 Sorbed (mg
Media Type Incubation
media)
kg-1 media) % Sorbed
L
LV

1
LC
LVC
L
LV
2
LC
LVC
L
LV
3
LC
LVC
L
LV
4
LC
LVC

24

Mass
Desorbed
(mg kg-1 % of Sorbed
media)
Desorbed

0.00±0

-0.03±0.05

Leaching

0.01±0.02

Leaching

72

0.00±0

-0.10±0.05

Leaching

0.02±0.02

Leaching

24

0.00±0

-0.09±0

Leaching

0.03±0.01

Leaching

72

0.00±0

-0.17±0.04

Leaching

0.07±0.01

Leaching

24

0.00±0

-0.11±0.02

Leaching

0.02±0.01

Leaching

0.01±0.02

Leaching

0.03±0.01

Leaching

72

0.00±0

-0.13±0

Leaching

24

0.00±0

-0.12±0.02

Leaching

72

0.00±0

-0.10±0.02

Leaching

24

0.00±0

0.00±0

Leaching

72

0.00±0

-0.13±0.15

Leaching

0±0.04

Leaching

24

0.00±0

-0.10±0.02

Leaching

0.02±0.02

Leaching

72

0.00±0

-0.16±0.13

Leaching

0±0.08

Leaching

24

0.00±0

-0.14±0.02

Leaching

0.01±0

Leaching

72

0.00±0

-0.10±0.02

Leaching

0±0.02

Leaching

24

0.00±0

-0.13±0.01

Leaching

72

0.00±0

-0.14±0.02

Leaching

24

0.94±0.01

0.94±0.01

100

0.02±0.03

2

72

2.10±0.01

2.07±0.05

99

0.01±0.02

0

24

0.91±0

0.85±0.05

93

0±0.02

0

72

2.05±0

1.96±0.04

96

0.02±0.03

1

24

0.93±0

0.89±0.04

95

0±0.03

0

72

2.10±0.01

2.03±0.03

97

0.02±0

1

24

0.90±0

0.83±0.02

92

72

2.04±0.01

1.92±0

94

24

1.17±0.01

1.17±0.01

100

0±0

0

72

4.44±0.03

4.44±0.03

100

0.68±1.18

15

24

1.13±0

1.06±0.14

93

0.42±0.72

40

72

4.31±0.01

4.28±0.06

99

0.03±0.08

1

24

1.17±0.01

1.17±0.01

100

0±0

0

0±0

0

72

4.42±0.01

4.42±0.01

100

24

1.13±0

1.04±0.17

91

72

4.30±0.01

4.30±0.01

100
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NO3 release from bioretention system media during sorption testing

Solution

Initial Mass
(mg kg-1
Media Type Incubation
media)

Mass
Released
(mg kg-1
media)

24

0.00±0

72
24
72

0.00±0

0.00±0

24

0.00±0

-0.14±0.02

L
LV
1
LC
LVC
L
LV
2
LC
LVC
L
LV
3
LC
LVC
L
LV
4
LC
LVC

% Sorbed

Mass
Released
(mg kg-1
media)

% of Sorbed
Desorbed

-0.66±0.57

Leaching

0.05±0.23

Leaching

0.00±0

-0.92±0.11

Leaching

0.30±0.04

Leaching

0.00±0

-0.03±0.03

Leaching

0.01±0.01

Leaching

0.00±0
Leaching

0.05±0

Leaching

0.05±0.01

Leaching

Leaching

0.38±0.04

Leaching
Leaching

72

0.00±0

-0.16±0.03

Leaching

24

0.00±0

-0.03±0.02

Leaching

72

0.00±0

0.00±0

24

0.00±0

-1.17±0.13

72

0.00±0

-0.76±0.2

Leaching

0.25±0.06

24

0.00±0

-0.01±0.03

Leaching

0.01±0

Leaching

72

0.00±0

0±0.01

Leaching

0.00±0.01

Leaching

24

0.00±0

-0.21±0.18

Leaching

0.07±0.06

Leaching

72

0.00±0

-0.13±0

Leaching

0.05±0

Leaching

24

0.00±0

0.00±0

72

0.00±0

0.00±0

24

0.00±0

-0.60±0.09

Leaching

0.2±0.02

Leaching

72

0.00±0

-0.36±0.26

Leaching

0.11±0.09

Leaching

24

0.00±0

0.00±0

0.00±0

Leaching

72

0.00±0

0.00±0

0.00±0

Leaching

24

0.00±0

-0.06±0.02

Leaching

0.02±0

Leaching

72

0.00±0

-0.03±0.02

Leaching

0.01±0.01

Leaching

24

0.00±0

0.00±0

72

0.00±0

0.00±0

24

0.00±0

-0.29±0.03

Leaching

0.05±0.04

Leaching

72

0.00±0

-0.05±0.05

Leaching

0.02±0.01

Leaching

24

0.00±0

0.00±0

0.00±0

Leaching

72

0.00±0

0.00±0

0.00±0

Leaching

24

0.00±0

-0.03±0.03

Leaching

0.01±0

Leaching

Leaching

0.01±0

Leaching

72

0.00±0

-0.03±0.02

24

0.00±0

0.00±0

72

0.00±0

0.00±0
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Ammonium (NH4) sorption and desorption by bioretention system media

Solution

Initial Mass
Mass
(mg kg-1 Sorbed (mg
Media Type Incubation
media)
kg-1 media)
L
LV

1
LC
LVC
L
LV
2
LC
LVC
L
LV
3
LC
LVC
L
LV
4
LC
LVC

% Sorbed

Mass
Desorbed
(mg kg-1 % of Sorbed
media)
Desorbed

24

0.08±0

0.03±0.04

45

0.19±0.05

583

72

0.05±0

-0.09±0.02

Leaching

0.11±0.03

Leaching

24

0.08±0

-0.09±0.06

Leaching

0.21±0.03

Leaching

72

0.05±0

-0.05±0.03

Leaching

0.16±0.03

Leaching

24

0.08±0

-0.01±0.07

Leaching

0.06±0

Leaching

72

0.05±0

0.01±0.04

22

0.11±0.01

167

24

0.07±0

-0.09±0.03

Leaching

72

0.05±0

-0.07±0.04

Leaching

24

0.14±0

0.04±0.02

30

0.20±0.06

270

72

0.12±0

-0.05±0.04

Leaching

0.12±0.02

Leaching

24

0.14±0

-0.01±0.03

Leaching

0.17±0.03

Leaching

72

0.11±0

-0.02±0.07

Leaching

0.13±0.09

Leaching

24

0.14±0

0.10±0.04

70

0.09±0.01

90

72

0.12±0

0.05±0.02

39

0.12±0.05

240

24

0.14±0

-0.02±0.03

Leaching

72

0.11±0

0.02±0.02

16

24

3.98±0.04

3.76±0.01

94

0.52±0.05

14

72

3.97±0.02

3.66±0.05

92

0.38±0.12

10

24

3.87±0.02

3.55±0.02

92

0.38±0.1

11

72

3.87±0.01

3.53±0.05

91

0.31±0.02

9

24

3.95±0.01

3.73±0.04

94

0.32±0.05

9

72

3.96±0.01

3.75±0.04

94

0.26±0.02

7

24

3.85±0.01

3.52±0.06

91

72

3.85±0.01

3.58±0.02

93

24

20.56±0.14 19.59±0.16

95

3.29±0.33

17

72

19.87±0.14 18.92±0.15

95

3.01±0.16

16

24

19.95±0.04 18.94±0.08

95

2.49±0.02

13

72

19.26±0.06 18.23±0.03

95

2.56±0.12

14

24

20.53±0.17 19.43±0.11

95

3.43±0.29

18

3.63±0.1

19

72

19.76±0.06 18.84±0.11

95

24

19.93±0.03 18.72±0.07

94

72

19.25±0.07 18.17±0.02

94
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Organic Nitrogen sorption and desorption by bioretention system media

Solution

Initial Mass
Mass
(mg kg-1 Sorbed (mg
Media Type Incubation
media)
kg-1 media)
L
LV

1
LC
LVC
L
LV
2
LC
LVC
L
LV
3
LC
LVC
L
LV
4
LC
LVC

24

1.85±0.01

1.09±0.61

% Sorbed
59

Mass
Desorbed
(mg kg-1 % of Sorbed
media)
Desorbed
2.3±1.21

210

72

1.62±0

-4.87±0.11

Leaching

0.26±0.02

Leaching

24

1.82±0.01

-0.14±0.34

Leaching

1.48±0.18

Leaching

72

1.59±0.01

-1.33±1.09

Leaching

1.25±0.39

Leaching

24

1.86±0

0.63±0.07

34

1.18±0.15

188

72

1.63±0.01

0.39±0.08

24

0.79±0.08

201

24

1.81±0

-4.81±0.17

Leaching

72

1.59±0

-0.19±0.08

Leaching

24

1.64±0.01

0.62±0.41

38

1.97±0.2

320

72

1.87±0.02

-4.84±0.16

Leaching

0.24±0.13

Leaching

24

1.59±0.01

-0.6±0.06

Leaching

1.61±0.13

Leaching

72

1.82±0.02

-0.11±0.97

Leaching

2.06±0.75

Leaching

24

1.65±0

0.45±0.21

27

1.43±0.05

318

72

1.87±0

0.59±0.04

32

0.83±0.05

140

24

1.59±0.01

-0.91±0.14

Leaching

72

1.81±0

-0.20±0.25

Leaching

24

8.43±0.08

6.87±0.24

82

2.65±0.2

39

72

5.84±0.03

1.95±0.26

33

1.61±0.43

83

24

8.19±0.04

5.97±0.14

73

2.31±0.17

39

72

5.69±0.01

3.81±0.24

67

2.05±0.11

54

24

8.37±0.03

6.67±0.05

80

1.95±0.31

29

72

5.83±0.02

4.29±0.07

74

1.67±0.05

39

24

8.14±0.02

5.99±0.08

74

72

5.67±0.02

3.76±0.12

66

24

21.03±0.14 17.57±0.16

84

4.20±0.54

24

72

25.94±0.18 21.91±0.22

84

3.73±1.21

17

24

20.40±0.04 17.13±0.76

84

3.35±0.32

20

72

25.16±0.08 21.91±0.33

87

2.62±0.15

12

24

21.00±0.18 14.65±0.25

70

1.69±0.5

12

2.72±0.42

12

72

25.81±0.07 22.67±0.15

88

24

20.39±0.03 16.43±0.22

81

72

25.14±0.09 22.09±0.47

88
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The sorption of ammonium was plotted against the activity ratio for ammonium
(activity ratio ARNH4 = [NH4solution] / square root [Casolution + Mgsolution]). The activity
ratio for ammonium reflects the influence of the solution concentration of calcium and
magnesium on the removal of ammonium ions by sorption. The mass of ammonium
ions sorbed to the filter media increased as the activity ratio of ammonium increased.

L 72 h
LV 72 h
LC 72 h
LVC 72 h
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L 72 h
LV 72 h
LC 72 h
LVC 72 h
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10.2 Appendix for Chapter 6
Removal of phosphate from sorption and microbial uptake experiments
Sorption Experiment

PO4 Solution Treatment
1
L 24
L 72
LV 24
LV 72
2
L 24
L 72
LV 24
LV 72
3
L 24
L 72
LV 24
LV 72
4
L 24
L 72
LV 24
LV 72

Microbial Uptake Experiment

PO4 added
mg kg-1

PO4 sorbed
mg kg-1

% PO4
sorbed

0.00±0
0.00±0
0.00±0
0.00±0
0.14±0
0.14±0
0.14±0
0.14±0
10.53±0.1
9.57±0.05
10.24±0.05
9.33±0.02
54.2±0.36
52.82±0.37
52.6±0.11
51.22±0.16

-0.22±0.19
-0.21±0
-0.34±0.01
-0.23±0.07
-0.23±0.05
-0.15±0.11
-0.22±0.01
-0.04±0.08
9.75±0.14
9.06±0.09
9.58±0.08
8.88±0.06
50.24±0.32
49.84±0.35
48.94±0.24
48.21±0.21

Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
93
95
94
95
93
94
93
94

PO4 added mg PO4 removed
kg-1
mg kg-1
0.00±0
0.00±0
0.00±0
0.00±0
0.12 ± 0
0.10 ± 0
0.12 ± 0
0.10 ± 0
9.53 ± 0.04
9.74 ± 0.03
9.54 ± 0.03
9.76 ± 0.07
48.91 ± 0.19
48.17 ± 0.02
48.94 ± 0.24
48.35 ± 0.34

-0.09 ± 0.01
-0.07 ± 0
-0.05 ± 0.09
-0.03 ± 0.02
0.03 ± 0.01
0.02 ± 0.02
0.10 ± 0.03
0.10 ± 0
8.82 ± 0.03
9.48 ± 0.01
9.19 ± 0.21
9.74 ± 0.05
37.05 ± 2.23
44.14 ± 2.92
40.64 ± 0.6
44.76 ± 1.8

% PO4
removed
leaching
leaching
leaching
leaching
21
25
85
100
93
97
96
100
76
92
83
93

Removal of nitrate from sorption and microbial uptake experiments
Sorption Experiment

NO3 Solution

Treatment

1

L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72

2

3

4

Microbial Uptake Experiment

NO3
added mg NO3 sorbed mg
NO3 added NO3 removed mg
kg-1
mg kg-1
kg-1
kg-1
% NO3 sorbed
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0

-0.66±0.57
-0.92±0.11
-0.03±0.03
0.00±0
-1.17±0.13
-0.76±0.2
-0.01±0.03
0.00±0.01
-0.6±0.09
-0.36±0.26
0.00±0
0.00±0
-0.29±0.03
-0.05±0.05
0.00±0
0.00±0

Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching

Leaching
Leaching

0.03 ± 0
0.02 ± 0
0.03 ± 0
0.02 ± 0
0.03 ± 0
0.01 ± 0
0.03 ± 0
0.01 ± 0
0.15 ± 0
0.03 ± 0
0.15 ± 0
0.03 ± 0
0.58 ± 0
0.29 ± 0
0.58 ± 0
0.29 ± 0

-0.40 ± 0.08
-0.75 ± 0.01
0.01 ± 0.02
-0.05 ± 0.02
-0.42 ± 0.05
-0.71 ± 0.01
-0.01 ± 0.02
-0.03 ± 0.02
0.05 ± 0.03
-0.08 ± 0.05
0.03 ± 0.03
-0.02 ± 0.02
0.44 ± 0.06
0.19 ± 0.03
0.47 ± 0.06
0.12 ± 0.08

% NO3
removed
leaching
leaching
19
leaching
leaching
leaching
leaching
leaching
33
leaching
20
leaching
77
65
81
42
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Removal of ammonium from sorption and microbial uptake experiments
Sorption Experiment
NH4
Solution
1

2

3

4

Microbial Uptake Experiment

Treatment

NH4 added
mg kg-1

NH4 sorbed
mg kg-1

% NH4
sorbed

L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72

0.08±0
0.05±0
0.08±0
0.05±0
0.14±0
0.12±0
0.14±0
0.11±0
3.98±0.04
3.97±0.02
3.87±0.02
3.87±0.01
20.56±0.14
19.87±0.14
19.95±0.04
19.26±0.06

0.03±0.04
-0.09±0.02
-0.09±0.06
-0.05±0.03
0.04±0.02
-0.05±0.04
-0.01±0.03
-0.02±0.07
3.76±0.01
3.66±0.05
3.55±0.02
3.53±0.05
19.59±0.16
18.92±0.15
18.94±0.08
18.23±0.03

45
Leaching
Leaching
Leaching
30
Leaching
Leaching
Leaching
94
92
92
91
95
95
95
95

NH4 added mg NH4 removed
kg-1
mg kg-1
0.10 ± 0
0.05 ± 0
0.10 ± 0
0.05 ± 0
0.14 ± 0
0.07 ± 0
0.14 ± 0
0.07 ± 0
4.27 ± 0.02
4.29 ± 0.01
4.27 ± 0.01
4.30 ± 0.03
21.49 ± 0.08
21.27 ± 0.01
21.51 ± 0.1
21.35 ± 0.15

-0.03 ± 0.02
-0.03 ± 0.01
0.04 ± 0.04
-0.06 ± 0.05
0.05 ± 0.02
-0.03 ± 0.02
0.03 ± 0.04
-0.01 ± 0.03
3.76 ± 0.09
3.83 ± 0.09
3.80 ± 0.07
4.16 ± 0.02
16.85 ± 1.31
18.19 ± 0.34
18.98 ± 0.86
18.93 ± 0.47

% NH4
removed
leaching
leaching
40
leaching
35
leaching
24
leaching
88
89
89
97
78
85
88
89

Removal of organic phosphorus from sorption and microbial uptake experiments
Sorption Experiment
Org P
Solution
1

2

3

4

Treatment
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72

Org P added Org P sorbed
mg kg-1
mg kg-1
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.00±0
0.94±0.01
2.1±0.01
0.91±0
2.05±0
1.17±0.01
4.44±0.03
1.13±0
4.31±0.01

-0.03±0.05
-0.10±0.05
-0.09±0
-0.17±0.04
0.00±0
-0.13±0.15
-0.10±0.02
-0.16±0.13
0.94±0.01
2.07±0.05
0.85±0.05
1.96±0.04
1.17±0.01
4.44±0.03
1.06±0.14
4.28±0.06

% Org P
sorbed
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
Leaching
100
99
93
96
100
100
93
99

Microbial Uptake Experiment
Org P added mg Org P removed
kg-1
mg kg-1
0.00±0
0.00±0
0.00±0
0.00±0
0.03 ± 0
0.05 ± 0
0.03 ± 0
0.05 ± 0
6.08 ± 0.03
6.18 ± 0.02
6.09 ± 0.02
6.19 ± 0.04
31.94 ± 0.12
27.55 ± 0.01
31.96 ± 0.15
27.66 ± 0.2

-0.20 ± 0.29
0.00±0
-0.01 ± 0.02
-0.21 ± 0.30
-0.01 ± 0.02
0.05 ± 0
0.02 ± 0.01
0.05 ± 0
6.02 ± 0.10
6.12 ± 0.06
6.09 ± 0.01
6.19 ± 0.04
30.61 ± 1.5
27.14 ± 0.36
31.65 ± 0.32
27.19 ± 0.51

% Org P
removed
leaching
leaching
leaching
leaching
leaching
100
56
95
99
99
100
100
96
98
99
98
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Removal of organic nitrogen from sorption and microbial uptake experiments
Sorption Experiment
Org N
Solution

Treatment

1

Org N added Org N sorbed
mg kg-1
mg kg-1

L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72

2

3

4

1.85±0.01
1.62±0
1.82±0.01
1.59±0.01
1.64±0.01
1.87±0.02
1.59±0.01
1.82±0.02
8.43±0.08
5.84±0.03
8.19±0.04
5.69±0.01
21.03±0.14
25.94±0.18
20.40±0.04
25.16±0.08

1.09±0.61
-4.87±0.11
-0.14±0.34
-1.33±1.09
0.62±0.41
-4.84±0.16
-0.60±0.06
-0.11±0.97
6.87±0.24
1.95±0.26
5.97±0.14
3.81±0.24
17.57±0.16
21.91±0.22
17.13±0.76
21.91±0.33

Microbial Uptake Experiment
% Org N
sorbed
59
Leaching
Leaching
Leaching
38
Leaching
Leaching
Leaching
82
33
73
67
84
84
84
87

Org N added mg Org N removed % Org N
kg-1
mg kg-1
removed
0.47 ± 0
0.57 ± 0
0.47 ± 0
0.57 ± 0
0.65 ± 0
0.66 ± 0
0.65 ± 0
0.67 ± 0
3.92 ± 0.02
4.10 ± 0.01
3.92 ± 0.01
4.11 ± 0.03
19.66 ± 0.07
17.65 ± 0.01
19.67 ± 0.10
17.72 ± 0.13

-0.83 ± 0.20
-0.44 ± 0.05
-0.04 ± 0.19
0.08 ± 0.33
-0.64 ± 0.12
0.07 ± 0.52
0.27 ± 0.16
-0.04 ± 0.07
3.05 ± 0.60
2.95 ± 0.16
3.29 ± 0.24
3.35 ± 0.16
17.41 ± 3.02
14.98 ± 2.34
15.28 ± 1.39
15.97 ± 1.47

leaching
leaching
leaching
14
leaching
10
41
leaching
78
72
84
82
89
85
78
90

Removal of organic carbon from sorption and microbial uptake experiments
Sorption Experiment

Microbial Uptake Experiment

Org C Solution

Treatment

OC added mg kg-1

1

L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72
L 24
L 72
LV 24
LV 72

1.06 ± 0
1.27 ± 0
1.05 ± 0.01
1.27 ± 0.01
4.34 ± 0
4.26 ± 0.01
4.34 ± 0.02
4.27 ± 0.02
62.87 ± 0.27
62.56 ± 0.19
62.93 ± 0.18
62.70 ± 0.44
318.67 ± 1.21
311.82 ± 0.14
318.87 ± 1.54
313.00 ± 2.21

2

3

4

No results for
sorption
experiment

OC removed mg
kg-1
% OC removed
-3.37 ± 1.36
-2.71 ± 1.50
-5.03 ± 2.53
-4.21 ± 1.12
1.12 ± 0.58
0.70 ± 0.23
-1.62 ± 1.15
0.34 ± 0.47
52.37 ± 0.76
52.30 ± 0.73
52.72 ± 0.72
51.69 ± 1.60
151.81 ± 7.15
239.82 ± 33.28
222.57 ± 51.17
280.52 ± 3.29

leaching
leaching
leaching
leaching
26
16
leaching
8
83
84
84
82
48
77
70
90
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