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Abstract
Stormwater runoff discharge has been recognized as one of the main factors underlying water
quality problems that can cause the ecological degradation of receiving waters. Thus, stormwater
control measures – such as stormwater bioretention systems – are needed to improve stormwater
runoff quality prior to discharge.
Stormwater bioretention, also known as stormwater biofilters, rain gardens, biofiltration systems,
swales or bioswales was developed in the early 1990s in Prince George´s County, Maryland, USA,
and is one of the most commonly applied stormwater control measures today. Bioretention systems
are terrestrial-based, on-site green infrastructures that control water quality and quantity by reducing
flow and removing pollutants through the chemical, biological, and physical processes that occur
spontaneously in plants, microbes, and filter materials.
Despite the popularity of bioretention systems and the growing number of publications since their
introduction in the 1990’s, knowledge gaps still remain about how bioretention facilities function
when ambient conditions vary and design modifications are made. Hence, the focus of the research
underlying this thesis was to examine how various ambient conditions and/or design features –
individually or simultaneously – affect the ability of bioretention systems to improve stormwater
quality.
Thus, this research evaluated the removal of sediment, metals, nutrients and bacteria by pilot-scale
bioretention columns designed with and without a submerged zone when ambient temperature and
inflow salinity was varied at two levels and the length of antecedent dry periods was varied at four
levels. Furthermore, metal accumulation was measured in plants and filter material from pilot-scale
bioretention columns with and without a submerged zone being stored at low and high temperature
and continuously exposed to inflow with and without salt for 18 weeks. Finally, batch experiments
were performed to examine dissolved metal adsorption and fractionation in ten different filter
materials.
The results from the research covered in this thesis showed that water quality generally improved
following treatment by stormwater bioretention, and that this improvement in general occurred
independent of design and ambient conditions. A distinct exception was dissolved Cu and Pb, both
of which were mostly poorly removed. High temperature, salt-laden inflow and long antecedent dry
periods all generally deteriorated removal performance whereas the inclusion of a submerged zone
significantly improved bioretention performance. Furthermore, a submerged zone mitigated any
potential negative effects or variations caused by salt, temperature and/or antecedent dry periods,
and interestingly promoted removal of NO2NO3-N and NH4-N, and thus total N at low temperatures.
Finally, dissolved metals were primarily bound to the potentially leachable fractions, and hence, are
not permanently removed but only temporarily stored in the filter material. This finding has obvious
implications for the long-term performance of the materials, their functionality under varying
conditions and the maintenance of bioretention systems.
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Sammanfattning
Dagvatten har erkänts som en av de främsta orsakerna till problem med vattenkvalitet i ytvatten
eftersom det orsakar degradering av den akvatiska miljön. Därför behöver dagvattnet renas
innan utsläpp till mottagande recipient. En sådan reningsteknik är dagvattenbiofilter.
Dagvattenbiofilter utvecklades i början av 1990-talet i Prince George's County, Maryland, USA
och är idag en av de mest använda teknikerna för dagvattenrening. De är markbaserad grön
infrastruktur som kontrollerar vattenkvalitet och kvantitet genom att minska flöde och avlägsna
föroreningar via de kemiska, biologiska och fysiska processer som sker i växter, mikrober och
filtermaterial.
Trots deras popularitet och det växande antalet publikationer sedan introduktionen på 1990talet, finns fortfarande kunskapsbrist om deras reningsfunktion, speciellt vid varierande
omgivningsförhållanden och förändrad design. Syftet med denna avhandling var därför att
undersöka hur dagvattenbiofilters reningsprestanda påverkas av olika omgivningsförhållanden
och/eller designfunktioner, både individuellt och simultant.
Detta gjordes genom att utvärdera biofilterkolonner designat med och utan en vattenmättad
zons förmåga att avlägsna totalt suspenderat material, metaller, näringsämnen och bakterier,
när den omgivande temperatur och salthalt i inflödet varierades på två nivåer och längden av
föregående torrperiod varierades på fyra nivåer. Vidare uppmättes metallackumulering i växter
och filtermaterial från biofilterkolonnerna med och utan vattenmättad zon förvarat vid låg och
hög temperatur och kontinuerligt vattnat med vatten med och utan salt i 18 veckor. Slutligen
utfördes batchförsök för att undersöka adsorptionen och fraktioneringen av lösta metaller i tio
olika filtermaterial.
Oberoende av design och/eller omgivningsförhållanden förbättrades den allmänna
vattenkvaliteten generellt markant av dagvattenbiofilterkolonnerna. Undantagen var löst Cu
och Pb som oftast avlägsnades i mindre utsträckning och därför kvarstår som utmaningar. Både
hög temperatur, salt-belastat inflöde och långa föregående torr-perioder försämrade generellt
reningsförmågan medan en vattenmättad zon förbättrade den avsevärt. Vidare mildrade en
vattenmättad zon eventuella negativa effekter eller variationer orsakade av salt, temperatur
och/eller föregående torra period. Resultaten visar att den vattenmättade zonen även förbättrar
kvävereningen i kalla temperaturer. Slutligen var metallerna i filtermaterialet primärt bundna
till de lätt lakade fraktionerna och är därför inte permanent borttagna utan tillfälligt lagrade.
Sistnämnda har tydliga konsekvenser för materialens långsiktiga prestanda, deras funktionalitet
under olika förhållanden och underhållet av dagvattenbiofilter anläggningar.
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Synopsis
Afstrømmende regnvand anerkendes som en af hovedårsagerne til problemer med vandkvaliteten i
bynære recipienter, eftersom det bidrager til en forringelse af den kemiske kvalitet og kan føre til
erosionsskader og oversvømmelser. Samlet kan afstrømmende regnvand forringe den naturmæssige
og økologiske tilstand væsentligt i disse vandsystemer, såvel som i de nedstrøms beliggende
recipienter. Det er derfor nødvendig at aflede og rense regnvandet lokalt, for at forbedre kvaliteten
af regnvandet inden dette udledes til recipienten. En af de teknologier der findes til at gøre dette er
regnvandsbiofilter.
Regnvandsbiofilter blev udviklet i begyndelsen af 1990'erne i Prince George's County, Maryland,
USA og er i dag blandt de mest anvendte metoder til lokal afledning og rensning af afstrømmende
regnvand. De er blå-grønne infrastrukturer, som kontrollerer vandets kvantitet og kvalitet ved at
reducere dets hastighed og fjerne forurenende stoffer gennem hydrologiske, kemiske, biologiske og
fysiske processer i planterne, mikroorganismerne og filtermaterialet.
På trods af deres popularitet og det stigende antal publikationer siden deres første introduktion i
1990'erne, sagnes der stadigvæk viden om deres evne til at forbedre vandkvaliteten, når forholdene
i omgivelserne varierer, og der foretages ændringer af designet. Derfor var formålet med denne
afhandling at undersøge, hvordan forskellige omgivelsesforhold og/eller designfunktioner
individuelt eller samtidigt påvirker regnvandsbiofiltrenes evne til at forbedre kvaliteten af
afstrømmende regnvand.
Dette blev gjort ved at evaluere fjernelsen af TSS, metaller, næringsstoffer og bakterier i pilotskala
regnvandsbiofilterkolonner designet med og uden en vandmættet zone, når den omgivende
temperatur, samt indholdet af salt i det tilførte vand, blev varieret på to forskellige niveauer, og
længden af foregående tørre perioder blev varieret på fire niveauer. Derudover blev akkumuleringen
af metaller i planter og filtermateriale fra regnvandsbiofilterkolonner med og uden en vandmættet
zone, udført ved lav og høj temperatur og kontinuerligt udsat for vand med og uden salt i 18 uger
målt. Slutteligt blev der udført batchforsøg for at undersøge adsorptionen og fraktioneringen af
opløste metaller i ti forskellige filtermaterialer. Dette for at øge forståelsen af, hvordan ændringer i
omgivelsesne kan påvirke fjernelsen af metaller i regnvandsbiofiltre, også fra et langsigtet
perspektiv.
Uafhængigt af design og/eller forhold i omgivelserne forbedredes den overordnede vandkvalitet
generelt markant af regnvandsbiofilterkolonnerne. Undtagelserne var opløst Cu og Pb, som i de
fleste tilfælde ikke blev fjernet og derfor forbliver en udfordring. Både høj temperatur, saltbelastet
tilstrømning og lange, foregående tørre perioder forringede generelt regnvandsbiofilterkolonnernes
evne til at fjerne forureningerne, mens en vandmættet zone forbedrede vandkvaliteten signifikant.
Derudover minimerede en vandmættet zone eventuelle negative indvirkninger eller variationer
forårsaget af salt, temperatur og/eller foregående tørre perioder. De opløste metaller var primært
bundet til de letudlejrede fraktioner hvilket betyder, at de ikke blev fjernet permanent, men kun
lagret midlertidigt. Sidstnævnte har tydelige konsekvenser for materialernes langsigtede ydeevne,
deres funktionalitet under forskellige forhold samt i forbindelse med vedligeholdelse.
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1. Introduction
Urbanization increases stormwater runoff discharges and the variety and amount of nonpoint
pollutants that are transported to receiving waters (Makepeace et al. 1995; Goonetilleke et al.
2005; Dietz 2007). Nonpoint source pollutants in urban stormwater runoff commonly comprise
sediment, nutrients, pathogenic bacteria, heavy metals, and salts, among others (Makepeace et
al. 1995; Barbosa et al. 2012; Vogel & Moore 2016), and have been identified as one of the
main causes of water quality problems (Walsh et al. 2005; Lee et al. 2007). These compounds
degrade receiving waters by impairing fish and wildlife populations, affecting native vegetation
and making recreational areas unsafe and unpleasant (Hvitved-Jacobsen et al. 2010). Thus,
stormwater control measures such as stormwater bioretention systems are required for
protection of receiving waters, in addition to adequate source control.
Stormwater bioretention systems are on-site green infrastructures that aim to improve water
quality by leveraging the bio-/geochemical processes that naturally occur in vegetated filter
material (Hunt et al. 2012; Kratky et al. 2017). The flexibility of bioretention systems in terms
of size, design and appearance enables them to fulfill the civil, landscape and ecological criteria
of diverse urban projects (Davis et al. 2009; Hunt et al. 2012; Water by Design 2014).
Furthermore, bioretention systems serve multiple functions, a characteristic which has
enhanced their popularity and helped them become one of the most commonly applied systems
for water quality improvement in urban catchments (Bratieres et al. 2008; Davis et al. 2009;
Peng et al. 2016).
Even though bioretention approaches have become increasingly popular since their introduction
in the 1990s and are the focus of numerous publications (Prince George’s County 2007; Davis
et al. 2009; Roy-Poirier et al. 2010; Hunt et al. 2012; Kratky et al. 2017), several distinct
knowledge gaps remain. For instance, little is known about how changes in ambient conditions,
or design modifications, affect the ability of bioretention systems to remove certain pollutants
(Kratky et al. 2017).
For this reason, the research presented in this thesis aimed to clarify how design features and
changes in several ambient conditions influence the ability of a bioretention system to remove
sediments, metals, nutrients and pathogens – all of which are common in urban stormwater
runoff.

1.1 Objectives
The overall objective of the research underlying this doctoral thesis was to explain the separate
and interrelated effects of design features and changes in selected ambient conditions on
stormwater bioretention system performance. As such, the research strived to identify the
benefits and/or applications of bioretention as a stormwater treatment system.
The presented research evaluated TSS, metal, phosphorus, nitrogen and bacterial removal in
pilot-scale stormwater bioretention systems designed with or without a submerged zone. All of
the experiments included variations in ambient conditions at two or more levels. The research
1

examined how high and low temperature affect the removal of all the aforementioned pollutants
(Papers I, II, V and VI). Additionally, the experiments evaluated how inflows with and without
salt addition influence metal, phosphorus and TSS removal (Papers I and II), as well as how
dry periods of varying lengths affect TSS, bacteria and nitrogen removal (Papers V and VI).

Figure 1. The research underlying this thesis studied how different design features and changes in ambient
conditions affect the ability of bioretention systems to remove pollutants that are commonly detected in urban
stormwater runoff.

The effect of the aforementioned ambient conditions on metal accumulation in plants and at
different depths of the filter material was studied as well. This was done by collecting plants
and extracting filter material cores at different depths from pilot-scale stormwater bioretention
systems designed with and without a submerged zone after these had been subjected to high
and low temperature and exposed to salt-laden inflow (Papers II and III) for 18 weeks.
Additionally, dissolved metal adsorption and fractionation was examined in different
bioretention filter materials (Paper IV) to provide a long-term perspective for how metals are
adsorbed in bioretention systems.
Figure 2 illustrates the relationship between the evaluated factors and pollutants, as well as
shows how the six papers covered in this thesis are associated.

2

Figure 2. The relationship between the evaluated factors (ambient conditions and design features) and the tested
pollutants, as well as the association between the six papers presented in this thesis. Bold: pollutants; underlined:
ambient conditions; normal: design.

1.2 Thesis structure
The thesis is based on six appended papers, referred to as papers I to VI (Figure 2). The structure
of the thesis is as follows. The first chapter provides a short introduction to the topic of
stormwater bioretention systems and presents the main objectives of the research underlying
this thesis. Chapter 2 provides background information about urban stormwater, stormwater
bioretention, as well as the sources of stormwater pollutants and their removal in stormwater
bioretention systems. In addition, this chapter details how ambient conditions can influence the
ability of stormwater bioretention systems to improve water quality. The third chapter provides
information about the materials and methods, e.g. experimental procedures, sampling strategies,
sample analysis and data analysis, used in the presented research. The results of the research
underlying this thesis are presented in Chapter 4. In chapter 5 the results are discussed in relation
to the stated objectives, existing theory and previous research to evaluate their credibility. The
discussion is divided into sub-sections representing each pollutant followed by a section about
practical implications and ending with several recommendations for further research. The thesis
finishes with chapter 6, which highlights the conclusions. Original versions of the six papers
listed above are appended at the end of the thesis.
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2. Background
2.1 Urban stormwater
Urbanization can cause considerable changes to the volumes and patterns of stormwater runoff
from catchments to receiving waters (Walsh et al. 2012). One reason for this is that urbanization
creates impervious surfaces which hinder the infiltration and/or evaporation of precipitation.
Thus, a larger proportion of the precipitation becomes surface runoff (Walsh et al. 2012).
Precipitation captures both natural and anthropogenic pollutants as it moves over various
surfaces, and then transports these substances to receiving waters (Clary et al. 2014). Nonpoint
source pollution – which comprises pollutants with diverse origins – is much harder to regulate
than point source pollution; as such, stormwater has been identified as a major cause of water
quality impairment (Lee & Bang 2000; Hsieh & Davis 2005a; National Research Council
2009). Thus, stormwater runoff management is crucial for any urban area (Fletcher et al. 2014;
Sörensen et al. 2016).
It is though important to state that urban drainage management has shifted from the onedimensional approaches of the past, i.e. management with flood prevention and the rapid
discharge of stormwater as the primary goals, to multiple objective approaches that incorporate
flow retention, water quality treatment, rainwater harvesting and often additional values such
as ecosystem services, recreational functions and/or aesthetic pleasure (Traver et al. 2009; RoyPoirier et al. 2010; Fletcher et al. 2014). Stormwater bioretention is one example of a multiple
objective approach.
The research covered in this thesis focuses on how stormwater bioretention can improve
stormwater quality prior to discharge by investigating various designs and the effect of changes
in ambient conditions (c.f. objectives, chapter 1).

2.2 Stormwater bioretention
Stormwater bioretention systems (Figure 3), also known as stormwater biofilters, raingardens,
biofiltration systems, swales or bioswales (Trowsdale & Simcock 2011; Payne et al. 2018;
Dagenais et al. 2018), were developed in the early 1990s in Prince George´s County, Maryland,
USA (Prince George’s County 2007) and are currently one of the most commonly applied
stormwater control measures (Hunt et al. 2012; Water by Design 2014; Kratky et al. 2017).
Stormwater bioretention systems are terrestrial-based, water quality and quantity control
systems that rely on the hydrological, chemical, biological, and physical processes in the plants,
microbes, and filter materials to reduce flow and remove pollutants from stormwater runoff
(Prince George’s County 2007; Water by Design 2014).
A bioretention system consists of a vegetated swale or basin underlain by a filter material (Hsieh
& Davis 2005a; Li & Davis 2009; Blecken et al. 2010; Roy-Poirier et al. 2010; Hunt et al.
2012; Water by Design 2014; Kratky et al. 2017). Since stormwater inflow usually exceeds
infiltration capacity, bioretention facilities include a 10 to 30 cm deep ponding zone for
temporary water storage (Hunt et al. 2012; Water by Design 2014; Kratky et al. 2017).
5

Stormwater enters the bioretention system through some type of collection and/or inlet structure
(Hsieh & Davis 2005a; Li & Davis 2009; Blecken et al. 2010; Roy-Poirier et al. 2010; Hunt et
al. 2012; Water by Design 2014) that often includes some kind of pretreatment measure
(sediment forebay, rock beaching, swale and/or filterstrip) to reduce clogging of the filter by
fine sediment, filter surface erosion and vegetation smother (Figure 3) (Hunt et al. 2012; Water
by Design 2014). Bioretention facilities also include an overflow (usually ≤ 30 cm high) to
allow water bypass in the case of excessive stormwater flows (Water by Design 2014).

Figure 3. The inlet is in the bottom left of the picture, and includes a pretreatment measure of rock beaching, while
the overflow pit – in this case a rectangular concrete structure – can be seen left of center.

It is typically recommended that a bioretention system should have a surface area representing
2-6 % of the contributing impervious catchment (Hsieh & Davis 2005a; Li & Davis 2009;
Blecken et al. 2010; Roy-Poirier et al. 2010; Hunt et al. 2012); however, the validity of this
suggestion can vary depending on location (Water by Design 2014). The filter material typically
consists of either natural soil or engineered media, and is usually arranged in a 70-90 cm layer
(Hsieh & Davis 2005a; Li & Davis 2009; Blecken et al. 2010; Roy-Poirier et al. 2010; Hunt et
al. 2012; Water by Design 2014). The filter material should have a hydraulic conductivity that
provides both adequate retention – necessary for adsorption to occur – and infiltration capacity,
as well as physical and chemical properties that support plant life, enhance treatment and
prevent clogging (Fassman et al. 2013). The treated water either infiltrates directly into the
surrounding soil or is collected in a drainage pipe and discharged to receiving waters via the
storm sewer (Hsieh & Davis 2005a; Li & Davis 2009; Blecken et al. 2010; Roy-Poirier et al.
2010; Hunt et al. 2012; Water by Design 2014).
6

In essence, bioretention systems function by filtering stormwater through a vegetated,
biologically-active filter material, a process during which pollutants are retained through fine
filtration, adsorption and biological uptake (Hatt et al. 2007). In conjunction with biological
processes taking place in the filter material, vegetation is the other main biological component
of bioretention systems (Read et al. 2008; Read et al. 2010; Water by Design 2014). Vegetation
helps prevent clogging, maintains and enhances filter material porosity, supports the growth of
biofilm in the filter material, and facilitates the transport of oxygen to the filter material, which
enhances soil microbial activity (Hatt et al. 2009; Le Coustumer et al. 2012; Water by Design
2014; Dagenais et al. 2018). Additionally, vegetation plays a direct (uptake) and indirect
(influence on soil pH; biofilms on plant roots) role in pollutant removal (Sun & Davis 2007;
Read et al. 2008; Read et al. 2010; Chandrasena et al. 2014).
Stormwater bioretention systems are flexible in terms of design, size, shape and appearance; as
such, they can be easily integrated into various landscapes such as allotments, parking spaces,
streetscapes, and recreational areas, among others. However, they can also have large-scale
applications, for example, they can be implemented as an end-of-pipe treatment technology.
Additionally, bioretention systems can provide aesthetical value for people to enjoy (Water by
Design 2014). Thus, the design phase is pivotal for stormwater bioretention systems, but
designers should not forget that the primary purpose should always be the appropriate handling
of urban stormwater runoff (Water by Design 2014).
According to previous studies, the combination of a submerged zone (SZ; also known as
internal water storage (Hunt et al. 2012)) and a carbon source as an electron donor (SZC),
initially introduced to promote denitrification (Kim et al. 2003), benefits nutrient removal
(Brown & Hunt 2011; Zinger et al. 2013; Glaister et al. 2014; Morse et al. 2018; Wang et al.
2018), heavy metal removal (Blecken et al. 2009a; Blecken et al. 2009b; Zhang et al. 2013)
and bacterial removal (Li et al. 2012; Chandrasena et al. 2014). Furthermore, this combination
promotes plant survival during dry periods (Blecken et al. 2009a; Payne et al. 2014; Water by
Design 2014; Glaister et al. 2017). A SZ is created by elevating the outlet to maintain a
permanent water level at the base of the filter material (Zinger et al. 2013). The recommended
depth of a SZ is 35-60 cm (Blecken et al. 2009a; Hunt et al. 2012; Water by Design 2014).

2.3 Stormwater pollutants: sources, environmental impact and removal in
stormwater bioretention
The following section provides an introduction to the sources and environmental impacts of the
pollutants tested in the research underlying this thesis. Previous findings regarding the removal
of these pollutants with stormwater bioretention systems are also discussed.

2.3.1 Suspended solids
Suspended solids are some of the most common pollutants in urban stormwater runoff
(Marsalek et al. 2002). These compounds originate from numerous sources, including erosion
of pervious areas, surface abrasion, road wear, vehicle operation, atmospheric deposition,
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vegetation debris, litter, spills, and anti-skid compounds, among others (Duncan 1999;
Shammaa & Zhu 2001; Marsalek et al. 2002).
The deposition of suspended solids affects receiving waters in several ways. The most
detrimental influence is an increase in turbidity, which reduces the penetration of sunlight and
hence decreases plant growth and species diversity. Suspended solids can also blanket the
gravel substrates where fish spawn, fill up pools where fish feed, take refuge and rest, and/or
destroy the habitats of bottom-dwelling biota (Duncan 1999; Shammaa & Zhu 2001; Marsalek
et al. 2002). Furthermore, suspended solids affect the well-being of aquatic organisms by being
abrasive to the gills and other sensitive tissues and reducing visibility for catching food and
evading predators (Marsalek et al. 2002). Equally important, suspended solids are a significant
carrier of other pollutants (Duncan 1999; Shammaa & Zhu 2001; Marsalek et al. 2002).
In bioretention systems, the mechanical filtration of suspended material is the main treatment
process that efficiently removes total suspended solids (TSS) (Davis et al. 2009; Blecken et al.
2009b; Hunt et al. 2012).
The TSS removal efficiencies witnessed in lab- and pilot-scale bioretention columns generally
exceed 90 % independent of ambient temperature, the inclusion of plants, and the design
featuring a SZC (Lau et al. 2000; Hsieh & Davis 2005b; Rusciano & Obropta 2007; Read et al.
2008; Bratieres et al. 2008; Blecken et al. 2009b; Blecken et al. 2010; Geronimo et al. 2019).
However, TSS removal rates varying from leaching up to 99 % have been reported from fieldscale bioretention facilities (Davis 2007; Li & Davis 2008b; Hatt et al. 2009; Li & Davis 2009;
Lucke & Nichols 2015; Willard et al. 2017). Leaching was observed in both newly installed
systems (Davis 2007) and 10-year-old systems (Lucke & Nichols 2015). Leaching could be
expected to occur in newly installed systems due to settling of the filter material.

2.3.2 Salt
Areas that experience prolonged winter conditions are generally characterized by the
application of de-icing salts to roads and sidewalks for pedestrian and traffic safety purposes
(Marsalek 2003; Rivett et al. 2016). When snow and/or ice melts, the salt becomes part of the
surface runoff. However, studies have shown that only approximately 50-60 % of the applied
de-icing salt enters the surface runoff (Marsalek 2003; Perera et al. 2013). The rest is either
transported by air to adjacent ground – where it then infiltrates the soil and/or groundwater – or
removed with the snow during plowing (Marsalek 2003; Rivett et al. 2016). Residential water
softeners and septic systems are additional sources of salt in stormwater runoff (Kelly et al.
2008); however, de-icing salt – which accounts for 87-97 % of the variation in salt
concentrations – is the dominant source (Cunningham et al. 2009). Furthermore, in coastal
areas, seawater intrusion into coastal aquifers and groundwater, as well as the flows resulting
from storm surges, is another source of salt in stormwater runoff (Barlow & Reichard 2010).
Salt can have long-lasting and widespread environmental impacts (Stirpe et al. 2017). The
hazards of salt-laden stormwater include contamination of groundwater, drinking water wells
and soils, impairment of biotic communities in natural waters, leaching of trace metals,
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densimetric stratification and poor vertical mixing in ponds, direct and indirect toxic effects,
benthic drift and reduced biodiversity (Marsalek 2003; Stirpe et al. 2017).
Salt (Cl-) is not retained in bioretention systems (Khan et al. 2012; Denich et al. 2013), and
should not be, since it is readily soluble in water and chloride (Cl-) is extremely mobile and
nonreactive (Marsalek et al. 2003). However, salt might adversely affect the efficiency at which
a bioretention system removes other stormwater pollutants (Szota et al. 2015).

2.3.3 Metals
Urban stormwater runoff also commonly contains heavy metal pollutants (Makepeace et al.
1995; Duncan 1999; Karouna-Renier & Sparling 2001; Göbel et al. 2007; Jartun & Pettersen
2010; Birch et al. 2011; Becouze-Lareure et al. 2019). During storm events, metals are washed
off from semi-permeable surfaces, e.g. grass swards and porous pavement, and impermeable
surfaces such as roofs, building sides, recreational facilities (tennis courts, playgrounds, decks)
and roads (Göbel et al. 2007; Zgheib et al. 2012; Sharifi et al. 2014). Additional sources such
as tire wear, brake emissions, diesel fuel, batteries, engines, paints, building materials, roof
materials, wood preservation compounds, and cleaning agents further contribute to the heavy
metal load in urban stormwater runoff (Makepeace et al. 1995; Duncan 1999; Brown & Peake
2006; Göbel et al. 2007; Zgheib et al. 2012; Sharifi et al. 2014). The metals Cd, Pb, Hg and Ni
are included on the list of priority pollutants, which highlights compounds that are of major
concern for European waters (WFD 2000).
Most metals are toxic and, as such, harm, damage, or poison living organisms, ultimately
leading to the loss of biodiversity and/or elimination of organisms (Hvitved-Jacobsen et al.
2010; Tchounwou et al. 2012). Some metals are highly toxic and can severely affect organism
functioning even at low concentrations (Van Leeuwen 2007; Hvitved-Jacobsen et al. 2010;
Tchounwou et al. 2012). Metal toxicity is a complex phenomenon that depends on the
substance(s) concerned, their concentrations and availability, and the ecophysiology of exposed
organisms (Hvitved-Jacobsen et al. 2010; Tchounwou et al. 2012; DalCorso 2012).
Heavy metals have specific characteristics and their potentially harmful effects are influenced
by complex interactions between metal characteristics, the affected biological system and
environmental conditions (which govern, inter alia, metal solubility, partitioning between
soluble and solid forms, associations with various kinds of particles and oxidation state)
(Hvitved-Jacobsen et al. 2010; DalCorso 2012).
Mechanical filtration of suspended material is the main process through which bioretention
systems efficiently remove particulate metals (Davis et al. 2009; Blecken et al. 2009b; Hunt et
al. 2012). Dissolved metals, on the other hand, can be removed through adsorption (including
metal-organic matter complexation and cation exchange), surface precipitation and fixation
(mainly to clay minerals) (Bradl 2004). The key filter material properties controlling these
processes are pH, organic matter content, clay mineral content and redox potential (Elder 1989;
Bradl 2004). Furthermore, uptake by plants can enhance metal removal, as previous research
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has shown that this process can account for up to 5-10 % of total metal retention (Sun & Davis
2007; Muthanna et al. 2007a; Read et al. 2008).
Studies employing lab, pilot and field-scale bioretention systems (Table 1) have generally
shown efficient removal of metals, with removal rates often exceeding 90 % independent of
design, temperature, vegetation type and source of inflow (Table 1). However, the variations in
Cu and Pb removal performance were larger than what was measured for Cd and Zn (Table 1).
The removal of dissolved metals has been addressed by fewer studies (Table 1), with one
reporting leaching of all dissolved metals except for Pb from a pilot-scale stormwater
bioretention system receiving snowmelt as inflow (Muthanna et al. 2007b). The other studies
reported efficient removal of dissolved Cd and Zn, but lower removal percentages of dissolved
Cu and Pb (Table 1) (Chapman & Horner 2010; Blecken et al. 2011).
Changes in temperature have not been found to significantly affect overall metal removal in
stormwater bioretention systems (Roseen et al. 2009; Blecken et al. 2011; Paus et al. 2014).
However, low temperatures might negatively affect chemical processes in the SZC by lowering
chemical reaction rates (cf. Arrhenius equation) and biological activity (Horne & Goldman
1994), both of which may alter metal speciation with biological products, e.g. organic matter.
Furthermore, plant growth and plant-related processes are affected by temperature as well as
seasonal variations.
Salt causes a higher fraction of metals to remain in the dissolved phase (Warren & Zimmerman
1994; Bäckström et al. 2004). Furthermore, the presence of salt may mobilize metals that had
already been retained by the filter material (Paus et al. 2014), cause a higher fraction of organic
matter to be dissolved (Bäckström et al. 2004) and interfere with metal complexation and
adsorption by competing for binding sites (Elder 1989; Norrström & Bergstedt 2001). Hence,
salt may adversely affect metal removal in stormwater bioretention systems.
Additionally, the combination of high temperatures and salt causes a higher fraction of organic
matter to be dissolved (Warren & Haack 2001; Bäckström et al. 2004), which are then flushed
out of the bioretention systems together with complexed metals. Furthermore, warmer
temperatures increase metal mobilization in the presence of salt (Paus et al. 2014).
Filter material composition is crucial for achieving the effective removal of dissolved metals.
When choosing a filter material, long-term retention is more relevant than short-term
adsorption. Hence, a clear understanding of the processes through which metals bind to the
filter material is a prerequisite to discussions of bioretention system management and the risks
associated with the leaching of adsorbed metals. However, at present, no studies have
systematically evaluated dissolved metal adsorption capacities and fractionation among the
filter materials that are used in stormwater bioretention systems. Instead, most studies of the
metal adsorption capacities of various filter materials have either focused on entire bioretention
systems (lab-, pilot- or full-scale) (e.g. Li & Davis 2008a; Wang et al. 2017) rather than on the
filter material, examined how the entire system or material functions when the filter material
has been enriched with some type of additive (e.g. aluminum coating, compost, rubber chips,
fly ash) (e.g. Zhang et al. 2008; Li et al. 2011; Jones et al. 2017) or tested alternative low-cost
materials and adsorbents (e.g. red soil, perlite, vermiculite, coco-peat, construction waste) (e.g.
Vijayaraghavan et al. 2010; Wang et al. 2017).
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High
load

Street runoff
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Total
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Mean
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Value
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Total
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State

Parking lot
runoff

Highway
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street

Synthetic

Synthetic

Synthetic

Inflow

N.I.

N.I.

>89.6

N.I.
91 ± 2

N.I.

N.I.

>95
>95
>95
>98
>98
>98
87
-100
86
-200
94
-400

N.I.

N.I.

Cd
98 ± 1
92 ± 3
97 ± 2
43 ± 11
88 ± 4.5
87 ± 5.5
88 ± 5
94 ± 2
93 ± 2
93 ± 2
25
-66
62
-190
90
-216
40
67
65
100
67 ± 23
98 ± 1
95.2 ± 5.7
88 ± 3
98.8 ± 0.8
97.7 ± 2.4
92.4 ± 5.2
91.5 ±4.4
80
58

Cu

97.4 ± 1.7
99.1 ± 0.7
99.1 ± 0.6
98.6 ± 0.7
98.3 ± 0.9
80
72

99.7 ± 0.3
99.2 ± 0.8
99.1 ± 1.2
99.2 ± 0.9
86
n.a.

>97
>98
>95
64 ±42
93 ± 4
93 ± 3
93 ± 2
97 ± 2
97 ± 2
97 ± 1
81
-693
84
-933
98
-942
95
88
92
100
84 ± 26
99 ± 0.1

Zn

99.2 ± 0.9

>98
>98
>95
70 ± 23
95 ± 2
95 ± 2
95 ± 2
97 ± 2
97 ± 1
97 ±1
93
33
97
0
99
21
82
92
83
96
80 ± 15
98 ± 0.5

Pb

Removal % ± SD

Table 1. Summary of selected studies with a focus on metal removal percentage (%) in stormwater bioretention systems.

(Chapman & Horner 2010)

(Blecken et al. 2009a)

(Blecken et al. 2009b)

(Hatt et al. 2009)*

(Li & Davis 2009)*

(Muthanna et al. 2007b)

(Muthanna et al. 2007a)

(Sun & Davis 2007)

(Davis et al. 2003)

(Davis et al. 2001b)

Reference
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Shrubs
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No
Total

Dissolved

Total

Pilot

300
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Total
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No
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Total
No
No
300
Pilot
Synthetic
Total
200
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200
No C
*
Load reductions; agrass species; N.I.: not included; n.a.: not applicable.

No

Pilot

2 °C
8 °C
20 °C
2 °C
8 °C
20 °C

Table 1 continued.

N.I.
84
N.I.

Mean
Mean
Mean

n.a.

Mean

99
99
99
99
99
99

93
93
89
64
66
24
-25
-43
-13
-19
37
92
87
83
>92.3
>92.9
>94.5
>94.2

95
96
96
46
55
54
80
77
76
80
84
81
67
51
>93.6
>92.9
>98
>96.2
93
>94.2
>94
>94.8
>95.4

96

98
98
98
99
99
99
81
82
30
47
68

(Wang et al. 2018)

(David et al. 2015)

(Zhang et al. 2013)

(Li et al. 2011)*

(Blecken et al. 2011)

2.3.4 Bacteria
Urban stormwater runoff is a major source of microbial pollution to receiving waters
(Makepeace et al. 1995; Smith Jr. & Perdek 2004). Bacteria are found in urban stormwater
runoff irrespective of climate, geographical location or land use type (Makepeace et al. 1995;
Smith Jr. & Perdek 2004; Selvakumar & Borst 2006; Clary et al. 2014). The diverse sources of
microbial pollution in urban stormwater runoff include domestic pets and urban wildlife,
deposits of fecal matter, decaying vegetation, soil, snow, sediment, illicit sanitary connections,
combined sewer overflows and leaky sewer pipes (Makepeace et al. 1995; Smith Jr. & Perdek
2004; Clary et al. 2014).
Microorganism concentrations in urban stormwater runoff exhibit significant seasonal and land
use variation and are usually highest during warm weather (Smith Jr. & Perdek 2004;
Selvakumar & Borst 2006) and in runoff from more urbanized areas (Smith Jr. & Perdek 2004;
Clary et al. 2014). However, most microorganisms can adapt to temperature changes and/or
enter dormancy to overcome unfavorable environmental conditions (Jones and Lennon, 2010).
Pathogenic bacteria transported in urban stormwater runoff can be hazardous to human health
if the stormwater is discharged into recreational waters, water bodies used for drinking water
supply, or areas with commercial shellfish beds (Strassler et al. 1999; Kloss 2008; Sidhu et al.
2012). Furthermore, epidemiological studies have linked recreational waters receiving urban
stormwater runoff to various waterborne illnesses (Haile et al. 1999).
In porous media, bacteria are immobilized by straining and/or adsorption (Stevik et al. 2004).
Straining efficiency depends on soil particle size, the size and shape of the bacterial cells, the
degree of water saturation, and clogging of filter material (Stevik et al. 2004). Adsorption may
be reversible or irreversible (Stevik et al. 2004). Reversible adsorption involves weak
interactions between bacteria and particle surfaces that allow bacteria to detach under
appropriate conditions (Stevik et al. 2004). Irreversible adsorption is permanent, depends on
contact time, and occurs when bacterial polymers form bridges between bacteria and the filter
material (Stevik et al. 2004). Bacterial adsorption can be influenced by physical, chemical
and/or microbiological factors such as filter material properties, the presence of organic matter
and biofilms, temperature, and pH (Stevik et al. 2004).
Bacterial removal in field-scale stormwater bioretention facilities has been reported to vary
based on the system, design, source of inflow and bacterial species (Passeport et al. 2009;
Hathaway et al. 2009a; Li & Davis 2009; Hathaway et al. 2011; Zhang et al. 2012; Chandrasena
et al. 2016; Youngblood et al. 2017). Most studies have focused on the removal of fecal
coliforms and/or E. coli, with the log removals reported for these bacteria ranging from -1.26
to 1.44 (Passeport et al. 2009; Hathaway et al. 2009a; Li & Davis 2009; Zhang et al. 2012) and
-1.48 to 2.14 (Hathaway et al. 2009a; Li & Davis 2009; Hathaway et al. 2011; Zhang et al.
2012; Chandrasena et al. 2016; Youngblood et al. 2017), respectively. A few studies have
evaluated the removal of other bacterial species in field-scale facilities, reporting log removals
ranging from -0.003 to 1.52 for enterococci (Hathaway et al. 2011; Youngblood et al. 2017), 13

0.28 to 2.05 for campylobacter (Chandrasena et al. 2016) and 0.27 to 0.72 for coliphages
(Youngblood et al. 2017).
Bacterial removal studies in pilot-scale bioretention systems have primarily focused on E. coli,
with reported log removals ranging from -1.37 to 3.75 (Li et al. 2012; Kim et al. 2012;
Chandrasena et al. 2012; Chandrasena et al. 2014; Li et al. 2016; Chandrasena et al. 2017). The
variation in results can be explained by differences in bioretention design, namely, inclusion of
a SZC (Li et al. 2012; Chandrasena et al. 2014), choice of plant species (Kim et al. 2012;
Chandrasena et al. 2012), enrichment of the soil with compost (Kim et al. 2012), and addition
of copper-zeolite to the soil (Li et al. 2016). Other studies have used pilot-scale bioretention
systems to evaluate the removal of other bacterial species, reporting log removals between 0.34
and 2.77 for fecal coliforms (Rusciano & Obropta 2007) >2 and 3.2 for Clostridium perfringens
and net leaching to 3.9 for FRNA coliphages (Li et al. 2012; Chandrasena et al. 2017).
Furthermore, Chandrasena et al. (2017) reported log removals of 1, 1.7 and 0.7 for
adenoviruses, Cryptosporidium oocysts and Campylobacter, respectively.
Bacterial removal has also been evaluated in lab-scale bioretention systems (more specifically,
glass chromatography columns (2.5 cm diameter, 23 cm height) and PVC pipes (2.5 cm
diameter, 15 cm height)). These studies, which have primarily focused on E. coli removal, have
reported log removals ranging from 0.28 to 1.31 (Zhang et al. 2010; Zhang et al. 2011a; Zhang
et al. 2012; Nabiul Afrooz & Boehm 2017). However, none of these studies implemented
vegetation in the experimental set-up; as such, the research solely focused on the filter material,
and two studies tested how enriching the soil with iron-oxide (Zhang et al. 2010) or biochar
(Nabiul Afrooz & Boehm 2017) affects bacterial removal. The study that tested biocharenriched soil reported log removals ranging from 0.6 to 1 for enterococci (Nabiul Afrooz &
Boehm 2017).
Previous research has found that the inclusion of a SZC (Li et al. 2012; Chandrasena et al.
2014), vegetation (Kim et al. 2012; Chandrasena et al. 2014) and antecedent drying for up to
2.5 weeks (Chandrasena et al. 2012; Li et al. 2012) benefits E. coli removal in stormwater
bioretention systems. Even though bacteria have been found in urban stormwater runoff from
all types of climates (Makepeace et al. 1995), no research has investigated how temperature
influences bacterial removal in stormwater bioretention systems. It is important to state that
growth is positively correlated with temperature (Madigan et al. 1997); in this way, temperature
may significantly impact bacterial removal in stormwater bioretention systems.

2.3.5 Nitrogen
Nitrogen is prevalent in urban stormwater runoff (Collins et al. 2010); as such, urban
stormwater runoff contributes significant amounts of nitrogen to receiving waters (Taylor et al.
2005; Paerl & Scott 2010). The most common sources of nitrogen in stormwater runoff include
animal defecation, fertilizers, feed lots, industrial cleaning operations, septic systems, sewage
leaks and fossil fuel combustion (Makepeace et al. 1995; Paerl & Scott 2010; Collins et al.
2010). Nitrogen is commonly the limiting nutrient in large eutrophic systems, oceans and
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marine environments (Correll 1998; Taylor et al. 2005; Paerl & Scott 2010; Yang & Toor
2018).
Excess nitrogen in aquatic systems can lead to nitrogen saturation, which is followed by
eutrophication and related water-quality problems (Collins et al. 2010; Le Moal et al. 2019).
Eutrophication is one of the most common causes of water quality impairment, and poses a
threat to the environment, the economy (shellfish beds, fishing, tourism) and human health
(recreational use, drinking water supply) (Le Moal et al. 2019).
Nitrogen can be present in a number of chemical forms, including ammonium (NH4-N), nitrate
(NO3-N), nitrite (NO2-N), dissolved organic N (DON) and particulate organic N (PON), in
urban stormwater runoff (Taylor et al. 2005). For this reason, nitrogen removal in stormwater
bioretention systems is a complex task (Brown et al. 2013; Li & Davis 2014). In well-drained
filter material, organic N is mineralized to NH4-N by ammonification, which is followed by
nitrification, or the conversion of NH4-N into NO2-N and NO3-N, both of which are then
converted into N2 if anoxic conditions (provided by the SZC) exist (Kim et al. 2003; Brown et
al. 2013; Zinger et al. 2013; Li & Davis 2014). However, these processes are governed by
different microorganism species that have different environmental requirements, i.e. aerobic
(nitrification) and anoxic (denitrification) conditions (Collins et al. 2010). Furthermore,
nitrification and denitrification have an optimal temperature range of approximately 20-35 °C
(Russell et al. 2002). Plant uptake might contribute to nitrogen removal as well, making plant
selection critical to achieving efficient nitrogen removal (Bratieres et al. 2008; Read et al.
2008). Overall, these various processes highlight that nitrogen removal in stormwater
bioretention systems is a challenging task.
NH4-N is generally efficiently removed by stormwater bioretention systems, with pilot-scale
studies showing removal percentages of 60 % to 99 % independent of design and inflow source
(Table 2). However, removal percentage from field-scale experiments were lower and showed
higher variability. Furthermore, NH4-N leaching was observed in two field-scale studies of
standard bioretention systems (Mangangka et al. 2015; Jiang et al. 2017). Temperature has also
been shown to affect nitrogen removal, as NH4-N removal deteriorates at lower temperatures
in standard bioretention columns (Blecken et al. 2010).
Studies have reported highly variable NO2NO3-N removal percentages in stormwater
bioretention systems, with removal ranging from -944 % to 98 %. Hence, leaching has been
commonly reported, and was particularly prevalent in systems that did not include a SZC (Table
2). However, studies of stormwater bioretention systems with a SZC reported removal
percentages ranging from 8 % to 100 %, with a majority being >60 % (Table 2). Nevertheless,
one study of a system with a SZC also reported leaching of NO2NO3-N (Zinger et al. 2013).
Higher temperatures were found to further increase NO2NO3-N leaching (Blecken et al. 2010).
The total N removal percentages observed in stormwater bioretention systems also vary greatly,
ranging from -241 % to 96.5 % independent of design and inflow source (Table 2). Reported
total N removal percentages have generally been higher when the bioretention system includes
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a SZC (Table 2); this agrees with findings that the inclusion of a SZC improves NO2NO3-N
removal efficiency.
Several studies also investigated the effect of wet and dry conditions on bioretention system
performance (Table 2); however, neither of these studies attempted to explain how dry periods
directly influence outflow concentrations or removal.
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Table 2. Summary of selected studies on nitrogen removal (%) in stormwater bioretention systems.
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C. appressa
20 native plant
species from
Victoria and
Western Australia

Prairie cord grass

n.a.

-29.42 ±
55.99

32.21 ± 52.36

89

N.I.

22
55
96
96
96
97

82

n.a.

N.I.

N.I.

N.I.

33
-58
92
-341
-258
29

N.I.

n.a.

-13.25 ± 37.05

-59.27 ± 65.72

-45

N.I.

N.I.

43

28 - 72.2

-43.01 ±
33.87
-25.49 ±
27.42
n.a.

41

16
-9
59
-86
-45
57
12 – 78
79 – 93
7 - 45
58 – 89
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(Wu et al. 2017)

(Mangangka et al.
2015) #

(Li & Davis 2014) #

(Payne et al. 2014)

(Zinger et al. 2013)*

(Chen et al. 2013) ¤

300

95 ± 7.8
86 ± 7.9
77 ± 5.1
99 ± 0.1
83 ± 31
88 ± 13
99 ± 0.7
94 ± 2.9
92 ± 2
Pilot
Skye sand
C. appressa
Synthetic
N.I.
(Glaister et al. 2017)
99.7 ± 0.1
98.4 ± 1.6
96.5 ± 1.4
99 ± 0.6
35 ± 3.7
56 ± 2.4
No
Skye sand
99 ± 0.4
55 ± 4.9
72 ± 3
Natural
59.73
49.84
56.84
Field
No
50 cm filter
Yes
N.I.
(Jiang et al. 2017)
stormwater
(-3.8 – 100)
(3.4 – 100)
(16 – 100)
600
P.
79 ± 5
62 ± 15
73 ± 5
Pilot
23-31 °C
Wet
Synthetic
N.I.
(Wang et al. 2018)
Australis
No
87 ± 5
-23 ± 50
35 ± 18
* readings from interval plots; # mass removal; ¤ median reduction; values after ± are standard deviations; values in parentheses represents minima and maxima. N.I.: not
included in study; n.a.: not presented in results/discussion. NO2-N was only addressed by a minority of studies and hence are left out of the table.

No

No

300

No

450

No

Field

Pilot

Pilot

Field

Table 2 continued.

2.3.6 Phosphorus
Phosphorus is commonly detected in urban stormwater runoff (Li & Davis 2016; Shrestha et
al. 2018; Yang & Toor 2018), which, in fact, is recognized as the major contributor of
phosphorus to receiving waters (Correll 1998; Hobbie et al. 2017; Shrestha et al. 2018). The
main sources of phosphorus in stormwater runoff include atmospheric deposition, dry
deposition of biogenic materials (fallen leaves, pollen, seeds, grass), domestic and agricultural
fertilizers, industrial waste, detergents (outside EU and USA where it has been banned in
detergents), lubricants, animal waste, and anthropogenic litter (Duncan 1999; Berretta &
Sansalone 2011; Yang & Toor 2018). Phosphorus is commonly the limiting nutrient in
freshwater lakes, reservoirs, streams and headwaters of estuarine systems (Correll 1998; Yang
& Toor 2018). For this reason, excess phosphorus can lead to the same effects that were
described above for nitrogen, i.e. eutrophication and related water-quality problems (Li & Davis
2016; Hobbie et al. 2017; Yang & Toor 2018).
In urban stormwater runoff, phosphorus exists as either dissolved P (organic P and phosphate
species) or particulate P (Boström et al. 1988; Brown et al. 2013; Li & Davis 2016). Particulate
P is removed by filtration mechanisms in the filter material whereas dissolved P is primarily
removed by adsorption onto the filter material (Brown et al. 2013; Li & Davis 2016), but can
also be removed via plant uptake and microbial immobilization (Read et al. 2008; Li & Davis
2016).
Total P and PO43- removal percentage in stormwater bioretention systems range from -398 %
to 98 % and -1271 % to 99 %, respectively, independent of design, experimental conditions and
source of inflow (Table 3). Nevertheless, a majority of studies have reported total P and PO43removal percentages exceeding 70 %, with pilot-scale bioretention systems demonstrating the
best results (Table 3). A few studies reported leaching of total P (Dietz & Clausen 2005; Hatt
et al. 2009; Mangangka et al. 2015), and, interestingly, all of these cases were from field-scale
bioretention systems (Table 3). PO43- leaching was also reported in a few studies (Table 3), of
which two field-scale studies (Hatt et al. 2009; Mangangka et al. 2015) and one pilot-scale
bioretention system including M. stipoides and a 450 mm SZC also reported leaching of total P
(Zinger et al. 2013). It is important to note that the Zinger et al. (2013) study was the only case
in which the inclusion of a SZC was shown to adversely affect P removal (Table 3). Dissolved
P removal (97 %) was only reported in one study (Zhang et al. 2011b).
Furthermore, one study addressed how changes in temperature influence total P removal, and
found no significant differences between the tested temperatures (Blecken et al. 2010) even
though total P sorption rates have previously been shown to increase at higher temperatures
(Kratky et al. 2017). Another study evaluated the effect of salt-laden stormwater on total P
removal and found no significant differences between systems exposed to salt and those that
were not (Valtanen et al. 2017).
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No

No

No

450
750

No

No

Pilot

Field

Pilot

Field

Field

Pilot

No

850

Pilot

No

Field

Pilot

450

No

300

No

Field

Pilot

SZC
(mm)

Scale

80 cm filter

18-22 °C

2 °C
7 °C
20 °C

Wet

Wet

70 cm filter

Wet

Dry

Dry
& wet

Wet

60 cm filter
Varied inflow
conditions
90 cm filter
Greenbelt
Largo
3 diff. materials
3 diff. depths
60 cm filter
90 cm filter

60 cm filter

Details

Z. matrella
Z. matrella & I.
pseudacorus

Grass

B. rubiginosa & J.
subsecundus
B. juncea & M. lateritia
B. juncea & M. lateritia
D. revolute
M. stipoides
C. appressa
D. revolute
M. stipoides
C. appressa

Natural
road
runoff

26.23 ± 20.4

Natural
stormwater

52.8 - 86.6

-31.15 ± 16.74

Synthetic

93

92 ± 6
91 ± 6
91 ± 7

86 ± 3

63
58
-398 ± 559

76 - 96

64 – 86
69 - 92
65 ± 8
87 ± 2

-110.6

Total P

24
30
55
81
77
88

Synthetic

Synthetic

Synthetic

Native sedges & rushes
Various dianella species
& C. appressa
C. rostrata

Natural
stormwater

Synthetic

Natural
stormwater

Synthetic

Shingle
roof runoff

Inflow

Bermuda grass

5 different plant species

Creeping
juniper
Grass, shrubs, small trees
Grass, bushes, small trees

Native

Plants

N.I.

N.I.

N.I.

97

N.I.

N.I.

N.I.

N.I.

N.I.

N.I.

Removal %
Diss. P

Table 3. Summary of selected studies on phosphorus removal (%) in stormwater bioretention systems.

90 – 98*

-36.8 ± 50.74

32.63 ± 43.2

19
-39
89
64
55
84

99

N.I.

81 ± 15

78
74
-1271 ± 1067

32 – 98a

N.I.

N.I.

PO43-

(Wu et al. 2017)

(Mangangka et al. 2015)

(Zinger et al. 2013)

(Zhang et al. 2011b)

(Blecken et al. 2010)

(Hatt et al. 2009) #

(Passeport et al. 2009)

(Bratieres et al. 2008)

(Davis et al. 2006)

(Dietz & Clausen 2005) #

Reference

Loamy sand

Dry
Wet
Dry
Wet
Dry
Wet

92 ± 1.1
99 ± 0.2
98 ± 0
96 ± 0.2
300
93 ± 1.4
99 ± 0.2
Pilot
Skye sand
C. appressa
Synthetic
N.I.
(Glaister et al. 2017)
95.6 ± 1.8
99 ± 0
77 ± 8.7
99 ± 0.2
No
Skye sand
93 ± 1.5
99 ± 0.2
Natural
56.99
Field
No
50 cm filter
Yes
N.I.
N.I.
(Jiang et al. 2017)
stormwater
(18.63 – 100)
With NaCl
94 – 98
Pilot
300
Yes
Synthetic
N.I.
N.I.
(Valtanen et al. 2017)
Without NaCl
96 - 98
a
one result was left out; * readings from plots; # load removal; ¤ median reduction; values after ± are standard deviations; values in parentheses represents minima and
maxima. N.I.: not included in study.

Table 3 continued.

2.4 Knowledge gaps
The previous sections have demonstrated that additional research about the removal of
pollutants by bioretention systems is needed. In particular, future studies should investigate how
well various bioretention systems remove dissolved metals – a class of pollutants that poses a
greater risk than particulate metals due to the fact that they are more bioavailable and harder to
remove. Additionally, there is limited knowledge about how changes in temperature, salt-laden
inflows and the inclusion of a SZC influence the metal removal performance of stormwater
bioretention systems.
Most studies of bacterial removal in stormwater bioretention systems have focused on the
commonly used indicator bacteria E. coli, and hence, have neglected that stormwater contains
other bacteria and pathogenic microorganisms of non-human and non-enteric origins. For this
reason, measurements of fecal indicator species may be insufficient for accurate assessments of
health risks (O'shea & Field 1992). Furthermore, studies regarding bacterial removal in
stormwater bioretention systems have primarily focused on evaluating how design (SZC,
vegetation, filter material enrichments) and/or ambient conditions (antecedent dry periods,
seasonal variation) affect performance without systematic investigations of the interactions
between these factors. So far, only a few studies have evaluated the combined effects and
interactions of multiple (antecedent dry periods and a SZC) factors (e.g. Chandrasena et al.
2014; Li et al. 2012). However, there is currently no information about how high and low
temperature alone or in combination with antecedent dry periods and/or the inclusion of a SZC
influence bacterial removal in stormwater bioretention systems.
Further research should also be performed to confirm that the inclusion of a SZC benefits
nitrogen removal, as well as to understand the full extent of this effect. Even though temperature
seems to affect nitrogen removal, only one study (to the author’s knowledge) specifically
evaluated the direct impacts of temperature on nitrogen removal in stormwater bioretention
systems (Blecken et al. 2010), and this study did not include SZCs. As nitrification and
denitrification have an optimal temperature range of 20-35 °C (Russell et al. 2002), more
knowledge about the effects of changes in temperature – as well as antecedent dry periods - on
nitrogen removal are needed from bioretention systems both with and without a SZC.
Dissolved P is highly bioavailable and thus constitutes a greater risk for surface waters than
particulate P (Boström et al. 1988). However, most studies have only evaluated the removal of
PO43-, which is not equivalent to dissolved P (PO43- considered together with other dissolved
organic and inorganic forms of P reflects dissolved P) (Boström et al. 1988; Zhang et al. 2011b).
Hence, future research should include experiments that measure dissolved P removal in
stormwater bioretention facilities. As is the case for nitrogen, there is limited evidence for how
the inclusion of a SZC affects phosphorus removal. Total P removal did not vary across standard
bioretention systems exposed to different temperatures; however, this was only addressed by
one study (Blecken et al. 2010) and hence more research is needed to confirm the reported
results. Furthermore, there is a lack of knowledge about the combined effects of SZC inclusion
and varying temperatures on both total and dissolved P removal. Another factor that was only
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addressed in one study is salt-laden stormwater; as such, future research should clarify how
salt-laden stormwater influences P removal in bioretention systems.
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3. Materials and methods
Lab- and pilot-scale experiments were conducted under controlled conditions at Luleå
University of Technology (LTU) in Luleå, Sweden to examine the research questions outlined
in Chapter 1. TSS, metal, phosphorus, nitrogen and bacterial removal, along with metal
accumulation in plants and filter material, was evaluated in pilot-scale stormwater bioretention
columns – with or without a SZC – that were subjected to ambient conditions which varied at
two or more levels. Lab-scale batch experiments were used to evaluate dissolved metal
adsorption and fractionation in ten different filter materials. The following sections summarize
the experimental setups, while the amended papers provide full details of the materials and
methods utilized in the research underlying this thesis.

3.1 Pilot-scale experiments
Pilot-scale bioretention columns were used in two different experiments, referred to as pilotscale study 1 (Pilot. 1) and pilot-scale study 2 (Pilot. 2). The experiment described as Pilot. 1
was used in papers I, II and III, as well as to collect the previously unpublished data concerning
phosphorus removal, while the experiment referred to as Pilot. 2 was used in papers V and VI.

3.1.1 Column design and pre-experimental conditions
Bioretention columns (height: 900 mm) were constructed from PVC pipes (inner diameter: 380
mm) with sandblasted inner walls to prevent preferential flow. A ponding zone (height: 400
mm, made from transparent plexiglas) was attached as an extension of the pipe to provide light
for plant growth. Figure 4 provides a schematic overview of the column design.
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Figure 4. Bioretention column design, filter material characteristics and vegetation details.

The filter material consisted of four layers:
x Top layer (height: 400 mm): a mixture containing 25 % 0.2 - 0.5 mm dried sand, 25 %
0.5 - 1.0 mm dried sand, 25 % 1.0 - 2.0 mm dried sand, 10 % 2.0 - 4.0 mm dried sand
and 15 % topsoil (D50 = 0.9 and 0.96 mm, coefficient of uniformity Cu = 3.7 and 3.5
mm, coefficient of curvature CC = 0.8 and 0.91 for Pilot. 1 and Pilot. 2, respectively;
soil organic matter content = 13.1 g OM/kg DM)
x Bottom filter layer (height: 400 mm): 0.2 - 0.5 mm dried sand
x Transition layer (height: 30 mm): 1.0 - 2.0 mm dried sand
x Drainage layer (height: 70 mm): 2.0 - 4.0 mm dried sand
The filter material is a sand-based material developed by the urban water research group at
Luleå University of Technology, and is partly based on recommendations from the Facility for
Advancing Water Biofiltration (FAWB 2008). However, to enhance infiltration during freezethaw cycles, the filter material was adapted to cold climate conditions by including a lower
proportion of fine fractions than recommended by the FAWB (Caraco & Claytor 1997; Zhao &
Gray 1999; Muthanna et al. 2007b). The transition and drainage layers prevent washout of the
filter material and clogging of the collection pipe.
A drainage pipe (diameter: 54 mm) was embedded in the drainage layer to divert water to a
sampling outlet. The bioretention columns with a water-saturated SZC were designed with an
increased outlet (height: 450 mm). These columns included 800 g of cellulose-based carbon
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source (pine and spruce wood shavings) mixed randomly into the bottom layer, which
corresponds to a soil organic matter content of 1 %.
The columns were planted with native wet/drought-tolerant plants adapted to Nordic climates
(Figure 5). As such, three Juncus conglomeratus, two/three Phalaris arundinacea and two/three
Carex panicea were randomly planted in each column, corresponding to a plant density of 64
and 82 plants/m2 in Pilot. 1 and Pilot. 2, respectively. After planting, the columns were stored
outside and watered twice weekly with unchlorinated tap water for three months.

Figure 5. Preparation of the columns for pilot-scale study 2.

After this three-month period, half of the columns, with an even distribution of standard
columns (bottom outlet) and columns with a SZC, were placed in an indoor greenhouse while
the other half were placed in a refrigerated container (Figure 6). Both environments had nearconstant air temperatures (4.6 ± 0.6 °C and 17.1 ± 1.5 °C (measured with Microlite II External
USB Temp loggers) and 1.5 ± 0.3 °C and 25.1 ± 0.3 °C (measured with Ebro EBI310
temperature loggers) in Pilot. 1 and Pilot. 2, respectively). Once the columns had been moved
inside, continuous plant growth was ensured by illuminating the columns for 12 h every day
with high-pressure sodium greenhouse lamps (G-power Agro, 400 W, 55,000 Lm, Figure 6).
The columns were watered twice weekly with unchlorinated tap water for another three months
to ensure column maturity before stormwater was added.

27

Figure 6. Left side: bioretention columns with standard outlet in refrigerated container. Right side: bioretention
columns with a SZC in indoor greenhouse. Both designs were equally represented at both locations.

3.1.2 Experimental procedure for pilot-scale study 1
Metal concentrations in inflow and outflow, as well as metal accumulation in the filter material
and plants, were analyzed in bioretention columns with or without a SZC that had been exposed
to high or low temperature (constant 17.1 ºC and 4.6 ºC, respectively) and dosed with
stormwater with or without salt addition. This resulted in eight different experimental
combinations, designated LTSZ, LTSSZ, LT, LTS, HTSZ, HTSSZ, HT and HTS (Table 4). All
of the combinations were tested in triplicates.
Table 4. Experimental combinations
Combination Temperature °C Salinity g L-1 Submerged zone
LTSZC
4.6
0
Yes, 450 mm
LTSSZC
4.6
2
Yes, 450 mm
LT*
4.6
0
No
LTS*
4.6
2
No
HTSZC
17.1
0
Yes, 450 mm
HTSSZC
17.1
2
Yes, 450 mm
HT*
17.1
0
No
HTS*
17.1
2
No
*In paper I only these combinations (without a SZC) are included.

Replicates
3
3
3
3
3
3
3
3

3.1.2.1 Stormwater preparation and dosing
For 18 weeks, the columns were dosed twice weekly with 15 L of semisynthetic stormwater,
which was prepared by adding natural stormwater sediment (originating from a stormwater
gully pot) to unchlorinated tap water. When necessary, laboratory-grade chemicals were added
to achieve target pollutant concentrations (Table 5). NaCl (de-icing salt, AkzoNobel,
Amsterdam, Netherlands) was added to half of the stormwater to achieve a concentration of
approximately 2000 mg Cl-/L (detailed information is provided in paper II).
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Table 5. Characteristics of the semi-synthetic stormwater.
Factors
Temp. °C
Salt
Pollutant
T. Cd
D. Cd
T. Zn
D. Zn
T. Pb
D. Pb
T. Cu
D. Cu
T.P
D.P
ClTSS
pH
ORP

Target conc.
17.1
+

6.4
500
50
120
350
0 and 2000
150

17.1
4.6
4.6
+
Mean inflow concentration ± (SD)
4.5 (1.5)
4.5 (1.7)
4.9 (1.7)
4.5 (1.6)
2.4 (1.1)
1.1 (0.7)
2.4 (1.2)
1.3 (0.7)
424 (86)
425 (103)
458 (78)
436 (85)
247 (37)
170 (40)
302 (44)
263 (46)
41.8 (13.8)
46.3 (12)
47.7 (11.7)
46.8 (12.4)
0.5 (0.7)
0.6 (1)
0.4 (0.8)
0.5 (0.6)
149.4 (76.9) 193.7 (92.3) 205.6 (82)
200.8 (78.7)
5.7 (5.1)
4.7 (3.4)
6.3 (5.4)
6.1 (2.7)
380 (138)
374 (120)
410.5 (139.7) 371.9 (106.2
108.7 (64.9) 92 (24.5)
94.8 (21.8)
83.8 (24.8)
2241 (239)
47 (7)
2253 (232)
45 (7)
131 (48)
127 (39)
128 (19)
122 (15)
7.6 (0.2)
7.7 (0.1)
7.7 (0.1)
7.7 (0.1)
159 (32)
158 (34)
169 (29)
175 (32)

Source
CdCl2
ZnCl2
Pb(II)NO3
Cu(II)Cl2
KH2PO4
NaCl
GPSa
Not adj.

SD: standard deviation in parentheses; metals and phosphorus (P): μg L-1; Cl- and TSS: mg L-1; D.: dissolved; T.:
total; aGully pot sediment (≤500μm).

The stormwater was prepared separately for each temperature (high and low) at least 48 h before
dosing and continuously mixed during that time to allow temperature adjustment and ensure
homogeneity before dosing.
The volume of applied stormwater was based on Luleå rainfall patterns and a bioretention area
that represented 4 % of the total catchment, as described in paper I. Between dosing, the filters
were subject to gravity drainage.
3.1.2.2 Sampling procedure
Influent. Grab samples of the semi-synthetic stormwater were taken prior to each event and
stored in acid-washed PVC bottles.
Effluent. Outflow samples were collected separately from each bioretention column after every
sixth event (i.e. after 3, 6, 9, 12, 15 and 18 weeks of the experimental run time). After watering,
the columns were allowed to drain over night before sample collection. During sampling all of
the outflow water was collected in acid-washed transparent PE tanks, after which grab samples
were taken while the collected water was stirred. These grab samples thus represent the outflow
water from a respective event. Samples that would be used for metal and P analysis were first
collected in 125 mL acid-washed PE bottles, after which samples that would be used to measure
TSS were collected in 2 L PE bottles.
Filter material. The initial filter material samples were taken randomly from the material that
had originally been placed into the columns. After the completion of the experiment, final filter
material samples were taken separately from four different depths (0-50 mm, 100 mm, 350 mm
and 650 mm) in each bioretention column. The top soil sample was collected as a grab sample
using an acid-washed plastic beaker; the other three samples were collected by extracting
horizontal cores (16 mm diameter) from the respective depths.
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Plants. An initial composite sample of randomly selected plants was collected for each species
to investigate initial metal concentrations. Once the experiment had finished, composite
samples for each plant species were collected from bioretention columns subjected to each
treatment, resulting in eight samples for each plant species.

3.1.3 Experimental procedure for pilot-scale study 2
Bacterial and nitrogen concentrations were measured in the inflow and outflow of bioretention
columns with and without a SZC that had been exposed to either high or low temperature
(constant 1.5 ºC and 25.1 ºC) and three intermittent drying periods of varying length. All of the
combinations were tested in four replicates (Table 6).
Table 6. Experimental combinations.
Temperature °C
1.5
1.5
25.1
25.1

Factors
SZC
Yes, 450 mm
No
Yes, 450 mm
No

ADD
6, 17, 37
6, 17, 37
6, 17, 37
6, 17, 37

Replicates
4
4
4
4

The experiment was divided into two parts with durations of 120 and 22 days, respectively
(Figure 7). Part 1 (analyses of bacteria and nitrogen) consisted of wet periods during which the
bioretention columns were watered twice weekly with 15 L (c.f. paper I) of semi-synthetic
stormwater and three dry periods of 6, 17, and 37 days. Outflow water samples were collected
before a dry period and after the first and second watering after a dry period (Figure 7).
Part 2 (bacterial analyses only) was performed using only the bioretention columns exposed to
1.5 °C from part 1. After sampling run 9, the temperature in the refrigerated container was
increased from 1.5 °C to 25.3 °C (± 0.4 °C) and allowed to adjust for a week (Figure 7). During
this period, the bioretention columns were watered with 15 L of semi-synthetic stormwater
twice weekly and outflow samples were collected on days 128, 135, and 142 (Figure 7).

Figure 7. Experimental schedule. Note: bars do not represent the same amount of days.
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3.1.3.1 Stormwater preparation
Semi-synthetic stormwater was prepared 24 hours before each dosing and continuously mixed
to allow for temperature adjustment and ensure homogeneity. The semi-synthetic stormwater
was made by adding 200 mg/L natural stormwater sediment (originating from a stormwater
gully pot) and laboratory-grade chemicals (KNO3, NH4Cl and C6H5NO2) to 190 L of
unchlorinated tap water in the quantities needed to achieve typical stormwater nitrogen
concentrations (Makepeace et al. 1995; Taylor et al. 2005). Since the gully pot sediment already
contained pollutants, laboratory-grade chemicals were added when necessary to achieve the
target concentrations for tested pollutants. Furthermore, 5 mL of nonpathogenic strains of E.
coli, E. faecalis and P. aeruginosa, cultivated in trypton soya broth at 37 °C for 24 hours, were
added to the semi-synthetic stormwater 30 minutes before dosing. Further details about the
bacterial strains and their cultivation can be found in paper V. The inflow characteristics of
bacteria and nitrogen are summarized in Tables 6 and 7, respectively.
Table 6. Inflow characteristics of bacteria.
Parameter
a

E. coli (MPN/100mL)

a

E. faecalis (MPN/100mL)

a

P. aeruginosa (MPN/100mL)

b

pH

b

TSS (mg L-1)

a

Temp. °C
1.5 ± 0.3
25.1 ± 0.3
1.5 ± 0.3
25.1 ± 0.3
1.5 ± 0.3
25.1 ± 0.3
1.5 ± 0.3
25.1 ± 0.3
1.5 ± 0.3
25.1 ± 0.3

Mean
1.87x106
2.94x106
1.11x106
1.26x106
7.65x105
1.54x106
7.43
7.43
195.5
175.3

Min
4.06x105
1.11x106
4.88x105
8.13x105
2x104
1.81x105
7.22
7.18
84.7
85.2

Max
5.42x106
4.88x106
1.79x106
1.73x106
2.1x106
3.87x106
7.66
7.69
337.9
302.2

Geometric mean; bArithmetic mean.

Table 7. Inflow values of N-fractions and pH.
Compound
Mean concentration St.dev. Min Max
NH4-N (mg L-1)
0.31
0.06
0.18 0.51
NO2NO3-N (mg L-1)
0.77
0.17
0.16 0.88
Total N (mg L-1)
2.32
0.39
0.93 2.7
pH
7.45
0.14
7.25 7.69
Inflow results are presented as one mean value because there were no significant differences (t-test) between the
inflow samples from bioretention columns exposed to high and low temperature.

3.1.3.2 Sampling procedure
At each event, a 250 mL (nitrogen analysis) and a 1000 mL (bacteria analysis) grab sample of
the inflow were collected in sterile PE bottles, at each temperature, immediately before watering
began. The outflow was collected in sterile 20 L PE buckets (washed in 100 % ethanol
immediately before watering), and the columns were allowed to drain for at least three hours
so that only a minor proportion of the inflow water would be retained in the columns. Outflow
sub-samples were then collected in sterile 1 L PE bottles and 250 mL bottles for bacterial and
nitrogen analyses, respectively. Samples were transported directly to a refrigerator (4-6 °C) and
stored until analysis. The bacterial analyses were performed within two hours of sample
collection, and samples were removed from the refrigerator one at a time during the analyses.
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3.1.4 Sample analysis
Water samples were analyzed for TSS, pH, redox potential, total and dissolved Cd, Cu, Pb, Zn
and P, total N, NH4-N, NO2NO3-N, E. coli, E. faecalis and P. aeruginosa. The dissolved metal
samples were filtered through 0.45 μm filters. The filter material and plant samples were
analyzed for Cd, Cu, Pb and Zn per kg dry mass.
The metal and phosphorus analyses were carried out by a commercial laboratory (ALS
Scandinavia AB, Luleå, Sweden), which has been accredited by SWEDAC, the national
accreditation body for Sweden (EPA 200.7 (ICP-AES) and EPA 200.8 (ICP-SFMS)). The
bacteria (E. coli, E. faecalis and P. aeruginosa) were enumerated using Colilert, Enterolert*-E,
and Pseudalert* Test Kits, respectively, and quantified using Quanti-Tray*/2000 (IDEXX
Europe B.V., Hoofddorp, Netherlands). QuAAtro Applications (Seal Analytical, Hampshire,
United Kingdom) method no. Q-003-04 was used to evaluate total N and NO2NO3-N levels,
while method no. Q-001-04 was used to analyze NH4-N levels.

3.2 Batch-scale experiments
Lab-scale experiments were performed to examine dissolved metal adsorption and association
in ten different filter materials. These materials are either recommended by guidelines or
commonly implemented in bioretention systems.
LTU top-layer is a sand-based material developed by the urban water research group at Luleå
University of Technology based on recommendations from the Facility for Advancing Water
Biofiltration (FAWB 2008). However, to enhance infiltration during freeze-thaw cycles, it has
a lower proportion of fine fractions than recommended by the FAWB (Blecken et al. 2011).
LTU top-layer was previously tested in pilot-scale bioretention studies and showed promising
metal adsorption (Paper 1 and II and (Blecken et al. 2011). Three Swedish materials were also
tested: Hekla®Regnbädd and Hekla®Regnbädd-biokol (Hekla®Regnbädd with supplementary
biochar; developed by the Swedish supplier Bara Mineraler, Bara, Sweden); and Hasselfors,
which also includes biochar and was developed by Hasselfors Garden (Örebro, Sweden). These
materials are commonly used in Swedish bioretention systems to improve water quality, but
have not been tested in laboratory- or field-scale experiments. The DWA and DWA-chalk
materials are made according to the German water manual DWA M-187. They were originally
designed for combined sewer overflow treatment (so-called retention soil filters) and
bioretention systems receiving highway runoff. Chalk addition is recommended for enhancing
metal adsorption and compensating for low organic matter content (DWA-M 178 2005;
Grotehusmann et al. 2016). Orbicon Standard Field Topsoil #1 was developed by the Danish
consultancy Orbicon (Høje-Taastrup, Denmark) and is intended for road beds. This material is
composed of natural soil without any modifications. Three bioretention soils from the United
States were also evaluated: one from Wade Moore Equipment Co. (Louisburg, North Carolina);
and two from companies in Ohio (Kurtz Bros., Inc, Independence, Ohio and Barnes Nursery
landscape design company, Huron, Ohio). Each mix met the respective state’s current
guidelines for bioretention soil (generally a sandy blend with varying amounts of organic
matter). The mixes were developed to target pollutants of particular local concern, i.e. nutrients
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and sediment in North Carolina and Ohio, respectively. Therefore, none of these bioretention
soils had specific amendments designed to target metal retention. Abbreviations for the tested
materials that will be used hereafter, as well as their origin or supplier, are presented in Table
8, and the filter materials are illustrated in Figure 8.
Table 8. The full names, abbreviated names, and origins or suppliers of the tested filter materials.
Filter material
LTU top-layer
Hekla®Regnbädd
Hekla®Regnbädd-biokol
DWA
DWA-chalk
Hasselfors Regnbädd Växtjord
Bio-retention mix
Hydro Clear Bioretention Soil®
Speciality soils Raingardens blends
Orbicon Standard Field Topsoil #1

Abbreviated
name
LTU-TOP
Hekla
Hekla-B
DWA
DWA-chalk
Hasselfors
NC-USA
KB-OHIO
BN-OHIO
ORBICON

Origin/supplier/guideline
Luleå University of Technology, based on FAWB 2009
Bara Mineraler
Bara Mineraler
DWA M-187
DWA M-187 modified by Sundsvall municipality
Hasselfors Garden
Wade Moore Equipment company, INC. North Carolina
Kurtz Bros., INC. Ohio
Barnes Nursery landscape design company. Ohio.
Orbicon A/S.

Country
of origin
Sweden
Sweden
Sweden
Germany
Germany
Sweden
USA
USA
USA
Denmark

Figure 8. The ten tested filter materials. The boxes shown are approximately 15 x 20 cm.

3.2.1 Experimental procedure for batch-scale study
The organic matter content, specific surface area (SSA), pH, particle size distribution and initial
leaching capacity of each material was determined to identify potentially relevant factors for
metal adsorption. The organic matter content was determined according to the Swedish standard
SS 028113. The SSA was determined by an accredited, external laboratory (Escubed limited,
Wetherby, UK) using the Brunauer-Emmett-Teller (BET) method. pH was determined
according to the international standard ISO 10390, using a WTW pH 3110 field pH-meter,
while particle size distributions (PSDs) were determined through dry sieving according to
Swedish standard SS-ISO 11277:2009, and expressed in terms of D50 (diameter at which smaller
particles comprise 50 % of a sample’s mass, or median particle size) and Cu (coefficient of
uniformity: D10/D60).
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Furthermore, batch adsorption and batch kinetic experiments were performed using both single
(Cu and Zn) and multi-metal (Cd, Cr, Cu, Ni, Pb and Zn) solutions. Metal strengths and
associations were determined by sequential extraction analysis on samples exposed to multimetal solutions. The extracted fractions are summarized in Table 9.
Table 9. Summary and details about extracted fractions (Tessier et al. 1979).
Fraction Extracted
Mobility
I
Adsorbed and exchangeable metals and Mobilizes by changes in ambient water’s ionic
carbonates
composition. Easily leached.
II
Labile organic forms – including metals Mobilizes under oxidizing conditions – e.g. by
bound to organic matter
degradation.
III
Amorphous Fe- and Mn-oxides
Metal sinks under oxidizing conditions but unstable
under anoxic conditions.
IV
Crystalline Fe-oxides
Becomes unstable under persistently anoxic
conditions.
V
Stable organic forms and sulfides
Mobilizes under oxidizing conditions.
VI
Residuals
Not likely to mobilize under normal, natural
conditions

3.2.1.1 Metal solutions
The metal solutions were prepared using laboratory grade chemicals diluted in milli-Q water.
Only metal nitrates were used (c.f. paper IV) to avoid the precipitation of metal salts, whereas
the pH was not adjusted to avoid the precipitation of metal oxides. The batch adsorption
experiments were run with single-metal solutions (containing either Cu or Zn at 1, 10, 50, 100
and 1000 mg/L) and multi-metal solutions containing Cu, Zn, and Ni at 1, 10, 50, 100 and 1000
mg/L, with 10-fold lower concentrations of Cr and Pb and 100-fold lower concentrations of Cd.
The batch adsorption kinetic studies were performed with two single-metal solutions (Cu and
Zn, 10 mg/L) and one multi-metal solution (10 mg/L of Cu, Zn and Ni; 1 mg/l of Pb and Cr;
and 0.1 mg/L of Cd). The sequential extraction was performed with a multi-metal solution
containing 100 mg/L of Cu, Zn and Ni, 10 mg/L of Pb and Cr, and 1 mg/L of Cd.
3.2.1.2 General procedures
All runs had a solid-to-liquid ratio of 1:10 (10 g dry filter material to 100 mL solution). The
filter materials were dried in incubators at 35 °C (above which organic matter may oxidize, thus
changing the material’s properties) before the tests. Before randomly selecting 10 g of sample,
the dry material was mixed thoroughly with a plastic spoon to avoid getting an unrepresentative
sample. All of the experiments were performed at room temperature (18.6 °C ± 0.6; Ebro
EBI310 temperature loggers) and shaken at 200 rounds per minute on orbital shaking tables.
With the exception of the batch adsorption kinetic study, the contact time between solution and
material was 24 h. The contact times in the batch adsorption kinetic study were 1 h, 3 h, 6 h, 10
h and 24 h. All of the experiments (except for sequential leaching) were performed in duplicates.

3.2.2 Sample analysis
All of the samples – except for those used for metal sequential extraction – were filtered through
0.45 μm filters (Filtropur S) after shaking.
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All of the metal analyses and sequential extraction experiments were performed by an external
laboratory (ALS Scandinavia AB), which has been accredited by SWEDAC, the national
accreditation body for Sweden, using internationally accredited analytical methods (EPA 200.7
(ICP-AES) and EPA 200.8 (ICP-SFMS)).
Further details about the analytical methods are provided in paper IV.

3.3 Data analysis
All data were tested for time trends, homogeneity of variance, and normal distribution
(Anderson-Darling test and Goodness-of-Fit test). With the exception of bacterial and TSS
outflow concentrations (Pilot. 2), datasets were found to be normally distributed. Hence, the
data were analyzed using the appropriate standard statistical methods for normal and/or nonnormal distributions. Generally, one-way ANOVA followed by Tukey’s test was used for
comparisons.
Removal percentages, R % (Papers I, II, III and VI) were calculated by equation 1:
%= 1−

∗ 100 %

(1)

Log10 removals (Paper V) were calculated by equation 2:
(

)= −

(

)

(2)

Furthermore, the adsorption percentages and capacities were calculated using equations 3 and
4:
(%) =

(3)

× 100
,

(

) =

(

)

×

(4)

For TSS, metals and P (Pilot. 1), a three-factor, two-level full factorial design of experiment
(DOE) analysis was conducted to assess how the three tested factors (temperature, salt, and
SZC) and their two-way interactions affected outflow concentrations. The model analyzed the
data based on the changes that occurred as each factor was varied from low to high.
In the bacterial, nitrogen and TSS analyses (Pilot. 2), general linear models (GLM) were used
to examine how temperature, bioretention design, and length of antecedent dry period – as well
as the two-way interactions between these factors – influence the outflow concentrations of
pollutants. Because of the non-normal distributions of data concerning bacteria and TSS,
outflow concentrations for these pollutants were Box-Cox transformed prior to analysis.
A Kruskal-Wallis test was performed to determine whether the outflow concentrations before
and after a sudden change in temperature differed. If a significant difference was identified, a
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Mann-Whitney test was performed to determine how the change in temperature affected
pollutant concentrations.
Additionally, results from the batch adsorption and batch kinetic experiments were fitted to
multiple sorption isotherms (linear, Freundlich, Langmuir, Temkin and Dubinin-Radushkevich)
as well as pseudo-first and pseudo-second order kinetic models (for details see paper IV). The
metal concentrations measured in each fraction during sequential extraction were recalculated
from μg/L to mg/kg by equation 5:
=

∗ ( )
(

(5)

)

and then summed to give the total amount of extracted metal, which was used to calculate the
percentage of metal accumulated in each fraction by equation 6:
%

=

( )

∗ 100%

(6)

Where x symbolizes fractions one to six.
The statistical analyses were performed using Minitab® 16 and 17 statistical software (Minitab
Inc., State College, PA), and all of the statistical analyses were performed at an α-level of 0.05.
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4. Results
This chapter chronicles the main findings of papers I-VI, as well as presents previously
unpublished results regarding the removal of phosphorus. The chapter begins with a summary
of the mean outflow concentrations of metals, nutrients, TSS and bacteria. Next, the observed
effects of the main factors – inclusion of a SZC and temperature – on TSS, metal, nutrient and
bacterial removal as well as metal accumulation in plants and filter material (Pilot. 1) are
presented. This is followed by results concerning how antecedent dry periods influence TSS,
bacterial and nitrogen removal, after which the effect of salt on TSS, metal and phosphorus
removal as well as metal accumulation in plants and filter material is presented. Due to small
sample sizes and high variation, the results presented for plant metal accumulation are not
statistically significant but indicative, and as such, no general conclusions can be drawn.
This chapter also describes how two-way interactions between the studied factors impact
bioretention performance. The effects of the two-way interactions between temperature and a
SZC on TSS, metal, nutrient and bacterial removal are presented first, followed by results on
how two-way interactions between salt and a SZC, as well as salt and temperature, influence
TSS, metal, and phosphorus removal. Hereafter, the effects of the two-way interactions between
antecedent dry periods and a SZC – as well as antecedent dry periods and temperature – on
TSS, bacterial and nitrogen removal are described.
Then the significance and importance of the main effects and the effects of the two-way
interactions are summarized for each compound, and finally, the section concludes with results
regarding metal accumulation and fractionation in the filter material.

4.1. Outflow concentrations and removal
Depending on the pollutant, outflow concentrations varied amongst the examined factors and
design configurations (Tables 10, 11 and 12). TSS, total metals and P, dissolved Cd, Zn and P,
bacterial and NH4-N outflow concentrations (Tables 10, 11 and 12) were significantly lower
than the corresponding inflow concentrations (Table 5, 6 and 7). Furthermore, leaching of
dissolved Cu and Pb, as well as NO2NO3-N and total N was observed under certain conditions
(Table 10 and 12). Moreover, Cl- was not retained in the bioretention columns (Table 10).
Thus, the removal percentage of TSS, total metals and dissolved Cd, Zn and P was efficient and
generally exceeded 90 %. The removal percentage of total P and NH4-N were noticeably lower,
but still mostly exceeded 80 %. However, removal of dissolved Cu and Pb, as well as NO2NO3N and total N, varied greatly and, depending on the tested conditions, ranged from leaching to
efficient removal.
The LRV for E. coli, E. faecalis and P. aeruginosa ranged from -0.2 to 4.32, 0.02 - 6.47 and 0.47 to 6.55, respectively (with arithmetic means of 1.59, 1.91 and 2.47, respectively),
independent of the studied factors.
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Metals and phosphorus: μg L-1; Cl- and TSS: mg L-1; SD: standard deviation; D.: dissolved; T.: total. N: without; Y: with.

Table 10. Mean outflow concentrations of total and dissolved metals and phosphorus, TSS and Chloride.
Factors
Temp. °C 4.6
17.1
4.6
17.1
4.6
17.1
Salt
N
N
Y
Y
N
N
SZC
N
N
N
N
Y
Y
Pollutant Mean outflow concentration ± (SD)
T. Cd
0.06 (0.02)
0.05 (0.03)
0.13 (0.05)
0.19 (0.05)
0.07 (0.04)
0.04 (0.02)
D. Cd
0.03 (0.01)
0.02 (0.01)
0.12 (0.03)
0.15 (0.02)
0.05 (0.02)
0.02 (0.02)
T. Zn
5 (3)
5 (6)
6 (2)
12 (4)
4 (0)
3 (1)
D. Zn
2 (1)
1 (1)
2 (1)
5 (2)
3 (1)
3 (1)
T. Pb
3.2 (1.9)
2.5 (2)
3.3 (0.8)
4.4 (1.5)
0.25 (0)
0.44 (0.22)
D. Pb
0.22 (0.09)
0.18 (0.09)
0.35 (0.17)
0.51 (0.28)
0.05 (0.02)
0.2 (0.1)
T. Cu
10.1 (3)
13.8 (7.8)
12.6 (1.8)
32.9 (4.6)
4.2 (2.1)
2.3 (0.8)
D. Cu
4.9 (0.3)
8.8 (2.6)
7.6 (1.3)
23.2 (4.8)
2.7 (1.7)
1 (0.7)
T.P
34.7 (12.2)
38.3 (20.5)
38.1 (10.4)
9.4 (4.2)
17.4 (4.7)
39 (14.8)
D.P
4.6 (2.3)
8 (4.9)
4 (0.6)
62.9 (13.3)
3.6 (0.9)
11.1 (5.6)
Cl
43 (4)
50 (6)
2123 (155)
2307 (232)
44 (3)
50 (5)
TSS
6.9 (5.2)
6.3 (10.2)
5.9 (3.6)
10.5 (6.7)
0.1 (0.4)
0.3 (0.5)
17.1
Y
Y
0.03 (0.01)
0.01 (0)
3 (1)
3 (1)
0.71 (0.36)
0.09 (0.08)
2.7 (0.6)
0.6 (0.4)
9.8 (5.9)
67.6 (15.2)
2247 (190)
1.3 (1.3)

4.6
Y
Y
0.24 (0.11)
0.23 (0.1)
5 (1)
5 (1)
0.25 (0)
0.04 (0.02)
6.7 (2.6)
5.6 (2.4)
18.7 (6.2)
4.7 (1.5)
2175 (125)
0.6 (1)

17 ADD
1.64x103
(1.96x102 – 6.49x103)
1.23x104
(3.87x103 – 1.99x104)
5.62x105
(3.65x105 – 7.27x105)
2x105
(1.55x105 – 2.42x105)
3.48x102
(15 – 1.59x103)
8.46x103
(1.42x103 – 1.99x104)
1.35x105
(1.12x105 – 1.73x105)
4.18x104
(1.73x104 – 9.8x104)
3.42
(0.5 – 27.9)
4.8x103
(1.34x103 – 1.99x104)
1.5x104
(1.12x104 – 1.99x104)
9.47x104
(6.87x104 – 1.3x105)

Values shown within parentheses are the minima and maxima; wet days: covers periods of 2, 3 and 4 ADD; ADD: antecedent dry days.

Table 11. Geometric mean outflow concentrations of bacteria (MPN/100 mL).
Pollutant
SZC Temp. (°C) Wet days
6 ADD
3
9.5x10
6.5x103
1.5
3
4
(1.2x10 – 4.19x10 ) (1.73x103 – 4.19x104)
Yes
5.09x104
3.43x104
25.1
3
5
(7.27x10 – 2.42x10 ) (1.12x104 – 9.21x104)
E. coli
3.97x105
6.22x105
1.5
4
6
(1.57x10 – 1x10 )
(8.87x104 – 1.42x106)
No
5
3.4x10
3.89x105
25.1
5
6
(1.3x10 – 2.42x10 ) (8.74x104 – 7.12x105)
1.45x103
7.53x102
1.5
2
3
(1.21x10 – 8.69x10 ) (2.01x102 – 7.12x103)
Yes
1.08x104
1.12x104
25.1
3
4
(1.09x10 – 4.19x10 ) (2.69x103 – 2.76x104)
E. faecalis
1.08x105
1.46x105
1.5
(3.65x104 – 8.16x105) (1.2x105 – 2.42x105)
No
8.24x104
9.94x104
25.1
4
5
(3.13x10 – 1.99x10 ) (7.27x104 – 1.3x105)
6.75
2
1.5
2
(0.5 – 5.48x10 )
(0.5 – 8.6)
Yes
1.44x104
1.83x104
25.1
3
4
(2.14x10 – 4.61x10 ) (1.26x104 – 3.45x104)
P. aeruginosa
6.64x103
9.74x102
1.5
(6.76x102 – 2.45x104) (7.42x102 – 1.37x103)
No
1.73x105
9.8x104
25.1
4
5
(9.21x10 – 5.17x10 ) (2.94x104 – 5.33x105)
37 ADD
1.38x103
(1.47x102 – 9.21x103)
6.89x103
(1.17x103 – 2.91x104)
4.61x105
(4.11x105 – 6.13x105)
3.89x105
(2.61x105 – 5.17x105)
2.12x102
(44 – 9.1x102)
2.17x102
(1 – 6.13x103)
4.8x104
(3.26x104 – 7.27x104)
1.6x104
(1.11x104 – 4.11x104)
0.6
(0.5 – 1)
4.33x103
(8.55x102 – 1.41x104)
7.38x103
(6.87x103 – 8.66x103)
2.24x105
(1.73x105 – 2.48x105)

Table 12. Mean outflow concentrations of TSS and nitrogen (mg/L).
Pollutant
SZC Temp. (°C) Wet days
6 ADD
17 ADD
1.5
2 (0)
2 (0)
2 (0)
Yes
25.1
9.3
(13.4)
3.2
(2.3)
10.9 (15.5)
TSS¤
1.5
2.4 (1)
7.5 (1.4)
2 (0)
No
25.1
2.4 (1)
2 (0)
2 (0)
1.5
0.03 (0.02) 0.03 (0.02) 0.04 (0.02)
Yes
25.1
0.15 (0.07) 0.1 (0.02) 0.16 (0.06)
¤
NH4-N
1.5
0.04 (0.04) 0.01 (0)
0.05 (0.04)
No
25.1
0.01 (0.01) 0.01 (0)
0.01 (0.01)
1.5
0.06 (0.07) 0.02 (0.01) 0.06 (0.1)
Yes
25.1
0.02 (0.03) 0.01 (0.01) 0.1 (0.18)
NO2NO3-N¤
1.5
0.76 (0.31) 0.17 (0.06) 0.85 (0.34)
No
25.1
1.26 (0.5)
1.28 (0.49) 1.98 (0.56)
1.5
0.2 (0.06)
0.19 (0.03) 0.23 (0.01)
Yes
25.1
0.57 (0.15) 0.53 (0.03) 0.52 (0.06)
Total N¤
1.5
1.09 (0.33) 0.62 (0.15) 1.29 (0.47)
No
25.1
1.72 (0.61) 1.75 (0.51) 2.58 (0.61)

37 ADD
2.5 (1)
20.7 (19.5)
2 (0)
3.2 (1.4)
0.04 (0.04)
0.23 (0.08)
0.03 (0.04)
0.01 (0.01)
0.03 (0.09)
0.02 (0.02)
1.95 (0.97)
2.73 (0.46)
0.2 (0.09)
0.53 (0.25)
2.46 (1.15)
3.48 (0.4)

Standard deviation is shown in parentheses; wet days: covers periods of 2, 3 and 4 ADD; ADD: antecedent dry
days.

In the vast majority of cases, mean outflow TSS concentrations were below 10 mg/L (Detection
limit: 4 mg/L, Table 10 and 12), and the mean removal rate for TSS was always above 95 %
independent of the evaluated factors (Table 14). Hence, graphical illustrations of TSS results
are left out.

4.2 Main effects
This section describes how the tested factors affected TSS, metal, nutrient and bacterial
removal. The results are presented using interval plots.

4.2.1 Submerged zone
The inclusion of a SZC generally has a beneficial effect on water quality improvement. For the
majority of the tested pollutants TSS, metals, nutrients and bacteria it caused significantly lower
outflow concentrations (Table 14) and hence significantly increased removal (Figure 9). This
effect was particularly pronounced for dissolved Cu, Pb, NO2NO3-N and bacteria (Figure 9).
Exceptions included dissolved Zn and NH4-N, as the outflow concentrations of both pollutants
were higher in bioretention columns with a SZC than in those without a SZC (Figure 9 and
Table 14). Furthermore, and in contrast with the other metals, the SZC had opposite effects on
total and dissolved Zn (Table 14).
Moreover, a SZC did not significantly affect Cd or dissolved P outflow concentrations (Figure
9 and Table 14). However, according to Pareto effect charts and GLM effect coefficients, a
SZC usually had the most significant impact on outflow concentrations (Table 14).
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Figure 9. The effect of a SZC on the removal of metals, phosphorus, nitrogen and bacteria. N: bioretention columns
without a SZC; Y: bioretention columns with a SZC; D.: dissolved; T.: total; red dots: significantly higher
removal/reduction.

A SZC generally enhanced metal accumulation in plants and filter material (Figure 10). For
plants the accumulation of Cu, Pb and Zn generally were higher in bioretention columns with
a SZC (Figure 10). As expected, a SZC did not significantly affect metal accumulation in the
top layer, yet significantly increased Cd, Pb and Zn accumulation in the bottom layer (Figure
10).

Figure 10. The effect of a SZC on metal accumulation in plants and filter material from bioretention columns. N:
bioretention columns without a SZC; Y: bioretention columns with a SZC; red dots: significantly higher
accumulation. C: Carex panacea; J: Juncus conglomeratus; P: Phalaris arundinacea.
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4.2.2 Temperature
Temperature generally affected bioretention column performance (Figure 11) towards TSS,
metals, nutrients and bacteria. Interestingly, high temperature significantly increased outflow
concentrations, and hence, deteriorated removal, of most of the tested pollutants (Figure 11,
Table 14). This effect was particularly pronounced for dissolved Cu, NO2NO3-N and P.
aeruginosa (Figure 11). For P. aeruginosa the deteriorating effect of high temperature was
further evidenced by a sudden temperature increase which resulted in significantly higher
outflow concentrations (Table 13).
An exception to this was Cd, where the opposite applied (Figure 11, Table 14). However,
removal of total and dissolved Cd generally exceeded 95 % and 90 % (Figure 11), respectively;
as such, this effect has little practical significance. Furthermore, temperature was the factor that
had the greatest impact on outflow concentrations of P (Table 14), with high temperature
significantly decreasing removal (Figure 11).

Figure 11. The effect of temperature on the removal of metals, phosphorus, nitrogen and bacteria in bioretention
columns. L: low temperature; H: high temperature; D.: dissolved; T.: total; red dots: significantly higher
removal/reduction.

All of the studied plants accumulated more Cu and Pb at low temperature, while the effect of
temperature on Zn accumulation varied between plant species (Figure 12). Temperature had no
effect on metal accumulation in the top layer; however, in the bottom layer, Cd, Cu and Pb
accumulation (mean accumulation of 0.052, 9.33 and 2,99 mg/kg, respectively) was
significantly higher at low temperature than at high temperature (mean accumulation of 0.038,
8.61 and 2.74 mg/kg, respectively (Figure 12).
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Figure 12. The effect of temperature on metal accumulation in plants and filter material from bioretention columns.
L: low temperature; H: high temperature; red dots: significantly higher accumulation. C: Carex panacea; J: Juncus
conglomeratus; P: Phalaris arundinacea.

4.2.3 Antecedent dry periods
Antecedent dry periods significantly affected the ability of bioretention columns to remove
bacteria and nitrogen (Table 14). Long antecedent dry periods (17 and 37 days) significantly
reduced bacterial outflow concentrations, and hence, increased removal, whereas the opposite
applied to all nitrogen fractions (Figure 13, Table 14).

Figure 13. The effect of varying lengths of dry periods on bacterial and nitrogen removal in bioretention columns.
ADD: antecedent dry days; red dots: significantly higher removal.

4.2.4 Salt
Salt generally deteriorated bioretention column performance towards TSS, metals and
phosphorus removal. The experiments showed that in the case of metals and total P, the addition
of salt to inflow water significantly increased outflow concentrations (Table 14), and thus,
translated to significantly lower removal (Figure 14). This effect was particularly pronounced
for dissolved Cu and Pb, as leaching of these metals was observed in the presence of salt (Figure
14). However, removal percentages for total metals and dissolved Cd and Zn were still high,
generally exceeding 85 %.
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Figure 14. The effect of salt-laden stormwater on the removal of total and dissolved metals and phosphorus in
bioretention columns. N: no salt; Y: salt-laden; D.: dissolved; T.: total; red dots: significantly higher removal.

For some plant species and metals, the addition of salt to inflow water decreased the
accumulation of Cu, Pb and Zn in plants (Figure 15). Salt generally had no effect on metal
accumulation in the filter material (Figure 15). The only exception was Cd accumulation in the
top layer, which significantly decreased (mean Cd accumulation of 0.68 mg/kg without salt and
0.54 mg/kg with salt) in the presence of salt (Figure 15).

Figure 15. The effect of salt-laden stormwater on metal accumulation in plants and filter material from bioretention
columns. N: no salt; Y: salt-laden; red dots: significantly higher accumulation; C: Carex panacea; J: Juncus
conglomeratus; P: Phalaris arundinacea.

4.3 Interactions
In the following section, interaction plots are presented to illustrate the effects of two-way
interactions on outflow concentrations. A representative selection of the significant two-way
interactions is presented.

4.3.1 Temperature and submerged zone
The interaction between temperature and a SZC significantly affected outflow concentrations
of most of the tested pollutants (Table 14). The presence of a SZC eliminated any possible
negative effects of temperature for Cu, total Zn, total N, NO2NO3-N and bacteria, as
bioretention columns with a SZC showed significantly lower outflow concentrations of these
pollutants – independent of temperature – than bioretention columns without a SZC (Figure
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16). P. aeruginosa outflow concentrations in bioretention columns with a SZC only differed
noticeably from the concentrations measured for bioretention columns without a SZC at high
temperature (Figure 16).
For Cd and dissolved Zn, the presence of a SZC was only beneficial at high temperature, as a
SZC at low temperature caused significantly higher outflow concentrations than designs
without a SZC (Figure 16).
An opposite trend was identified for total P, as the inclusion of a SZC was beneficial at low
temperature, but significantly increased outflow concentrations at high temperature (Figure 16).
For NH4-N, the presence of a SZC significantly increased outflow concentrations at high
temperature relative to bioretention columns without a SZC, but outflow concentrations at low
temperature were similar regardless of whether a SZC was included or not (Figure 16).
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Figure 16. Examples of the interaction between temperature and a SZC for metals, nutrients and bacteria. Red:
without a SZC; Green: with a SZC; T: total; D: dissolved. Notice: different units at y-axes.

Furthermore, a sudden temperature increase generally affected bioretention columns with a
SZC more than bioretention columns without a SZC, since the outflow concentrations of all
three bacterial species were significantly higher in bioretention columns with a SZC after the
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temperature increase, as compared to an increase in the outflow concentration of only one
species (P. aeruginosa) in bioretention columns without a SZC (Table 13).
Table 13. Outflow concentrations before (BTI) and after (ATI) a sudden temperature increase. P-values were
determined based on a Kruskal-Wallis test; a = 0.05; P-value ≤ a: BTI ≠ ATI; P-value > a: BTI = ATI.
Parameter
E. coli EB
E. faecalis EB
P. aeruginosa EB
TSS

P-value
0.000
0.005
0.000
n.s.

SZC
Mann-Whitney
BTI < ATI (0.0001)
BTI < ATI (0.0027)
BTI < ATI (0.0000)

P-value
n.s.
n.s.
0.000
n.s.

No SZC
Mann-Whitney

BTI < ATI (0.0000)

4.3.2 Salt and submerged zone
The interaction between salt and a SZC significantly affected outflow concentrations of total
and dissolved Cu, Pb and Zn (Table 14). With the exception of dissolved Zn, the presence of a
SZC significantly reduced outflow concentrations regardless of whether salt was added to the
inflow or not (Figure 17). However, the beneficial effect of a SZC was more pronounced
(outflow concentrations were lower) when the system was exposed to salt-laden stormwater
(Figure 17). Hence, a SZC generally eliminates possible negative effects of salt-laden
stormwater although the salt is present longer time in the filter since it is temporarily stored in
the SZC between events. For dissolved Zn the presence of a SZC resulted in higher outflow
concentrations when inflow was not salt-laden, and did not have any effect, when inflow was
salt-laden (Figure 17).

Figure 17. The interaction between salt and a SZC for metals. Red: without a SZC; Green: with a SZC; T: total;
D: dissolved.
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4.3.3 Temperature and salt
The interaction between salt and temperature significantly affected outflow concentrations of
total metals, total P as well as dissolved Cd and Cu (Table 14). The presence of salt in the inflow
significantly increased outflow concentrations of total and dissolved Cu and Cd – as well as
total Zn – independent of temperature (Figure 18). The adverse effect of salt on pollutant
removal was more prominent at high temperature for total Cu and Zn and dissolved Cu, while
an opposite trend (higher outflow concentrations at low temperature) was observed for total and
dissolved Cd (Figure 18). The addition of salt to inflow water did not cause any differences in
the outflow concentrations of total Pb or P at low temperature, but the presence of salt
significantly increased outflow concentrations of both of these compounds at high temperature
(Figure 18).

Figure 18. The interaction between salt and temperature for metals and phosphorus. Red: 2000 mg Cl-/L; Blue: no
salt; T: total.

4.3.4 Antecedent drying and a submerged zone or temperature
The interaction between antecedent dry periods of varying lengths and a SZC significantly
affected outflow concentrations of E. coli, E. faecalis, total N and NO2NO3-N (Table 14). The
bioretention columns that did not include a SZC yielded significantly higher outflow
concentrations of these compounds, and the concentrations varied across the dry periods (Figure
19). However, the inclusion of a SZC significantly decreased the outflow concentrations of all
of the aforementioned pollutants, as well as reduced the variation noted for the different
antecedent dry periods (Figure 19).
48

The interaction between antecedent dry periods of varying length and temperature was only
significant for P. aeruginosa (Table 14). Outflow concentration of this bacterial species was
significantly higher at high temperature than at low temperature, independent of antecedent dry
period length (Figure 19). Interestingly, outflow concentration of P. aeruginosa showed high
variation across the different antecedent dry periods at high temperature, but this variation was
not noticeable at low temperature (Figure 19). Hence, antecedent dry periods are more relevant
at high temperature (Figure 19).

Figure 19. Interactions between ADD and a SZC and ADD and temperature for bacteria and nitrogen. Red: without
a SZC; green: with a SZC; blue: low temperature; yellow: high temperature.
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Effect
P
Effect
P
Effect
P
Effect
P
Effect
P

P

Effect
P
Effect
P
Effect
P
Effect

Zn
È(1)
0.000
Ç(6)
0.023

(4)
0.037

(4)
0.000

N.I.

(6)
0.000
86.99

n.s.

N.I.

(4)
0.000
69.5

(3)
0.009
62.18

N.I.

N.I.

N.I.

N.I.

n.s.

Ç(2)
0.006

(2)
0.000

Ç(3)
0.000

Ç(1)
0.000

N.I.

n.s.

(2)
0.000

N.I.

N.I.

È(3)
0.000

n.s.

(5)
0.006
43.22

N.I.

(4)
0.001

N.I.

(2)
0.000

Ç(3)
0.000

N.I.

(4)
0.000
82.37

N.I.

n.s.

N.I.

(2)
0.000

Ç(1)
0.000

N.I.

È(3)
0.000

n.s.

(6)
0.000
90.44

N.I.

(4)
0.000

N.I.

(2)
0.000

Ç(3)
0.000

N.I.

Cu
È(1)
0.000
Ç(5)
0.000

Cd

Pb
È(1)
0.000

Cd

Cu
È(1)
0.000
Ç(5)
0.000

Dissolved

Total

#Metals (μg/L)

n.s.
39.26

54.68

N.I.

(4)
0.011

N.I.

(2)
0.000

Ç(1)
0.000

N.I.

n.s.

Zn
Ç(3)
0.004

n.s.

N.I.

(2)
0.000

N.I.

n.s.

Ç(3)
0.000

N.I.

Pb
È(1)
0.000
Ç(4)
0.001

80.89

N.I.

n.s.

N.I.

(2)
0.000
(3)
0.002

N.I.

È(1)
0.000
Ç(5)
0.002
È(4)
0.003

E. coli

80.55

N.I.

n.s.

N.I.

n.s.

(3)
0.000

N.I.

È(1)
0.000
Ç(4)
0.002
È(2)
0.000

E. faecalis

¤Bacteria (MPN/100 mL)

93.92

(3)
0.000
61

N.I.

N.I.

n.s.

(5)
0.004

N.I.

(4)
0.000

Ç(2)
0.000

N.I.

È(5)
0.001
Ç(1)
0.000

Total

N.I.

(4)
0.000
(3)
0.000

N.I.

È(2)
0.000
Ç(1)
0.000
È(5)
0.003

P. aeruginosa

32.6

n.s.

N.I.

n.s.

N.I.

n.s.

n.s.

N.I.

Ç(1)
0.000

n.s.

Dissolved

#Phosphorus (mg/L)

80.16

N.I.

n.s.

N.I.

(5)
0.001
(2)
0.000

N.I.

È(1)
0.000
Ç(4)
0.000
Ç(3)
0.000

Total N

80.82

N.I.

n.s.

N.I.

(4)
0.000
(2)
0.000

N.I.

È(1)
0.000
Ç(5)
0.000
Ç(3)
0.000

NO2NO3-N

¤Nitrogen (mg/L)

66.64

N.I.

n.s.

N.I.

n.s.

(1)
0.000

N.I.

Ç(2)
0.000
Ç(3)
0.000
Ç(4)
0.04

NH4-N

33.09

n.s.

N.I.

n.s.

N.I.

n.s.

n.s.

N.I.

n.s.

È(1)
0.000

#Pilot.
1

57.4

N.I.

(4)
0.000

N.I.

(3)
0.000
(2)
0.000

N.I.

Ç(1)
0.000

n.s.

n.s.

¤Pilot.
2

TSS (mg/L)

# Two-level full factorial regression analysis; ¤ general linear model; Ç: increase; È: decrease; (): importance of an effect where  is a number from 1 (biggest impact) to 6
(smallest impact); n.s.: not significant; N.I.: not included.

SZC
x
Temp.
SZC
x
ADD
SZC
x
Salt
Temp. x
ADD
Temp. x
Salt
R-Sq(adj) %

Salt

ADD

Temp.

SZC

Factors

Pollutants

Table 14. Summary of the effects of the examined factors, along with the significance and importance of these effects, on outflow concentrations. For metals and P, importance
was determined based on Pareto effect charts whereas the importance for bacteria and nitrogen was determined based on GLM effect coefficients. The direction of each effect
was determined from factorial plots and effect coefficients from regression models.

4.4 Metal adsorption in filter material
This section summarizes the findings of metal adsorption behavior in bioretention filter material
from both the column experiment (Pilot. 1), and the batch experiments.
Metals were adsorbed by the filter material. In the pilot-scale bioretention columns exposed to
synthetic stormwater for 18 weeks, metals accumulated in the top 5 cm of the filter material,
with concentrations in this phase significantly higher than what was observed in the deeper
layers (Figure 20). Additionally, the batch adsorption experiments showed that dissolved metal
accumulation increased as metal concentrations increased. However, dissolved metal
accumulation decreased as the solution became more complex (multi-metal solution) (see figure
2 in paper IV).

Figure 20. Metal accumulation in the filter material at depths of 0, 10, 35, and 65 cm. For each depth, the eight
bars on the y-axis represent (from top and down) bioretention column combinations HT; HTSZC; HTS; HTSSZC;
LT; LTSZC; LTS; and LTSSZC; left vertical line: initial concentration in the bottom layer; right vertical line:
initial concentration in the top layer.

The batch adsorption kinetic studies showed that dissolved metal accumulation in the filter
material progressed rapidly, with > 90 % of dissolved metals being adsorbed within 1 h (Figure
21). This was corroborated by results from the column experiment (Pilot. 1), i.e. most of the
metal accumulated in the top 5 cm of the filter material, which is indicative of a fast adsorption
process (Figure 20).

51

Figure 21. Kinetic experiment results showing changes in the percentages of metals adsorbed from single and
multi-metal solutions over time.

Furthermore, the sequential extraction experiments revealed that the majority of the adsorbed
metals was bound to fraction I (the exchangeable fraction), followed by the labile organic forms
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(fraction II) and amorphous Fe- and Mn-oxides (fraction III) (Table 15). This held true for all
of the tested materials (Tale 15).
Generally, the filter materials with high organic matter contents (Hekla, Hekla-B, Hasselfors
and BN-OHIO, Table 2 in paper IV) had higher percentages of metals adsorbed in Fraction II
(labile organic forms, Table 15).
The partitioning of Cr was distinctive, as the percentage adsorbed in the exchangeable fraction
was low in several materials (Table E). Moreover, substantial percentages of Cr (but no other
metals) adsorbed by several materials were detected in fractions IV and V. For example, 18 %
of Cr adsorbed to fraction V (stable organic forms and sulfides) in Hasselfors and 15 %
adsorbed to fraction IV (more crystalline Fe-oxides) in LTU-TOP (Table 15).
Table 15. Percentage dissolved metal accumulation in each fraction
metal accumulation for all the tested materials.
Metal
Copper
Accumulation (%)
T.A.
Material
(mg/kg)
I
II
III
IV
V
VI
LTU-TOP
85.1 5.7
7.2
1.3
0.7
0.0 404.0
Orbicon
87.7 7.1
4.5
0.5
0.1
0.0 957.7
Hasselfors
83.1 8.9
3.3
3.0
1.7
0.0 955.7
DWA
90.0 1.2
8.5
0.2
0.1
0.0 933.6
DWA-chalk 97.0 0.6
2.2
0.2
0.1
0.0 973.9
BM
70.4 23.1 3.8
1.8
0.9
0.0 1004.3
BM-biokol
71.1 22.7 2.1
3.3
0.8
0.0 1000.7
NC-USA
88.7 2.1
8.2
0.7
0.4
0.0 999.0
BN-OHIO
71.7 20.6 4.1
2.4
1.2
0.0 945.5
KB-OHIO
89.5 5.1
2.2
2.0
1.3
0.0 985.6
Metal
Chromium
Accumulation (%)
T.A.
Material
(mg/kg)
I
II
III
IV
V
VI
LTU-TOP
31.6 20.2 22.0 14.6 11.5 0.1 69.7
Orbicon
80.8 4.1
11.1 2.3
1.7
0.0 80.8
Hasselfors
54.4 8.8
11.9 7.0
17.8 0.0 108.5
DWA
59.7 5.0
28.2 4.5
2.6
0.1 83.6
DWA-chalk 88.1 3.7
4.8
1.5
1.9
0.0 91.6
BM
39.4 28.0 11.4 6.0
15.1 0.1 87.5
BM-biokol
52.8 22.6 7.9
4.4
12.2 0.1 90.5
NC-USA
33.5 4.3
43.2 9.7
9.3
0.1 88.8
BN-OHIO
77.6 8.3
4.9
3.7
5.4
0.1 87.9
KB-OHIO
87.1 3.8
1.5
2.8
4.7
0.1 88.4
Metal
Lead
Accumulation (%)
T.A.
Material
(mg/kg)
I
II
III
IV
V
VI
LTU-TOP
72.4 5.9
16.3 3.7
1.7
0.1 38.7
Orbicon
79.6 9.1
10.0 0.9
0.3
0.0 84.7
Hasselfors
79.8 7.7
9.1
2.1
1.2
0.1 84.5
DWA
85.2 2.6
9.9
1.7
0.6
0.1 76.2
DWA-chalk 90.4 1.4
6.7
1.0
0.5
0.0 81.0
BM
67.8 23.6 7.5
0.8
0.2
0.1 88.3
BM-biokol
68.9 23.6 6.5
0.7
0.2
0.1 88.7
NC-USA
92.8 1.5
4.6
0.5
0.4
0.1 93.7
BN-OHIO
70.5 10.5 13.4 3.3
2.2
0.1 84.3
KB-OHIO
78.8 3.5
6.3
6.5
4.8
0.1 83.4
T.A.: total accumulation.
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(I, II, III, IV, V, VI) in relation to the total

I
85.1
87.7
83.1
90.0
97.0
70.4
71.1
88.7
71.7
89.5

I
92.2
91.7
94.9
97.8
97.4
91.5
91.0
97.4
90.8
95.0

I
81.2
93.9
91.5
93.3
93.4
95.6
95.4
95.3
93.0
93.0

Zinc
Accumulation (%)
II
III
IV
V
5.7
7.2 1.3 0.7
7.1
4.5 0.5 0.1
8.9
3.3 3.0 1.7
1.2
8.5 0.2 0.1
0.6
2.2 0.2 0.1
23.1 3.8 1.8 0.9
22.7 2.1 3.3 0.8
2.1
8.2 0.7 0.4
20.6 4.1 2.4 1.2
5.1
2.2 2.0 1.3
Nickel
Accumulation (%)
II
III
IV
V
3.6
2.8 0.7 0.7
3.4
4.5 0.4 0.1
1.8
2.0 0.4 0.9
0.4
1.4 0.2 0.2
0.4
1.9 0.2 0.2
6.3
1.9 0.2 0.1
6.7
2.0 0.2 0.1
0.7
1.6 0.2 0.2
4.8
3.3 0.7 0.5
0.7
1.6 1.7 1.0
Cadmium
Accumulation (%)
II
III
IV
V
9.4
6.7 1.2 0.3
3.7
1.6 0.3 0.1
3.7
2.9 0.4 0.9
3.2
2.7 0.3 0.1
3.8
2.0 0.2 0.1
3.0
0.6 0.1 0.1
3.1
0.7 0.2 0.0
3.5
0.5 0.1 0.1
3.6
1.9 0.5 0.5
3.3
1.2 0.6 1.3

VI
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

T.A.
(mg/kg)
328.6
850.3
920.6
841.2
834.4
919.3
925.3
878.3
887.6
888.9

VI
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

T.A.
(mg/kg)
318.6
848.6
872.3
846.5
820.4
909.4
904.7
892.5
861.5
862.9

VI
1.1
0.4
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

T.A.
(mg/kg)
3.6
9.1
9.1
10.4
8.7
9.6
9.8
9.5
9.2
9.8
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5. Discussion
The discussion is divided into subsections that examine each of the studied pollutants, and
concludes with two sections about practical implications of this work and recommendations for
future research.

5.1 Total suspended solids
TSS were efficiently retained in all of the bioretention columns independent of design and
ambient conditions, with the mean removal percentage surpassing 95 %. This observed removal
agrees well with previous findings from lab- and pilot-scale bioretention columns (Lau et al.
2000; Hsieh & Davis 2005b; Rusciano & Obropta 2007; Read et al. 2008; Bratieres et al. 2008;
Blecken et al. 2009b; Blecken et al. 2010; Geronimo et al. 2019), as removal percentages have
generally exceeded 90 % irrespective of experimental setup and design.
Results from Pilot. 1 showed that only temperature had a significant (decreasing) effect on TSS
outflow concentrations, whereas the findings from Pilot. 2 demonstrated that antecedent drying
and the two-way interactions between temperature and a SZC, antecedent drying and a SZC,
and temperature and antecedent drying all significantly affect TSS outflow concentration.
Despite their statistical significance, these factors have no practical significance for TSS
outflow concentrations given the very efficient mean removal percentages.
The efficient removal of TSS suggests that the tested bioretention designs could also efficiently
remove particle-associated pollutants; however, these pollutants can also be mobilized by
volatilization, biodegradation, photo degradation, plant accumulation, ion exchange processes,
precipitation, and complexation, among others (Rieuwerts et al. 1998; Davis et al. 2001b;
Bäckström et al. 2004; Le Fevre et al. 2015). Hence, efficient TSS removal does not necessarily
guarantee the efficient removal of particle-associated pollutants.
Surprisingly, salt had no effect on TSS outflow concentrations from the stormwater bioretention
columns. This is in clear contrast with previous research that has found salt to be associated
with high TSS outflow concentrations in stormwater control measures (Winston et al. 2016;
McManus & Davis 2017; Flanagan et al. 2019). The latter was explained by an increased soil
dispersion due to ion exchange with other cations by Na+ (Winston et al. 2016; McManus &
Davis 2017; Flanagan et al. 2019).

5.2 Metals
The stormwater bioretention columns demonstrated very efficient removal of total metals, with
mean removal percentages of 98, 91, 91 and 99 % for Cd, Cu, Pb and Zn, respectively,
independent of design and ambient conditions. These results agrees well with previously
reported removals of total metals in numerous lab-, pilot- and field-scale stormwater
bioretention studies (e.g. Davis et al. 2001b; Davis et al. 2003; Sun & Davis 2007; Hatt et al.
2009; Blecken et al. 2009a; Blecken et al. 2009b; Blecken et al. 2011; Zhang et al. 2013; Wang
et al. 2018).
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Dissolved Cd and Zn were also efficiently removed (mean removal percentages of 90 % and
99 %, respectively) by the stormwater bioretention columns independent of design and ambient
conditions. The removal of dissolved metals by stormwater bioretention has been addressed in
fewer previous studies. For instance, (Muthanna et al. 2007a) reported leaching of all dissolved
metals other than Pb from a pilot-scale stormwater bioretention system receiving snowmelt as
inflow. In contrast, the removal percentages of dissolved Cd and Zn presented in other studies
(Chapman & Horner 2010; Blecken et al. 2011) corroborate the efficient removal of dissolved
Cd and Zn observed in the research underlying this thesis. Hence, the factors and two-way
interactions which imparted a statistically significant effect on outflow concentrations of total
metals and dissolved Cd and Zn might be less important in practice.
The removal of dissolved Cu and Pb was generally less efficient, and varied highly depending
on both design and ambient conditions. For dissolved Cu, leaching was most often observed for
standard columns, demonstrated by mean removal percentages of -161, -6, -469 and -70 % at
high and low temperature, and high and low temperature with salt-laden inflow, respectively.
Even columns with a SZC at low temperature exposed to salt-laden inflow most often leached
dissolved Cu. However, for the other combinations with a SZC, dissolved Cu was removed.
Interestingly, the best removal performance of dissolved Cu was observed for columns with a
SZC at high temperature exposed to salt-laden inflow, which is unlikely to occur outside of
coastal environments, having a mean removal percentage of 85 %.
Leaching of dissolved Pb was also observed, i.e. standard columns exposed to salt-laden inflow
at high and low temperature and columns with a SZC at high temperature showed mean removal
percentages of -258, -302 and -7 %, respectively. Meanwhile, standard columns at high and low
temperature and columns with a SZC exposed to salt-laden inflow at high and low temperature
showed mean removal percentages ranging from 14 to 52 %. Only columns with a SZC that
were subjected to low temperature performed relatively efficiently, with a mean removal
percentage of 79 %.
These results show that it is challenging to remove dissolved Cu and Pb from stormwater
through bioretention, which agrees with what has previously been reported (Muthanna et al.
2007a; Chapman & Horner 2010; Blecken et al. 2011).
Temperature generally had a significant effect on metal outflow concentrations; however,
temperature alone is of little practical significance to the removal of metals through bioretention
as mean removal percentages always exceeded 87 % (with the exception of dissolved Cu and
Pb) independent of temperature. The removal of dissolved Pb was significantly higher at low
temperature (-47 %) than at high temperature (-50 %). However, dissolved Pb was not removed
at either of the tested temperatures (high or low), and the difference in removal performance
between the two temperatures was so small that the effect of temperature on dissolved Pb
removal can be neglected. Temperature exerted a practically significant effect in the case of
dissolved Cu, with removal significantly improving at low temperature. However, dissolved Cu
was also not removed at either temperature (mean removal percentages of -15 and -118 % at
low and high temperature, respectively). Previous studies have found similar effects of
temperature on total metal (Roseen et al. 2009; Blecken et al. 2011) and dissolved metal
removal (Blecken et al. 2011).
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The aqueous chemistry of Cu is dominated by its reaction with organic matter (Rieuwerts et al.
1998; VanLoon & Duffy 2005). Hence, a high ratio of dissolved organic matter in the filter
material translates to high mobilization of dissolved Cu; as such, a high ratio of (solid) soil
organic matter in the filter material could be expected to result in the efficient removal of
dissolved Cu (Rieuwerts et al. 1998). In the stormwater bioretention columns, the high
temperature may have increased biological activity, which could lead to a higher turnover and
decomposition of organic matter subsequently leading to a higher content of dissolved organic
matter in the effluent (Blecken et al. 2011) and hence a higher content of dissolved Cu. In
addition to Cu, Pb also has a relatively strong affinity to organic matter compared to the other
two evaluated metals (Bradl 2004).
This theory, however, is not supported by the sequential extraction results (paper IV), since
most of the dissolved Cu and Pb that had adsorbed to the filter materials was found in the
exchangeable fraction (I) rather than the labile organic fraction (II), which includes metals
bound to organic matter. However, metals found in the exchangeable fraction easily mobilize
according to changes in the ionic composition of water (Tessier et al. 1979). Since chemical
reactions increase as the temperature rises (the Arrhenius equation), natural salts and minerals
contained in the soil are more soluble at high temperatures, which causes their ionic
concentrations to be higher at high temperature. Thus, dissolved metals are much more likely
to mobilize at warmer temperatures, which might explain the poor removal of dissolved Cu and
Pb at high temperature. However, dissolved Cd and Zn also adsorbed in the exchangeable
fraction (paper IV), but their outflow concentrations were not affected by temperature, and they
were efficiently removed despite the high temperature (paper I and II).
The addition of salt to the inflow water significantly increased the outflow concentrations of all
metals and, as such, decreased their removal. However, with the exception of dissolved Cu and
Pb, mean metal removal percentages still exceeded 85 %; hence, the observed adverse effect of
salt should not be seen as an obstacle for stormwater bioretention implementation in areas
experiencing winter conditions. For both dissolved Cu and Pb, bioretention systems (with or
without a SZC) exposed to salt-laden stormwater showed significantly lower mean removal
percentages (-129 and -132 %, respectively) than the corresponding systems that were not
exposed to salt-laden stormwater (-14 and 27 %, respectively).
As for high temperature, salt causes a higher fraction of organic matter to be dissolved
(Bäckström et al. 2004) and hence a higher fraction of Cu and Pb (as to reasons discussed
above) to remain in the dissolved phase, which may be the reason for the less efficient removal
(Warren & Zimmerman 1994; Bäckström et al. 2004). Furthermore, Na+ and Cl- interfere with
complexation and adsorption by competing with metals for binding sites (Elder 1989;
Bäckström et al. 2004), while the Na+ ions originating from deicing salt have been shown to
negatively affect CEC by promoting the leaching of other cations (Norrström & Bergstedt
2001). Hence, salt affects the ionic composition of water which as for high temperature, causes
the mobilization of dissolved metals, especially dissolved Cu and Pb. Regarding the results
presented in this thesis, Norrström & Bergstedt (2001) also found that salt has a particularly
negative impact on the removal of dissolved Cu and Pb.
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Hence, an increase in both temperature and salt concentration can cause a higher fraction of
organic matter to be dissolved (Bäckström et al. 2004; Warren and Haack, 2001), which is then
flushed out from the bioretention cells together with previously complexed metals. The results
concerning how the interaction between temperature and salt affects dissolved Cu agrees well
with this dynamic. However, the interaction between temperature and salt had no effect on
dissolved Pb and Zn, and an opposite effect on dissolved Cd (i.e. decreased outflow
concentrations when subjected to an increase in both temperature and salt concentration).
Furthermore, the combination of high temperature and the presence of salt significantly
increased outflow concentrations of total Cu, Pb and Zn relative to low temperature conditions
both with and without the presence of salt. The most probable explanation for this is that
particulate-bound metals were mobilized due to competition from Na+ and Cl-.
It was hypothesized that salt-laden inflow might deteriorate metal removal performance in
bioretention columns with a SZC due to the SZC continuously holding salt-laden water, which
may dissolve metals (Elder 1989; Bäckström et al. 2004). However, a SZC had a beneficial
effect on all metals and significantly improved removal, in particular for dissolved Cu and Pb.
One explanation might be, that the metals adsorb in the top-layer and hence remains unaffected
by the SZC.
In contrast to the latter theory, removal of dissolved Cu and Pb improved from -176 and -130
% to 48 and 40 %, respectively, when the bioretention system was equipped with a SZC.
However, previous studies have shown that a SZC does not improve dissolved Cu and Pb
removal because of the water saturation of the filter material, but rather as a result of the solid
organic matter (saw-dust) which was mixed into the bottom layer of these systems (Blecken et
al. 2009a; Zhang et al. 2013). Hence, as Cu and Pb both have high affinities for organic matter,
they readily adsorb to the intermixed organic matter in the SZC (Bradl 2004). Additionally,
sawdust is likely to make a major contribution to the cation exchange capacity because of its
high adsorptive capacity at pH > 5.
On the other hand, this hypothesis is not supported by the results of the sequential extraction
(paper IV), since the dissolved Cu and Pb that adsorbed to the filter materials was primarily
found in the exchangeable fraction (I) rather than the labile organic fraction (II), which includes
metals bound to organic matter. Hence, as was proposed for high temperature and salt-laden
inflow, the SZC probably alters/stabilizes the ionic composition of water, but differently than
high temperature and/or salt-laden inflow, in that it promotes retention as opposed to
mobilization. Additionally, a SZC offers longer time for adsorption to occur than standard
systems.
The latter might also explain why a SZC generally improved metal removal and mitigated the
previously described negative effects of high temperature and salt.
Neither a SZC nor temperature affected metal accumulation in the top-layer of the bioretention
columns. However, significantly higher metal accumulation in the bottom layer was generally
observed at low temperature and when the system included a SZC. As discussed above, low
temperatures decrease activity (e.g. ion exchange) and hence increase accumulation, whereas a
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SZC changes the ionic composition of water so that it promotes retention while minimizing
mobilization. Additionally, systems with a SZC offer more time for adsorption to occur than
standard systems. Surprisingly, salt only significantly affected Cd accumulation in the toplayer. Even though low temperature and a SZC provided significantly beneficial effects, metal
accumulation in the bottom layer hardly exceeded initial metal concentrations in the filter
material. Hence, long term studies are needed to observe what happens, as the filter material
gets saturated and metal concentrations increase in the deeper filter layer.
In line with other bioretention studies (Hatt et al. 2008; Blecken et al. 2009b), metal
concentrations were significantly higher in the top 5 cm of the filter material from pilot-scale
bioretention columns than in lower sections after continuous stormwater application for 18
weeks (paper II). This result most likely stems from the accumulation of sediment and
associated particle-bound metals in higher parts of the column, as well as adsorption of
dissolved metals onto these accumulated fines (Davis et al. 2009). This result further indicates
that metals rapidly adsorbed to the filter material, which was confirmed by the batch adsorption
kinetic study (paper IV) where >90 % of dissolved metals accumulated within 1 h.
The timeframe (18 weeks) of the research (Pilot. 1) presented in this thesis – which mirrors
what has been the case in other previous studies (e.g. (Dietz & Clausen 2006; Muthanna et al.
2007a; Hatt et al. 2008; Blecken et al. 2009b) – was relatively short compared to the expected
operational time of actual bioretention facilities. Due to the relatively young age of the tested
systems, metal saturation was not reached in the top filter layers, particularly in systems
including a mulch top-layer commonly recommended in the USA (Davis et al. 2001a; Dietz &
Clausen 2006; Muthanna et al. 2007a), which increases the metal adsorption capacity, and thus
also metal accumulation in the top layer.
Efficient metal removal in the long term means that metals are bound to the filter material in
more stable forms than were identified in the research underlying this study (sequential
extraction) or that the oxidation of organic matter does not occur. The high percentage of metals
in the exchangeable fraction involves the risk for desorption. Thus, as most metals are adsorbed
in the top-layer, desorbed metals are potentially re-adsorbed further down in the filter material.
Hence, over longer time-frames, the metal-saturated zone in the filter material is likely to
gradually extend downwards as the sorption sites in the top layer become increasingly occupied.
Additionally, both the chemisorption and physisorption of metals release heat, but the amount
of heat released by these processes differs substantially, approximately 80-400 KJ/mol and 545 KJ/mol, respectively (Bolis 2013). The Temkin isotherm heat of adsorption constants and
Dubinin-Radushkevich mean sorption energies obtained in the research presented in this thesis
(paper IV) were <1.2 and <5.1 KJ/mol, respectively, which indicate physical sorption processes.
The Langmuir separation factors were also indicative of favorable adsorption processes that
were not irreversible (0<RL<1) and thus, largely physical. The bonds formed during physical
adsorption are relatively weak and can easily break (Bolis 2013). Furthermore, the metals may
be adsorbed in several layers of molecules, and easily desorb following changes in temperature
or other ambient water variables (Bolis 2013). These observations support the findings
59

presented in this thesis, i.e. most of the metals adsorbed by the tested filter materials were found
in the exchangeable (I), labile organic (II), and amorphous Fe- and Mn-oxides (III) fractions.
Metals in all of these fractions readily desorb under oxidizing conditions and when the ionic
composition of ambient water changes (Tessier et al. 1979).
Metal accumulation in plants was generally higher at low temperature and in bioretention
systems with a SZC, while exposure to salt-laden stormwater generally decreased metal
accumulation. However, none of these effects had sufficient statistical support due to small
sample sizes. A SZC probably provided better conditions, i.e. adequate water, for plants to
thrive. The negative effect of salt was also expected (Fritioff et al. 2005). However, no
significant differences in plant metal accumulation were observed across the tested factors;
suggesting that plant metal uptake was not particularly affected by changes in temperature,
inflow salinity or the presence/absence of a SZC. Thus, more research is needed to understand
how bioretention system design, ambient temperature as well as salt-laden inflow affect plant
metal uptake.

5.3 Bacteria
Bacterial outflow concentrations were significantly lower than inflow concentrations according
to Mood´s Median test; furthermore, there was no correlation between the measured inflow and
outflow concentrations for any of the species. Hence, the majority of the variations in the
outflow concentrations (R-sq >80 %) were due to the studied factors: temperature; SZC; and
antecedent dry period.
The bacteria were effectively treated by the stormwater bioretention columns. E. coli LRVs
measured for standard bioretention columns at 1.5 and 25.1 °C were 0.73 and 0.99, respectively,
for all lengths of antecedent dry days. This agrees well with previously reported mean LRVs
from standard systems (Hathaway et al. 2009b; Li & Davis 2009; Li et al. 2012; Kim et al.
2012; Chandrasena et al. 2012; Chandrasena et al. 2014; Chandrasena et al. 2016; Youngblood
et al. 2017). Mean E. coli LRVs for systems with a SZC at 1.5 and 25.1 °C were 2.63 and 2.05,
respectively, which also agrees well with some previously reported mean E. coli LRVs from
systems with a SZC (Li et al. 2012; Chandrasena et al. 2014; Li et al. 2016). In contrast, other
studies with similar systems reported values that are approximately 1 LRV lower (Chandrasena
et al. 2016; Chandrasena et al. 2017). However, neither of these studies included low
temperature experiments.
The removal of E. faecalis and P. aeruginosa by stormwater bioretention systems has (to the
author’s knowledge) not been previously addressed. However, two studies (Hathaway et al.
2011; Youngblood et al. 2017) measured the removal of enterococci in field-scale bioretention
facilities without a SZC. Since E. faecalis belongs to the genus Enterococcus and resembles
other members of the genus in terms of morphology and nutritional requirements, comparable
removals were expected in the research underlying this thesis (paper V). For standard
bioretention columns, for all lengths of antecedent dry days, mean LRVs of 1.02 and 1.29 were
observed at 1.5 and 25.1 °C, respectively, which agrees with the mean LRVs reported by
Hathaway et al. (2011) from a 60 cm deep system and by Youngblood et al. (2017) from three
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differently sized systems. Moreover, the mean P. aeruginosa LRVs reported from three soil
filters constructed to treat municipal wastewater (Kadam et al. 2008) were comparable to what
was found in the standard bioretention column experiments covered in this thesis.
The three investigated factors SZC, temperature and antecedent dry periods (and their
interactions) all significantly affected bacterial outflow concentrations.
As bacterial growth has been found to positively correlate with temperature (Madigan et al.
1997), it was hypothesized that significantly lower outflow concentrations (and thus higher
removals) would be observed at low temperature compared to high temperature. With reported
mean E. coli, E. faecalis and P. aeruginosa LRVs at low temperature of 1.66, 2.05 and 3.49,
respectively, compared to 1.53, 1.78 and 1.46, respectively, at high temperature, the latter
hypothesis was confirmed.
The optimum growth temperature for the three tested bacterial species is 37 °C with growth
increasing from 21, 7 and 4 °C for E. coli, E. faecalis and P. aeruginosa, respectively (García
de Fernando et al. 1991; Neidhardt 1996; LaBauve & Wargo 2005). Hence, the low temperature
(1.5 °C) used in the research discussed in this thesis is below the growth range of all three
bacterial species and therefore should disfavor their growth. However, all of these three species
were detected in outflow from columns subjected to low temperature, a finding that probably
can be explained by the fact that most bacterial species are able to adapt to temperature changes
by lowering their metabolism and/or go into dormancy (Jones & Lennon 2010).
Different lengths of antecedent dry periods caused variations in bacterial outflow
concentrations and bacterial outflow concentrations significantly decreased as the number of
antecedent dry days increased; hence, longer antecedent dry periods (>17 days) promoted
bacterial removal (Table 16).
Table 16. Overall LRV for the first and second watering after the various dry period lengths. n.a.: not applicable.

ADD
3
6
17
37

Mean overall LRV
E. coli
E. faecalis
P. aeruginosa
First Second First Second First Second
1.48
n.a.
1.78
n.a.
2.45
n.a.
1.54
1.26
1.78
1.42
1.85
1.95
1.94
1.39
2.09
1.78
2.69
2.43
1.88
1.16
*2.65 *1.78 3.02
2.5

*significantly different.

These results corroborate the findings of Parker et al. (2017), who identified antecedent drying
(for 1 week) as the second most important variable in models of bacterial removal in stormwater
bioretention systems after physicochemical filtration. However, their observed effect of
antecedent dry periods is based on bacterial outflow concentrations from the first watering after
a dry period; as such, this result should be interpreted with care since bacterial outflow
concentrations in the research presented in this thesis peaked during the second watering after
a dry period, resulting in decreased removals (Table 16 and Figure 4 in paper V).
61

This observation might be explained by bacterial adaptation: a relatively slow drying rate could
increase bacterial survival by increasing the time for metabolic adjustments that are needed to
tolerate or prevent desiccation-mediated cellular damage (Chang 2005). In the work underlying
this thesis, the bacteria were continuously exposed to wet/dry regimes, with the length of the
antecedent dry periods gradually increasing over time. Following the first watering after a dry
period, it could be expected that bacteria re-initiate the metabolism. As such, full activity would
be restored during the second watering, which could lead to competition between cells and
species, re-adsorption as well as biofilm sloughing, all of which can contribute to increased
bacterial outflow concentrations.
However, the observed beneficial effect of antecedent dry periods in the study underlying this
thesis is in contrast to previous studies of E. coli removal by stormwater bioretention systems
(Li et al. 2012; Chandrasena et al. 2014), as these studies found antecedent dry periods of up
to 2.5 weeks to significantly decrease E. coli removal.
Finally, P. aeruginosa outflow concentrations varied across the different lengths of antecedent
dry periods at high temperature, but no variation was observed at low temperature. This
suggests that the effect of antecedent dry periods on P. aeruginosa removal by stormwater
bioretention systems becomes more evident at high temperature.
Hence, results about the effect of antecedent dry periods on bacterial removal in stormwater
bioretention systems are contradicting and should be interpreted with care; as such no general
assumptions of the results can be drawn. Thus, more research is needed to understand the extent
of this effect.
Bioretention columns with a SZC demonstrated significantly lower outflow concentrations, and
hence, higher removals of bacteria than standard columns. Mean E. coli, E. faecalis and P.
aeruginosa LRVs for columns with a SZC were 2.32, 2.67 and 3.57, respectively, compared to
0.86, 1.16 and 1.37, respectively, for standard columns. Similarly, previous research has shown
that the inclusion of a SZC improves bioretention facility performance in terms of E. coli
removal (Li et al. 2012; Chandrasena et al. 2014; Li et al. 2016).
Furthermore, a SZC eliminated the negative effects of temperature and antecedent dry period
length, as bioretention columns with a SZC reduced outflow concentrations independent of
temperature and antecedent dry period length as well as reduced variation in outflow
concentrations caused by different lengths of antecedent dry period.
The beneficial effect of a SZC can be explained through several theories. Stevik et al. (2004)
first proposed that bacteria are retained in the filter material by straining and/or adsorption.
However, geometrical suffusion security calculations excluded straining (see paper V for more
information), and hence, adsorption is likely to be the dominant bacterial retention mechanism
(Stevik et al. 2004, Rippy, 2015).
Adsorption may be reversible (i.e. involves weak interactions between bacteria and the particle
surface that allow bacteria to detach) or irreversible (i.e. a permanent interaction that depends
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on contact time and occurs when bacterial polymers form bridges between bacteria and the filter
material), and might be influenced by physical, chemical and/or microbiological factors such
as the properties of the filter material, the presence of organic matter and biofilms, temperature,
and pH (Stevik et al. 2004).
In the research presented in this thesis, bioretention columns with a SZC had 800 g of pine and
spruce wood shavings randomly mixed into the bottom layer. This may partly explain the
improved bacterial removal observed for columns with a SZC, as the addition of these wood
shavings increases filter cation exchange capacity and surface area, which translates to a greater
number of adsorption sites (Stevik et al. 2004).
Furthermore, a SZC delays infiltration, leading to longer retention times and increased bacterial
removal via enhanced adsorption, natural die-off, competition, and predation (Chandrasena et
al. 2014). Since outflow concentrations from bioretention systems with a SZC rose significantly
after a sudden temperature increase, natural die-off and predation (protozoan grazing) are
unlikely to contribute to the beneficial effect of a SZC on bacteria removal as these processes
actively eliminate bacterial cells. Additionally, a recent review on bacterial reduction in
bioretention systems (Rippy, 2015) argued that the increased retention time offered by a SZC
promotes adsorption. Hence, the superior bacteria removal by columns with a SZC may thus be
explained by enhanced adsorption.
Another important factor to consider is that bacteria residing in soils often form biofilms (Chang
2005) as a means of protection against unfavorable conditions (Madigan et al. 1997).
Furthermore, biofilm formation often accompanies bacterial attachment (Stevik et al. 2004),
and seems to be the most important factor for irreversible adherence (Costerton 1984). It also
plays a significant role in controlling the initial attachment, growth, and survival of bacteria in
porous media (Liu & Li 2008). In this study, bacteria were continuously exposed to conditions
representing both optimal and non-optimal environments. It might therefore be likely that the
bacteria formed biofilms to cope with the continuously changing environment.
The possibility that biofilm formation contributed to the beneficial effect of a SZC is
strengthened by the fact that the SZC environment favors biofilm formation; constant water
availability and carbon amendments are likely to promote biofilm formation (Rippy, 2015) and
microbial activity (Madigan et al. 1997). While the SZC environment may be (partly) anoxic
(Blecken et al. 2009a), this would not prevent the growth/activity of the bacterial species
studied in the research covered in this thesis because they are facultative anaerobes. However,
anoxic conditions induce partly anaerobic respiration, which provides less energy than aerobic
respiration and thus tends to reduce microbial activity. Biofilm formation and reduced microbial
activity may thus explain the higher bacteria removals observed in the bioretention columns
with a SZC.
The latter theory is further supported by the results observed after the sudden temperature
increase, where significantly higher bacterial outflow concentrations was observed from
bioretention columns with a SZC. Such a temperature change was expected to increase bacterial
activity (Madigan et al. 1997), leading to competition between cells and species that in turn
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would induce separation/division/destruction of biofilms and thus higher outflow
concentrations of bacteria. Furthermore, competition has been shown to increase in parallel
with saturation, and hence, should be more pronounced in bioretention systems with a SZC
(Rippy, 2015). Additionally, biofilm detachment (sloughing) from porous media was identified
as the main mechanism responsible for the presence of bacteria in bulk fluid long after the first
observation of bacterial release (Liu & Li 2008). The latter might also explain why outflow
concentrations peaked during the second watering after an antecedent dry period.
However, biofilm formation was not investigated in the research underlying this study; hence,
further research is needed to confirm or deny this theory, as well as to understand the beneficial
effect of a SZC on bacteria removal in stormwater bioretention systems.
Finally, as hypothesized due to their shared origin, outflow concentrations of E. coli and E.
faecalis correlated well (Spearman´s Rank correlation coefficient (RS) = 0.89). Moreover,
outflow concentrations of E. coli and E. faecalis correlated moderately with the outflow
concentration of P. aeruginosa (RS = 0.58 and 0.61, respectively), despite their different origins
in nature. Additionally, the LRV of E. coli and E. faecalis correlated well, with a Pearson
correlation coefficient (r) of 0.83. However, LRV of E. coli and E. faecalis also correlated well
with LRV of P. aeruginosa (r: 0.72 and 0.75, respectively). Hence, these results fully supports
the use of the indicator bacteria E. coli and E. faecalis. This conclusion, however, is inconsistent
with the results of Chandrasena et al. (2016), who found no correlation between LRV of E. coli
and Campylobacter spp.

5.4 Nitrogen
NH4-N outflow concentrations were always significantly lower than inflow concentrations and,
with the exception of bioretention columns with a SZC exposed to high temperature, mean
removal generally exceeded 85 % independent of the evaluated factors. This agrees with
previously reported removals of NH4-N from both pilot- and field-scale stormwater bioretention
systems without a SZC (Dietz & Clausen 2005; Hatt et al. 2009; Zhang et al. 2011b; Milandri
et al. 2012; Chen et al. 2013; Zinger et al. 2013; Li & Davis 2014; Glaister et al. 2017; Wang
et al. 2018). The low NH4-N removal by bioretention columns with a SZC at high temperature
also varied with the length of antecedent dry period, as dry periods of 3, 6, 17, and 37 days
yielded mean NH4-N removal percentages of 49.9, 68.8, 48.1 and 25.9 %, respectively. With
the exception of one study (Zinger et al. 2013), in which bioretention columns with a SZC
showed relatively low NH4-N removal percentages, previous pilot- and field-scale bioretention
systems with a SZC have shown NH4-N removal percentages ranging from 70 to 99.7 %, mostly
exceeding 95 % (Passeport et al. 2009; Zhang et al. 2011b; Glaister et al. 2017; Wang et al.
2018). This is in contrast to the poorer removal of NH4-N observed in this study for systems
with a SZC at high temperature.
NO2NO3-N outflow concentrations were always lower than mean inflow concentrations when
a SZC was present, with mean removals exceeding 87 % independent of temperature and length
of antecedent dry period. These results agree well with previously reported removals of
NO2NO3-N from pilot- and field-scale bioretention sytems with a SZC (Passeport et al. 2009;
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Zhang et al. 2011b; Zinger et al. 2013 (only for C. appressa); Glaister et al. 2017). However,
the bioretention columns without a SZC were characterized by more variation in NO2NO3-N
outflow concentrations, with leaching generally observed at high temperature as well as at low
temperature after longer (≥17 days) antecedent dry periods. Previous studies have found
standard bioretention systems to be ineffective at removing NO2NO3-N, with some authors even
reporting NO2NO3-N leaching (Bratieres et al. 2008; Hatt et al. 2009; Blecken et al. 2010;
Zhang et al. 2011b; Zinger et al. 2013; Glaister et al. 2017).
Observed outflow concentrations of total N varied. However, as for NO2NO3-N total N outflow
concentrations were always lower than mean inflow concentrations when a SZC was present,
with mean removal percentages exceeding 76 % independent of temperature and length of
antecedent dry periods. Leaching of total N was generally observed in bioretention columns
without a SZC after longer (≥17 days) antecedent dry periods, with removal percentages
ranging from -49.7 to 73.4 %. Previously reported total N removal percentages for pilot- and
field-scale stormwater bioretention systems also showed high variation (Dietz & Clausen 2005;
Davis et al. 2006; Bratieres et al. 2008; Passeport et al. 2009; Hatt et al. 2009; Blecken et al.
2010; Zhang et al. 2011b; Chen et al. 2013; Zinger et al. 2013; Payne et al. 2014; Li & Davis
2014; Mangangka et al. 2015; Wu et al. 2017; Glaister et al. 2017; Jiang et al. 2017; Wang et
al. 2018). Nevertheless, systems with a SZC have generally shown higher total N removal
percentages than systems without a SZC (Passeport et al. 2009; Zhang et al. 2011b; Zinger et
al. 2013; Payne et al. 2014; Wu et al. 2017; Glaister et al. 2017; Wang et al. 2018).
The examined factors SZC, temperature and antecedent drying significantly affected the
outflow concentrations of all nitrogen species.
It was hypothesized that high temperature would enhance N-treatment by facilitating both
nitrification, denitrification and plant uptake. However, to the contrary, high temperature
caused significantly higher outflow concentrations of NH4-N, NO2NO3-N and total N than what
was observed at low temperature, with reported mean removal percentages of 73, 0.9 and 45 %
for NH4-N, NO2NO3-N and total N, respectively, at high temperature, compared to 88, 43 and
70 %, respectively, at low temperature.
Previous studies (Blecken et al. 2010; Manka et al. 2016) agree that temperature significantly
affects the outflow concentrations of nitrogen fractions from bioretention systems. As was
found in the research underlying this thesis, other researchers also reported that outflow
concentrations of NO3-N and total N are positively correlated with temperature in standard
bioretention systems. However, contrary to the results presented in this thesis, other authors
noted that NH4-N outflow concentrations decrease as temperature increases.
However, standard bioretention columns had significantly lower outflow concentrations of
NH4-N at high temperature than at low temperature; hence, the increasing effect of high
temperature on outflow concentrations of NH4-N is caused by the significant difference in
outflow concentrations between low and high temperature for bioretention columns with a SZC.
As such, the results for standard bioretention systems presented in this thesis corroborate
findings of Blecken et al. (2010) and Manka et al. (2016). The fact that NH4-N is commonly
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well removed in standard bioretention systems is explained by efficient nitrification (Dietz &
Clausen, 2006, Blecken et al. 2010).
NO2NO3-N consistently leached from standard bioretention systems at high temperature, and
occasionally caused total N leaching from standard bioretention systems. Similarly, Blecken et
al. (2010) found that standard bioretention columns do not remove N-NO3 and total N, and also
found that the leaching of these species increases with increasing temperature. They explained
the non-efficient removal of NO2NO3-N with a lack of denitrification in these columns.
The better performance at low temperature might be explained by the fact that the nitrifying
and denitrifying bacteria in the examined columns are likely to be psychrophiles and not
mesophiles. Psychrophiles can grow at 0 °C or below, with an optimum around 15 °C and a
maximum at 20-25 °C, whereas the corresponding temperatures for mesophiles are 5-10 °C, 25
°C and 35-40 °C (Halmø & Eimhjellen 1981; Dempsey 2017). Psychrophiles are ubiquitous in
cold environments and participate in bioprocesses that occur under psychrophilic conditions
(Halmø & Eimhjellen 1981; Dempsey 2017). Generally, a psychrophilic population will
develop if members are locally available and the ambient temperature is in the relevant range
(Dempsey 2017). Both nitrification and denitrification were previously reported at low
temperatures (Halmø & Eimhjellen 1981; Dempsey 2017) despite the fact that the optimum
temperatures of these processes commonly are approximately 20-35 °C (Russell et al. 2002).
The filter materials used in the research underlying this thesis and in the study by Blecken et
al. (2010) were obtained from local distributors, and the columns were established and matured
at local temperatures (Luleå, Northern Sweden). It is therefore reasonable to assume that the
microbiological community consisted primarily of psychrophilic bacteria. However, a
limitation of the research presented in this thesis is that it was not examined which bacteria
were present in the column; hence, further research is needed to confirm the theory of
psychrophilic bacteria.
The increased aeration and decreased moisture content caused by longer antecedent dry periods
was expected to negatively affect denitrification and positively influence nitrification
(Venterink et al. 2002; Sahrawat 2008). However, in contrast to this hypothesis, long (≥17 days)
antecedent dry periods yielded significantly higher outflow concentrations (and hence lower
removal) of all nitrogen species. In this way, it seems that the extended dry periods studied in
the research underlying this thesis negatively affected both nitrification and denitrification. The
literature also includes inconclusive evidence, as one study found significantly higher nitrogen
outflow concentrations after antecedent dry periods of 14 to 28 days (Hatt et al. 2007), whereas
another study reported that antecedent dry periods of 6-13 days adversely affect denitrification
but promote nitrification (Mangangka et al. 2015). Hatt et al. (2007) argues that the negative
impact of antecedent dry periods on nitrogen removal might be due to drying enhancing aerobic
microbial mineralization of organic matter, which results in a build-up of NH3 in the filter
material at the same time as NH4+ is released from bacteria as they die due to drying. Hence,
upon re-wetting, this accumulated NH3 and NH4+ can be released into the water, where aerobic
conditions favor nitrification. This could be one reason for the decreased NO2NO3-N removal
after extended drying which also affects total N removal (Figure 13).
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The presence of a SZC improved total nitrogen removal, a result which probably stem from
enhanced denitrification (Dietz & Clausen 2005; Zinger et al. 2013). A SZC significantly
decreased outflow concentrations of NO2NO3-N and total N independent of temperature and
antecedent dry period length, which agrees well with previous studies (Zhang et al. 2011b;
Zinger et al. 2013; Payne et al. 2014; Glaister et al. 2017; Wang et al. 2018; Morse et al. 2018).
This effect was expected since denitrifying bacteria are facultative anaerobes that substitute
NO3- for O2 when little or no O2 is available, as is the case in the SZC. Furthermore, in situ
denitrification proceeds faster under anaerobic conditions as long as NO3- is supplied, which
reflects the conditions in bioretention systems with a SZC. Additionally, a recent study
examined the abundance of denitrification genes, with the results suggesting that the presence
of a SZC benefits the entire microbial community and enhances permanent removal of nitrogen
through denitrification (Morse et al. 2018).
A SZC was not expected to affect NH4-N removal, since the filter material above the SZC still
offers aerobic conditions for the nitrification to occur. However, bioretention columns with a
SZC showed significantly higher NH4-N outflow concentrations than columns without a SZC.
Zinger et al. (2013) reported similar effects for columns planted with D. revolute and M.
stipoides, but found that the presence of a SZC had no effect in columns planted with C.
appressa. They argued that this result can be attributed to differences between the plant species,
as C. appressa has dense and deep roots while the other two plant species have shallow roots
(Zinger et al. 2013). They further argued that the observed negative effect of a SZC on NH4-N
outflow concentrations was due to the reduced availability of aerobic conditions and space to
facilitate nitrification (Zinger et al. 2013). However, most previous studies found that a SZC
does not noticeably affect NH4-N removal compared to standard bioretention systems
(Passeport et al. 2009; Zhang et al. 2011b; Glaister et al. 2017; Wang et al. 2018), and hence,
do not support the negative effect of a SZC on NH4-N removal observed in the research
underlying this thesis.
Furthermore, a SZC mitigated any possible negative effects of temperature and antecedent dry
period length by significantly decreasing NO2NO3-N and total N outflow concentrations in
comparison to standard bioretention columns, and independent of temperature and antecedent
dry period length. A SZC also evened out the variation in NO2NO3-N and total N outflow
concentrations observed for various antecedent dry period lengths. It is possible that the
inclusion of a SZC maintains anoxic conditions that support denitrification; this may be why
long (≥17 days) antecedent dry periods did not negatively affect NO2NO3-N and total N
removal in stormwater bioretention systems with a SZC. Similarly, Glaister et al. (2014) found
that NO2NO3-N, and hence, total N removal, could be maintained over extended dry periods
(6-18 days) by including a SZC.
In the case of NH4-N, a SZC significantly increased outflow concentrations at high temperature
relative to systems without a SZC. In contrast, no such difference was observed at low
temperature. As mentioned above, the bacteria responsible for nitrification may be
psychrophilic, and hence favored by low temperature. However, nitrifying bacteria are
considered to be obligate aerobes (Ward 2008). Hence, a SZC should negatively affect NH4-N
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outflow concentrations independent of temperature. Yet, nitrifying bacteria are also reputed to
be microaerophilic, thriving under relatively low oxygen conditions (Ward 2008). As such, the
relatively high NH4-N removal percentages observed in bioretention columns with a SZC at
low temperature may stem from the nitrifying bacteria in the columns being psychrophilic
microaerophiles.
The removal of total N generally mirrored what was observed for NO2NO3-N, which suggests
that NO2NO3-N, rather than NH4-N, controls overall nitrogen removal. Similar results have
been reported by e.g. Blecken et al. (2010) and Zinger et al. (2013). Hence, NO2NO3-N removal
is the limiting factor for efficient nitrogen removal in stormwater bioretention systems, a
dynamic that underlines the importance of promoting denitrification in these systems.
One approach for promoting denitrification is the inclusion of a SZC, which – in the research
underlying this thesis – was shown to result in relatively high overall nitrogen removal also at
low temperature. Interestingly, the combination of low temperature and a SZC resulted in the
highest overall nitrogen removal, a result that is most likely explained by the bacterial
community adapting to site-specific conditions (Stubbendieck et al. 2016). Furthermore, a
recent study showed that consecutive freeze-thaw cycles with temperatures varying from -10 to
+10 °C did not deteriorate nitrogen removal in bioretention systems with a SZC (Ding et al.
2019). The latter is an important finding as it shows that a SZC can be included in widely
varying ambient conditions.
It is though important to emphasize that a SZC alone might not be enough to accomplish
sufficient nitrogen removal, since effluent nitrogen from standard bioretention systems is
dominated by N-NO3- (46 %) and dissolved organic nitrogen (42 %) (Li and Davis, 2014).
Hence, the leaching of dissolved organic nitrogen should also be prevented (Li and Davis,
2014).

5.5 Phosphorus
The outflow concentrations of both total and dissolved P from the stormwater bioretention
columns were always significantly lower than inflow concentrations, with the removal
percentages of total and dissolved P always exceeding 74 and 84 %, respectively, independent
of ambient conditions and design. Most previous pilot- and field-scale stormwater bioretention
studies have reported mean total P removal percentages above 70 % (Davis et al. 2006;
Bratieres et al. 2008; Blecken et al. 2010; Zhang et al. 2011b; Wu et al. 2017; Glaister et al.
2017), and hence corroborates this study.
Dissolved P was only addressed in one previous study (Zhang et al. 2011b), with a reported
mean removal of 99 %. However, mean removals above 70 % were reported for PO43- (Bratieres
et al. 2008; Passeport et al. 2009; Hatt et al. 2009; Wu et al. 2017; Glaister et al. 2017) which
together with other dissolved organic and inorganic forms of P constitutes the dissolved P
(Boström et al. 1988; Zhang et al. 2011b). Hence, previous studies corroborates the observed
removals of dissolved P as well.
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Moreover, previous studies reported leaching of P from new bioretention facilities due to wash
out of fines from the filter material (Dietz & Clausen 2005; Hsieh et al. 2007; Blecken et al.
2010). The latter was not observed in this study, probably due to the use of a coarser filter
material containing less fines.
Of the factors studied in the research underlying this thesis, only temperature significantly
affected dissolved P, with outflow concentrations increasing as the temperature increased.
However, dissolved P outflow concentrations were poorly described by the two-level full
factorial regression analysis (R2(adj) = 32.6 %); as such, factors other than the ones tested
probably influenced dissolved P removal. On the other hand, total P removal was significantly
affected by a SZC, temperature and salt-laden inflow, as well as the interactions between
temperature and salt-laden inflow and temperature and a SZC.
As was the case for dissolved P, higher temperatures caused significantly higher outflow
concentrations of total P. However, previous studies of P adsorption onto soil reported a positive
correlation between temperature and P adsorption (Barrow 1979; Sah & Mikkelsen 1986;
Huang et al. 2011; Zhang & Huang 2011; Bai et al. 2017), and hence, do not corroborate the
findings presented in this thesis. Furthermore, Blecken et al. (2010) found no differences in
total P removal between standard bioretention columns exposed to ambient temperatures of 2,
7 and 20 °C. Hence, more research is needed to understand how seasonal changes in
temperature might affect P removal by stormwater bioretention systems.
Salt-laden inflow caused significantly higher outflow concentrations of total P compared to
inflow without salt, and hence had a negative effect on total P removal. This result disagrees
with research performed by Valtanen et al. (2017), who found that salt does not affect total P
removal in pilot-scale stormwater bioretention systems. However, other previous studies found
that P adsorption in soil decreases as salinity increases (Zhang & Huang 2011; Bai et al. 2017),
and hence, corroborate the findings in this study.
Salt is recognized as one of the main factors influencing P adsorption-desorption processes in
soil (Sundareshwar & Morris 1999; Liu et al. 2002; Jun et al. 2013). However, the negative
effect of salt has been explained by competition for binding sites between negatively-charged
ions and PO43- (Liu et al. 2002; Bruland & DeMent 2009), a dynamic that does not corroborate
the findings presented in this thesis since salt-laden inflow only affected total P and not
dissolved P (PO43- ).
Furthermore, the combination of high temperature and salt-laden inflow significantly increased
total P outflow concentrations when compared to low temperature conditions either with or
without the presence of salt. It is important to state that the negative effects of high temperature
and salt were enhanced when these two factors affected the bioretention column
simultaneously.
The more effective removal of dissolved P than total P could be explained by more PO43precipitation at higher temperatures (Sah & Mikkelsen 1986; Reddy & DeLaune 2008), i.e. the
proportion of total P increases as more PO43- reacts with other compounds to form solid
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minerals. However, precipitation is also positively correlated with salinity (Remmen et al.
2017); hence, salt-laden inflow should have had a decreasing effect on outflow concentrations
of dissolved P and not only an increasing effect on total P.
The presence of a SZC significantly decreased total P outflow concentrations and hence
benefitted removal. Glaister et al. (2017) reported similar results whereas Zinger et al. (2013)
identified an opposite effect for bioretention columns with a SZC. Glaister et al. (2017) related
the beneficial effect of a SZC to plant well-being while Zinger et al. (2013) attributed the
negative effect of a SZC to the remobilization of fine-grained sediment from the filter material
containing P. However, P adsorption decreases under anoxic conditions (Nürnberg 1984;
Moosmann et al. 2006; Mucci et al. 2018); hence, a SZC should increase total P outflow
concentrations. This effect was observed when bioretention columns with a SZC in the research
underlying this thesis were exposed to high temperatures. It should be emphasized that the
difference in total P removal between bioretention columns with and without a SZC was only
1.7 %. Thus, the identified beneficial effect of a SZC on total P removal has limited practical
significance.
However, total and dissolved P removal percentages always exceeded 74 and 84 %,
respectively; as such, the observed negative effects of high temperature and salt-laden inflow –
as well as the positive effect of a SZC – should not be overemphasized.

5.6 Practical implications
Despite significant effects of the examined factors, overall water quality was generally
markedly improved following stormwater bioretention treatment independent of design and/or
ambient conditions. Only dissolved Cu and Pb were generally poorly removed. Hence, the
results presented in this thesis support using stormwater bioretention to improve water quality
prior to discharge into surface waters; the overall benefit of using bioretention systems will
outweigh the less effective or negative removal (leaching) of dissolved Cu and Pb in the
minority of cases.
High temperature – when compared to low temperature – generally deteriorated removal
performance. Hence, low temperatures (>0 °C) should not be seen as an obstacle for
bioretention implementation.
A SZC significantly improved pollutant removal and mitigated any negative effects or
variations caused by salt, temperature and/or antecedent dry periods. However, the effects of a
SZC following sustained exposure to frost and/or freeze-thaw cycles remain unknown. Hence,
at present it can only be recommended to design bioretention systems with a SZC when
implemented in areas having seasonal temperatures above 0 °C.
Salt-laden inflow generally deteriorated the removal of metals, P and TSS, and this effect was
particularly strong at high temperature, which is unlikely to occur outside of coastal
environments. Despite this negative effect, pollutants (with the exception of dissolved Cu and
Pb) were still relatively efficiently removed. Furthermore, salt was added in relatively high (but
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realistic) concentrations. Because salt is often present at lower concentrations, the negative
effects of salt discussed in this thesis will probably be less pronounced in real-life situations.
Furthermore, the use of deicing salt is restricted to winter season and hence do not occur
continuously. Thus, the impact of salt should not prevent the implementation of bioretention
systems in regions where road salt is applied during winter months.
The metal fractionation results from the batch test presented in this study indicate that
substantial amounts of metals that have adsorbed to the filter material may exist in potentially
leachable forms. This has clear implications for the materials’ long-term performance and their
disposal after maintenance (when risks of metal desorption during excavation and
transportation must be considered). The latter motivates further confirmation through sequential
extraction of field-scale samples.

5.7 Future research
A SZC generally had a beneficial effect and hence, improved removal of all of the tested
pollutants. However, there is a clear knowledge gap about the performance of a SZC when
bioretention systems are exposed to continuous freeze-thaw cycles.
Dissolved metal removal in stormwater bioretention facilities has only been addressed by a
handful of studies (including the research presented in this thesis), and showed varying results
with removal of dissolved Cu and Pb being particularly challenging. Furthermore, dissolved
metals were primarily adsorbed in the exchangeable fraction, and hence are more likely to be
mobilized, and thus, not permanently removed. Therefore, more research is needed to 1)
understand the removal processes of dissolved metals, in particular dissolved Cu and Pb in
bioretention systems with diverse designs when exposed to different ambient conditions
individually or simultaneously when these are varied at more levels, 2) examine if dissolved
metals generally are bound to the exchangeable fraction of the filter material, 3) examine the
long-term performance of dissolved metal removal in stormwater bioretention systems and 4)
examine how field-scale bioretention systems perform in terms of dissolved metal removal.
Furthermore, the possible risks posed by the remobilization of metals that have already
adsorbed to the bioretention filter materials needs to be evaluated under various ambient
conditions and by testing different filter materials (e.g. contents of compost, biochar and similar
organic substances which may degrade over time, Fassman et al. 2013).
Bacteria are removed by stormwater bioretention systems, however, removal efficiency seems
to depend on the bacterial species. Most studies evaluated E. coli while a few studies, including
the research underlying this thesis, included other species as well. However, as only a few
studies have evaluated bioretention performance towards species other than E. coli, more
research is needed to confirm the published results. A SZC seems to benefit bacterial removal,
and the results presented in this thesis indicate that this effect might be due to biofilm formation,
which would mean that bacteria are not permanently removed but only stored. Future research
should be designed to test this hypothesis. Finally, current results about the effect of antecedent
dry periods on bacteria removal are contradictory. These observations, however, are based on
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the first sampling after a dry period, whereas the research discussed in this thesis showed that
bacteria outflow concentrations peak during the second watering after an antecedent dry period.
Thus, more research is needed to understand the actual and long-term effects of antecedent dry
periods on bacteria removal in stormwater bioretention systems.
The efficient removal of NO2NO3-N, and hence, total N represents a significant challenge for
stormwater bioretention systems. However, all of the tested nitrogen species were efficiently
removed at low temperatures by bioretention columns with a SZC even though nitrification and
denitrification have optimum temperatures of around 20-35 °C (Russell et al. 2002). The most
probable explanation for this result is that the bacterial communities in the columns adapted to
site-specific conditions; however, as the research presented in this thesis did not focus on
identifying the bacterial species within the column, further research is needed to test this
hypothesis.
Phosphorus was generally efficiently removed; however, high temperatures deteriorated this
removal even though phosphorus adsorption to soil has previously been positively correlated to
temperature. Hence, more research about the effect of temperature on phosphorus removal by
stormwater bioretention systems is needed.
The results regarding the role of vegetation for bioretention performance presented in this work
are rather preliminary. Thus, an additional knowledge gap – and avenue for future research – is
how bioretention vegetation participates in metal removal and how this dynamic is affected by
design and/or ambient conditions. Similar was recently recommended by Dagenais et al.
(2018).

72

6. Conclusion
Overall water quality was significantly improved by the stormwater bioretention columns
independent of design and/or ambient conditions. However, removal of dissolved Cu and Pb
was generally poor and hence remains a challenge.
High temperature generally deteriorated bioretention removal performance, in particular
removal of metals and phosphorus when combined with salt-laden inflow, and removal of
nitrogen and P. aeruginosa when combined with antecedent dry periods.
Salt-laden inflow generally deteriorated bioretention removal performance towards metals and
phosphorus, in particular for dissolved Cu and Pb.
Long (≥ 17 days) antecedent dry periods deteriorated bacteria and nitrogen removal.
A SZC significantly improved pollutant removal, in particular for dissolved metals and
NO2NO3-N and mitigated any negative effects or variations caused by salt, temperature and/or
antecedent dry periods.
As >90 % of the metals were adsorbed within an hour, actual retention times in full-scale
bioretention should be adequate for high metal removal.
The tested filter materials in the batch adsorption experiment did not exhibit the same metal
adsorption capacities. Hence, identifying the optimal mixture is challenging, especially as other
objectives (e.g. supporting plants, treatment of other pollutants, and low cost) must also be met.
The batch sequential extraction revealed that significant proportions of the adsorbed metals
were found in the potentially leachable fractions, which obviously affects the long-term
performance of the materials, their functionality under varying conditions and the maintenance
of bioretention systems.
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The inﬂuence of temperature and salt on metal and
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ABSTRACT
Stormwater bioﬁlters are used to treat stormwater runoff. In countries with cold winter climates,
bioﬁlters are subject to low temperatures which, in some cases, are combined with potentially high
salt concentrations from road de-icing, potentially affecting the bioﬁlter’s performance. Since
stormwater bioﬁlters have been developed without consideration of their critical winter use, a
laboratory study was carried out to evaluate the performance of stormwater bioﬁlters subjected to
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low and high temperatures, with and without salt. Both factors and their interaction had a signiﬁcant
effect on outﬂow concentrations and removal percentages. Salt had a negative impact on outﬂow
concentrations, causing lower removal percentages for (especially dissolved) metals, this impact
being most pronounced for Cu and Pb. The unrealistic combination of salt with high temperature
seemed to further amplify the negative impacts of salt despite the fact that temperature alone did
not cause signiﬁcant differences in outﬂow concentrations and removal percentages. Still, bioﬁlters
showed the ability to treat stormwater efﬁciently under the simulated winter conditions; outﬂow
concentrations for total metals as a minimum met the class 4 threshold value deﬁned in the Swedish
freshwater quality guidelines, while inﬂow concentrations clearly exceeded the threshold value for
class 5. The relatively coarse ﬁlter material (which is recommended to facilitate inﬁltration during
winter) did not seem to exacerbate bioﬁlter performance.
Key words

| heavy metals, salinity, stormwater bioﬁlter, urban stormwater runoff, winter
performance

INTRODUCTION
Urban stormwater runoff contains signiﬁcant concentrations of pollutants, such as heavy metals, nutrients,
pesticides, polycyclic aromatic hydrocarbons and volatile
organic compounds (Zgheib et al. ). Despite this, stormwater runoff is often carried directly to a receiving water
body without treatment for quality (Karlsson et al. ).
Such discharges contribute to the pollution of surface
water and can have toxic impacts on ﬂora and fauna.
Heavy metals are the key pollutants in stormwater that
affect the receiving water bodies (Zgheib et al. ).
To prevent environmental pollution and ensure a high
ecological quality of discharges to receiving water bodies,
stormwater treatment technologies are increasingly being
developed – both in response to urban expansion and preexisting urbanized areas (Marsalek et al. ).
Stormwater bioﬁlters (also known as bioretention or
rain gardens) are one of these technologies. A bioﬁlter
doi: 10.2166/wst.2014.161

consists of vegetated ﬁlter media placed in a trench or
basin with detention storage. The water inﬁltrates the ﬁlter
media and is ﬁltered by mechanical and biochemical processes in it. Plants contribute to pollutant removal directly
(uptake) and indirectly (inﬂuence on soil pH, bioﬁlms on
plant roots) (Read et al. ). As well as being a technological solution, bioﬁlters can also be aesthetically pleasing and
can be integrated architectonically into the urban landscape.
Bioﬁlters are a common technology within water sensitive urban design (WSUD) and have been developed since
the 1990s (Prince George’s County ), becoming popular
particularly in the USA and Australia (FAWB ; Wardynski & Hunt ). Around Europe, bioﬁlters are also
receiving greater attention, and questions concerning their
adaptation in respect of functionality and design for different climates are therefore highly topical areas of research
(Blecken et al. ).
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Several studies have shown that bioﬁlters treat stormwater runoff effectively; ‘metal, phosphorus’ and total
suspended solids (TSS) removal is often above 90% (e.g.
Davis et al. ; Roy-Poirier et al. ). Also, ‘dissolved
metals’ are treated well compared with other WSUD facilities such as sedimentation ponds (Muthanna et al. a).
However, bioﬁlters have been developed without consideration of their potential critical winter use (Marsalek
et al. ; Roy-Poirier et al. ). There is a lack of studies
evaluating the effect of winter conditions on bioﬁlter function; only a few studies have evaluated winter-related
factors (Blecken et al. , ; Muthanna et al. a,
b; Khan et al. ). Swedish municipalities commonly
express concerns about the possible effect of road salt
(from de-icing).
Salinity in winter stormwater runoff may increase metal
solubility in the stormwater runoff itself (Marsalek ;
Oberts ; Reinosdotter & Viklander ) which may
lead to reduced efﬁcacy of the bioﬁlter. Further, existing
retained metals may be released from the ﬁlter (Durin
et al. ) due to ion exchange processes within the ﬁlter
material as a result of Naþ exposure (Bäckström et al.
). How varying metal solubility in the inﬂow affects
the bioﬁlter performance is unknown since most studies
have not investigated such correlations (Muthanna et al.
a), or only analyzed the total metals (Davis et al. ;
Bratieres et al. ). In a study on the inﬂuence of temperature and road salt on heavy metal partitioning among the
particulate and dissolved phases, Warren & Zimmerman
() identiﬁed both factors to be key environmental variables. Since salt is readily soluble in water and chloride is
extremely mobile and nonreactive (Marsalek ), stormwater bioﬁlters should not retain chloride.
The objective of this study was to evaluate the inﬂuence
of salt and temperature on metal and sediment removal in
stormwater bioﬁlters under controlled laboratory conditions. Due to contradictory results in the literature
(Warren & Zimmerman ; Bäckström et al. ) regarding temperature inﬂuence on metal mobilization, no
qualiﬁed predictions exist as to whether high or low temperature will further amplify the negative impact of salt.

Experimental set-up
A two-factor full factorial design experiment was conducted
on 12 bioﬁlter mesocosms using a previously successfully
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tested column design (Blecken et al. ; Bratieres et al.
). In total, four different combinations with three replicates of each combination were set up. The distribution and
details of each combination are outlined in Table 1. For simplicity, the individual combinations will be identiﬁed
throughout as shown in the combination column in Table 1.
The bioﬁlters (Figure 1) were made of PVC stormwater
pipes (inner diameter: 380 mm, height: 900 mm, area:
0.11 m2) with sandblasted inner walls to prevent preferential
ﬂow along the column edge. A transparent plexiglas top
(height: 400 mm) allowed stormwater ponding during
dosing without affecting light availability for plant growth.
The ﬁlter media had four layers, as follows:

•

•
•
•

Top ﬁlter layer (height: 400 mm) consisting of a mix of:
25% 0.2–0.5 mm dried sand, 25% 0.5–1.0 mm dried
sand, 25% 1.0–2.0 mm dried sand, 10% 2.0–4.0 mm
dried sand and 15% topsoil (D50 ¼ 0.18 mm; coefﬁcient
of uniformity Cu ¼ D60/D10 ¼ 8.3 mm, purchased from a
local distributor).
Bottom ﬁlter layer (height: 400 mm): 0.2–0.5 mm dried
sand.
Transition layer (height: 30 mm): 1.0–2.0 mm dried sand.
Drainage layer (height: 70 mm): 2.0–4.0 mm dried sand.

The bioﬁlters were adapted to cold climate conditions
by the use of relatively coarse ﬁlter media with higher
sand and lower silt and clay content (Muthanna et al.
a) compared to the otherwise recommended sandy
loam soils (FAWB ). This facilitated inﬁltration under
cold conditions (e.g. into partly frozen material). The transition and drainage layers prevented wash-out of the ﬁlter
media and clogging of the collection pipe. Within the
drainage layer, an embedded drainage pipe (diameter:
54 mm) discharged water to a sampling outlet.
In June 2012, each bioﬁlter was planted with seven
plants (64 plants m2): three Juncus conglomeratus, two
Phalaris arundinacea and two Carex panacea. These species
are native wet/drought-tolerant plant types adapted to
Nordic climates. After planting, up to the start of the experiment (December 2012), the bioﬁlters were watered twice a

Table 1

METHODS
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Bioﬁlter combination characteristics

Combination

Temperature

Salt addition

LT

Low

No

HT

High

No

LTS

Low

Yes

HTS

High

Yes

L. C. Søberg et al.
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Left: bioﬁlter columns in the laboratory, right: plants in the bioﬁlters.

week with normal tap water. Until October 2012, the bioﬁlters were stored outside. In October 2012, six of them were
placed in a refrigerated container and the other six were
placed in an indoor laboratory. At both locations, the air
temperature was nearly constant (4.6 ± 0.6 C and 17.1 ±
1.5 C, measured with a Microlite II External USB Temp
logger). To ensure continuous plant growth after the bioﬁlters were moved inside, they were lit with high-pressure
sodium greenhouse lamps (G-power Agro, 400 W,
55,000 Lm) for 12 h every day.
W

W

Experimental procedure
Semi-synthetic stormwater was used to ensure a constant
quality of water. It was made by adding natural stormwater
sediment (sampled from a gully-pot sediment trap) and
laboratory-grade chemicals (CdCl2, Cu(II)Cl2, Pb(II)NO3,
ZnCl2 and NaCl) to tap water in the quantities needed
to achieve typical urban stormwater pollutant concentrations (Göbel et al. ; Zgheib et al. ). Since the
stormwater sediment used already contained pollutants, laboratory-grade chemicals were added to make up any deﬁcit
between the target concentrations (Table 2) and that of the
tap water–sediment mix. The actual concentrations in the
semi-synthetic stormwater are shown in Table 2.
Cu and Pb in the semi-synthetic stormwater were, regardless of salinity, mostly particle-bound (Table 2). Cd and Zn
were, to a larger extent, dissolved; their solubility was
increased by salt. The percentage of dissolved Cd is almost
twice as high for the semi-synthetic stormwater with salt compared to that without salt. All inﬂow concentrations greatly
exceed the threshold value for class 5 (very high concentration/effect on the survival of aquatic organisms even
under short-term exposure) as deﬁned in the Swedish freshwater quality guidelines (Swedish EPA ).

To ensure the semi-synthetic stormwater was at ambient
air temperature, it was prepared at least 48 h before dosing.
To ensure homogeneity, the water was mixed continuously.
During the experimental run-time (18 weeks), each column
was dosed with 15 L of semi-synthetic stormwater (i.e. corresponding to a 136 mm hydraulic head) approximately twice
a week. The volume of applied stormwater was calculated
based on Luleå rainfall patterns (assuming two rain events
weekly with an average of 5.4 L/m2 stormwater runoff
each and a bioﬁlter area of 4% of the total catchment) as
described in Blecken et al. (). Between dosing, the ﬁlters
were subject to gravity drainage.

Table 2
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Characterization of the semi-synthetic stormwater
Mean inﬂow concentration ± SD
Target

Pollutant

concentration

Total Cd, μg L1

6.4

Dis. Cd, μg L1
% dis. Cd
Total Cu, μg L1

Without salt

4.5 ± 1.6

With salt

4.7 ± 1.6

1.2 ± 0.7

2.4 ± 1.1

30.5 ± 18.4

53.9 ± 25.7

197.2 ± 85.2

177.5 ± 83.8

Dis. Cu, μg L1

5.4 ± 3.1

6.0 ± 5.2

% dis. Cu

3.1 ± 2.4

4.4 ± 9.18

46.5 ± 12.1

44.7 ± 13.1

Dis. Pb, μg L1

0.6 ± 0.8

0.4 ± 0.8

% dis. Pb

1.2 ± 1.7

1.1 ± 1.8

430.3 ± 94.0

440.9 ± 83.3

216.5 ± 63.5

274.4 ± 48.7

Total Pb, μg L1

Total Zn, μg L1

120

50

500

Dis. Zn, μg L1

52.3 ± 17.6

% dis. Zn
Cl, mg L1

0 and 2,000

TSS, mg L1

150

pH

63.7 ± 13.3

46.1 ± 7.1

2,247.3 ± 233.7

124.8 ± 29.6

129.7 ± 37.1

7.7 ± 0.1

7.7 ± 0.2

L. C. Søberg et al.
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Sampling

Data analyses

Before each dosing, grab samples were taken of the semisynthetic stormwater to monitor its quality. After 3, 6, 9,
12, 15 and 18 weeks, outﬂow samples were taken separately
for each bioﬁlter. At these sampling events, all outﬂow water
from each bioﬁlter was collected separately in acid-washed
transparent PE tanks. Before sampling, the collected water
was stirred. Samples were then taken from this in 125 ml
acid-washed PE bottles.

Total and dissolved heavy metals, Cl and TSS outﬂow
results were analyzed for both concentration and removal.
The mean heavy metal outﬂow concentrations were compared to Swedish freshwater quality guidelines (Swedish
EPA ). Percentage removal was calculated as follows:
removal (%) ¼ (1(outﬂow concentration/inﬂow concentration))×100% and plotted in boxplots to show the
difference between the four combinations.
To investigate if the four combinations resulted in signiﬁcantly different metal concentrations and/or removal
efﬁciencies, a one-way analysis of variance, (ANOVA)
(response: outﬂow concentrations, factor: group) followed
by Tukey’s method was carried out on the total and dissolved Cd, Cu, Pb and Zn and TSS outﬂow concentrations.
The inﬂuence of salt, temperature and the interaction
salt × temperature on outﬂow concentrations and percentage removal were analyzed with a two-way ANOVA.
For all statistical analyses, signiﬁcance was accepted at
an α-level of 0.05.

SAMPLE ANALYSES
All water samples were analyzed for TSS, pH, redox potential and total and dissolved Cd, Cu, Pb and Zn. For the metal
analysis, inductively coupled plasma (ICP)-AES (inductively
coupled plasma atomic emission spectroscopy) (total Cu
and Zn) and ICP-sector ﬁeld mass (total Cd and Pb, all dissolved metals) methods were used. The detection limits for
total metals were 0.05, 1.0, 0.5 and 4.0 μg L1 for Cd, Cu,
Pb and Zn, respectively and for dissolved metals, 0.002,
0.1, 0.01 and 0.2 μg L1 for Cd, Cu, Pb and Zn, respectively.
The concentrations of the dissolved metals were determined
by analyzing samples ﬁltered through a 0.45 μm ﬁlter. TSS
was determined by ﬁltration through Whatman GF/A
1.6 μm pore-size glass microﬁbre ﬁlters (SS-EN 872) in one
replicate, and pH was measured with a ﬁeld pH-meter
(pH330, WTW GmbH, Weilheim, Germany). Redox
potential was measured with a radiometer (Radiometer
Copenhagen PHM 95 pH/ION METER with an InLab
Redox electrode).

Table 3
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RESULTS AND DISCUSSION
Mean outﬂow concentrations (Table 3) and removal (%)
(Figure 2) differed between the four combinations. The poorest treatment (i.e. the highest outﬂow concentrations and
lowest removal) was measured for the bioﬁlters at warm
temperatures dosed with stormwater containing salt (HTS).
The one-way ANOVA (Table 4) conﬁrmed this difference to be signiﬁcant for all pollutants except total Pb and

Outﬂow concentrations for total and dissolved Cd, Cu, Pb and Zn (μg L1), and for Cl and TSS (mg L1) in the four different combinations
Mean outﬂow concentration ± SD

Pollutant
LT

HT

LTS

HTS

Cd

Total
Dissolved

0.05 ± 0.03
0.03 ± 0.01

0.04 ± 0.03
0.02 ± 0.01

0.13 ± 0.05
0.12 ± 0.03

0.19 ± 0.05
0.15 ± 0.02

Cu

Total
Dissolved

10.12 ± 3.00
4.85 ± 0.26

13.84 ± 7.75
8.83 ± 2.57

12.56 ± 1.85
7.60 ± 1.34

32.91 ± 4.62
23.16 ± 4.83

Pb

Total
Dissolved

3.20 ± 1.90
0.22 ± 0.09

2.46 ± 2.04
0.18 ± 0.09

3.25 ± 0.80
0.35 ± 0.17

4.41 ± 1.52
0.51 ± 0.28

Zn

Total
Dissolved

4.56 ± 3.23
2.19 ± 0.88

5.03 ± 6.11
1.38 ± 0.51

5.37 ± 1.68
2.40 ± 0.55

12.06 ± 4.08
4.68 ± 2.24

Cl

43.43 ± 3.87

43.43 ± 3.87

2,122.8 ± 155.10

2,307.2 ± 232.20

TSS

6.88 ± 5.15

6.88 ± 5.15

5.89 ± 3.64

10.47 ± 6.72

pH

7.2 ± 0.3

7.2 ± 0.3

7.2 ± 0.3

7.0 ± 0.8

L. C. Søberg et al.
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Default boxplots of percentage-removed total and dissolved Cd, Cu, Pb and Zn and TSS in the four combinations: low temperature without salt addition (LS), high temperature
without salt addition (HS), low temperature with salt addition (LTS) and high temperature with salt addition (HTS). The boxes indicate the interquartile range (IQR), the whiskers
extend to 1.5 IQR and outliers are indicated by *. Note the different y-axis scales.
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The presence of a signiﬁcant difference at 95% conﬁdence interval in outﬂow concentrations and removal (%) among the four combinations for total and dissolved Cd, Cu, Pb and
Zn, and TSS (entries with the same symbol have no signiﬁcant difference between them)

Outﬂow concentrations

Removal (%)
R 2 (adj)

Bioﬁlter combination
Pollutant

Cd
Cu
Pb
Zn
TSS

R 2 (adj)
Bioﬁlter combination

LT

HT

LTS

HTS

LT

HT

LTS

HTS

Total

Ψ

Ψ

Ω

Δ

69.5

Ο

Ο

Φ

Φ

Dissolved

Ψ

Ψ

Ω

Δ

91.7

Ο

Ο

Ο

Ο

1.2

Total

Ω

Ω

Ω

Δ

77.9

Ο

Ο

Ο

Φ

21.3

Dissolved

Ψ

Ω

Ω

Δ

86.5

Ο

Ο

Ο

Φ

38.4

Total

Δ, Ω

Ω

Δ, Ω

Δ

12.4

Ο

Ο

Ο

Φ

10.9

Dissolved

Ω, Ψ

Ψ

Ω

Δ

34.0

Ο

Ο

Φ

Φ

22.5

Total

Ω

Ω

Ω

Δ

34.6

Ο

Ο

Ο

Φ

30.0

Dissolved

Ω

Ω

Ω

Δ

47.8

Ο

Ο

Ο

Φ

34.4

Δ

Δ

Δ

Δ

2.8

Ο

Ο

Ο

Ο

1.1

TSS for outﬂow concentrations and dissolved Cd and TSS
for removal (%). The test also revealed that no signiﬁcant
difference exists between LT and HT with the exception of
dissolved Cu for outﬂow concentrations, meaning that temperature alone does not play a major role in bioﬁlter
performance. The latter ﬁnding conﬁrms previous ﬁndings
from similar studies (Roseen et al. ; Blecken et al.
; Khan et al. ). Outﬂow concentrations for LTS
were signiﬁcantly different from the other combinations
for total and dissolved Cd whereas removal (%) only differed
signiﬁcantly from LT and HT for total Cd and dissolved Pb
(Table 4).
As hypothesized, the highest outﬂow concentrations
and thus lowest removal were detected for the columns
dosed with stormwater containing salt (either combination, LTS or HTS). This ﬁnding underlines the fact
that the effect of salt on metal solubility is also relevant
for bioﬁlter application; an increase in salt concentration
causes a higher fraction of heavy metals to remain in
the dissolved phase which leads to less efﬁcient removal
(Warren & Zimmerman ; Bäckström et al. ).
However, Warren & Zimmerman () also found that
a decrease in temperature causes a decrease in accumulation of heavy metals, which is not corroborated by the
ﬁndings of this study. Other studies found that the seasonal variation in water temperature has no direct effect
on metal solubility in water (Zumdahl ). The lower
outﬂow concentrations found in LTS compared to HTS
might be explained by the fact that cold water contains
more dissolved oxygen which causes a higher redox
potential and thereby a higher fraction of particle-bound

65.8

metals (Förstner et al. ). The latter is supported by
measured redox potentials since these were signiﬁcantly
different for LTS and HTS, being on average higher for
LTS. It is worth remembering that the outﬂow water contained many compounds that are a part of several
different redox couples, themselves not in equilibrium.
The measured redox potentials are probably an unstable,
drifting potential making the results approximate values
(vanLoon & Duffy ). It is also a well-known fact
that chemical reactions increase with increasing temperature (described by the Arrhenius equation), so the ﬁndings
in this study ﬁt well with theory.
For Cd, water treatment by the bioﬁlters was efﬁcient for
both total and dissolved removal (mainly exceeding 90%)
(Figure 2). Unlike dissolved Cd, for total Cd, removal (%)
was signiﬁcantly different between the combinations with
and without salt addition (Figure 2, Table 4). Even the
twice-as-high inﬂuent concentrations of dissolved Cd in
the saline stormwater were treated efﬁciently. Thus, outﬂow
concentrations in typical stormwater concentrations seem to
be independent of the inﬂow concentrations in bioﬁlters,
something supported by literature (Blecken et al. ;
Trowsdale & Simcock ; Khan et al. ). A comparison
with Swedish freshwater quality guidelines (Swedish EPA
) reveals that the mean outﬂow concentrations for
total Cd, for the non-salt combinations, meet class 2 requirements (low concentration/slight risk of biological effects)
whereas the outﬂow from the salt-containing combinations
only meet class 3 requirements (moderately high concentration/effects may occur). This underlines the fact that
road salt may reduce bioﬁlter performance; however,
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compared to the inﬂow (>class 5), the water quality in the
outﬂow is always improved.
Outﬂow concentrations were markedly improved for
total Cu and Pb for combinations LT, HT and LTS with
mean removals of 80%–97% and 80%–98%, respectively.
For some events, the outﬂow concentrations of total Cu and
Pb for combination HTS exceeded those in the inﬂow, resulting in ‘negative’ removal varying between  55% and 88% for
Cu and 73% and 96% for Pb. Despite this, the mean removal
for total Cu and Pb was higher than 75% (Figure 2) and therefore still met class 4 requirements (high concentration/
growing risk of biological effects) with the exception of total
Pb for combination HT, which can be classiﬁed as class 3
(moderate high concentration/effects may occur) as deﬁned
in the Swedish freshwater quality guidelines.
For dissolved Pb, removal (%) differed signiﬁcantly
between the combinations with and without salt addition
(Table 4), supporting the theory that salt deteriorates the bioﬁlters’ efﬁciency. For combination HT, only one event had
higher outﬂow concentrations whereas this was the case
for several events for LT. Removal (%) for these two combinations varied between 181% and 71%, mostly being
above 0%. For combination LTS, four events had higher outﬂow concentrations and, for HTS, ﬁve events had higher
outﬂow concentrations, making removal vary between
1,345% and 55%, with a majority of negative values.
With regard to salt, the results for dissolved Cu were not
as clear as for dissolved Pb since removal (%) in combination HTS differed signiﬁcantly from the other three
combinations, which did not differ signiﬁcantly from one
another (Table 4). HTS for dissolved Cu was the only combination to show purely negative removal varying between
1,002% and 53%. For combinations HT and LTS, ﬁve
events had higher outﬂow concentrations, whereas this
was only the case for some events for combination LT.
Removal (%) for these three combinations varied between
1,072% and 48%, and were primarily negative for combinations HT and LTS.
The issue of leakage of Cu from bioﬁlters is not unique
to this study. In a study of a full-scale bioﬁlter in Auckland,
New Zealand, Trowsdale & Simcock () measured higher
outﬂow concentrations for dissolved Cu. They had no scientiﬁc explanation for their results, but argued that this might
have been due to slow-release fungicides from the soil or
plants or because copper tends to move or equilibrate
between the solid and dissolved phases. In a study about
modelling metal capture in bioﬁlters, Li & Davis ()
sampled inﬂuent and efﬂuent water from a full-scale bioﬁlter
in Washington, USA to support their model outcome. They
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found that efﬂuent Cu levels often exceeded inﬂuent Cu
levels. Based on previous research by Sauvé et al. (),
they argued that this was due to Cu having a weaker association with the ﬁlter material than Pb and Zn and that Cu
tends to associate with soil organic matter (OM) and, therefore, is more likely to be dissolved, due to the high content of
dissolved organic matter (DOM) common to bioretention
outﬂow discharge. Cold temperatures were not included in
these two studies.
Removal of dissolved metals is mainly related to cation
exchange, speciﬁc adsorption, precipitation and complexation by the ﬁlter material (Rieuwerts et al. ) and, to a
lesser degree, plant bio-uptake (Davis et al. ). The aqueous chemistry of Cu is dominated by its reaction with
OM. In many cases, these complexes form between the
metal and DOM. When the OM is present in soluble form
in water, it serves to increase the solubility of Cu. Conversely, solid organic material (SOM) – either suspended or
precipitated – serves to remove soluble Cu from the water
column (Rieuwerts et al. ; vanLoon & Duffy ). In
soil chemistry, Cu complexation with OM is important
since Cu has the strongest afﬁnity to OM (Ponizovsky
et al. ), making the ratio of SOM and DOM important
for Cu removal in bioﬁlters. Having a high ratio of DOM
is equivalent to having a high mobilization of dissolved Cu
and, conversely, having a high ratio of SOM is equivalent
to having a high removal of dissolved Cu (Rieuwerts et al.
). Besides Cu, Pb also has a relatively strong afﬁnity to
OM (Bradl ).
Blecken et al. () found lower removal efﬁciencies for
dissolved Cu and Pb compared to Zn and Cd in a laboratory
study of stormwater bioﬁlters. They found a negative correlation between temperature increase and removal of
dissolved Cu and Pb. Higher temperatures gave higher outﬂow
concentrations of dissolved Cu and Pb which supports the ﬁndings of the two studies described above, since these took place
in areas with Mediterranean and temperate climates,
respectively. Martinez et al. () observed that increases in
dissolved organic carbon and soluble metals correlated well
with increasing temperatures in metal-contaminated soils. For
bioﬁlters, higher temperatures may cause a higher level of biological activity and thus a higher turnover and decomposition
of OM leading to a subsequent ﬂush of DOM in the efﬂuent.
What differentiates this study from those described
above is the addition of salt. The results for dissolved Pb
cannot be explained by temperature since no signiﬁcant
difference was found between HT and LT and HTS and
LTS (Table 4). Here, the combinations with and without
salt addition differed signiﬁcantly (Table 4), indicating that
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ion exchange capacity and Naþ are most likely causing the
leaching of dissolved Pb. For dissolved Cu, both temperature
and salt are likely to cause leaching. For combination HTS,
a purely negative removal was observed. One reason for this
could be that salt causes a higher fraction of OM to be dissolved at the same time as Naþ mobilizes Cu due to ion
exchange (Bäckström et al. ).
Water quality, with respect to total and dissolved Zn
concentrations, was improved with removal rates of 92%–
100% (Figure 2). Mean outﬂow concentrations of total Zn
can be classiﬁed as class 2 (low concentration/slight risk
of biological effects) with the exception of total Zn for combination LT, which can be classiﬁed as class 1 (very low
concentration/no or only very slight risk of biological
effects) as deﬁned in the Swedish freshwater quality
guidelines.
Salt combined with high temperature deﬁnitely affects
metal outﬂow concentrations and removal (%). A two-way
ANOVA was run to see if salt, temperature and/or a salt
and temperature interaction signiﬁcantly affect outﬂow concentrations and removal (%). The results for the one-way
ANOVA (Table 4) showed that salt, independent of temperature, inﬂuenced removal (%) for total Cd and dissolved Pb.
The latter was statistically conﬁrmed by the two-way
ANOVA. With the exceptions of the removal (%) of dissolved Cd and the outﬂow concentrations and removal
(%) for both total and dissolved Pb and TSS, the outﬂow
concentrations and removal (%) for all pollutants were signiﬁcantly inﬂuenced by salt, temperature and salt and
temperature interaction.
Unsurprisingly, Cl was not retained in the stormwater
bioﬁlter (Table 3) indicating that stormwater bioﬁlters are
not the solution for the retention of chloride in urban stormwater runoff during winter. This was also found by Khan
et al. () in a cold climate ﬁeld and column study.
Mean TSS outﬂow concentrations (Table 3) were
improved, with removal mainly 80%–100% (Figure 2). Similar removals (%) were reported in other bioﬁlter studies
(Davis et al. ; Muthanna et al. a; Bratieres et al.
; Read et al. ). No signiﬁcant differences existed
between combinations for either outﬂow concentration or
removal (%) (Table 4); neither salt, temperature nor the
salt and temperature interaction had a signiﬁcant inﬂuence.
In general, bioﬁlter performance, in respect of total
mass pollutant removal, was high with the exception of Cu
and Pb for combination HTS. Even for dissolved Zn, bioﬁlter performance was high whereas removal of dissolved Cd,
Cu and Pb was not as efﬁcient. In many cases, the bioﬁlter
was a source of dissolved Cu and Pb and not a sink,
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which caused negative removal (%) and higher outﬂow concentrations. Beside these few exceptions, outﬂow
concentrations were lower than inﬂow concentrations for
all cases meaning that overall bioﬁlter treatment markedly
improved water quality. Even in the worst case combination,
outﬂow concentrations for total metals were within the
threshold values listed in the Swedish freshwater quality
guidelines. Even though salt was added as an inﬂuencing
parameter in this study, the results here, with the exception
of dissolved Pb, did not differ markedly from results found in
similar studies (Hatt et al. ; Muthanna et al. b;
Chapman & Horner ; Blecken et al. ; Trowsdale &
Simcock ). Interestingly, the negative effect of salt on
mainly dissolved Cu and Pb removal tended to be higher
at higher temperatures. This is of little importance for practical implementation, since road salt is only used during cold
temperatures, i.e. the ‘worst-case’ combination observed in
this study is unlikely to occur in practice.

CONCLUSION
Stormwater bioﬁlters are a beneﬁcial technology for the treatment of stormwater and also for improvement of the
receiving waters in regions with cold winters; outﬂow concentrations in most cases are clearly below those found in
untreated stormwater. However, salt and temperature
partly inﬂuenced the removal of TSS and some metals in
stormwater bioﬁlters. In particular, the (in practice, unlikely)
combination of salt and high temperature had a negative
impact on both outﬂow concentrations and removal (%).
The presence of salt particularly affected the retention of dissolved metals; leaching of both dissolved Cu and Pb was
observed. However, this did not affect the overall efﬁciency
of removal. Concerning high chloride concentrations in
urban winter stormwater runoff, bioﬁlters are not the right
solution since chloride, as expected, passes through the
ﬁlter media without being retained. The use of a coarser
ﬁlter material as an adaptation to winter conditions does
not seem to have a negative impact on bioﬁlter performance
since these results are similar to results obtained in other bioﬁlter studies where winter conditions were not taken into
account.
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controlled 23 full factorial design.
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a b s t r a c t
Although seasonal temperature changes and (road) salt in winter and/or coastal stormwater runoff might interfere with the metal treatment performance of stormwater bioretention cells, no previous study has evaluated the
effect of these factors and their interactions under controlled conditions. In this 18 week long study 24 well
established pilot-scale bioretention columns were employed to evaluate the individual and combined effect(s)
of low/high temperature, salt and presence of a submerged zone with an embedded carbon source on metal removal using a three factor, two-level full factorial experimental design. In most instances, the three factors significantly inﬂuenced the metal outﬂow concentrations and thus the treatment performance; the effect of
temperature depended on the metal in question, salt had an overall negative effect and the submerged zone
with carbon source had an overall positive effect. Despite these statistically signiﬁcant effects, the discharge
water quality was generally markedly improved. However, leaching of dissolved Cu and Pb did occur, mainly
from bioretention cells dosed with salt-containing stormwater. The highest concentrations of metals were captured in the top layer of the ﬁlter material and were not signiﬁcantly affected by the three factors studied. Overall,
the results conﬁrmed that bioretention provides a functioning stormwater treatment option in areas experiencing winter conditions (road salt, low temperatures) or coastal regions (salt-laden stormwater). However, validation of these results in the ﬁeld is recommended, especially focusing on dissolved metal removal, which may be
critically affected under certain conditions.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Urban stormwater runoff is a substantial source of metals in receiving waters (Davis et al., 2001) which can threaten the ecological status
of surface waters depending on the metal's prevalence, toxicity to
aquatic organisms and resistance to degradation and chemical transformation (Davis et al., 2001). Thus, various stormwater control measures
have been developed and implemented in urban areas with stormwater
bioretention cells being one such technology (Dietz and Clausen, 2006).
Bioretention provides stormwater quality control by exploiting a
combination of chemical, biological, and physical properties of plants,
microbes and soils. They consist of a vegetated swale or basin shaped
depression underlain by a ﬁlter material. They operate by ﬁltering
stormwater runoff through the planted ﬁlter surface and then allowing
it to percolate through the ﬁlter material, where pollutants are retained
through ﬁne ﬁltration, adsorption and biological uptake (Hunt et al.,
2012; Roy-Poirier et al., 2010). The vegetation permits direct metal uptake, supports bioﬁlm growth in the upper layer of the ﬁlter material
and facilitates oxygen transport into the ﬁlter, thereby enhancing microbial activity and consequent biological transformation of pollutants
in the ﬁlter (Read et al., 2008). Plant roots modify the chemical and
physical properties of the surrounding soil, thus inﬂuencing the bioavailability of some chemical elements (Alloway, 2012). Bioretention
can effectively reduce efﬂuent loads of total suspended solids (TSS), nutrients, hydrocarbons, heavy metals and bacteria. As yet, only a minority
of studies has evaluated dissolved metal removal in bioretention cells;
reported removals of dissolved metals are contradictory including efﬁcient removal and signiﬁcant leaching (Blecken et al., 2011; Lim et al.,
2015; Muthanna et al., 2007; Søberg et al., 2014b).
Furthermore, most previous bioretention studies have neglected the
effect of varying ambient conditions on the bioretention cell function.
Especially during winter in cold or temperate climates, pollutant concentrations are particularly high and often de-icing salts are applied.
Further, bioretention facilities are commonly installed in coastal areas,
e.g. in smaller coastal communities or as larger end-of-the-pipe treatment solution in densely populated coastal regions where space is lacking further upstream (Szota et al., 2015). Such coastal bioretention
facilities may be affected by elevated stormwater salinity due to sea
spray and/or seawater intrusion into coastal groundwater (Szota et al.,
2015; Antunes and Ramísio, 2015).
Salt affects metal partitioning towards the dissolved phase
(Marsalek, 2003) and thus, the presence of salt may stimulate higher
dissolved metal outﬂow concentrations from bioretention cells and/or
release of already retained metals from the ﬁlter material (Paus et al.,
2014) due to ion exchange processes as a result of Na + exposure. In addition, salt in stormwater runoff may negatively affect plant metal uptake (Fritioff et al., 2005; Szota et al., 2015) and soil microbial activity
(Yuan et al., 2007). Low temperatures generally decrease soil biological
activity which may impair biological treatment processes (e.g., bioﬁlm
growth, plant uptake), but also reduce organic matter decomposition,
which may lead to lower dissolved organic matter concentrations in
the outﬂow. In a study investigating the temperature and salt inﬂuence
on metal removal in laboratory pilot-scale bioretention cells, Søberg et
al. (2014b) detected high removal of dissolved Zn and Cd (N 90%),
whereas removal of dissolved Cu and Pb was less efﬁcient (−1345% to
71%) and particularly deteriorated in the presence of salt when coupled
with high temperature. Similarly, Paus et al. (2014) showed that salt
may mobilize previously retained metals from bioretention ﬁlter material. However the fraction of released metals was relatively small
(≤ 3.5%) and decreased with an increasing content of organic matter
whereas warmer temperatures, as for the Søberg et al. (2014b) study,
increased the metal mobilization in the presence of salt. The effect of
salt on the treatment efﬁciency of bioretention cells was not evaluated
by Paus et al. (2014).
A water-saturated submerged zone in the lower part of the ﬁlter
(also known as internal water storage, IWS) with an intermixed
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cellulose-based carbon source (SZC) has been introduced in
bioretention cells (originally to favor nitrogen removal, Dietz and
Clausen, 2006). However, studies regarding its effect on metal removal
have produced contradictory results. Some studies (Blecken et al.,
2009a; Blecken et al., 2009b; Zhang et al., 2013) have reported a beneﬁcial effect of using a SZC for heavy metal removal (presumably because
the carbon source is solid organic matter), whereas others (Davis, 2007)
have found no signiﬁcant effect. However, none of these studies examined the inﬂuence of low temperature and salt; when bioretention cells
equipped with a SZC are loaded with salt water, already retained metals
may be released (Paus et al., 2014) and/or metal adsorption deteriorated due to competition for binding sites (Bäckström et al., 2004). Low
temperatures might affect chemical processes in the SZC negatively by
lowering chemical reaction rates (cf. Arrhenius equation) and biological
activity (Horne and Goldman, 1994), which may alter metal speciation
associated with biological products, such as, e.g., organic matter.
Of the few bioretention studies that have partly considered these issues (Blecken et al., 2011; Denich et al., 2013; Dietz and Clausen, 2006;
Khan et al., 2012; Lefevre et al., 2009; Muthanna et al., 2007; Paus et al.,
2014; Roseen et al., 2009; Søberg et al., 2014b) none have evaluated the
combined effects of salt and temperature on particulate and dissolved
metal removal in bioretention cells with and without a SZC, thus precluding direct comparison of the effect of saline stormwater vs. “normal” stormwater.
Thus, the main objective of this study was to evaluate the effect of
the above-mentioned factors on the treatment performance of
bioretention cells with respect to the removal of total, particulate and
dissolved Cd, Zn, Cu and Pb, and TSS. A full factorial design was set up
to examine the impact of high/low ambient temperature on the function of pilot-scale bioretention cells with/without a SZC dosed with
stormwater containing salt/no salt under controlled laboratory conditions. Key design parameters (SZC, ﬁlter material adapted to winter
conditions), operating conditions (inﬂow concentration, salt and temperature) and interaction between these factors were examined for outﬂow concentration, removal percentages and metal accumulation in the
ﬁlter material.
Based on the above-mentioned issues, we hypothesized that, (i) salt
most likely would have an overall negative effect on (particularly dissolved) metal removal in bioretention cells, (ii) low temperature might
reduce metal treatment performance in bioretention cells compared to
high temperature, (iii) a SZC would be beneﬁcial for metal removal in
bioretention cells when salt was not present, but this effect was expected
to be reduced when saline water is present in the saturated zone, (iv)
dissolved metal removal in bioretention cells would deteriorate in the
presence of salt but be enhanced by use of a SZC.
2. Materials and methods
2.1. Experimental setup and procedure
A 23 full factorial design experiment with 3 replicates each was conducted on 24 pilot-scale bioretention columns under controlled laboratory conditions for a total of 18 weeks. The factors tested were as
follows:
• Temperature: 4.6 ± 0.6 and 17.1 ± 1.5 °C (abbreviated as T4.6 and
T17.1, respectively).
• SZC: no SZC and 450 mm SZC (abbreviated as SZC− and SZC+).
• Salt: 0 and 2000 mg/L Cl− (abbreviated as S− and S+).
This allowed eight different combinations: T4.6/S−/SZC+, T4.6/S+/
SZC +, T4.6/S −/SZC −, T4.6/S +/SZC −, T17.1/S −/SZC +, T17.1/S +/
SZC+, T17.1/S−/SZC−, and T17.1/S+/SZC−. The general bioretention
design, vegetation details, pre-experimental establishment and
stormwater dosing have previously been described in detail (Søberg et
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Fig. 1. Bioretention cell design, ﬁlter-material characteristics and vegetation details. Outlet with SZ: riser pipe which the columns with a submerged zone were equipped with; Outlet
without SZ: outlet pipe at the bottom level of the ﬁlter of the columns without a submerged zone.

al., 2014b) and are summarized in Fig. 1. Soil speciﬁc details were as
follows:
• Top ﬁlter layer (height: 400 mm) consisting of a mix of: 25% 0.2–
0.5 mm dried sand, 25% 0.5–1.0 mm dried sand, 25% 1.0–2.0 mm
dried sand, 10% 2.0–4.0 mm dried sand and 15% topsoil (D50 =
0.9 mm; coefﬁcient of uniformity Cu = 3.7 mm; coefﬁcient of curvature Cc = 0.8; soil organic matter content SOM = 13.1 g OM/kg DM.
• Bottom ﬁlter layer (height: 400 mm): 0.2–0.5 mm dried sand
• Transition layer (height: 30 mm): 1.0–2.0 mm dried sand
• Drainage layer (height: 70 mm): 2.0–4.0 mm dried sand.
800 g of pine and spruce wood shavings (cellulose based carbon
source) were mixed randomly into the bottom layer of the 12
bioretention columns with a SZC equal to a soil organic matter content
of 1% in the bottom layer. According to previous studies, the combination of a SZ and addition of a carbon source is beneﬁcial for heavy
metal removal and supports plant survival during dry periods
(Blecken et al., 2009b).
2.2. Stormwater
Semisynthetic stormwater (prepared by adding natural stormwater
sediment originating from a stormwater gully pot to tap water; Table 1)
was prepared to ensure a constant quality during the entire experimental run. This stormwater was applied to the bioretention cells twice
weekly during the total run-time of 18 weeks. Laboratory-grade
chemicals (Table 1) were added when necessary to achieve target pollutant concentrations (TSS, 150 mg/L; Cd, 6.4 μg L−1; Zn, 500 μg L−1;
Pb, 50 μg L−1 and Cu, 120 μg L−1) similar to typical event mean concentrations (EMCs) found in the literature (Göbel et al., 2007; Zgheib et al.,
2012). To allow temperature adjustment, and ensure homogeneity

before dosing, the stormwater was prepared separately at each temperature at least 48 h before dosing and continuously mixed.

Table 1
Characterization of the semi-synthetic stormwater.
Factors
Temp.°C
Salt

17.1
+

17.1
–

4.6
+

Pollutant

Mean inﬂow concentration ± (SD)

Tot. Cd
Par. Cd
Dis. Cd
% dis Cd
Tot. Zn
Par. Zn
Dis. Zn
% dis Zn
Tot. Pb
Par. Pb
Dis. Pb
% dis Pb
Tot. Cu

4.5 (1.5)
2.1 (1.5)
2.4 (1.1)
56 (25)
424 (86)
176 (78)
247 (37)
60 (13)
41.8 (13.8)
41.3 (13.9)
0.5 (0.7)
1.4 (2)
149.4
(76.9)
143.7
(74.9)
5.7 (5.1)
6 (13)
2241 (239)
131 (48)
7.6 (0.2)
159 (32)

Par. Cu
Dis. Cu
% dis Cu
Cl−
TSS
pH
Redox
potential

4.5 (1.7)
3.4 (1.7)
1.1 (0.7)
28 (17)
425 (103)
255 (105)
170 (40)
42 (14)
46.3 (12)
45.7 (12)
0.6 (1)
1.3 (2.1)
193.7
(92.3)
189 (90)
4.7 (3.4)
3 (1)
47 (7)
127 (39)
7.7 (0.1)
158 (34)

4.9 (1.7)
2.5 (1.9)
2.4 (1.2)
52 (26)
458 (78)
157 (83)
302 (44)
67 (13)
47.7 (11.7)
47.3 (11.6)
0.4 (0.8)
0.8 (1.6)
205.6 (82)
199.4
(79.8)
6.3 (5.4)
3 (2)
2253 (232)
128 (19)
7.7 (0.1)
169 (29)

4.6
–
Source
4.5 (1.6)
3.1 (1.7)
1.3 (0.7)
33 (20)
436 (85)
173 (92)
263 (46)
62 (15)
46.8 (12.4)
46.2 (12.3)
0.5 (0.6)
1.2 (1.2)
200.8
(78.7)
194.7 (78)
6.1 (2.7)
4 (3)
45 (7)
122 (15)
7.7 (0.1)
175 (32)

CdCl2

ZnCl2

Pb(II)NO3

Cu(II)Cl2

NaCl
GPSa
Not adj.

Metal concentrations in μg L−1; Cl− and TSS concentrations in mg/L−1; SD: standard deviation in parentheses; Dis: dissolved; Tot: total; Par: particulate.
a
Gully pot sediment (≤500 μm).
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NaCl (de-icing salt, AkzoNobel) was added separately to half of the
stormwater. Based on recorded values in literature a concentration of
2000 mg/L Cl− was chosen which is within the normal range seen in
stormwater runoff (Bäckström et al., 2003; Engelhard et al., 2007;
Gallagher et al., 2011; Marsalek et al., 2003) and therefore likely to
occur in bioretention facilities. To detect possible impurities
(Marsalek, 2003), the salt used was analyzed for its content of Cd, Cu,
Fe, Pb, Zn, P and N. With the exception of Fe, all compounds were
found at concentrations below the quantiﬁcation limits (see Section
2.5 (Sample analyses section)).
Regardless of salinity, N95% of Cu and Pb in the synthetic stormwater
was particle bound, whereas Cd and Zn were mainly dissolved, especially when salt was present (Table 1). This distribution of metals between
the particulate and dissolved phase has commonly been shown in
stormwater (Morrison et al., 1990; Sansalone and Buchberger, 1997)
which underlines that the synthetic stormwater used in this study has
comparable quality characteristics as natural stormwater. A comparison
of the metal concentrations in the synthetic stormwater with the Swedish Freshwater Quality Guidelines (Swedish Environmental Protection
Agency, 2000) (Table S1) shows that all inﬂow concentrations greatly
exceeded the threshold values for the highest class (very high concentration/effect on the survival of aquatic organisms even under shortterm exposure).
2.3. Water sampling
Before each dosing, grab samples were taken of the semi-synthetic
stormwater to monitor its quality. Outﬂow samples were taken separately for all bioretention cells after 3, 6, 9, 12, 15 and 18 weeks of dosing
(i.e. after every 6th dosing). To prevent contamination of dissolved
metals samples all outﬂow water from each bioretention cell was collected separately in acid-washed transparent PE tanks. Before sampling
the collected water was stirred with an acid-washed glass spoon. Samples were then collected in 125 mL acid-washed PE bottles.
2.4. Filter material sampling
Filter material samples were collected before and after the experiment. The initial samples were taken as random grab samples. The
ﬁnal samples were taken separately from each bioretention column at
four different depths (0 to 50 mm, at 100 mm, at 350 mm and at
650 mm from the top and downwards). At 0–50 mm the sample was
collected manually as a grab sample using an acid washed plastic beaker
and at the lower depths by extracting one horizontal core (16 mm diameter) from the ﬁlter material corresponding to approximately half
the column diameter at each depth.
2.5. Sample analyses
All water samples were analyzed for TSS, pH, redox potential and
total and dissolved concentrations of Cd, Cu, Pb and Zn. For the metal
analysis, ICP-OES (total Cu and Zn) and ICP-SFMS (inductively coupled
plasma sector ﬁeld mass) (total Cd and Pb, all dissolved metals)
methods were used. The detection limits for total contents of Cd, Cu,
Pb and Zn were 0.05, 1.0, 0.5 and 4.0 μg L−1, respectively, and for their
dissolved contents 0.002, 0.1, 0.01 and 0.2 μg L−1, respectively. The concentrations of the dissolved metals were determined by analyzing samples ﬁltered through a 0.45 μm ﬁlter. The concentrations of particulate
metals were calculated from the difference between the total and dissolved concentrations of the metals.
TSS was determined by ﬁltration through Whatman GF/A 1.6 μm
pore size glass microﬁbre ﬁlters (SS-EN 872) in one replicate. pH was
measured with a ﬁeld pH-meter (pH 330, WTW GmbH, Weilheim,
Germany), and redox potential with a radiometer (PHM 95 pH/Ion
Meter with an InLab Redox electrode, Radiometer Copenhagen).
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All metal analyses were carried out by an external laboratory (ALS
Scandinavia AB) which is accredited by the national accreditation
body for Sweden SWEDAC using internationally accredited analytical
methods (EPA 200.7 (ICP-AES) and EPA 200.8 (ICP-SFMS)).
The leachable fraction of metals in the ﬁlter material was determined according to the Swedish Standard method SS 028183; the ﬁlter
material samples were dried at 50 °C and leached in closed Teﬂon vessels using nitric acid/hydrogen peroxide. Concentrations were corrected
to dry substance mass at 105 °C. Quantiﬁcation limits were 0.01, 0.3, 0.1
and 1.0 mg kg−1 of dry matter for Cd, Cu, Pb and Zn, respectively.
The content of Cd, Cu, Pb, Zn, Fe and P in the road salt was determined by adding 10 mL HNO3 and 100 mL Milli-Q water to 3.5 g of
salt and then analyzing it by ICP-SFMS. Total N in the road salt was determined according to the standard DIN ISO 11261. Quantiﬁcation limits
were 0.004, 0.07, 0.12, 1, 0.03, 0.1 and 100 mg kg−1 for Cd, Cu, Fe, P, Pb,
Zn and N-total, respectively.
2.6. Data analysis
All data were tested for time trends, homogeneity of variance, and
normal distribution. Total, particulate and dissolved heavy metals, Cl−,
and TSS outﬂow results were analyzed for both outﬂow concentration
and removal. Mean heavy metal outﬂow concentrations were compared
to Swedish Freshwater Quality Guidelines (Swedish Environmental
Protection Agency, 2000). It should be noted that the Swedish quality
guidelines refer to the receiving water body as a whole, neglecting the
inﬂuence of dilution. Furthermore, they only consider total metal concentrations, even though dissolved metals generally constitute a higher
biological risk due to higher mobility and biological availability (Weiner,
2008).
The percentage removal was calculated as:

Removal% ¼



outflow concentration
 100%
1−
inflow concentration

and plotted in box plots to show the difference in treatment performance for the eight tested combinations.
To investigate if the eight combinations resulted in signiﬁcantly different outﬂow concentrations and removal percentages, one-way analysis of variance (ANOVA: outﬂow concentration and removal
percentage vs. combination) followed by Tukey's method was carried
out (Table S1). Correlation between the outﬂow TSS and outﬂow particulate concentration was evaluated using Pearson's correlation.
A three-factor, two-level full factorial design of experiment (DOE)
analysis was conducted to assess the effects of the three tested factors
temperature, salt, and SZC (see above) and their two-way and threeway interactions with outﬂow and ﬁlter material metal concentrations.
The model analyzed the data according to the changes that occurred as
each factor was varied from low to high. The model was used to construct contour plots for the two-way interactions (Fig. 2) and Pareto
charts of the standardized effects to determine the relative inﬂuence
of each effect (Table 2).
The ﬁlter material metal concentrations were plotted in box plots
(Fig. 4), and one-way ANOVA (response: metal concentrations vs.
depth and metal concentration vs. combination) followed by Tukey's
method was carried out to investigate if metal concentrations were signiﬁcantly different at the four different depths and between the different combinations at each depths.
All statistical analyses were performed using Minitab® 16 Statistical
Software and signiﬁcance was accepted at an α-level of 0.05.
3. Results
In general, for most operational conditions, the bioretention cells efﬁciently removed heavy metals from the stormwater, and thus the discharge water quality was markedly improved compared to inﬂow with
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Fig. 2. Contour plots displaying the relationship between the predictors (Salt, temperature, SZC) and the response values (total and dissolved Cd, Pb, Zn and Cu concentrations in μg L−1).
The darker regions indicate lower concentrations as illustrated in the legends. Signiﬁcance of main factors and interactions is shown in Table 2. Axes labels: Cl−: 0–2000 mg/L.; submerged
zone: 0–450 mm; temperature: 4.6–17.4 °C.
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Table 2
Effect of different factors and their signiﬁcance on outﬂow concentrations.
Pollutant

Main factors
Temp.

Cd

Outﬂow

Filter material

Zn

Outﬂow

Filter material

Pb

Outﬂow

Filter material

Cu

Outﬂow

Filter material

TSS
pH
ORP

Tot.
Par.
Dis.
0 cm
10 cm
35 cm
65 cm
Tot.
Par.
Dis.
0 cm
10 cm
35 cm
65 cm
Tot.
Par.
Dis.
0 cm
10 cm
35 cm
65 cm
Tot.
Par.
Dis.
0 cm
10 cm
35 cm
65 cm

2-Way interaction
Salt

SZC

Effect

P

Effect

P

Effect

↓ (4)
n.s.
↓ (4)
n.s.
n.s.
n.s.
↓ (3)
↑ (6)
↑ (2)
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
↑ (4)
n.s.
↑ (1)
n.s.
↓ (2)
↑ (6)
↑ (3)
↑ (6)
n.s.
n.s.
n.s.
↓ (2)
n.s.
n.s.
↓ (2)

0.000

↑ (1)
n.s.
↑ (1)
↓ (1)
n.s.
n.s.
n.s.
↑ (2)
↑ (3)
↑ (1)
n.s.
n.s.
n.s.
n.s.
↑ (2)
n.s.
↑ (3)
n.s.
n.s.
n.s.
n.s.
↑ (3)
↑ (4)
↑ (3)
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
↓ (4)

0.000

n.s.
↓ (1)
n.s.
n.s.
n.s.
n.s.
↑ (2)
↓ (1)
↓ (1)
↑ (4)
n.s.
↓ (1)
n.s.
n.s.
↓ (1)
↓ (1)
↓ (1)
n.s.
n.s.
n.s.
↑ (1)
↓ (1)
↓ (1)
↓ (1)
n.s.
n.s.
n.s.
↑ (1)
↓(1)
↓(1)
↓ (3)

0.000

0.002
0.006
0.001

0.001
0.034
0.010
0.000
0.006
0.000

0.048

0.000

0.000
0.029

0.000
0.013
0.000

0.006
0.000

0.000
0.028
0.000

0.004

Temp × salt
P
0.042

0.001
0.000
0.000
0.005
0.025

0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.003
0.000
0.000
0.000

3-Way interaction

Temp × SZC

Salt × SZC

Temp × Salt × SZC

Effect

P

Effect

P

Effect

P

Effect

P

↓ (5)
↑ (2)
↓ (5)
n.s.
n.s.
n.s.
n.s.
↑ (7)
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
↑ (3)
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
↑ (7)
↑ (2)
↑ (7)
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

0.003
0.046
0.000

↓ (2)
n.s.
↓ (2)
n.s.
n.s.
n.s.
↓ (1)
↓ (3)
↓ (4)
↓ (3)
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
↓ (2)
n.s.
↓ (2)
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
↓ (1)

0.000

↓ (6)
n.s
n.s.
↓ (2)
n.s.
n.s.
n.s.
↓ (5)
↓ (5)
↓ (5)
n.s.
n.s.
n.s.
n.s.
↓ (4)
n.s.
↓ (2)
↓ (1)
n.s.
n.s.
n.s.
↓ (5)
↓ (5)
↓ (5)
n.s.
n.s.
↑ (1)
n.s.
n.s.
n.s.
n.s.

0.037

↓ (3)
n.s
↓ (3)
n.s.
n.s.
n.s.
n.s.
↓ (4)
n.s.
↓ (2)
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
↓ (5)
n.s.
n.s.
n.s.
n.s.
↓ (4)
n.s.
↓ (4)
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
↓ (5)

0.000*

0.022

0.009

0.000
0.001
0.000

0.000

0.000
0.000
0.015
0.000

0.000
0.000

0.000

0.041

0.004
0.047
0.008

0.039
0.000
0.038

0.000
0.028
0.000

0.022

0.000

0.000
0.000

0.001

0.000
0.000

0.009

R-Sq (adj) %

64.51
4.39
82.37
36.33
15.42
28.56
63.02
49.72
47.48
39.26
7.86
4.41
23.55
37.47
61.37
21.80
54.76
11.71
21.37
3.34
56.12
86.98
45.63
90.47
20.44
18.02
0.0
0.0
33.09
12.36
57.58

↑: outﬂow concentration and ﬁlter material accumulation increase; ↓: outﬂow concentration and ﬁlter material accumulation decrease; (⁎): importance of an effect according to Pareto
charts where ⁎ is a number from 1 to 7 (1 represents most inﬂuencing effect, 7 represents less inﬂuencing effect); n.s.: insigniﬁcant for the model.

mean metal removal percentages most often exceeding 85% (Fig. 3). In
some cases, leaching of dissolved Cu and Pb occurred (Fig. 3). Despite
the overall efﬁcient water quality treatment, the evaluated factors, i.e.,
SZC, temperature and salt, in most instances had a statistically signiﬁcant effect on metal treatment (Table 2). The majority of metals were
captured in the top layer of the ﬁlter material, whereas some leaching
was observed from the deeper ﬁlter layers (Fig. 4).
3.1. Effect of main factors and interactions
The DOE analysis results (Table 2,) revealed the statistically signiﬁcant effect of the (I) main factors and then (II) the two-way and
three-way interactions. In the following the statistical effects of the
main factors are presented ﬁrst followed by the interactions. The effect
of the two-way interactions on outﬂow concentrations is displayed in
contour plots (Fig. 2).
The main factor temperature had a signiﬁcant effect on total and particulate Zn and Cu and dissolved Pb and Cu concentrations, causing
higher outﬂow concentrations with increasing temperature. The opposite was the case for total and dissolved Cd, for which outﬂow concentrations were lower at the warmer temperature (Table 2). For the
ﬁlter material, temperature had a signiﬁcant effect on Cd and Cu at
65 cm depth and Pb accumulation at 10 and 65 cm depth (Table 2).
Salt in the stormwater had a signiﬁcant effect on all metals: metal outﬂow concentrations were higher from bioretention cells dosed with
salt-containing stormwater (Table 2). In the ﬁlter material, salt only
had a signiﬁcant (decreasing) effect on Cd accumulation in the top
layer (Table 2). The introduction of the SZC caused lower outﬂow concentrations of TSS, pH and all metals independent of state except for dissolved Zn (Table 2). Thus, in general, the SZC had the most inﬂuential
beneﬁcial effect on outﬂow concentrations (As indicated by the number

in brackets in Table 2). Furthermore, the SZC had a signiﬁcant increasing
effect on Cd, Cu and Pb accumulation in the ﬁlter material at 65 cm
depth (Table 2).
For the two-way interactions, the two options including a SZC had
beneﬁcial effects on outﬂow concentrations for most metals independent of state (Table 2). Metal outﬂow concentrations from SZC
bioretention cells were lower at high temperature than at low temperature (Table 2, Fig. 2). The introduction of a SZC was beneﬁcial (i.e.,
lower outﬂow concentrations compared to non-SZC bioretention cells)
when the bioretention cells were exposed to stormwater containing
salt (Table 2, Fig. 2). In the ﬁlter material, the two-way interaction,
temperature × SZC had a signiﬁcant decreasing effect on Cd accumulation at 65 cm depth (Table 2), indicating that changing temperature
had a bigger impact on Cd accumulation than the introduction of a
SZC; high temperature decreased Cd accumulation at 65 cm depth,
whereas a SZC increased Cd accumulation. The two-way interaction,
salt × SZC had a signiﬁcantly, decreasing effect on Cd accumulation at
0 cm depth (Table 2), indicating that the impact of salt on Cd accumulation was stronger than that of a SZC; salt had a signiﬁcant decreasing effect on Cd accumulation at 0 cm depth, whereas the presence of a SZC
did not have any effect at all. Furthermore, salt × SZC had a signiﬁcantly
increasing effect on Cu accumulation at 35 cm depth despite neither salt
nor SZC as sole factors having any effect (Table 2). Finally, the last twoway interaction, temperature × salt, had negative effects on outﬂow
concentrations of total Zn, Pb and Cu, particulate Cd and Cu and dissolved Cu, i.e., increasing temperature caused higher outﬂow concentrations when salt was present. However, for total and dissolved Cd, the
opposite was observed (Table 2, Fig. 2). For the ﬁlter material this
two-way interaction did not have any signiﬁcant effect (Table 2).
The 3-way interaction had a signiﬁcant positive effect on total Cd, Zn
and Cu and dissolved Cd, Zn, Pb and Cu concentrations (Table 2). For the
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Fig. 3. Removal (%). Note the slightly different scales of the y-axes for the different metals. For dis. Cu and Pb: lower line: 50%; upper line: 100%. For Cl−: lower line: 50%; middle line: 75%;
upper line: 100%.

ﬁlter material, the effect of the 3-way interaction was insigniﬁcant
(Table 2).
For TSS, only the SZC had a signiﬁcant effect, resulting in lower
outﬂow concentrations compared to non SZC combinations (Table 2).
For redox potential, all main factors, one two-way interaction
(temperature × SZC) and the three-way interaction had signiﬁcant effects, resulting in lower efﬂuent redox potential (Table 2).

3.2. Outﬂow concentrations and removal percentages
Despite the signiﬁcant effects described above, compared to the
mean inﬂow concentrations (Table 1), far lower mean outﬂow concentrations (Table 3) were found for TSS and all total and particulate
metals, as well as for dissolved Cd and Zn. Only for dissolved Cu and
Pb the evaluated factors caused negative removal in some instances

L.C. Søberg et al. / Science of the Total Environment 579 (2017) 1588–1599

(Fig. 3). As illustrated in Fig. 3, for total, particulate and dissolved Cd and
Zn, removal most often exceeded 95%. For TSS, particulate Cu and Pb, removal exceeding 87% was accomplished regardless of the evaluated
factors.
A strong correlation (R = 0.9) was detected between outﬂow TSS
concentration and outﬂow particulate Cu, Pb and Zn concentration, indicating high removal of TSS and particulate metals. Despite a weaker
correlation (R = 0.4) for outﬂow TSS and outﬂow particulate Cd, high
removal of particulate Cd was observed.
Comparably less efﬁcient average removal (≥ 60%) was observed
for total Cu for the factor combination T17.1/S +/SZC − compared
to ≥ 91% for all other combinations. Similar results applied for total
Pb, although to a lesser extent. For dissolved Cu, leaching was observed for all non-SZC combinations and T4.6/S +/SZC + (− 6 to −
469%), whereas the other three SZC combinations showed efﬁcient
average removal (N 72%). For dissolved Pb, the combination T17.1/
S −/SZC + exhibited high average removal (N85%), whereas the
combinations T17.1/S +/SZC − and T4.6/S +/SZC − showed negative
average removal (− 7 to − 302%). The latter ﬁnding underlines the
importance of design consideration when/if dissolved Cu and/or Pb
are the target pollutants.
Mean pH in the outﬂow (Table 3) was signiﬁcantly lower than mean
inﬂow pH (Table 1). The mean outﬂow concentrations of Cl− followed
mean inﬂow concentrations; salt was not retained in any of the
bioretention cells (Fig. 3, Table 3). For the non SZC combinations,
mean outﬂow redox potential was similar to mean inﬂow redox potential, whereas the bioretention cells with a SZC showed a signiﬁcantly
lower redox potential at warm temperature (Table 3).
3.3. Filter material
Independent of the evaluated factors the main accumulation of all
metals in the bioretention cells was found to be within the top ﬁlter material layer (Fig. 4). The metal concentrations in this layer were signiﬁcantly higher (one-way ANOVA) than those deeper down, whereas no
signiﬁcant difference was found between the other three depths for
Cd, Zn and Cu. For Pb, the metal concentration measured at 10 cm
depth was signiﬁcantly higher than for the other depths but still far
lower than in the top layer. Furthermore, the ﬁlter material metal concentrations in the three lower layers were below the already low initial
concentrations (Fig. 4).
4. Discussion
In the following discussion we ﬁrstly discuss the importance of the
various treatment processes observed in bioretention facilities on TSS
and metal removal in relation to our objective and hypotheses. Subsequently, the use of a comparably coarse ﬁlter material is brieﬂy
discussed and eventually the practical implications of the accomplished
results are discussed both in relation to the stated objective and hypotheses and to the implementation and overall use of bioretention cells for
stormwater quality control.
4.1. Treatment processes
In bioretention cells, mechanical ﬁltration of suspended material is
the main treatment process providing efﬁcient removal of TSS and particulate metals (Blecken et al., 2009b; Davis et al., 2009; Hunt et al.,
2012). Given the high removal percentages of particulate metals observed in the present study, the statistically signiﬁcant effects of the
evaluated factors would in practice be less important when only considering total or particulate metals.
In line with other bioretention studies (Blecken et al., 2009a; Hatt et
al., 2008), clearly elevated concentrations were found in the top layer
(0–10 cm; Fig. 4) of the ﬁlter material after stormwater application.
Most likely, due to accumulation of sediment and associated particle-
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bound metals (and probably also further adsorption of dissolved metals
on these accumulated ﬁnes) (Davis et al., 2009).
Considering the nature (Hunt et al., 2012) of TSS removal in
stormwater bioretention cells it was somewhat surprising that a SZC
had a signiﬁcant positive effect on TSS outﬂow concentrations causing
higher removal. This contradicts earlier ﬁndings (Davis, 2007; Blecken
et al., 2009a, b; Barret et al., 2013) where a SZC was found to have no
practical effect on TSS removal and exhibited signiﬁcant lower removal
than bioretention cells without a SZC. One explanation might be that a
SZC increases inﬁltration and provides longer retention time (Hunt et
al., 2012), allowing a higher sedimentation and ﬁltration of particulate
matter. However, as for previous studies (Muthanna et al., 2007; Read
et al., 2008; Blecken et al., 2011) TSS removal was high, exceeding 87%
regardless of the evaluated factors and hence the signiﬁcance of a SZC
on TSS removal is most often negligible in practice.
Due to their relatively small size, concerns have been expressed
about the limited metal storage capacity of bioretention cells (RoyPoirier et al., 2010). As suggested earlier (Blecken et al., 2011; Hunt et
al., 2012), our results corroborate that removal and replacement of the
top ﬁlter material layer may be sufﬁcient to maintain bioretention
function.
It should be noted that the timeframe (18 weeks) of the present
study (and most previous studies (Blecken et al., 2009b; Dietz and
Clausen, 2006; Hatt et al., 2008; Muthanna et al., 2007)) was relatively
short compared to the expected operational time of bioretention facilities. Due to the relatively young age of the tested systems, metal saturation was not reached in the top ﬁlter layers, particularly in systems
including a mulch top-layer commonly recommended in the USA
(Davis et al., 2001; Dietz and Clausen, 2006; Muthanna et al., 2007),
which increases the metal adsorption capacity, and thus also metal accumulation in the top layer. Over longer time-frames, the metal-saturated zone would presumably progress downwards into the ﬁlter-material
as the sorption sites become increasingly occupied in the top layer.
In the deeper ﬁlter layers, some leaching was observed (Fig. 4).
However, this did not jeopardize the overall performance owing to the
far higher accumulation in the top layer. The efﬁcient treatment taking
place in the top layer leads to seepage containing low concentrations
of pollutants in the deeper layers. The consequent shift in equilibrium
points induces the naturally present (very low) metal content in the ﬁlter material to desorb and migrate into the efﬂuent, thereby reducing
the ﬁlter material concentrations and increasing outﬂow concentrations
which corroborates ﬁndings of Hatt et al. (2008). Furthermore, half of
the bioretention cells were fed with salt-containing stormwater,
which was hypothesized to have an effect because an elevated Cl− content has been shown to enhance the formation of Cl-complexes, which
decrease the adsorption of metals on sediment, thus increasing metal
mobility (Bourg, 1988). However, contrary to the outﬂow results, this
theory was not supported for the ﬁlter material as no signiﬁcant differences were found between the accumulated metal concentrations in
bioretention cells dosed with/without salt. In conclusion, given the
low metal concentrations of the applied ﬁlter material, this leaching
should not be overemphasized.
Due to the complex, dynamic processes determining metal behavior
in soils, and thus also in the bioretention ﬁlter material, the exact retention mechanisms of dissolved metals in the bioretention cells could not
be quantiﬁed solely based on the collected data. Independent of the
bioretention design, temperature and/or presence of salt, both particulate and dissolved Zn and Cd were removed efﬁciently (N 86%), probably
due to Zn and Cd having a strong association with the ﬁlter material
(Sauvé et al., 2000). Thus, the factors SZC (i.e., organic matter), salt
and temperature had less of an effect (although shown to be statistically
signiﬁcant) on the removal of Zn and Cd than for dissolved Cu and Pb
(Fig. 3). The main metal retention processes in soil are adsorption (including metal-organic matter complexation and cation exchange), surface precipitation and ﬁxation (mainly to clay minerals) (Bradl, 2004).
Key soil properties controlling these processes are the inter alia pH,
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Fig. 4. Boxplots of metal concentration in the ﬁlter-material at 0, 10, 35, and 65 cm depth (from the top down). A: T17.1/S−/SZC−; B: T17.1/S−/SZC+; C: T17.1/S+/SZC−; D: T17.1/S+/
SZC+; E: T4.6/S−/SZC−; F: T4.6/S−/SZC+; G: T4.6/S+/SZC−; H: T4.6/S+/SZC+; B.: initial concentration in bottom layer; T.: initial concentration in top layer.

organic matter content, clay mineral content and redox potential (Bradl,
2004; Elder, 1989). These processes and properties are to varying degrees affected by the evaluated factors SZC, salt and temperature and
their interactions, as well as the nature of the chosen ﬁlter material. Besides these geochemical processes, plant metal uptake may also be important (Søberg et al., 2014a) but generally causes a lower percentage
(5–10%) of total metal removal (Muthanna et al., 2007; Read et al.,
2008).
pH is the most important factor controlling metal solubility in soils,
affecting the inter alia solubility of metal hydroxide minerals and specific adsorption processes (Bradl, 2004; Elder, 1989); the adsorption of

metals increase with increasing pH (Bradl, 2004). However, the latter
was not conﬁrmed by the ﬁndings of our study because the better
performing SZC bioretention cells had statistically signiﬁcant lower outﬂow pH (6.7–6.9) than the non-SZC systems (7.0–7.2). However, the
observed pH differences were, despite their statistical signiﬁcance, rather small, and did therefore not have a large effect on the results. Thus,
parameters other than the change in pH in the SZC bioretention cells
seemed to control metal retention.
One important and strong metal adsorption mechanism is organic
matter complexation (Bradl, 2004; Singh et al., 2011), which makes
the ratio of dissolved organic matter and solid organic matter important
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Table 3
Mean outﬂow concentrations ± SD.
Factors
Temp. °C
Salt
SZC

4.6
−
N

17.1
−
N

Pollutant

Mean outﬂow concentration ± (SD)

Tot. Cd
Par. Cd
Dis. Cd
% dis Cd
Tot. Zn
Par. Zn
Dis. Zn
% dis Zn
Tot. Pb
Par. Pb
Dis. Pb
% dis Pb
Tot. Cu
Par. Cu
Dis. Cu
% dis Cu
Cl−
TSS
pH
ORP

0.062 (0.02)
0.03 (0.02)
0.03 (0.01)
60 (20)
51 (3)
3 (3)
2 (1)
58 (25)
3.24 (1.9)
3 (1.8)
0.22 (0.09)
8 (4)
10.14 (3)
5.3 (3)
4.9 (0.3)
52 (15)
43 (4)
6.9 (5.2)
7.2 (0.3)
185 (40)

0.052 (0.03)
0.02 (0.02)
0.02 (0.01)
60 (20)
51 (6)
4 (6)
1 (1)
45 (24)
2.53 (2)
2.3 (2)
0.18 (0.09)
9 (3)
13.84 (7.8)
5 (5.5)
8.8 (2.6)
69 (14)
50 (6)
6.3 (10.2)
7.2 (0.5)
169 (26)

4.6
+
N

17.1
+
N

4.6
−
Y

17.1
−
Y

4.6
+
Y

17.1
+
Y

0.133 (0.05)
0.02 (0.03)
0.12 (0.03)
89 (14)
62 (2)
3 (1)
2 (1)
46 (14)
3.34 (0.8)
2.9 (0.8)
0.35 (0.17)
11 (6)
12.64 (1.8)
5 (1.7)
7.6 (1.3)
61 (10)
2123 (155)
5.9 (3.6)
7.2 (0.3)
151 (52)

0.193 (0.05)
0.04 (0.03)
0.15 (0.02)
81 (13)
122 (4)
7 (3)
5 (2)
39 (12)
4.44 (1.5)
3.9 (1.4)
0.51 (0.28)
12 (5)
32.94 (4.6)
9.8 (4)
23.2 (4.8)
70 (12)
2307 (232)
10.5 (6.7)
7.0 (0.8)
183 (35)

0.072 (0.04)
0.02 (0.04)
0.05 (0.02)
74 (21)
41 (0)
1 (1)
3 (1)
78 (13)
0.252 (0)
0.2 (0)
0.05 (0.02)
18 (9)
4.23 (2.1)
1.6 (1.1)
2.7 (1.7)
61 (15)
44 (3)
0.1 (0.4)
6.7 (0.5)
206 (39)

0.042 (0.02)
0.01 (0.01)
0.02 (0.02)
55 (24)
31 (1)
1 (0)
3 (1)
74 (13)
0.442 (0.22)
0.2 (0.2)
0.2 (0.1)
51 (28)
2.32 (0.8)
1.3 (0.5)
1 (0.7)
40 (19)
50 (5)
0.3 (0.5)
6.7 (0.8)
94 (77)

0.243 (0.11)
0.02 (0.03)
0.23 (0.1)
92 (11)
51 (1)
1 (1)
5 (1)
87 (13)
0.252 (0)
0.2 (0)
0.04 (0.02)
17 (7)
6.73 (2.6)
1.4 (0.9)
5.6 (2.4)
79 (15)
2175 (125)
0.6 (1)
6.9 (0.2)
182 (25)

0.032 (0.01)
0.01 (0.01)
0.01 (0)
54 (19)
31 (1)
1 (1)
3 (1)
74 (15)
0.712 (0.36)
0.6 (0.4)
0.09 (0.08)
14 (12)
2.72 (0.6)
2.1 (0.6)
0.6 (0.4)
23 (12)
2247 (190)
1.3 (1.3)
6.8 (0.2)
43 (26)

Metals: μg L−1; Cl− and TSS: mg L−1; Dis: dissolved; Tot: total; Par: particulate; Underlined: highest; Bold: lowest; Superscript numbers indicate that the values meet this class of the
Swedish freshwater quality guidelines (Table S1).

for metal removal in bioretention cells. The presence of dissolved organic matter enhances the mobilization of dissolved metals and, conversely,
solid organic matter (either suspended or precipitated) aids high removal of dissolved metals (Rieuwerts et al., 1998). Hence, the
intermixed saw-dust in the SZC columns being solid organic matter
could be an efﬁcient solid, organic source for heavy metal adsorption,
especially given its irregular particle shape, which typically has an 8–
10 times larger geometrical surface than spherical particles of the
same volume (Božic et al., 2009; Singh et al., 2011). Especially Cu and
Pb have a strong afﬁnity to organic matter (Bradl, 2004), but due to
metal ion competition and Cu having the strongest afﬁnity for organic
matter, removal of dissolved Pb was better than for dissolved Cu in
the non SZC bioretention cells.
The results of this study supports previous ﬁndings of Blecken et al.
(2009a) and Zhang et al. (2013) who have shown that it is the solid organic matter (in this study saw-dust) added to SZC bioretention cells
that increases Cu (and partly also Pb) removal owing to its afﬁnity for
organic matter (Bradl, 2004) rather than the presence of a SZ itself.
Since organic matter may decay over time, it would be useful to evaluate
its beneﬁcial effect on metal removal over a longer timescale. Further,
the choice of material as carbon source plays an important role on
metal removal in SZC bioretention cells, as shown by Davis (2007),
who used newspaper as a carbon source but did not detect any enhancement of metal removal in bioretention cells.
Increasing both the temperature and concentration of salt causes a
higher fraction of organic matter to be dissolved (Bäckström et al.,
2004; Warren and Haack, 2001), which then is ﬂushed out from the
bioretention cells together with complexed metals. The presence of
salt decreases the adsorption of metals by sawdust/wood chips (Singh
et al., 2011). Further, Na+ and Cl− interfere with complexation and adsorption by competing with metals for binding sites (Elder, 1989).
These processes may explain the higher outﬂows of dissolved Cu and
Pb observed from the non SZC cells exposed to salt.
Another important adsorption mechanism is cation exchange (Bradl,
2004). The cation exchange capacity (CEC) of mineral soils is lower than
for organic soils. Further it depends on the grain size; the larger the surface area, the higher adsorption. Thus, due to the rather coarse ﬁlter material used in the present study, the CEC was relatively low compared to

e.g. a loamy sand which is often recommended as bioretention ﬁlter material (Hatt et al., 2008). However, although relatively small, the organic
matter content in the top layer is likely to make a major contribution to
the CEC because of its high adsorptive capacity at pH N 5. Since SZC
bioretention cells have relatively high organic matter content, their
high CEC might be a further explanation for the better metal removal
in these ﬁlters. The CEC also depends on pH, but as discussed above,
the rather small changes of pH taking place during the experiment did
not deteriorate metal removal. Furthermore, Na+ ions originating
from deicing salt have been shown to correlate negatively with the
CEC by promoting leaching of other cations, thereby having a large impact on the soil exchange pools (Norrström and Bergstedt, 2001). The
latter study supports our ﬁnding that salt had a negative impact primarily on dissolved Cu and Pb removal.
4.2. Filter material
As mentioned above, in the present study, a relatively coarse ﬁlter
material with low silt and clay content was used to adapt to winter conditions (Fig. S1). The choice of this material is elaborated further by
Blecken et al. (2010). Generally, coarse-grained soils exhibit a lower
tendency for heavy metal adsorption than ﬁne-grained soils containing
more clay minerals with large surface reactivities and areas (Bradl,
2004). However, despite the coarse ﬁlter material used, our results are
similar to those reported by others using ﬁner ﬁlter materials (Blecken
et al., 2009b). It seems reasonable to assume that because of the relatively short run-time of the present study, not all sorption sites were
exhausted by the end of the experiment. Thus, longer term studies are
needed. Further, the accumulated stormwater sediment on top provides
additional ﬁne material.
4.3. Practical implications
Owing to the described effects of the evaluated factors, the mean
outﬂow concentrations (Table 3) differed between the eight tested
combinations. With the exception of dissolved Zn, the best performance
was found for the combinations including a SZC. The hypothesis that a
SZC would deteriorate the bioretention performance when salt was
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present in the stormwater was rejected: use of a SZC (which originally
was introduced to enhance denitriﬁcation) increased metal removal
and mitigated the negative effects of salt.
Comparison of the mean total metal outﬂow concentrations (Table
3) with Swedish freshwater quality guidelines (Table S1) (only considering total metal concentrations) (Swedish Environmental Protection
Agency, 2000) revealed that whereas the stormwater concentrations always substantially exceeded the threshold for Class 5, the mean metal
outﬂow concentrations from bioretention cells with a SZC often met
the requirements for Class 3 (19% of the cases; moderately high concentration/effects may occur), Class 2 (56%; low concentration/slight risk of
biological effects) or even Class 1 (25%; very low concentration/no or
very slight risk of biological effects). In contrast, the mean outﬂow concentrations for the combinations without a SZC typically met the requirements for one class worse. Generally, the results supported
implementation of bioretention cells even in areas experiencing ambient winter conditions and saline inﬂow water.
In this study, salt was added in relatively high (but realistic) concentrations; most often lower concentrations are present, thus the negative
inﬂuence of salt is probably less pronounced. Further, the poorest performance, i.e., lowest removal of metals and TSS, was measured for
the bioretention cells at warm temperatures dosed with stormwater
containing salt (Table 3, Table S1), which is unlikely to occur in practice
outside of coastal environments, and therefore not a relevant problem
for the implementation of bioretention facilities. Further, it should be
stressed that total, particulate and dissolved Cd and Zn as well as total
and particulate Pb and Cu were removed efﬁciently regardless of the
evaluated factors (Fig. 3). Thus, the impact of salt should not prevent
the implementation of bioretention cells in regions where road salt is
applied during winter; the overall beneﬁt of using bioretention cells
will outweigh the less effective or negative removal of dissolved Cu
and Pb in the minority of the cases. Even in the worst cases, the
bioretention cells showed good overall metal removal performance,
which was probably, linked more to the choice of design than to the
area of implementation. Nevertheless, further research is recommended
to elucidate the removal processes of dissolved metals because considering only total metal removal does not give a complete picture. Further,
long term studies (not only extrapolating short term data (Hatt et al.,
2008; Paus et al., 2014) are needed to evaluate the long term reliability
of the organic matter in the recommended SZC and the practical life
time of bioretention cells.
5. Conclusion
To enlighten the (possibly critical) performance of stormwater
bioretention systems under winter conditions (low temperatures) and
when elevated salinity is present in the stormwater (from road salt or
coastal regions), this study investigated the effect of temperature and
road salt on the total and dissolved metal removal performance of 24
pilot scale bioretention cells with and without a SZC using a three factor,
two-level full factorial experimental design under controlled laboratory
conditions.
In most cases, the outﬂow water quality was markedly improved
compared to the inﬂow stormwater, with mean metal removal percentages most often exceeding 90%. In a few instances, negative removal
was observed for dissolved Cu and Pb, especially in bioretention cells
dosed with salt-containing stormwater. For other metals, increasing
salt resulted in higher outﬂow concentrations, although the overall removal remained high. The latter was particularly pronounced for the
in practice unlikely (outside of coastal environments) combination of
salt and high temperature. The effect of temperature depended on the
metal but was normally less pronounced. The implementation of a
SZC in the bioretention cells had a positive effect on both TSS and
metal removal. Generally, the effect of the SZC had the most dominant
inﬂuence on outﬂow concentrations and was able to mitigate the negative effects of salt. Given the overall beneﬁt of bioretention cells on the

discharge water quality, the negative impact of salt should not be a reason to prevent the implementation of bioretention facilities when salt
may be present in stormwater. Implementing a SZC is recommended
also when metals are the target pollution. Despite the evaluated factors,
most metals accumulated in the top 10 cm of the ﬁlter material, which
facilitates maintenance. The minor leaching observed from the lower
layers did not impede the overall performance.
Validation of these results in ﬁeld, as well as long term studies on
bioretention facilities is recommended, especially focusing on dissolved
metal removal which may be critical under certain conditions.
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ABSTRACT
Stormwater biofilters have been developed without consideration to cold climate design and
performance. Vegetation has been shown to play an important role for biofilter effectiveness.
Due to the effect of winter conditions on plants (no/reduced growth, salinity from road salt),
winter-related factors on biofilter vegetation and especially the selection of vegetation for
cold climate biofilter systems needs further investigation. The impact of temperature, salt and
submerged zone on Cd, Cu, Pb and Zn uptake in three native wet/drought tolerant plant types:
Juncus conglomeratus, Phalaris arundinacea and Carex panacea was thus examined in 24
biofilter mesocosms under controlled laboratory conditions. The shoots of all three plant
species accumulated higher metal concentrations than the roots. Generally a higher metal
uptake was observed under cold conditions. No significant difference in metal uptake was
found between different biofilter combinations indicating that these three plant species were
not particularly affected by different temperatures and/or the presence/absence of salt and a
submerged zone. The results of this study indicated the potential to use the investigated plant
species for targeted cold climate biofilter design.
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INTRODUCTION
Stormwater biofilters have been developed without consideration of their potential critical
winter use (Marsalek et al., 2003), surrounding the implementation of biofilters in climates
that differ significantly from that of the Eastern United States with uncertainty (Roy-Poirier et
al., 2010). So far only minor research have evaluated winter-related factors (e.g. Muthanna et
al., 2007a,b; Blecken et al., 2011; Khan et al., 2012). Biofilter vegetation contributes to
pollutant removal directly (uptake) and indirectly (influence on soil pH; biofilms on plant
roots) and may effect biofilter effectiveness accounting for 5-10% of the total metal retention
(Muthanna et al. 2007a; Sun and Davis, 2007; Read et al., 2008). However, to ensure these
functions also in colder climates, the selection of vegetation for biofilter implementation in
these areas needs further investigation (Roy-Poirier et al., 2010).
In cold-temperate climates, the temperature and salinity (from road salt) of stormwater runoff
varies seasonally. Therefore plants selected for biofilters need to be frost and chloride
resistant and being capable of growing well in short growing seasons. Plant metal uptake is
generally negatively affected by salt in stormwater runoff (Fritioff et al, 2005) and low
temperatures reduce the biological activity. Further, the plants must be able to survive
stressful situations, e.g. droughts, temporary flooding, periods with permanent frost, and/or
(semi)frozen filter material.
The objective of this study was to evaluate plant metal uptake in biofilters exposed to
different temperatures, different salinities and different biofilter designs (with and without a
1
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submerged zone (SZ)) under laboratory conditions. Three plant species adapted to Nordic
climate conditions were evaluated: Juncus conglomeratus, Phalaris arundinacea and Carex
panacea.

MATERIAL AND METHODS
Experimental set-up
A laboratory experiment was conducted on 24 biofilter mesocosm. The biofilters were made
of PVC stormwater pipes (inner diameter: 380mm, height: 900mm) with a transparent
plexiglas top allowing stormwater ponding during dosing without affecting light availability
for plant growth. In total eight different biofilter combinations with three replicates of each
were set up (Table 1).
Table 1. Biofilter combination characteristics
Combination
LTSZ
LTSSZ
LT
LTS
HTSZ
HTSSZ
HT
HTS

Salinity g L-1
0
2
0
2
0
2
0
2

Temperature
Low
Low
Low
Low
High
High
High
High

Submerged zone
Yes
Yes
No
No
Yes
Yes
No
No

The filter media consisted of four layers: 400 mm top filter consisting of a mix of 25% 0.2 0.5mm dried sand, 25% 0.5 - 1.0mm dried sand, 25% 1.0 - 2.0mm dried sand, 10% 2.0 4.0mm dried sand and 15% topsoil (D50 = 0.18mm; coefficient of uniformity Cu = D60/D10 =
8.3mm); 400 mm bottom filter layer including 0.2 - 0.5mm dried sand; 100 mm drainage
layer (30mm 1-2 mm dried sand and 70 mm 2-4mm dried sand) with an embedded drainage
pipe discharging the outflow to a sampling port. For 12 filters the sampling port was elevated
with a 450 mm riser pipe to establish a submerged zone.
In June 2012, each biofilter was planted with three Juncus conglomeratus, two Phalaris
arundinacea and two Carex panacea. These species are native wet/drought tolerant plant
types adapted to Nordic climates. From planting until experimental run the biofilters were
watered twice weekly with normal tap water to allow plant establishment. In October 2012
twelve columns were placed at 4.6 ± 0.6°C and the same number at 17.1 ± 1.5°C. To enable
plant growth the biofilters were lit with high pressure sodium greenhouse lamps (G-power
Agro, 400 W, 55,000 Lm) for 12 h every day.
Experimental procedure
During the experimental run-time (18 weeks), each column was dosed with 15 L of semisynthetic stormwater (i.e. corresponding to a 136 mm hydraulic head) approximately twice a
week.
Table 2. Characterization of the semi-synthetic stormwater.
Total Cd, μg L-1
Dis. Cd, μg L-1

Mean inflow concentration ± SD
Without salt
With salt
4.5 ± 1.6
4.7 ± 1.6
1.2 ± 0.7 (31%)
2.4 ± 1.1 (54%)

Total Cu, μg L-1
Dis. Cu, μg L-1

197.2 ± 85.2
5.4 ± 3.1 (3%)

177.5 ± 83.8
6.0 ± 5.2 (9%)

Total Pb, μg L-1
Dis. Pb, μg L-1

46.5 ± 12.1
0.6 ± 0.8 (1%)

44.7 ± 13.1
0.4 ± 0.8 (1%)

Total Zn, μg L-1
Dis. Zn, μg L-1

430.3 ± 94.0
216.5 ± 63.5 (52%)

440.9 ± 83.3
274.4 ± 48.7 (64%)

46.1 ± 7.1

2247.3 ± 233.7

Pollutant

Cl-, mg L-1
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Semi-synthetic stormwater (tap water, gully pot sediment, and chemicals) was used to ensure
a constant water quality (see Table 2) and the stormwater was prepared at least 48h before
dosing to ensure temperature adjustment. The water was mixed continuously.
Sample collection and analysis
Prior to the experiment, in connection with plantation of the filters a composite sample of
randomly selected plants was collected for each plant species to investigate the initial root and
shoot metal concentration. After the finished experiment, composite samples of shoots and
roots for each plant species were collected for each biofilter combination resulting in eight
root and shoot samples for each plant species.
The plant samples were analyzed for Cd, Cu, Pb and Zn using ICP-OES (Cu and Zn) and
ICP-SFMS (Cd and Pb) methods. The detection limits were 0.05, 1.0, 0.5 and 4.0 μg L-1, for
Cd, Cu, Pb and Zn, respectively.
Data analyses
One-way ANOVAs followed by Tukey’s test were carried out to investigate if (i) there was a
different metal concentration in shoots and roots (metal concentrations vs. sample
(shoot/root)), (ii) whether or not the different biofilter combinations caused different metal
uptake in shoots and roots (metal concentration vs. biofilter combination), and (iii) there was
a difference in accumulated metal between plant species (metal concentrations vs. sample).
A t-test was used to evaluate metal accumulation in the shoots and roots of the plantspecies
after ended stormwater application compared to before (initial concentration).

RESULTS AND DISCUSSION
Metal uptake in roots and shoots
For all biofilter combinations (Table 1) a significant difference between the accumulated
metal concentrations in the roots and the shoots (Figure 1) was observed for all three plant
species for all four metals. Contrary to most previous studies, the shoots accumulated
significantly higher metal concentrations than the roots (Figure 1). The only exception was
that Juncus conglomeratus accumulated Cu to the same extent in the roots and shoots. In a
study evaluating snowmelt treatment with biofilters, three out of four plant species showed
higher metal accumulation in the roots (Muthanna et al. 2007a). Also in studies which were
not conducted in cold climate conditions, commonly higher metal uptake by the roots than the
shoots was observed (Sun and Davis, 2007; Zhang et al. 2013).
Since terrestrial plants were used in the biofilters, metal uptake must take place in the root
zone. I.e. higher metal accumulation in the shoots indicated an efficient metal transport from
the roots into the shoots. It further indicates that these three plant species have a good metal
storage capacity in their plant tissue. The accumulated metal concentrations followed the
inflow concentrations (Zn > Cu > Pb > Cd, Tab. 2), indicating that plant metal uptake is
dependent on inflow concentrations.
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Figure 1. Default boxplots of accumulated Cd, Cu, Pb and Zn in roots and shoots of Carex panacea (C), Juncus
conglomeratus (J), and Phalaris arundinacea (P). The boxes indicate the interquartile range (IQR), the whiskers
extend to 1.5 IQR and outliers are indicated by *. Note the different y-axes scales.

Metal uptake in relation to biofilter combination
At the end of the experiment, no significant difference was seen for any of the biofilter
combinations. The shoots from all three plant species for all biofilter combinations showed
higher metal concentrations than initial (green reference lines at the charts in Figure 2, 3, 4),
showing that accumulation in the shoots occurred regardless of biofilter combination. This
suggests that plants were not particularly affected by different temperatures, presence/absence
of salinity and presence/absence of a submerged zone. This confirms the beneficial influence
of plants on metal removal by biofilters also in temperate and cold climates. Similarly,
Blecken et al. (2011) found significantly higher metal concentrations in plant tissues of Carex
rostrata stokes after stormwater application in low temperature biofilters.
For accumulated Cd and Zn in the shoots no difference between the three plant species was
observed. For Cu and Pb the accumulation in the shoots of Phalaris arundinacea was
significantly higher than that of Juncus conglomeratus. Cu and Pb accumulation in the shoots
of Carex panacea varied a lot.
These results indicate that plant tissue has different affinities for some metals and confirms
the possibility of making targeted biofilter design by selective plant choice. E.g. if Cd and Zn
are the main pollutants all three plant species seem to be a good choice for cold climate
biofilter systems. If Cu and/or Pb are the target pollutants the choice of Phalaris arundinacea
as biofilter vegetation probably would be the better choice.
For roots the picture was more ambiguous but still no significant difference was seen for any
of the biofilter combinations, confirming that plants were not particularly affected by different
temperatures, presence/absence of salinity and/or a submerged zone.
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Figure 2. Accumulated Cd, Cu, Pb and Zn in the roots and shoots of Carex panacea in the eight different
biofilter combinations. S: shoots; R: roots; brown line: initial concentration in roots; green line: initial
concentration in shoots. Note the different y-axes scales.

In the roots metal concentrations were not in all cases increased after the experiment; partly,
lower concentrations were observed after the stormwater dosing. Only Cd concentrations
increased for all plant species in all biofilter combinations. For Cu and Zn an increase was
observed for Juncus conglomeratus (Figure 3) and Phalaris arundinacea (Figure 4) and for
some combinations also for Carex panacea (Figure 2). For Carex panacea, both salt, high
temperature and a submerged zone had a negative effect on Cu uptake by the roots.
For Pb the roots of Juncus conglomeratus (Figure 3) had higher end concentrations for all
biofilter combinations whereas the roots of Carex panacea (Figure 2) and Phalaris
arundinacea (Figure 4) only had higher end concentrations for biofilter combinations with
low temperatures indicating that high temperature had a negative impact on Pb uptake in the
roots of Carex panacea and Phalaris arundinacea.
Regardless of the biofilter combination, roots of Juncus conglomeratus (Figure 3) and
Phalaris arundinacea (Figure 4) had significantly higher final concentrations for all four
metals compared to the initial concentrations. For Carex panacea (Figure 2) this was only the
case for Cd, Pb and Zn whereas Cu had significantly lower final concentrations. This
indicates that the roots of Carex panacea have low affinity for Cu uptake and that Carex
panacea might not be the optional choice if/when Cu is the target pollutant.
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Juncus conglomeratus
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Figure 3. Accumulated Cd, Cu, Pb and Zn in the roots and shoots of Juncus conglomeratus in the eight different
biofilter combinations. S: shoots; R: roots; brown line: initial concentration in roots; green line: initial
concentration in shoots. Note the different y-axes scales.

Phalaris arundinacea
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Figure 4. Charts of accumulated Cd, Cu, Pb and Zn in the roots and shoots of Phalaris arundinacea in the eight
different biofilter combinations. S: shoots; R: roots; brown line: initial concentration in roots; green line: initial
concentration in shoots. Note the different y-axes scales.

Regardless of the metal evaluated there was no general significant difference between
biofilter combinations for accumulated metal concentrations in roots and shoots from all three
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plant species (Figure 2, 4, 5). It was expected that the plants in the four biofilter combinations
that got salt added (LTS, HTS, LTSSZ, HTSSZ) would have a lower uptake due to salt having
a negative effect on plant thriving; however, this was not the case.
Concluding discussion
Vegetation die-off was not observed during the experiment. Most likely, due to the choice of
plants adapted to Nordic conditions, thus able to withstand different temperatures, inundation
and dry periods. As mentioned before salt did not seem to have a negative effect on the three
plant species in the present study. The latter is supported by findings in Denich et al., (2013)
who assessed the effect of winter salt on plant health and found that three out of five plant
species were capable of withstanding high salt exposure. As concluded by other studies (Read
et al., 2008; Blecken et al., 2011; Feng et al., 2012) plant species improved the effectiveness
of biofilters in removing stormwater metals.
Contrary to what have been observed in other studies (Sun and Davis, 2007; Read et al., 2008;
Zhang et al., 2013) no marked variation in pollutant removal among plant species was
observed in the present study. The variation seen in the present study was caused solely by the
type of biofilter combination.
The lower metal accumulation in the roots compared to the shoots and in some cases even
reduced concentrations after the experiment compared to initial values may be due to the
plants’ relatively young age (app. 11 months). It might well be the case that accumulation in
the roots will increase after a few years when the roots have had time to grow and penetrate
into the filter material.
According to Roy-Poirier et al. (2010) one of the concerns related to metal removal in
biofilter systems is the limited capacity of the system to store the metals. They suggest a
solution that involves removal of metals from biofilter systems by harvesting metal-saturated
plant biomass. Our results suggest that metals to a significant extent are stored in the shoots of
the plants which makes a solution like the one suggested by Roy-Poirier et al. (2010) possible
but also more feasible. When metals are mainly stored in the shoots it is easier to harvest
these without damaging the entire biofilter system. If metals where stored in the roots of the
plants, the suggested solution would mean that the entire plants needed to be removed. Since
mature vegetation plays an important role (Muthanna et al., 2007a; Read et al., 2010; Hunt et
al., 2012) for biofilter systems, regular harvesting of roots would be a drawback for biofilter
function.

CONCLUSION
After stormwater dosing, the accumulated metal concentrations for all three evaluated plant
species (Juncus conglomeratus, Phalaris arundinacea and Carex panace) were higher in the
shoots than the roots indicating a good transport of metals within the plant. This indicated that
the three selected plant species have a good metal storage capacity and thereby the possibility
to enhance biofilter system capacity for metal storage.
No significant difference in plant metal uptake was seen between biofilter combinations. It is
though worth noticing that the highest metal uptake for both shoots and roots generally was
seen in the low temperature combinations regardless of the presence/absence of salt and/or
submerged zone. The shoots and roots in the low temperature biofilter combinations did not
seem to perform worse – on contrary the opposite was more the case.
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The present study hereby provides useful knowledge in relation to the design of biofilters for
areas with cold climates showing that cold climate is not an obstacle for the implementation
of biofilters with respect to vegetation. The present study gives an indication that the three
examined plant species advantageously can be used regardless of the type of biofilter design
and that pollutant targeted biofilter design by plant selection definitely is a possibility.
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ABSTRACT
The dissolved metal adsorption and association was determined for ten different filter materials
recommended and/or implemented in bioretention facilities. Batch adsorption and batch kinetic
experiments were performed at lab-scale using both single and multi-metal solutions. Metal
strengths and association were determined by sequential extraction analysis. All materials
adsorbed metals and 90 % of adsorption occurred within one hour. However, as metal solutions
became more complex, adsorption behavior changed. Generally, filter materials classified as
sand with a naturally high pH, relatively low organic matter (OM) content and large specific
surface area seem to be good choices for removing dissolved metals. Additionally, a chalk
additive might improve metal adsorption whereas biochar did not significantly improve metal
retention and may be an unwanted (due to degradation over time) extra source of OM.
Regardless of filter material, metals primarily adsorbed to the exchangeable form which
indicates that metal adsorption might not be permanent, but rather substantially reversible in
some cases. More research is needed to assess whether dissolved metals adsorbed in filter
materials of bioretention systems pose a delayed threat instead of an immediate threat. Finally,
the authors strongly recommend filter materials intended for stormwater bioretention facilities
to be tested prior to implementation.
KEYWORDS: filter material, biofilter, heavy metals, metal fractionation, filter media
1. INTRODUCTION
Given the increased awareness about stormwater pollution and treatment needs, the use of
stormwater bioretention as an on-site stormwater control measure is increasing in many
countries around the world. Stormwater can contain a variety of pollutants, e.g. metals,
sediment, pathogens, nutrients and organic pollutants. Although target pollutants for
bioretention systems varies depending on regulations, region, and receiving water body, metals
are often a main concern (Hunt et al. 2012) as urban stormwater runoff is considered a major
source of metal contamination in receiving water bodies (e.g. Becouze-Lareure et al. 2019).
Depending on their prevalence, toxicity and resistance to degradation and/or chemical
transformation metals might negatively affect the ecological status of surface waters (Søberg et
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al. 2017). A large number of field and laboratory studies have shown efficient total metal
removal for bioretention systems, often exceeding 80-90 % (e.g. Hatt et al. 2008; Søberg et al.
2017). However, reported removals of dissolved metals are fewer and contradictory including
both efficient removal and significant leaching (e.g. Muthanna et al. 2007; Søberg et al. 2017).
The vegetation has been shown to contribute to the total metal removal in stormwater
bioretention systems (Muthanna et al. 2007; Sun and Davis, 2007; Read et al. 2008). However,
the filter material accounts for the majority of metal removal (Muthanna et al. 2007; Blecken
et al. 2009; Blecken et al. 2011) and hence, filter material composition is crucial for achieving
effective dissolved metal treatment. The filter material serves two functions; I) to retain and
delay flow by temporary storage and infiltration and II) to treat stormwater runoff by a
combination of physical, chemical and biological processes. The material should have a
hydraulic conductivity ensuring both adequate retention for adsorption to occur and adequate
infiltration capacity to avoid overflow (Fassman et al. 2013). It should have physical and
chemical properties to support plant life, enhance treatment and avoid clogging (Fassman et al.
2013). At present, many filter materials are marketed and used in actual bioretention facilities
without any previous testing. Hence, research is needed to understand how their composition
affects pollutant retention performance.
In some regions or countries, rigorous recommendations for filter material compositions are
specified in design manuals (e.g. DWA, 2005; Payne et al. (2015); NCDEQ, 2018). However,
depending on the target pollutants, different recommendations for filter material composition
exist (Hunt et al., 2012). In other countries, e.g. Sweden, there are no such national
specifications, so consultants and/or local stormwater managers define filter materials on a
case-by-case basis. Choices of filter materials are often based on hunches or preferences of a
few individuals and are not tested prior to or after implementation. Further, some filter materials
may not efficiently remove or may even leach targeted pollutants because other objectives (e.g.
support of plant growth) are prioritized during their development.
A considerable ratio of metals can be present in the dissolved phase in urban stormwater runoff
(Lindfors et al. 2017). Although dissolved metals are more difficult to remove and usually more
bioavailable compared to particulate metals, thereby posing a greater risk (Fassman et al. 2013;
Flanagan et al. 2019), bioretention studies have generally focused on total metal removal (Hunt
et al. 2012). Moreover, recent work showed that a substantial amount of the dissolved metals
(usually defined as <0.45 μm) may be present in mobile species (free ions) which further
emphasizes the importance of investigating adsorption processes in stormwater treatment
facilities (Lindfors et al, 2017).
At present, no studies have systematically evaluated and compared the dissolved metal
adsorption capacities of different filter materials recommended/implemented in stormwater
bioretention worldwide. Most studies concerning filter material in stormwater bioretention are
I) done on entire bioretention systems at either lab-, pilot- or full-scale (e.g. Li & Davis 2008;
Wang et al. 2017) and not only on the filter material itself; II) Examine the function of the entire
system when enriching the filter material with some type of additive (aluminum coating, iron
coating, biochar, fly ash etc.) (e.g. Li et al. 2016; Afrooz and Boehm, 2017) or III) Test
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alternative low-cost materials or adsorbents (e.g. red soil, perlite, vermiculite, coco-peat,
construction waste etc.) (e.g. Vijayaraghavan et al. 2010; Wang et al. 2017).
When choosing a filter material, long-term retention rather than short-term adsorption is most
relevant. To address the management and/or lifetime of bioretention systems, together with
potential risks for leaching of adsorbed metals (Hatt et al. 2008; Søberg et al. 2017), it is
essential to understand processes by which the metals are bound to the filter material. For
instance, it is well known that OM (e.g. peat, compost) favors metal adsorption. However, such
OM degrades under oxidizing conditions, leading to release of soluble trace metals into
stormwater as it passes through the filter (Tessier et al. 1979). Hence, the partitioning of
adsorbed metals into different chemical forms and their risks of desorption under various
environmental conditions warrant attention. Relatively large amounts of metals may be present
in potentially available fractions in analogous materials from other stormwater treatment
facilities, e.g. pond sediments (Karlsson et al. 2016). Only one study has addressed such
fractionation in bioretention systems. The results indicated that metals were mainly trapped
(>50%) in the residual fraction, but the tests were restricted to filter material mixes with lignin
in lab-scale bioretention columns (Wang et al. 2017).
Hence, the objective of this study was to evaluate and compare dissolved metal adsorption
capacities of 10 filter materials recommended and/or implemented in bioretention facilities
worldwide. The chosen materials are manufactured according to current guidelines (DWA,
2005; NCDEQ, 2018), have been tested in scientific studies (Blecken et al. 2009;
Grotehusmann et al. 2016; Søberg et al. 2017), or are national market leaders. The materials`
dissolved metal adsorption capacities were evaluated in laboratory batch and kinetic adsorption
experiments, using both single- and multi-metal solutions to obtain indications of the effects (if
any) of competition between metals on their adsorption capacities. Furthermore, the metals
‘fractionation was examined by sequential extraction analysis to gain knowledge about possible
changes in their adsorption capacity over time, e.g. if desorption is likely to occur.
2. MATERIAL AND METHODS
2.1 Adsorbents
Ten commonly implemented and/or recommended filter materials (listed in Table 1 and briefly
described here) for bioretention facilities were examined. LTU top-layer is a sand-based
material developed by the urban water research group at Luleå University of Technology based
on recommendations by the Facility for Advancing Water Biofiltration (FAWB 2008).
However, it has a lower percentage of fines than recommended by the FAWB to enhance
infiltration during freeze-thaw cycles (Blecken et al. 2011). Several pilot-scale studies (Blecken
et al. 2011; Søberg et al. 2017) have shown this material to be an efficient metal adsorbent.
Hekla®Regnbädd and Hekla®Regnbädd-biokol (Hekla®Regnbädd with supplementary
biochar) were developed by the Swedish supplier Bara Mineraler. Hasselfors was developed by
another Swedish supplier called Hasselfors Garden, and also contains biochar. Originally, these
materials were intended to support plant growth (having high OM contents and water-holding
capacities; Table 2). They are now commonly used in Swedish bioretention facilities intended
to improve water quality, although they have not been subjected to laboratory or field tests. The
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DWA and DWA-chalk materials are fabricated according to the German water manual DWA
M-187. Their original purpose was implementation in bioretention systems for highway runoff
and CSO treatment (so called retention soil filters). The addition of chalk is recommended to
enhance metal adsorption and compensate for low OM content (Grotehusmann et al., 2016;
DWA, 2005). Orbicon Standard Field Topsoil #1 was developed by the Danish consultancy
Orbicon and is intended for road beds. Three bioretention soils from the United States were also
evaluated: one from Wade Moore Equipment Co. (North Carolina) and two from companies in
Ohio. Each mix met the respective states’ current guidelines for bioretention soil (generally a
sandy blend with varying amounts of OM). The mixes were developed to target pollutants of
particular local concern; nutrients and sediment in North Carolina and Ohio, respectively.
Therefore, none of these bioretention soils had specific amendments designed to target metal
retention. Origins or suppliers and abbreviations of the materials that will be used hereafter are
presented in Table 1, and the filter materials are illustrated in figure S1.
Table 1. Names, abbreviations, contents and origins or suppliers of the tested filter materials
Filter material

Abbreviations

Origin/supplier

Country

LTU-TOP

Luleå University of
Technology

Sweden

Hekla

Bara Mineraler

Sweden

Hekla-B

Bara Mineraler

Sweden

DWA

Content
*25 % each of 0.2-0.5,
0.5-1 and 1-2 mm
sand, *10 % of 2-4
mm coarse sand and
*15 % compost
Pumice stone (2-8
mm), green compost
and sand
Pumice stone (2-8
mm), green compost,
sand and biochar
Sand

DWA

Germany

DWA-chalk

Sand and chalk

DWA-chalk

DWA M-187
DWA M-187
modified by
Sundsvall
municipality

Hasselfors regnbädd
växtjord

Crushed rock, pumice
stone, biochar and
compost

Hasselfors

Hasselfors Garden

Sweden

Bio-retention mix

*85-88 % sand, *10 %
clay and silt, *2-3 %
organics

NC-USA

Wade Moore
Equipment
company, INC.
North Carolina

USA

KB-OHIO

Kurtz Bros., INC.
Ohio

USA

BN-OHIO

Barnes Nursery
landscape design
company. Ohio.

USA

ORBICON

Orbicon A/S.

Denmark

LTU top-layer

Hekla®Regnbädd
Hekla®Regnbäddbiokol

Hydro Clear
bioretention soil®
Speciality soils
raingarden blend
Orbicon standard
field topsoil #1

Reclaimed coarse sand
and composted
organics
Soil, which can
contain industrial
byproduct(s)
Natural, clayey soil

Germany

*By volume.

2.2 Filter material characterization
To obtain indications of potentially relevant factors for metal adsorption, the OM content,
specific surface area (SSA), pH and particle size distributions of each material were determined.
The OM content was measured from ignition residues according to Swedish standard SS
028113. The SSA was determined by an accredited, external laboratory (Escubed limited,
Wetherby, UK) using the Brunauer-Emmett-Teller (BET) method. pH was determined
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according to the international standard ISO 10390, using a WTW pH 3110 field pH-meter, and
particle size distributions (PSDs) were determined by dry sieving according to Swedish
standard SS-ISO 11277:2009, and expressed in terms of D50 (diameter at which smaller particles
comprise 50% of a sample’s mass, or median particle size) and Cu (coefficient of uniformity:
D10/D60).
2.3 Initial leaching
To examine if the materials can act as a source of metals, the initial leaching capacity was
examined by shaking 10g of dry material diluted in 100mL (VWR ISO/4788 measuring
cylinders with an accuracy of ±0.5mL at 20°C) milli-Q water for 24 h. Aqueous phase metal
contents were then determined using methodology described in section 2.8.
2.4 Batch adsorption experiments
The metal adsorption capacity of each material was examined using batch adsorption
experiments with single-metal solutions (containing either Cu or Zn at 1, 10, 50, 100 and 1000
mg/L) and multi-metal solutions. The latter contained Cu, Zn, and Ni at 1, 10, 50, 100 and 1000
mg/L, 10-fold lower concentrations of Cr and Pb; and 100-fold lower concentrations of Cd. As
in the leaching experiments, 10 g samples of dry material were shaken in 100 mL milli-Q water
for 24 h. Metal concentrations in solution, determined by methodology described in section 2.8,
were then used to calculate adsorption percentage and the adsorption capacity (Q) of each
material by equations 1 and 2, respectively
(%) =

(1)

× 100
,

(

) =

(

)

×

(2)

Here, Ci (mg/L) is initial concentration and Cf (mg/L) is final concentration of the metal in
solution, msample (g) is the weight of the sample (10 g) and V (mL) is volume of adsorbate (100
mL).
The adsorption data were fitted to linear, Freundlich, Langmuir, Temkin and DubininRadushkevich sorption isotherms. Generally, the Langmuir, Temkin and DubininRadushkevich sorption isotherms provided the best fits (i.e., highest R2 values), so the Linear
and Freundlich isotherms will not be discussed further. However, it is important to emphasize
that these equations are merely numerical relationships used to fit data, and the isotherm
equation parameters are only valid for the chemical conditions under which the experiment was
conducted. Thus, they cannot be used to predict metal adsorption behavior in environments
with differences in ionic strength, pH, metal concentrations, presence of other substances,
longer or shorter contact times, etc.
Underlying assumptions of the Langmuir isotherm (used in the linear form here: equation 4)
are that the adsorbent has a homogenous surface with monolayer adsorption at a finite number
of identical and equivalent sorption sites with equal affinity for the adsorbate. Moreover, it is
assumed that there is no lateral interaction or steric hindrance between adsorbed molecules,
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even at adjacent sorption sites (Foo & Hameed 2010). Note, steric hindrance would limit qmax,
but lateral interaction could potentially either restrict or increase it.
Linearized Langmuir:

=(

)

+

(4)

Here, Cf is the final concentration of a metal, Qe (mg/g) is the equilibrium adsorption capacity,
qmax (mg/g) is the maximum adsorption capacity, and KL (L/mg) is the affinity constant. The
characteristics of the Langmuir adsorption process can be expressed in terms of a dimensionless
constant known as the separation factor (RL):
(5)

=

The value of RL indicates whether adsorption is unfavorable (RL>1), linear (RL=1), favorable
(0<RL<1) or irreversible (RL=0). By plotting Cf/Qe vs. Cf, the Langmuir constants can be
calculated from the slope and intercept, respectively (Foo & Hameed 2010).
Assumptions underlying the Temkin isotherm (using the linear form in equation 6) are that
bonding energy is uniformly distributed, with the heat of adsorption decreasing linearly with
coverage, ignoring extremely low and very high concentrations.
Linearized Temkin:

=

ln

+

ln

(6)

Here, B (KJ/mol) (equation 7) is a constant related to the heat of adsorption:
=

,

(7)

where R (KJ/Kmol) is the gas constant, T (K) is temperature in Kelvin, bT is a dimensionless
model constant and KT (L/mg) is the equilibrium binding constant. By plotting Qe vs. lnCf, the
Temkin constants can be calculated from the slope and intercept, respectively (Foo & Hameed
2010; Bolis 2013).
The Dubinin-Radushkevich isotherm (using the linear form presented in equation 8) is based
on assumptions of a heterogeneous surface, which is more realistic, since solutions and
materials are rarely perfectly mixed. Therefore, the surfaces are unlikely to be homogeneous,
as is assumed for the Langmuir isotherm.
Linearized Dubinin-Radushkevich:
ln

= ln

−

Ɛ

(8)

Here Ɛ (equation 9) is the Polanyi potential:
Ɛ=

( ) ∗ ln(1 + ),

(9)

where qs (mg/g) is the adsorption capacity, and KDR (mol2/KJ2) is the Dubinin-Radushkevich
activity coefficient related to mean sorption energy. Characteristics of the DubininRadushkevich adsorption process can be expressed in terms of sorption energy, E (KJ/mol):
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(10)

=

where E indicates whether the adsorption is largely physical (E<8 KJ/mol), due to ion exchange
(8<E<16 KJ/mol) or chemical (E>16 KJ/mol). By plotting lnQe vs. Ɛ2, the DubininRadushkevich constants can be calculated from the slope and intercept, respectively (Foo &
Hameed 2010).
2.5 Batch adsorption kinetics
Metal uptake rates and contact times needed for completion of adsorption reactions were
assessed by batch kinetic experiments with two single-metal solutions (Cu and Zn,
concentration 10 mg/L) and one multi-metal solution (with: 10 mg/L of Cu, Zn and Ni, 1 mg/l
of Pb and Cr, and 0.1 mg/L of Cd). The time steps were 1h, 3h, 6h, 10h and 24 h and the protocol
was the same as that applied in the batch adsorption experiments, except that samples were
collected for analysis at each time step.
Data were fitted against pseudo-first-order and pseudo-second-order kinetic models, with the
pseudo-second-order kinetic model (equation 11) providing the best fit (highest R2 values).
Hence, the pseudo-first-order kinetic equation will not be discussed further.
(11)

=
In its linearized form, used here:
=

+( )

(12)

where t (min) is time, qt (mg/g) is metal uptake at time t, qe (mg/g) is equilibrium adsorbate
concentration and K2 (g/mg min) is the pseudo-second-order rate constant. K2 and qe were found
by linear regression of the relationship between t/qt and time. Furthermore, the initial sorption
rate h (mg/g min) was determined by equation 13 and the half-life of the reactant t1/2 (min) was
determined by equation 14 (Kango & Kumar 2016):
(13)

ℎ=
/

=

(14)

2.6 Sequential extraction
To examine the fractions of the materials where metals are adsorbed, 100 mL of a multi-metal
solution with 100 mg/L of Cu, Zn and Ni, 10 mg/L of Pb and Cr, and 1 mg/L of Cd were added
to 10 g of each filter material and shaken for 24 h. The adsorbed metals were then subjected to
sequential extraction analysis by an accredited laboratory as follows. A sample of each material
was ground in a steel dish and treated according to the Swedish standard SS 028113-1. It was
then acidified by adding 1% HNO3 (v/v) and analyzed by ICP-SFMS (Cd and Pb) according to
standards SS EN ISO 17294-1, 2 (modified) and EPA-method 200.8 (modified) or ICP-AES
(Cr, Cu, Ni, Zn) according to standards SS EN ISO 11805 (modified) and EPA-method 200.7
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(modified). To determine residual amounts of metals in the samples, they were dried at 50°C
and treated according to standards ASTM D3682 (2013), ASTM D4503 (2008) and SS EN
13656 (2003), then analyzed by ICP-SFMS according to standards SS EN ISO 17294-2: 2016
and EPA-method 200.8 (1994).
Six fractions were extracted: (I) adsorbed and exchangeable metals and carbonates; (II) labile
organic forms; (III) amorphous Fe- and Mn-oxides; (IV) crystalline Fe-oxides; (V) stable
organic forms and sulfides and (VI) residuals. Fractions I-V are potentially mobile. Fraction I
contains easily leached metals likely to be mobilized by changes in ambient water’s ionic
composition. Fraction II includes metals bound to OM, which will degrade and release captured
metals under oxidizing conditions. Fraction III includes metals bound to amorphous Fe- and
Mn-oxides, which behave as metal sinks under oxidizing conditions but are unstable under
anoxic conditions. Fraction IV includes metals bound to more stable crystalline Fe-oxides that
only become unstable under persistently anoxic conditions which in most cases are unlikely to
occur in bioretention. Fraction V includes metals bound to stable organic forms and sulfides,
which mobilize under oxidizing conditions. Fraction VI contains metals that are not likely to
be released in solution under conditions normally present in nature (Tessier et al. 1979).
2.7 Reagents
Solutions were made using the following laboratory grade chemicals: (Zn(NO3)2*6H2O
(ACROS Organics, Cas-No. 10196-18-6), Cd(NO3)2*4H2O (Alfa Aesar, Cas-No. 10022-68-1),
Cu(NO3)2*3H2O (MERCK, Cas-No. 10031-43-3), Ni(NO3)2*6H2O (MERCK, Cas-No. 1347800-7), Pb(NO3)2 (MERCK, Cas-No. 10099-74-8), and Cr(NO3)3*9H2O (MERCK, Cas-No.
7789-02-8) diluted in milli-Q water. To avoid precipitation of undesired metal-salts, metalnitrates were used, since nitrates have no any affinity for metals. To avoid precipitation of metal
oxides, the pH of the solutions was not adjusted. Hence, they had partly lower pH (4 - 6.5
depending on metal and solution) than what is common for stormwater runoff. The actual
concentrations of all solutions were determined by an accredited, external laboratory (ALS
Scandinavia, Luleå, Sweden) by ICP-SFMS.
2.8 General procedures/analytical methodology
All experiments were conducted at room temperature (18.6°C ± 0.6; according to two Ebro
EBI310 temperature loggers). Before weighing samples for the experiments, all filter materials
were dried in incubators for at least 24 h at 35°C (above which OM may oxidize, thus changing
material properties). Then, the materials were mixed with a plastic spoon and 10 g of material
was randomly collected. The solid to liquid ratio in all experiments was 1:10 (10 g of dry
material to 100 ml of solution). All experiments (except the sequential leaching) were run in
duplicate, however, if results differed markedly, an extra replicate was run (which was only the
case in a very few instances). Controls (solution without filter material) were included in all
runs. Samples were shaken on two orbital shaking tables set to 200 RPM in all cases. The pH
of the metal solutions was measured using a field pH-meter (pH330, WTW GmbH, Weilheim,
Germany).
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After shaking, all samples were filtered through 0.45 μm filters (Filtropur S) and sent for
analysis of the dissolved metals at an accredited laboratory (ALS Scandinavia, Luleå, Sweden).
At the laboratory, each liquid sample was acidified by addition of 1 mL HNO3 per 100 mL then
analyzed by ICP-SFMS according to standards SS EN ISO 17294-1, 2 (modified) and EPAmethod 200.8 (modified).
3. RESULTS AND DISCUSSION
3.1 Filter material characteristics
As shown in Table 2, the pH of LTU-Top and NC-USA were 6.1 and 6.3, respectively, the pH
of DWA-chalk was 9.2, and the pH of all the other materials ranged from 7.7 to 8.8. Materials
with biochar additive (Hekla-B and Hasselfors) had the highest SSA and OM contents. In
contrast, the sand-based materials LTU-TOP, DWA and DWA-chalk without biochar additives
have low OM contents and small SSA.
Table 2. Filter material characteristics.
Material
pHa SSA (m2/g)b,d OM
(g/kg D50,
Cu
DM)a
mmc
(D10/D60)c
LTU-TOP
6.1
0.40 ± 0.00
14.3
0.91
0.19
Hekla
7.7
0.85 ± 0.06
57.8
0.61
0.18
Hekla-B
8.8
3.13 ± 0.17
97.0
0.65
0.18
DWA
8.3
0.87 ± 0.09
2.9
0.77
0.27
DWA9.2
0.87 ± 0.05
3.2
0.79
0.27
chalk
Hasselfors
8.3
3.09 ± 0.11
60.6
2.86
0.15
NC-USA
6.3
1.27 ± 0.02
19.0
0.62
0.13
KB-OHIO
8.0
3.93 ± 0.17
27.5
0.91
0.24
BN-OHIO
7.8
3.09 ± 0.47
46.3
0.58
0.25
ORBICON 8.3
1.84 ± 0.02
16.6
0.44
0.20
a
Triplicate determination, bduplicate determination, ccalculated by linear LaGrange interpolation,
d
± standard deviation.

Hasselfors had by far the largest D50 and second lowest Cu (Table 2), so it is much coarser
(mainly gravel) and more heterogeneous material than the others (Figure 1). Despite variations
in D50 and Cu, the PSD analysis confirmed that all the other materials are primarily sandy
materials (Figure 1).
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Figure 1. Particle size distribution curves (by mass) for the ten filter materials. Silt, sand and gravel based on the
Wentworth grain size chart (Wentworth, 1922).

3.2 Initial leaching
After 24 h of shaking in 100 mL milli-Q water Cd and Cr concentrations in the water were most
often below the detection limit (Table 3). All materials except DWA and DWA-chalk including
the control leached Cu (Table 3). Ni, Pb and Zn leaching from some of the materials as well as
Zn from the control was also observed. However, only Hekla and Hekla-B had significantly
higher concentrations of Cu and Zn than the control and hence, the observed leachates of Cu
and Zn from the other materials cannot be regarded as actual leaching. Furthermore, Hekla and
Hekla-B had the highest leachates of Pb and Ni as well. Unfortunately it was not possible to
clarify the reason(s) for the leaching of Cu and Zn in the controls, but the concentrations
detected in the initial leaching tests (Table 3) are much lower than concentrations used in the
batch adsorption, batch kinetic and sequential extraction experiments, so leaching from the
materials did not substantially influence the results.
Table 3. Aqueous concentrations of metals (μg/l)) after initial leaching tests.
Material
Cd
Cr
Cu
Ni
Pb
Zn
LTU-TOP
<0.05 1.63
4.64
1.07 1.34 3.76
Hekla
<0.05 <0.5 10.01* 2.44 1.93 15.6*
Hekla-B
<0.05 <0.5 7.68* 1.985 1.34 13.1*
DWA
<0.05 <0.5
<1
<0.5 <0.2
<2
DWA-chalk <0.05 <0.5
<1
<0.5 <0.2
<1
Hasselfors
<0.05 <0.5
4.4
<0.5 0.45 3.19
NC-USA
<0.05 <0.5
1.72
<0.5 0.88
<2
KB-OHIO
<0.05 <0.5
3.27
2.17 <0.1
<2
BN-OHIO
<0.05 <0.5
6.16
4
<0.2
<2
Orbicon
<0.05 <0.5
3.37
0.56 0.24
<2
Control
<0.05 <0.5
1.82
<0.5 <0.2 2.31
Values with < below detection limit. *significantly higher than control (one-way ANOVA with
Tukeys comparison).
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3.3 Batch adsorption experiments
Large variations in metal adsorption between the materials were detected (Figure 2), especially
at the highest metal concentrations. While some materials adsorbed most of the metals, even at
the highest initial concentrations, DWA, NC-USA and LTU-TOP adsorbed Zn, Ni and Cd less
efficiently, especially from the multi-metal solutions.
As shown in Figure 2, amounts of the metals adsorbed generally increased with increases in
initial concentration. While the materials had sufficient adsorption sites to adsorb all/most
metals at the lower initial concentrations, the potential adsorption capacity became increasingly
saturated as initial concentration increased until the amount of metals exceeded the number of
adsorption sites (Meena et al. 2008). Thus, all materials adsorbed essentially all available metals
at the two lowest initial concentrations, whereas differences in adsorption capacity between
materials appeared at the higher initial concentrations. Furthermore, adsorption of Zn, Ni and
Cd from the multi-metal solution were lower at the highest initial concentration than at the
second highest concentration. More Cu and (especially) Zn were generally adsorbed from the
single-metal solutions than from the multi-metal solutions at the three highest initial
concentrations (Figure 2). This was probably, due to a lack of adsorption sites as well as
competition between metals for available adsorption sites. KB-OHIO and BN-OHIO were
consistently amongst the three materials with the highest adsorption capacities, while LTUTOP, DWA and NC-USA were amongst the three with the lowest adsorption capacities.
Furthermore, for the materials LTU-TOP, NC-USA, DWA and Hekla-B in some cases higher
final metal concentrations were recorded at the highest initial concentrations (Figure 2). This
observation was not due to leaching, since these concentrations (Table 3) were far lower than
the increase in metal concentrations observed at these high initial concentrations (1000 mg/L
for Cu, Zn and Ni; 100 mg/L for Cr and Pb; 10 mg/L for Cd). These concentrations exceeded
the metal sorption capacity by far. Thus, the percentage of the metals which was adsorbed by
these materials was rather negligible and consequently initial and final concentrations were
approximately the same. The uncertainty of the analytical method (approximately 20 % at the
highest initial concentrations) involved that in some samples the reported final concentration
was slightly higher than the initial one. Hence, the observed higher final concentrations is most
likely explained by that analytical uncertainty. This is further supported by the fact that the
duplicates did not deviate considerably from each other. Several of the materials included in
this study have been previously tested in pilot and field scale. Although it showed very low
adsorption capacities in the present study (Figure 2), LTU-TOP efficiently removed metals in
pilot-scale bioretention facilities under various ambient conditions (e.g. Blecken et al. 2009;
Blecken et al. 2011; Søberg et al. 2017). DWA-chalk consistently adsorbed more metals than
DWA (Figure 2), in accordance with a previous survey of full-scale bioretention facilities with
these filter materials (Grotehusmann et al. 2016). This also confirmed the importance of adding
chalk for metal adsorption, as recommended in the German guidelines for bioretention (DWA,
2005). In an evaluation of two full-scale bioretention cells at North Carolina State University,
Luell (2011) observed relatively low removal of total Cu (23-43%), dissolved Cu (17-49%),
and total Zn (79%). This is consistent with NC-USA being amongst the three materials with the
lowest adsorption capacities in the present study (Figure 2). The KB-OHIO material removed
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68 and 83% of total Zn and Pb, respectively, in previous field-scale bioretention tests, but
leached Ca, Cu, Fe, Mg and Mn (Winston et al. 2015). In the present study, KB-OHIO showed
excellent adsorption of all tested metals and was consistently amongst the top three materials
(Figure 2). However, it should be noted that Winston et al. (2015) and Luell (2011) focused on
full-scale systems exposed to numerous, uncontrolled factors in contrast to the lab-scale
systems maintained under controlled conditions in the present study. Additionally, field-scale
tests also account for particulate bond metals, unlike the current study. No previous tests of
metal adsorption by Hekla, Hekla-B, Hasselfors or Orbicon have been published, despite their
widespread use in bioretention in Sweden and Denmark.
The isotherm that provided the best fit to the data depended on the metal, type of solution and
filter material. For the two single-metal solutions, the Langmuir isotherms generally provided
the best fit. However, for the single-metal solutions, all isotherms had high (>0.8) R2 values
(Table S1).
The isotherm of best fit for adsorption from the multi-metal solutions depended on the metal.
In these cases: the Langmuir isotherm provided the best fit for Cu, Ni and Pb adsorption; the
Dubinin-Radushkevich isotherm the best fit for Zn and Cd adsorption; and the Temkin isotherm
the best fit for Cr adsorption (Table S1). However, the other isotherms could also be applied for
most of the metals, apart from Cr from multi-metal solutions, albeit while generating somewhat
lower R2 values (Table S1).
These findings illustrate that the complexity of metal adsorption increases with increases in the
number of metals present due to competition between metals for binding sites, so different
metals do not necessarily exhibit the same behavior under identical conditions (Bradl 2004).
This phenomenon is evidenced by the observed lower adsorption of Cu and Zn from multimetal solutions than from single-metal solutions (Figure 2).
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Figure 2. Sorption (mg/g) of metals by the 10 filter materials from single- and multi-metal solutions. Note, the
legend is at the top of the figure, the scale of the y-axes varies, and some values of sorption (y-axis) from multimetal solutions were negative for Znmulti, Nimulti and Cdmulti. CV: coefficient of variance.

The calculated isotherm parameters (Table S1) confirm that LTU-TOP, DWA and NC-USA
consistently adsorbed the lowest quantity of metals. For example, the Langmuir maximum
adsorption capacity constant, the Dubinin-Radushkevich adsorption capacity constant and the
Temkin heat of adsorption constant for adsorption of Cu from single and multi-metal solutions,
Zn from single-metal solutions and Pb from multi-metal solutions were consistently lowest for
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these three filter materials. Accordingly, the Temkin model constant and DubininRadushkevich mean sorption energy were consistently higher in these cases. The relatively poor
performance of LTU-TOP, DWA and NC-USA was also supported by the Temkin isotherm
model constants for adsorption of Cr from the multi-metal solutions (Table S1). However, the
trends were less clear for adsorption of Zn, Ni and Cd from multi-metal solutions, and were
only supported by the Dubinin-Radushkevich model constants, despite the Langmuir isotherm
providing a better fit for adsorption of Ni, and relatively high R2 values for adsorption of Zn
and Cd from the multi-metal solutions.
For some of the filter materials, final concentrations of Zn, Ni and Cd in experiments with the
most concentrated multi-metal solution were higher than the initial concentrations. This
resulted in negative adsorption capacity values, which reduced the Langmuir maximum
adsorption capacities and probably explains the relatively indistinct patterns in adsorption of
Zn, Ni and Cd from multi-metal solutions (Table S1).
With a few exceptions, the calculated isotherm parameters (Table S1) also confirm that KBOHIO and BN-OHIO generally provided the best dissolved metal adsorption. For example, the
Langmuir maximum adsorption capacity constant, Dubinin-Radushkevich adsorption capacity
constant and Temkin heat of adsorption constant were highest for these materials, while the
Temkin model constant and Dubinin-Radushkevich mean sorption energy were lowest (Table
S1).
3.4 Batch adsorption kinetics
The batch adsorption kinetic data fitted the Lagergren Pseudo-second-order kinetic equation
well, with R2 values close to 1 (Table S2). Despite differences between materials, the adsorption
process was relatively fast. Within an hour, most of the materials had adsorbed >90% of the
metals (Figure 3) and half-life times of less than a minute were observed (Table S2).
Adsorption by LTU-TOP, NC-USA and DWA was generally lower and slower than the other
materials (Figure 3). DWA-chalk had a lower initial adsorption rate and longer half-life time
than the remaining six materials (Table S2), but equally high equilibrium adsorbate
concentrations (Figure 3; Table S2). Hekla and Hekla-B had slower and lower adsorption of Cr
from multi-metal solutions (Figure 3), and thus the longest half-life times and lowest
equilibrium adsorbate concentrations for Cr (Table S2).
With typical infiltration rates of <300 mm/h (FAWB 2008; Hunt et al. 2012) contact times for
a 600 mm deep filter are generally at least 2 h, although, in practice, the infiltration rate of
course varies depending on the type of material, filter depth, root macro pores, bioturbation,
and level of clogging. As >90 % of the metals were adsorbed within an hour, actual retention
times in full-scale bioretention should be adequate for high metal removal. It has been
commonly observed that a majority of metal adsorption happens in the upper layers of
bioretention (e.g. Søberg et al., 2009) which would support the assumption of rather quick
adsorption processes. Further, stormwater sediment and thus particulate metals are trapped on
top of the filter which also contributes to the high metal concentrations in this layer.
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Figure 3. Changes in percentages of metals adsorbed from single and multi-metal solutions with time during the
kinetic experiments. Note the different scales on the y-axes. CV: coefficient of variance.

3.5 Sequential extractions
The sequential extractions revealed that in most cases the largest fraction of the metals adsorbed
by all of the materials was fraction I (the exchangeable fraction), followed by the labile organic
forms (II) and amorphous Fe- and Mn-oxides (III) fractions (Figure 4). The high percentages
of potentially leachable fractions imply an obvious risk of adsorbed metals being desorbed by
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changes in the ionic composition of ambient water or development of oxidizing conditions
(Tessier et al. 1979), for instance during extended dry periods (which have been shown to affect
metal removal in bioretention; Blecken et al. 2009) and/or after maintenance (Karlsson et al.
2016). The latter becomes evident considering that metals primarily accumulate in the top 5 cm
of bioretention filter materials (e.g. Søberg et al. 2017).

Figure 4. Metal fractionation as percentages of total extractable metal contents (mg/kg) in indicated fractions of
each material found in the sequential extraction (with total amounts of adsorbed metals in mg/kg).

Generally, the filter materials having high OM contents (Hekla, Hekla-B, Hasselfors and BNOHIO, Table 2) had higher percentages of adsorbed metals in Fraction II (labile organic forms,
Figure 4). Particularly, percentages of adsorbed Cu and Pb in fraction II were relatively high in
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the Hekla (B) and BN-OHIO materials. Hence, the addition of OM in forms of e.g. a top mulch
layer as previously recommended in the USA (Li and Davis, 2008) or compost for the
enhancement of metal removal (Fassman et al. 2013) may not be sustainable for efficient metal
removal on a long-term basis, since these metals are likely to be released to solution as the OM
degrades.
The partitioning of Cr was distinctive, as the percentage adsorbed in the exchangeable fraction
was low in several materials (Figure 4). Moreover, substantial percentages of Cr (but no other
metals) adsorbed by several materials were detected in fractions IV and V. For example, 18%
of Cr adsorbed to fraction V (stable organic forms and sulfides) in Hasselfors and 15% adsorbed
to fraction IV (more crystalline Fe-oxides) in LTU-TOP (Figure 4).
There were no obvious similarities between the six filter materials that adsorbed higher
proportions of Cr in fractions II – V than in fraction I (Table 2). However, Cr(III) is rapidly
adsorbed by soil, specifically by Fe and Mn oxides, having particularly high affinities for Fe
oxides (Bradl 2004). Furthermore, Cr adsorption increases with increases in pH and OM
content, but decreases in the presence of competing cations, including ions of the other five
metals considered here (Bradl 2004). This might at least partly explain why fractionation
patterns of Cr strongly differed from those of the other metals.
3.6 Discussion
Conflicting results have been observed in previous studies regarding removal of dissolved
metals in stormwater bioretention systems. Some have found that dissolved metals are
efficiently retained (e.g. Blecken et al. 2011; Wang et al. 2017), while others have found
substantial leaching (e.g. Muthanna et al. 2007; Hatt et al. 2008; Søberg et al. 2017). Efficient
removal indicates that metals are bound to the filter material in more stable forms than found
in this study or that oxidation of OM did not occur. However, metals in the exchangeable
fraction are likely to be desorbed and potentially re-adsorbed further down in the filter material.
Moreover, the bioretention systems examined in the cited studies (Muthanna et al. 2007; Hatt
et al. 2008; Blecken et al. 2011; Wang et al. 2017; Søberg et al. 2017) were relatively young
(<2 years) and found metals to be adsorbed in the top 5 cm of the filter material. Hence, these
systems were far from saturated with metals. Thus, the zone with higher metal concentrations
might gradually extend downwards in the filter material.
The metal fractionation results from this study indicate that substantial amounts of metals in
filter materials may be in potentially leachable forms. This has clear implications for the
materials’ long-term performance, during and after long dry periods and their disposal after
maintenance (when risks of metal desorption during excavation and movement of excavated
filter material must be considered). Sequential extractions of filter materials from two
approximately four-year-old full-scale bioretention facilities in Washington D.C. and Maryland
(USA) indicated that adsorbed metals were strongly bound to the bioretention filter material
and largely immobile (not in the exchangeable fraction) (Li & Davis 2008; Jones & Davis
2013). However, after extended dry periods (promoting aeration and oxidation of the filter
material) high metal concentrations in bioretention effluent have been detected by Blecken et
al. (2009). This may have been due to metal adsorption in potentially leachable forms, although
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the filter material (similar to LTU-TOP) was not subjected to confirmatory sequential
extraction. In contrast, in a laboratory-scale study of Cd removal by four bioretention filter
materials (fine sand, zeolite, sand and quartz sand) accumulated Cd was detected mainly in the
residual form (Wang et al. 2017). Moreover, another study of metal fractionation in soil
underlying infiltration facilities (i.e. not in engineered bioretention filter material) found that
metal fractionation changed over time; proportions of Cu and Pb in the exchangeable fraction
decreased, while proportions of Zn and Cd increased (Kumar 2016). These partly conflicting
results, in combination with findings of this study and previously reported effects of drying,
clearly show that further analyses of metal fractionation in bioretention filter material are
required. Inter alia, there are needs to evaluate risks posed by remobilization of adsorbed metals
in bioretention filter materials under various ambient conditions, and with different filter
material compositions (e.g. contents of compost, biochar and similar organic substances which
may degrade over time, Fassman et al. 2013).
Both chemisorption and physisorption of metals release heat, but the amounts of heat released
differ substantially, in ranges of ca. 80-400 KJ/mol and 5-45 KJ/mol, respectively (Bolis 2013).
The Temkin isotherm heat of adsorption constants and Dubinin-Radushkevich mean sorption
energies obtained in this study were <1.2 and <5.1 KJ/mol, respectively (Table S1), indicative
of physical sorption processes. The Langmuir separation factors (Table S1) also indicate that
the adsorption processes were favorable, but not irreversible (0<RL<1), and thus largely
physical. In physical adsorption, the bonds are relatively weak and easily break (Bolis 2013).
Further, the metals may be adsorbed in several layers of molecules, and easily desorbed by
changes in temperature or other ambient water variables (Bolis 2013). These observations are
consistent with findings in the present study that most of the adsorbed metals were in the
exchangeable (I), labile organic (II), and amorphous Fe- and Mn-oxides (III) fractions (Figure
4), where metals are easily desorbed by changes in ambient water ionic composition and under
oxidizing conditions (Tessier et al. 1979).
Chalk (calcium carbonate) contents of soils have been associated with metal fixation, and are
considered important for metal adsorption and hence their soluble concentrations (Alloway et
al. 1988). Its addition seemed to enhance metal adsorption since DWA-chalk consistently
adsorbed higher amounts of the metals than DWA (Figure 1). The relatively low SSA, low OM
content, high D50 and high coefficient of uniformity (Table 2) of DWA-chalk are not favorable
characteristics for metal adsorption. Hence, its high pH (due to the chalk additive) is presumably
the main characteristic that favors metal adsorption.
In recent years biochar has received considerable attention as a soil additive for heavy metal
adsorption in stormwater treatment systems because it has various metal ion-binding functional
groups and increases SSA due to its high porosity (Mohanty et al. 2018). However, no
significant difference (p = 0.872 for a two-sample T-test at 95 % CI) in metal adsorption were
observed between Hekla and Hekla-B, which are identical except for the presence and absence
of biochar (Figures 2 and 3). Further, adsorption parameters of both Hasselfors and Hekla-B
(the materials containing biochar) were moderate and did not substantially differ from those of
the other materials (Figures 2 and 3). Accordingly, a recent review of the utility of biochar as
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an additive in stormwater treatment systems concluded that it has varying capacity to remove
metals (Mohanty et al. 2018). Results herein would not support its use for metal removal.
The materials with the highest metal adsorption (KB-OHIO, BN-OHIO and Orbicon) all have
relatively high pH and SSA, low to medium OM contents, and are classified as sand with
relatively uniform grainsize (Table 2). Conversely, DWA, LTU-TOP and NC-USA, the
materials with the lowest metal adsorption, have markedly lower pH than the other materials,
small SSA and low OM contents (Table 2). Hence, filter materials with a naturally high pH,
low to medium OM contents, large SSA and uniform particles in the sand range seem optimal
for retaining dissolved metals in stormwater bioretention systems.
The Hasselfors material is coarser than the other materials (being based on gravel rather than
sand; Figure 1, Table 2). Thus, it is likely to provide shorter retention times than the other
materials, and its metal adsorption rates may be lower than those observed in this study in
pratice. In contrast, the Orbicon material has much smaller particles than the other materials
(Figure 1, Table 2), which might pose risks for clogging and thus overflow or bypass. A major
challenge when selecting bioretention filter materials is balancing high infiltration rates (but
lower adsorption and contact time) offered by coarse materials, and potentially higher
adsorption and longer contact time (but higher overflow) offered by finer materials.
Previous studies have found that percentages of most metals in exchangeable fractions of
stormwater sediments (pond sediments, gully pot sediments, road dust etc.) are low or nondetectable (Marsalek & Marsalek 1997; Karlsson et al. 2016; Jayarathne et al. 2017). However,
Jayarathne et al. (2017) found approximately 50% of adsorbed Zn and Cd in the exchangeable
fraction. Furthermore, Li and Davis (2008) found a close relationship between capture of metals
and runoff particles. Hence, the sediment trapped by stormwater bioretention systems will affect
the metal fractionation as well as the filter material.
Results of this study show that filter materials for stormwater bioretention have numerous
differences and complex, sometimes conflicting characteristics, all of which may affect metal
treatment. Hence, identifying the optimal mixture is challenging, especially as other objectives
(e.g. supporting plants, treatment of other pollutants, and low cost) must also be met.
4. CONCLUSION
All the tested materials adsorbed metals, although as metal concentrations increased and metal
solutions became more complex the adsorption of some metals decreased. Furthermore,
adsorption was generally fast and within an hour more than 90% of most metals was adsorbed.
The material that performed best depended on both the metal and solution (single- or multimetal). However, filter materials with a naturally high pH, relatively low to moderate OM
content, large SSA and uniform sand-sized particles (e.g. KB-OHIO, BN-OHIO and Orbicon)
generally seems to be good choices for removing dissolved metals. Addition of chalk may also
help to improve metal adsorption by increasing the filter material’s pH, while biochar addition
seems to have no direct impact, despite increasing materials’ SSA and OM contents. Moreover,
adding it may be undesirable due to its degradation over time. High percentages of the adsorbed
metals were found in the potentially leachable fractions, with obvious implications for long19

term performance of the materials, their functionality under varying conditions and the
maintenance of bioretention facilities. However, given the inconsistency of research findings,
further research is needed, including evaluations of existing full-scale systems.
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a b s t r a c t
The impact of drying and temperature on the reduction of Escherichia coli, Enterococcus faecalis and
Pseudomonas aeruginosa in stormwater bioretention systems with and without a submerged zone was
assessed using 16 pilot-scale bioretention columns under controlled laboratory conditions. The experimental design enabled analysis of possible interactions between the factors. First outﬂow and eventbased samples were collected. Outﬂow concentrations were independent of inﬂow concentrations and
hence controlled by internal processes. Overall TSS removal was high but sensitive to bacterial synthesis.
Event-based samples had signiﬁcantly higher bacteria concentrations than ﬁrst outﬂow samples, suggesting that remaining/surviving bacteria in the bioretention cells have little effect on initial peak outﬂow
concentrations. The effect of temperature varied between bacterial species and sample types. Long dry
periods seemed beneﬁcial for bacteria reduction, but outﬂow bacteria concentrations peaked during
the second watering after long dry periods. Submerged zones signiﬁcantly reduced bacteria outﬂow concentrations. However, sudden temperature increases caused bioretention cells with a submerged zone to
produce signiﬁcantly higher bacteria outﬂow concentrations than before the temperature increase, which
was not the case for standard cells. Bioretention cells with submerged zones may thus be poor choices for
reducing bacterial concentrations in stormwater runoff in areas experiencing winter conditions. Finally,
our results suggest that adsorption (e.g. further enhanced by bioﬁlm formation) is the major mechanism
governing bacteria reduction in bioretention systems.
Ó 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Pathogens are found in urban stormwater runoff in all climates
and geographical locations, and both snow and sediment are considered non-point sources of microbial pollution in urban
stormwater runoff (Makepeace et al., 1995). Microorganism concentrations exhibit signiﬁcant seasonal variation and are usually
lowest during winter (Selvakumar and Borst, 2006). However,
most microorganisms can adapt to temperature changes and/or
enter dormancy to overcome unfavorable environmental conditions (Jones and Lennon, 2010).
Pathogenic bacteria transported in urban stormwater runoff can
be hazardous to human health if stormwater is discharged into
recreational waters and/or water bodies used for drinking water supply, or encounters shellﬁsh beds (Strassler et al., 1999, Kloss, 2008).
Epidemiological studies have linked waterborne illnesses to recreational waters receiving urban stormwater runoff (Haile et al., 1999).
⇑ Corresponding author.
E-mail address: laila.soeberg@ltu.se (L.C. Søberg).

These issues make it desirable to remove bacteria from urban
stormwater runoff. One technology for this purpose is stormwater
bioretention, which provides stormwater quality control by
exploiting the chemical, biological, and physical properties of
plants, microbes and ﬁlter materials. Reductions in bacterial
concentrations achieved in ﬁeld-scale bioretention facilities vary
between facilities, designs, and bacterial species. Most studies in
this area have focused on fecal coliforms and/or E. coli, for which
the reported log reductions range from 1.26 to 1.44 (Passeport
et al., 2009; Zhang et al., 2012), and 1.48 and 2.14
(Chandrasena et al., 2016; Hathaway et al., 2011; Zhang et al.,
2012), respectively. Laboratory- and pilot-scale studies have also
yielded highly variable E. coli log reductions, ranging from 1.91
to 4.32 (Chandrasena et al., 2012; Chandrasena et al., 2014; Kim
et al., 2012; Li et al., 2012; Zhang et al., 2011). Additionally, Li
and Davis (2009) observed differing median event mean concentration (EMC) reductions for E. coli (0.01 and 1.06) and fecal
coliforms (0.32 and 0.6) in two different bioretention cells.
Fewer studies have examined other bacterial species; average
log reductions of 0.003 and 0.98 were reported for enterococci

https://doi.org/10.1016/j.hydroa.2019.100025
2589-9155/Ó 2019 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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in two bioretention cells (Hathaway et al., 2011), and log
reductions of 0.88 and 0.98 were measured for campylobacter at
two facilities (Chandrasena et al., 2016). Another study reported
highly efﬁcient removal (in excess of 3 log) of C. perfringens and
F-RNA coliphages (Li et al., 2012).
Various factors and design modiﬁcations have been shown to
affect bacteria removal in bioretention. One such modiﬁcation
(originally developed to promote nitrogen removal) is the inclusion of a submerged zone with a cellulose-based carbon source
(SZC) in the lower part of the ﬁlter (Kim et al., 2003)). The SZC
has a signiﬁcantly beneﬁcial effect on E. coli reduction
(Chandrasena et al., 2014; Li et al., 2012), and vegetation plays
an important role in reducing bacterial loads by bioretention
(Chandrasena et al., 2014; Kim et al., 2012). Overall bacteria
(E. coli) reduction improves as bioretention systems age
(Chandrasena et al., 2014; Zhang et al., 2011), and Chandrasena
et al. (2014) and Li et al. (2012) showed that antecedent drying
for up to 2.5 weeks decreased E. coli reduction signiﬁcantly. However, there is no consensus regarding possible dependency of bacteria reduction on inﬂow concentrations (Chandrasena et al., 2012;
Li et al., 2012). Finally, a low temperature (5 °C) favored the survival of E. coli, so bacterial survival can be expected to increase
with decreasing temperature (Zhang et al., 2012).
Most of the above-mentioned studies focused on the commonly
used indicator bacterium E. coli. Efforts to evaluate the presence of
harmful pathogens in stormwater runoff commonly use E. coli and
E. faecalis as indicator bacteria (Strassler et al., 1999). Consequently, these species were also examined in this work. However,
stormwater sometimes has high concentrations of bacteria and
other pathogenic microorganisms of non-human and non-enteric
origin, so measurements of fecal indicator species alone may be
insufﬁcient for accurate assessments of health risks (O’shea and
Field, 1992). Furthermore, the shape (Stevik et al., 2004) and/or
motility (Vater et al., 2014) of bacteria may affect their reduction.
A non-enteric bacterium was therefore included in our assessments; based on a thorough examination of the literature, P. aeruginosa was selected.
P. aeruginosa is an opportunistic non-enteric pathogen that can
survive for several days in water with no/low nutrient content
(Makepeace et al., 1995). It is ubiquitous in water systems (Lutz
and Lee, 2011) and is commonly associated with human illness
(Mena and Gerba, 2009). Among other things, it is the primary cause
of ear infections in swimmers (otitis externa) (Lutz and Lee, 2011)
and a well-established cause of ear and/or skin infections in healthy
non-compromised hosts (Mena and Gerba, 2009). Urban run-off is
thought to be a source of P. aeruginosa (Mena and Gerba, 2009),
and some consider its presence to be an indicator of contamination
from surface runoff (Warburton et al., 1994).
Despite a growing number of studies on the performance of
bioretention systems, microbial dynamics in bioretention cells
are poorly understood (Chandrasena et al. 2017). Many studies
on the environmental conditions and design parameters affecting
bacteria reduction in such systems (see above) have examined
individual factors in isolation; only a few studies have evaluated
the combined effects and interactions of multiple (two) factors
(e.g. Chandrasena et al., 2014; Li et al., 2012). To our knowledge,
the effect of seasonal variation in temperature in relation to the
presence of a SZC and intermittent dry periods has not been systematically evaluated under controlled conditions.
Therefore, the objective of this study was to examine the effects
of environmental conditions (antecedent drying and temperature),
bioretention system design (SZC), and their potential interactions
on indicator bacteria reduction. To this end, the reduction of
E. coli, E. faecalis and P. aeruginosa in pilot-scale bioretention columns (BRCs) with and without submerged zones was studied
under controlled laboratory conditions at two different tempera-

tures (2 and 25 °C) with dry periods of 2–37 days. This was followed by a study on the effect of a temperature increase from 2
to 25 °C on bacteria reduction. To characterize the effects of these
variables in the BRCs between inﬂow events, two subsamples were
collected during each event: the ﬁrst liter of outﬂow (the ﬁrst outﬂow sample), and 1 L of the remaining outﬂow (the event-based
sample). Three bacterial species (E. coli, E. faecalis and P. aeruginosa)
were examined to gain a broader perspective than would be
obtained by focusing solely on E. coli.
2. Methods
2.1. Experimental set-up
Sixteen pilot-scale BRCs, constructed from PVC pipes (diameter:
380 mm, height: 900 mm) with sandblasted inner walls to prevent
preferential ﬂow were used in the experiments. The columns had a
ponding zone made of transparent plexiglas (height: 400 mm) to
provide light for plant growth. The ﬁlter material consisted of four
layers:
 Top ﬁlter layer (height: 400 mm): 5:5:5:2:3 mixture of 0.2–
0.5 mm dried sand, 0.5–1.0 mm dried sand, 1.0–2.0 mm dried
sand, 2.0–4.0 mm dried sand, and topsoil. (D50 = 0.96 mm; coefﬁcient of uniformity Cu = 3.5 mm; coefﬁcient of curvature
Cc = 0.91; soil organic matter content SOM = 13.1 g OM/kg DM).
 Bottom ﬁlter layer (height: 400 mm): 0.2–0.5 mm dried sand
 Transition layer (height: 30 mm): 1.0–2.0 mm dried sand
 Drainage layer (height: 70 mm): 2.0–4.0 mm dried sand
Eight of the BRCs were equipped with a 450 mm SZC containing
800 g of a cellulose-based carbon source (pine and spruce wood
shavings) mixed randomly into the bottom layer, corresponding
to a soil organic matter content of 1%. The BRC design is summarized in Fig. S1.
Each BRC was planted with nine native wet/drought tolerant
plants (82 plants/m2) adapted to Nordic climates; three plants each
of Juncus conglomeratus, Phalaris arundinacea and Carex panacea.
After planting, the columns were stored outside and watered twice
weekly with unchlorinated tap water for three months. Half of the
columns of each type were then placed in an indoor greenhouse,
and the other half were placed in a refrigerated container. Both
environments had near-constant air temperatures (25.1 ± 0.3 °C
and 1.5 ± 0.3 °C, Ebro EBI310 temperature logger). To ensure continuous plant growth after the columns were moved inside, they
were illuminated with high-pressure sodium greenhouse lamps
(G-power Agro, 400 W, 55,000 Lm) for 12 h daily. The columns
were watered with unchlorinated tap water for another three
months before stormwater dosing started.
2.2. Experimental procedures
The experiment was divided into two parts with durations of
120 and 22 days (Fig. 1). Part 1 consisted of wet periods where
the BRCs were watered twice weekly with 15 L of semi-synthetic
stormwater and three dry periods of 6, 17, and 37 days. Outﬂow
water was sampled before a dry period and on the ﬁrst and second
waterings after a dry period. Part 2 was only performed using the
BRCs in the refrigerated container. After sampling run 9, the temperature in the container was increased from 1.5C to 25.3C
(±0.4 °C) and allowed to adjust for a week. During this period,
the BRCs were continuously watered with 15 L of semi-synthetic
stormwater twice weekly and outﬂow samples were collected on
days 128, 135, and 142. Fig. 1 illustrates the experimental
schedule.
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Fig. 1. Overview of the experimental schedule. Note that the length of the bars does not reﬂect the duration of the corresponding experimental periods.

2.3. Stormwater preparation
Semi-synthetic stormwater was prepared 24 h before each dosing by adding 200 mg/L natural stormwater sediment (originating
from a stormwater gully pot) to 190 L of tap water. To ensure
homogeneity, the water was continuously mixed. Nonpathogenic
strains of E. coli (Culti-LoopsTM Escherichia coli ATCCÒ 11775TM,
Thermo Scientiﬁc), E. faecalis (Culti-LoopsTM Enterococcus faecaslis
ATCCÒ 29212TM, Thermo Scientiﬁc) and P. aeruginosa (CultiLoopsTM Pseudomonas aeruginosa ATCCÒ 10145TM, Thermo Scientiﬁc)
were cultivated in trypton soya broth (TSB, OXOID TV 5002E, LOT
1429272) at 37 °C for 24 h, then 5 mL of each bacterial suspension
was added to the stormwater 30 min before dosing. The stormwater inﬂow characteristics are summarized in Table 1.

2.4. Sampling
At each dosing event, a grab sample of one liter of inﬂow was
collected in sterile PE bottles at each temperature immediately
before watering began. The ﬁrst liter of outﬂow (subsequently
referred to as ﬁrst outﬂow) was collected in a sterile 1 L PE bottle.
Allmost all of the subsequent outﬂow was collected in sterile 20 L
PE buckets (washed in 100% ethanol immediately before watering).
The columns were allowed to drain for approximately three hours

so that only a minor proportion of the inﬂow water was retained in
the columns. A 1 L sub-sample of this collected outﬂow was then
collected in a sterile PE bottle (These subsamples are henceforth
referred to as event-based samples) while stirring the collected
water. Samples were transported directly to a refrigerator (4–
6 °C) and stored until analysis, which was performed within two
hours of sample collection. Samples were removed from the refrigerator one at a time.

2.5. Analytical methods
All samples were analyzed for TSS, pH, E. coli, E. faecalis, and P.
aeruginosa. TSS was determined by ﬁltration through Whatman GF/
A 1.6 mm pore size glass microﬁbre ﬁlters (SS-EN 872:2005) in one
replicate. pH was measured with a ﬁeld pH-meter (pH330, WTW
GmbH, Weilheim, Germany). E. coli, E. faecalis, and P. aeruginosa
were enumerated using Colilert, Enterolert*-E, and Pseudalert* Test
Kits, respectively, and quantiﬁed using Quanti-Tray*/2000 (IDEXX
Europe B.V., Netherlands). Sample dilutions were performed when
needed to adequately quantify bacteria concentrations. The detection limits for all three methods are 1 cfu per 100 mL sample
within 24 h. Blank tests using Colilert, the Enterolert*-E test kit,
and the Pseudalert* Test Kit showed an absence of analyzed
parameters.

Table 1
Inﬂow characteristics for pH, TSS and bacteria. CV: coefﬁcient of variance.
Parameter

Temp. °C

Mean

CV (%)

Median

Min

Max

E. coli (MPN/100 mL)a

1.5 ± 0.3
25.1 ± 0.3
1.5 ± 0.3
25.1 ± 0.3
1.5 ± 0.3
25.1 ± 0.3
1.5 ± 0.3
25.1 ± 0.3
1.5 ± 0.3
25.1 ± 0.3

1.87x106
2.94x106
1.11x106
1.26x106
7.65x105
1.54x106
7.43
7.43
195.5
175.3

7.38
2.53
2.45
1.93
98.4*
8.46
1.71
1.62
26.2
24.4

2.21x106
3.08x106
1.22x106
1.29x106
1.06x106
1.78x106
7.45
7.41
192.8
170.8

4.06x105
1.11x106
4.88x105
8.13x105
2x104
1.81x105
7.22
7.18
84.7
85.2

5.42x106
4.88x106
1.79x106
1.73x106
2.1x106
3.87x106
7.66
7.69
337.9
302.2

E. faecalis (MPN/100 mL)a
P. aeruginosa (MPN/100 mL)a
pHb
TSS (mg L1)b
a
b
*

Geometric mean and geometric coefﬁcient of variance;
Arithmetic mean and arithmetic coefﬁcient of variance.
Due to two extreme outliers; without these, CV = 3.1%.
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2.6. Data analysis

3. Results and discussion

Bacteria concentrations below the detection limit (which
occurred in 1 event-based sample for E. faecalis, 19 ﬁrst outﬂow
samples for P. aeruginosa, and 8 event-based samples for P. aeruginosa), were recorded as half of the detection limit. Bacteria concentrations too numerous to count (which occurred in 11 ﬁrst
outﬂow and 13 event-based samples for E. coli, 1 ﬁrst outﬂow sample for P. aeruginosa; and 2 event-based samples for P. aeruginosa)
were excluded from subsequent analyses. For TSS analysis, a
500 mL subsample was ﬁltered (1.6 mm), giving a detection limit
of 4 mg/L. All TSS results <4 mg/L (129 samples) were recorded
as half of the detection limit. The total number of samples per pollutant was 168.
The normality of the data was tested by performing an Individual Distribution Identiﬁcation (Anderson-Darling test and Goodness of Fit test). Inﬂow series and outﬂow pH were found to be
normally distributed. Bacteria and TSS outﬂow concentrations
were non-normally distributed. Hence, non-parametric tests were
used for comparisons involving non-normally distributed datasets.
Average bacteria concentrations are reported as geometric
means and are plotted as logarithmic (log10) values or with logarithmic y-axes due to the large numbers involved. Reductions are
expressed as log10 reduction values (LRV), i.e. log10 (ﬁnal concentration/initial concentration).
To account for the standing water in BRCs having a SZC (estimated to be approximately 20 L based on a ﬁlter material porosity
of 0.4), and assuming plug ﬂow, log10 reduction values were calculated using inﬂow values from the previous watering for columns
with a SZC and inﬂow values from the same day for columns with
no SZC.
One-way ANOVA followed by Tukey’s test was used to determine whether the inﬂow concentrations differed between the
two studied temperatures (1.5 °C and 25.1 °C). The inﬂow pH and
outﬂow pH at the two temperatures were compared using paired
t-tests. Spearman’s Rank correlation tests were performed to evaluate correlations between TSS and bacteria levels in the inﬂow and
outﬂow, and between TSS removal and bacterial LRVs. This test
was also used to evaluate correlations between inﬂow and outﬂow
concentrations, and between outﬂow concentrations of different
species. Pearsońs correlation test was used to evaluate correlations
between bacterial log10 reductions for ﬁrst outﬂow and eventbased samples. Since no correlation was found between in- and
outﬂow concentrations, these were compared using Mood’s Median test despite the lack of independence.
First outﬂow and event-based concentrations for individual
bacterial species were compared using the Wilcoxon Signed-Rank
test. Paired t-tests were performed to determine whether log10
reductions differed between ﬁrst outﬂow and event-based samples. Log10 reductions for BRCs with and without a SZC at 25.1 °C
and 1.5 °C (neglecting antecedent drying) were compared using
one-way ANOVAs followed by Tukey’s test.
General linear models (GLM) were run to examine the main
effects of varying temperature, BRC designs with and without a
SZC, varying lengths of antecedent dry days, and their interactions,
on both outﬂow concentrations and log10 reductions. Main effect
plots and interaction plots (see Supporting information) were created to illustrate the observed effects and interactions of the GLM.
Because of their non-normal distributions, outﬂow concentrations
were box-cox transformed prior to analysis.
The Kruskal-Wallis test was used to determine whether outﬂow
concentrations before the temperature increase differed from
those afterwards. If a signiﬁcant difference was found, a MannWhitney test was performed. For all statistical tests, signiﬁcance
was accepted at an a-level of 0.05.

3.1. Inﬂow and outﬂow characteristics
E. coli inﬂow concentrations were signiﬁcantly higher than E.
faecalis and P. aeruginosa inﬂow concentrations at both temperatures, and the inﬂow concentrations of the latter two species did
not differ signiﬁcantly at either temperature (Table 1). Additionally, the inﬂow concentrations of both E. faecalis and P. aeruginosa
differed signiﬁcantly between the two temperatures. This indicates
that E. faecalis and P. aeruginosa are more sensitive to temperature
than E. coli. Differences in inﬂow concentrations between species
were expected due to their different living conditions and nutritional demands as well as interspecies competition.
No correlations (Spearman’s Rank) between in- and outﬂow
concentrations were found for any bacterial species in either ﬁrst
outﬂow or event-based samples (separate tests were performed
for non-SZC and SZC columns). The variation in the outﬂow concentrations was thus attributable to the studied factors rather than
the relatively constant inﬂow concentrations. Previous (ﬁeld) studies (Chandrasena et al., 2016; Li et al., 2012) found positive correlations between in- and outﬂow bacteria concentrations, indicating
that the studied bioretention systems had only limited capacities
for bacterial retention. This was attributed to the pronounced variation in the composition of real inﬂowing stormwater.
All inﬂow concentrations and pH values were signiﬁcantly
higher (Mood’s Median test) than the corresponding outﬂow concentrations and pH values. Additionally, event-based samples had
signiﬁcantly higher concentrations of all three bacterial species
than ﬁrst outﬂow samples (Wilcoxon Signed-Rank test; Fig. 4),
indicating that bacterial outﬂow concentrations do not peak during
the ﬁrst outﬂow. This resulted in signiﬁcant LRV differences, with
the LRVs of ﬁrst outﬂow samples generally being higher than those
of event-based samples (Fig. 3). This difference shows that relatively large variations can occur during single outﬂow events,
which are not fully captured by simply evaluating event mean concentrations. The latter further suggests that remaining/surviving
bacteria in bioretention systems should not cause problematic initial peak outﬂow concentrations.
Furthermore, TSS did not correlate with the concentrations of
any bacterial species in the inﬂow or outﬂow. This was expected
since previous studies found the majority of E. coli cells to exist
in free suspension (Fries et al., 2006; Chandrasena et al., 2012),
and other studies found poor or no correlations between indicator
bacteria concentrations and TSS in urban stormwater runoff
(McCarthy et al., 2012; Galﬁ et al., 2016).
Bacterial survival is sensitive to pH (Madigan et al., 1997).
Extremely low or high pH conditions may strongly inactivate
microbes, but die-off rates are low at neutral pH (Madigan et al.,
1997). Although the pH was signiﬁcantly lower in the outﬂow than
the inﬂow at both temperatures, pH did not affect the observed
BRC bacteria reductions because both the inﬂow pH (7.18–7.39,
independently of temperature) and outﬂow pH (6.13–7.39, independently of temperature and BRC design) were within the neutral
range. The latter result is consistent with an earlier study (Jewett
et al., 1995) that found bacterial transport to be pH-independent
at pH values between 5.5 and 7.0.

3.2. Total suspended solids
TSS removal was always above 95% for BRCs with no SZC and
columns with a SZC at 1.5 °C (Fig. 3). However, at 25.1 °C, BRCs
with a SZC had poor removal (Fig. 3) resulting in signiﬁcantly elevated TSS outﬂow concentrations (Fig. 2). This may be because the
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Fig. 2. Boxplots of bacteria and TSS outﬂow concentrations. Light and dark grey bars show results for ﬁrst outﬂow and event-based samples, respectively. For bacteria plots,
solid and dashed horizontal lines indicate the geometric average inﬂow values at 1.5 °C and 25.1 °C, respectively. ADD: antecedent dry days, T.: temperature (°C), SZC: N is
without and Y is with. The arithmetic average TSS inﬂow values were 195.5 mg/L and 175.3 mg/L at 1.5 °C and 25.1 °C, respectively.
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Fig. 3. Boxplots of log10 reductions for bacteria and removal percentages for TSS. First outﬂow: light grey, event-based: dark grey. ADD: antecedent dry days, T.: temperature
(°C), SZC: N is without and Y is with SZC.
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Fig. 4. Geometric mean outﬂow concentrations of bacteria over time. To enhance the diagrams’ readability, results for ﬁrst outﬂow and event-based samples are staggered by
minus half a day and plus half a day, respectively, on the x-axis. The y-scale is logarithmic. Black: event-based samples; grey: ﬁrst outﬂow samples; positive error bars:
maximum outﬂow concentrations; negative error bars: minimum outﬂow concentrations; grey shadings: dry periods (6, 17 and 37 antecedent dry days); dashed dark grey
vertical line (day 122): sudden temperature increase from 1.5 °C to 25.3 °C. Note the different scales on the y-axes.

measured TSS is excreted alginate (a reddish-brown powder) produced by P. aeruginosa to protect itself from adverse surroundings
and enhance adhesion to solid surfaces (Boyd and Chakrabarty,
1995). This hypothesis is supported by the brownish-red coloration
of the TSS obtained from BRCs with a SZC at 25.1 °C and the significant effect of the Temp  SZC interaction (Table 2, S1). No such
effect of the presence of SZC on TSS removal was observed in earlier studies on stormwater bioretention that did not include P.
aeruginosa (e.g. Blecken et al., 2009a, b; Søberg et al., 2017). Similarly, no effect of the presence of a SZC on TSS removal was
observed at 1.5 °C, probably because (micro-)biological processes
are retarded at lower temperatures and so the outﬂow was free
of alginate.
3.3. Escherichia coli
Independently of the studied factors and design conﬁguration,
the LRV for E. coli ranged from 1.33 to 6.66 and 0.2 to 4.32 for ﬁrst
outﬂow and event-based samples, respectively (Fig. 3), with arithmetic means of 2.98 and 1.59.
The average event-based LRVs for BRCs with no SZC (0.73 and
0.99 at 1.5 and 25.1 °C, respectively, for all lengths of antecedent
dry days) agreed well with previously reported average LRVs for
BRCs with no SZC (e.g., Chandrasena et al., 2014; Kim et al.,
2012). Likewise, the event-based LRVs for BRCs with a SZC (2.63
and 2.05 at 1.5 and 25.1 °C, respectively) were similar to previously
reported values for such systems (Chandrasena et al., 2014; Li

et al., 2012). Conversely, Chandrasena et al. (2016) reported a
LRV of 1.23 for a ﬁeld-scale bioretention facility with a 200 mm
deep SZC. This may have been due to challenging operational conditions at that speciﬁc facility.
First outﬂow samples had signiﬁcantly higher average LRVs
(2.45 and 3.04 with no SZC, and 2.98 and 3.43 with a SZC at 1.5
and 25.1 °C, respectively) than event-based samples, so their LRVs
were higher than those reported previously for bioretention systems, independently of their design (e.g. Chandrasena et al.,
2016; Hathaway et al., 2011; Kim et al., 2012). However, previous
studies did not measure ﬁrst outﬂow separately, making direct
comparisons impossible.
The SZC, temperature, and length of prior drying had signiﬁcant
effects on E. coli reduction in the BRCs (Table 2, S1). The inclusion
of a SZC was beneﬁcial for E. coli reduction (Table 2, S1). The latter
has been shown previously (Chandrasena et al., 2014; Li et al.,
2012). Increasing the number of antecedent dry days reduced
E. coli outﬂow concentrations signiﬁcantly (Table 2, S1), so longer
dry periods signiﬁcantly increased LRVs (Table 2, S1). Conversely,
Chandrasena et al. (2014) and Li et al. (2012) found that antecedent
dry days had a signiﬁcant negative effect on E. coli reduction. However, the drying periods they examined did not exceed 2.5 weeks.
Zhang et al. (2011) examined the long-term performance of bacteria removal in BRCs incorporating some drying in the experimental
setup. Their columns were watered once every second week for
18 months, resulting in antecedent drying periods of 13 days.
However, because of the constant dry period duration, drying
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was not incorporated as a factor in their experiment. Temperature
had opposite effects on E. coli outﬂow concentrations for eventbased samples and ﬁrst outﬂow samples (Table 2, S1). For ﬁrst outﬂow samples E. coli concentrations were signiﬁcantly lower (so the
corresponding LRVs were higher) at the warmer temperature
whereas the opposite applied for event-based samples (Table 2,
S1). E. coli is an intestinal bacterium, so its optimum growth temperature is 37 °C. Its growth rate increases with temperature from
21 to 37 °C but declines outside this range (Neidhardt, 1996). E. coli
growth was therefore expected to be higher at 25.1 °C than at
1.5 °C (leading to higher outﬂow concentrations and lower LRVs
at the higher temperature), which was also the case for eventbased samples, whereas the opposite was observed for ﬁrst outﬂow samples. Zhang et al. (2012) found temperature to have no
signiﬁcant inﬂuence on E. coli transport and capture in conventional bioretention media but concluded that bacterial survival
could be expected to increase with decreasing temperature. This
may be why the outﬂow concentrations in ﬁrst outﬂow samples
at 1.5 °C were higher than at 25.1 °C: more bacterial cells survived
at the lower temperature, and when the BRCs were re-watered,
these surviving bacterial cells were rapidly transported out of the
BRC.
The Temp  SZC interaction signiﬁcantly affected outﬂow concentrations and event-based LRVs (Table 2). Interaction plots
(Fig. S2A,B) revealed that the differences in outﬂow concentrations
and event-based LRVs between BRCs with and without a SZC were
smallest at 25.1 °C. For BRCs with a SZC at 1.5 °C, event-based samples had lower outﬂow concentrations and higher LRVs than ﬁrst
outﬂow samples. Conversely, for BRCs with a SZC at 25.1 °C, ﬁrst
outﬂow samples had lower outﬂow concentrations than eventbased samples. The beneﬁcial effect of a SZC is thus more pronounced at 1.5 °C. Furthermore, a SZC evens out variation in outﬂow concentrations and LRVs resulting from different lengths of
antecedent dry days, and signiﬁcantly increases LRVs in cases with
long antecedent dry periods (Table 2, S1).
The temperature increase from 1.5 °C to 25.3 °C (implemented
in the second part of the experiment) was expected to increase
E. coli outﬂow concentrations, as discussed previously. As expected,
the outﬂow concentrations from BRCs with a SZC were signiﬁcantly higher after the temperature increase than before (Table 3,
Fig. 4). However, no signiﬁcant effect was observed for BRCs without a SZC (Table 3, Fig. 4). This may be because BRCs with a SZC
offer more favorable conditions for bacteria due to permanent
water availability, and low temperatures promote bacterial dormancy. Then, when the temperature increases and conditions
become more supportive of bacterial growth, the E. coli concentration increases rapidly, leading to increased outﬂow concentrations.

3.4. Enterococcus faecalis
Independently of the studied factors and BRC design conﬁguration, the LRVs for E. faecalis ranged from 1.49 to 5.77 and 0.02–6.47
for ﬁrst outﬂow and event-based samples, respectively, with arithmetic means of 3.38 and 1.91 (Fig. 3).
The reduction of E. faecalis in stormwater bioretention systems
has not previously been examined. However, Hathaway et al.
(2011) measured the reduction of enterococci from natural
stormwater in two ﬁeld-scale bioretention facilities during different seasons and reported average LRVs of 0.003 for a shallow
bioretention system (25 cm ﬁlter depth) and 0.98 for a deeper
facility (60 cm ﬁlter depth). Since E. faecalis belongs to the genus
enterococci and resembles other members of the genus in terms
of morphology and nutritional requirements, comparable reductions were expected in this study. The average LRV of E. faecalis
for BRCs without a SZC at 25.1 °C (when not considering temperature and antecedent dry days) was 1.16. This value is comparable
to that reported by Hathaway et al. (2011) for a deep system that
resembles our columns (shallower systems performed worse).
Kadam et al. (2008) obtained LRVs of 2.11, 1.22, and 2.44 for the
reduction of E. faecalis from municipal wastewater in three 70 cm
deep soil ﬁlters. Despite differences in design and inﬂow water
composition between the studied systems, these results are comparable to those obtained for event-based samples in this work.
BRCs with a SZC had signiﬁcantly lower E. faecalis outﬂow concentrations (and thus higher LRVs) than those without a SZC
(Table 2, S1). Long drying periods had similar effects (Table 2,
S1). As for E. coli, temperature had opposite effects on E. faecalis
outﬂow concentrations for event-based samples and ﬁrst outﬂow
samples (Table 2, S1). For ﬁrst outﬂow samples E. faecalis concentrations were signiﬁcantly lower (so the corresponding LRVs were
higher) at the warmer temperature whereas the opposite applied
for event-based samples (Table 2, S1). E. faecalis outﬂow concentrations was expected to be higher at high temperature, as was the
case for event-based samples, since E. faecalis grows very slowly
at 7 °C and grows optimally at 37 °C (García de Fernando et al.,
1991); 1.5 °C is on the low end of its temperature growth range,
and permits only minimal growth. The observed higher outﬂow
concentrations of E. faecalis at low temperature for ﬁrst outﬂow
samples, is probably explained by the same reasons as previously
discussed for E. coli.
The Temp  SZC interaction had a signiﬁcant effect on E. faecalis
outﬂow concentrations and LRVs for both ﬁrst outﬂow and eventbased samples (Table 2, S1). Interaction plots (Figure S3A,B)
revealed that the differences in outﬂow concentrations and LRVs
between BRCs with and without a SZC were smaller at 25.1 °C than

Table 2
GLM Results for log10reduction (bacteria) and box-cox transformed outﬂow concentrations. The reported values are p-values based on 95% conﬁdence interval. Log10red.:
log10reduction; Conc. out.: outﬂow concentration; ADD: antecedent dry days; SZC: submerged zone; FO: ﬁrst outﬂow; EB: event-based sample. n.s.: not signiﬁcant.
Parameter

Sample

Response

ADD

Temp.

SZC

ADDxSZC

ADDxTemp

TempxSZC

R-sq

E. coli

FO

E. coli

EB

E. faecalis

FO

E. faecalis

EB

P. aeruginosa

FO

Log10red.
Conc. out
Log10red.
Conc. out
Log10red.
Conc. out
Log10red.
Conc. out
Log10red.
Conc. out
Log10red.
Conc. out
Conc. out

0.000"
0.000;
0.000"
0.000;
0.000"
0.000;
0.000"
0.000;
0.000"
0.000;
0.000"
0.002;
0.001"

0.000"
0.019;
n.s.
0.002"
0.000"
0.001;
0.002;
0.002"
0.000;
0.000"
0.000;
0.000"
0.001"

0.000"
0.000;
0.000"
0.000;
0.000"
0.000;
0.000"
0.000;
0.019"
n.s.
0.000"
0.000;
n.s.

0.026"
n.s.
0.000"
0.006;
0.000"
0.003;
0.001"
n.s.
0.006"
0.001;
0.000"
0.001;
0.000"

n.s
n.s.
n.s.
n.s.
0.002"
0.003;
n.s.
n.s.
n.s.
0.015;
n.s.
0.015;
0.000"

n.s.
0.038;
0.000;
0.000"
0.008"
0.007;
0.000;
0.000"
0.002;
0.000"
0.000;
0.000"
0.000"

50.83
42.86
79.64
83.46
61.72
59.40
77.61
82.55
65.96
77.20
91.24
94.74
57.40

P. aeruginosa

EB

TSS

EB

GLM coefﬁcients, main effect plots and interaction plots are presented in the Supplementary material. ": outﬂow concentration/log10reduction increase; ;: outﬂow concentration/log10reduction decrease. *No practical signiﬁcance.
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Table 3
Outﬂow concentrations before (BTI) and after (ATI) a sudden temperature increase. P-values were determined based on a Kruskal-Wallis test. FO: ﬁrst outﬂow; EB: event-based
sample; a = 0.05. P-value  a: BTI – ATI; P-value > a: BTI = ATI.
Parameter

E. coli FO
E. coli EB
E. faecalis FO
E. faecalis EB
P. aeruginosa FO
P. aeruginosa EB
TSS
pH

SZC

No SZC

P-value

Mann-Whitney

P-value

0.032
0.000
0.766
0.005
0.000
0.000
0.105
0.000

BTI < ATI (0.0166)
BTI < ATI (0.0001)

0.311
0.177
0.020
0.167
0.000
0.000
0.253
0.560

BTI < ATI (0.0027)
BTI < ATI (0.0000)
BTI < ATI (0.0000)
BTI > ATI (0.0000)

at 1.5 °C. However, for BRCs with a SZC, the lowest outﬂow concentrations and highest LRVs were observed in event-based samples at
1.5 °C and in ﬁrst outﬂow samples at 25.1 °C. In systems with a
SZC, longer dry periods signiﬁcantly increased the LRVs of eventbased samples (Table 2, S1). However, the presence of a SZC evened
out variation associated with dry periods of different durations.
Conversely, longer dry periods reduced outﬂow concentrations
and thus increased the LRVs of ﬁrst outﬂow samples (Table 2,
S1). The presence of a SZC enhanced the latter effect.
The Temp  ADD (antecedent dry days) interaction was not signiﬁcant for event-based samples but had a signiﬁcant effect on
both outﬂow concentrations and LRVs for ﬁrst outﬂow samples
(Table 2). Short dry periods (2 or 3 days) gave higher outﬂow concentrations at 25.1 °C, but intermediate length dry periods (4, 6, or
17 days) gave higher outﬂow concentrations at 1.5 °C (Table S1).
Temperature had no detectable effect on outﬂow concentrations
after 37 antecedent dry days (Fig. S2A, Table S1). The LRVs for ﬁrst
outﬂow samples after short dry periods (2 or 3 days) and long
(37 days) dry periods were temperature-independent, but were
higher at 25.1 °C than at 1.5 °C after intermediate length dry periods (4–17 days, Table S1).
The temperature increase from 1.5 °C to 25.3 °C was expected to
increase E. faecalis outﬂow concentrations for the same reasons as
for E. coli. This expectation was validated for BRCs with a SZC
(Table 3, Fig. 4) but no signiﬁcant differences were found for BRCs
without a SZC (Table 3, Fig. 4). Potential explanations for the latter
result are discussed in Section 3.3.
3.5. Pseudomonas aeruginosa
Independently of the studied factors and design conﬁguration,
the LRVs for P. aeruginosa ranged from 0.94 to 6.57 and 0.47 to
6.55 for ﬁrst outﬂow and event-based samples, respectively
(Fig. 3), with arithmetic means of 4.12 and 2.47.
P. aeruginosa reduction in stormwater bioretention systems has
not been evaluated before. However, a study on pathogen removal
from municipal wastewater in three constructed soil ﬁlters with
ﬁlter depths of 70 cm found average LRVs for P. aeruginosa of
1.64, 1.88, and 1.37 (Kadam et al., 2008). Despite differences
between the examined ﬁlters, the results of Kadam et al. (2008)
are in the same range as the LRVs for event-based samples
obtained in this work.
BRCs with a SZC had signiﬁcantly lower outﬂow concentrations
(and thus higher LRVs) of P. aeruginosa than those with no SZC
(only signiﬁcant for event-based samples, Table 2, S1). Longer drying periods reduced outﬂow concentrations (Table 2, S1), and
hence had a signiﬁcant increasing effect on LRV (Table 2, S1). Temperature had a signiﬁcant effect on both event-based and ﬁrst outﬂow samples (Table 2) with signiﬁcantly higher outﬂow
concentrations and lower LRVs at the warmer temperature
(Fig. 3, Table 2, S1). The latter observation was expected since P.

Mann-Whitney

BTI > ATI (0.0104)
BTI < ATI (0.0000)
BTI < ATI (0.0000)

aeruginosa grows between 4 and 42 °C, with optimum growth at
37 °C (LaBauve and Wargo, 2005). Its growth should thus be disfavored below 4 °C. Despite this expected limitation, the outﬂow
concentrations of P. aeruginosa at 1.5 °C ranged from 0.5 to
24,499 MPN/ml.
The Temp  ADD (antecedent dry days) interaction had no signiﬁcant effect on LRVs for ﬁrst outﬂow or event-based samples
(Table 2). However, it did signiﬁcantly decrease outﬂow concentrations for both sample types (Table 2, S1). Interaction plots (Fig. S4A,
B) revealed that antecedent dry days had no effect at 1.5 °C since
no variations in outﬂow concentration existed. The latter further
supports the previously discussed effect of temperature on P.
aeruginosa. However, at 25.1 °C, longer drying periods yielded
lower outﬂow concentrations, which is consistent with the observations for E. coli and E. faecalis.
The ADD(antecedent dry days)  SZC interaction had a signiﬁcant effect on both LRV and outﬂow concentrations (Table 2). For
ﬁrst outﬂow concentrations no difference existed between BRCs
with and without a SZC, but LRV varied in between both design
and length of antecedent dry days (Fig. S4A,B). For event-based
samples, the presence of a SZC evened out variations in outﬂow
concentration caused by the different lengths of antecedent dry
days and reduced outﬂow concentrations relative to those seen
for BRCs with no SZC. The presence of a SZC also increased the LRVs
for P. aeruginosa but had no effect on the variation in LRV caused by
different lengths of antecedent dry days.
The Temp  SZC interaction had signiﬁcant effects on LRVs and
outﬂow concentrations for both designs (Table 2). For ﬁrst outﬂow
samples, P. aeruginosa outﬂow concentrations in BRCs with and
without a SZC did not differ signiﬁcantly at 1.5 °C. However, at
25.1 °C, BRCs with a SZC yielded higher outﬂow concentrations
than those with no SZC (Table S1). The LRVs for BRCs with and
without a SZC did not differ signiﬁcantly at 25.1 °C and were lower
than those at 1.5 °C. Additionally, the presence of a SZC resulted in
higher LRVs at the lower temperature. The opposite was observed
for event-based samples: BRCs with and without a SZC had identical outﬂow concentrations at 1.5 °C but at 25.1 °C, BRCs with a SZC
had lower outﬂow concentrations than those without. The presence of a SZC reduced event-based LRVs at both temperatures,
but this effect was most pronounced at 1.5 °C.
No general conclusions can be readily drawn from the observed
two-way interactions for P. aeruginosa. However, the outﬂow concentrations and LRVs for this species are clearly more sensitive to
temperature than to variation in dry period duration or the presence of a SZC. This hypothesis is supported by the results obtained
upon raising the temperature from 1.5 °C to 25.3 °C: the outﬂow
concentrations after the temperature increase were always significantly higher than before (Table 3, Fig. 4). The insensitivity of this
effect to the presence of a SZC or the number of antecedent dry
days indicates that temperature governs P. aeruginosa behavior
rather than BRC design and/or dry period duration.
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3.6. Correlations between bacterial species
Outﬂow concentrations of E. coli and E. faecalis correlated well,
with Spearman’s Rank correlation coefﬁcients (RS) of 0.89 and 0.84
for ﬁrst outﬂow and event-based samples, respectively. For ﬁrst outﬂow samples, no correlation between E. coli and P. aeruginosa (RS:
0.3) and E. faecalis and P. aeruginosa (RS: 0.26) existed. However,
for event-based samples, moderately strong correlations between
E. coli and P. aeruginosa (RS: 0.58) and E. faecalis and P. aeruginosa
(RS: 0.61) were found despite their different origins in nature.
In addition, the log10 reductions of E. coli and E. faecalis correlated well, with Pearson correlation coefﬁcients (r) of 0.83 and
0.84 for ﬁrst outﬂow and event-based samples, respectively. There
were no detectable correlations between the log10 reductions of
E. coli and P. aeruginosa (r: 0.34) or E. faecalis and P. aeruginosa (r:
0.35) based on ﬁrst outﬂow samples. However, analyses of eventbased samples revealed good correlations between the log10 reductions of E. coli and P. aeruginosa (r: 0.72), and E. faecalis and P.
aeruginosa (r: 0.75).
The relatively strong correlations between the bacterial species
seen with event-based samples support the use of the indicator
bacteria E. coli and E. faecalis. In contrast, the lack of betweenspecies correlations in ﬁrst outﬂow samples suggests that bacterial
species with a diverse range of origins should be considered when
evaluating bacteria reduction in stormwater bioretention systems
instead of relying solely on E. coli. This conclusion inconsistent
with the results of Chandrasena et al. (2016), who found no correlation between the log reductions of E. coli and Campylobacter spp.
based on event mean samples.
3.7. Possible retention mechanisms
In porous media, bacteria are immobilized by straining and/or
adsorption (Stevik et al., 2004). Straining depends on soil particle
size, the size and shape of the bacterial cells, the degree of water
saturation, and the clogging of ﬁlter media (Stevik et al., 2004). It
is an important reduction mechanism when (I) the average bacterial cell size exceeds that of the smallest 5% of the particles constituting the porous material, and (II) the geometrical suffusion
security (calculated using Eq. (1)) is 1.5 (Stevik et al., 2004).

gSG ¼

dP
 1:5
F S  dk

ð1Þ

Here, dP is the cell diameter and FS is the empirical transit factor for
suffusion (determined to be 0.6 by Bolster et al., 1999). The dk term
represents the hydraulic equivalent diameter of pore canals and is
computed as dk = 0.2d10 or 0.455*U(1/6)*e*d17, where U is the uniformity coefﬁcient (d60/d10), e the void ratio, and d10, d17 and d60 are
the 10th, 17th, and 60th percentile grain diameters. E. coli, E. faecalis, and P. aeruginosa have cell diameters of 0.5–1.5 mm (Bronk
et al., 1992), 0.5–4 mm (Kokkinos et al., 1998) and 0.5–1 mm
(Madigan et al., 1997), respectively, with lengths of 2–6 mm
(Bronk et al., 1992), 0.5–4 mm (Kokkinos et al., 1998), and 1.5–
5 mm (Madigan et al., 1997), respectively. In both the top and bottom ﬁlter layers of the BRCs examined in this work, <1% of the particles had grain sizes <63 mm. Therefore, the vast majority of the
particles in both layers were larger than the average bacterial cell.
Furthermore, the calculated geometrical suffusion securities were
below 1.5 even in worst-case scenarios (i.e. when assuming the biggest diameters/lengths). Therefore, criteria I and II were both unsatisﬁed, indicating that bacteria were not retained in the BRCs by
physical blocking in the ﬁlter material. This is supported by the
ﬁndings of Chandrasena et al. (2012) and Stevik et al. (2004), who
argue that straining is unlikely to be relevant for most bacteria even
when using coarse silt (0.02–0.06 mm grain size), which is much

ﬁner than the smallest grains (0.2 mm) of the ﬁlter material used
in this work.
The pores of the BRC ﬁlter material used in this work were larger than the bacteria, so adsorption is likely to have been the dominant bacterial retention mechanism (Stevik et al., 2004; Rippy,
2015). This is consistent with the conclusion of Parker et al.
(2017), who found physicochemical ﬁltration to be the most
important variable when modelling bacteria reduction in
stormwater bioretention systems. Adsorption may be reversible
or irreversible (Stevik et al., 2004). Reversible adsorption involves
weak interactions between bacteria and particle surfaces that
allow bacteria to detach (Stevik et al., 2004). Irreversible adsorption is permanent, depends on contact time, and happens when
bacterial polymers form bridges between bacteria and the ﬁlter
material (Stevik et al., 2004). Bacterial adsorption can be inﬂuenced by physical, chemical and/or microbiological factors such
as the properties of the ﬁlter material, the presence of organic matter and bioﬁlms, temperature, and pH (Stevik et al., 2004).
In this work, pH had no inﬂuence on bacteria reduction (Section 3.1) and the effect of temperature differed strongly between
bacterial species and sample types. However, low temperatures
seemed to favor reduction (e.g. by adsorption). Organic matter
increases the ﬁlter material’s cation exchange capacity and surface
area, and hence the number of adsorption sites (Stevik et al., 2004).
In this work, BRCs with a SZC had 800 g of pine and spruce wood
shavings mixed randomly into the bottom layer. This added
organic matter may partly explain the superior bacteria reduction
achieved in BRCs with a SZC.
A SZC retards inﬁltration, leading to a longer retention time and
thereby increasing bacteria reduction by enhancing processes like
adsorption, natural die-off, competition, and predation
(Chandrasena et al., 2014). Our results support the beneﬁcial
effects of SZCs on bacteria reduction but also suggest that these
effects are not due to natural die-off. Additionally, a recent review
on bacteria reduction in BRCs (Rippy, 2015) argues that the
increased retention time in BRCs with a SZC promotes adsorption,
and that this effect is more pronounced when coarser ﬁlter materials (1 mm) are used. Enhanced adsorption may thus explain the
superior bacteria reduction achieved in BRCs with a SZC.
Another important factor to consider is that bacteria residing in
soils often form bioﬁlms (Chang, 2005) as protection against unfavorable conditions (Madigan et al., 1997). Furthermore, bioﬁlm formation often accompanies bacterial attachment (Stevik et al.,
2004), and seems to be the most important factor for irreversible
adherence (Costerton, 1984). It also plays a signiﬁcant role in controlling the initial attachment, growth, and survival of bacteria in
porous media (Liu and Li, 2008). In this work, bacteria were continuously exposed to conditions representing both optimal and nonoptimal environmental conditions. It is therefore likely that the
bacteria formed bioﬁlms to cope with the continuously changing
environment.
The possibility that bioﬁlm formation may partially explain the
beneﬁcial effect of a SZC is strengthened by the fact that it should
be favored by the SZC environment; constant water availability
and carbon amendments are likely to promote bioﬁlm formation
(Rippy, 2015) and microbial activity (Madigan et al., 1997). While
the SZC environment may be (partly) anoxic (Blecken et al.,
2009a, b), this would not prevent the growth/activity of the bacterial species studied here because they are facultative anaerobes.
However, anoxic conditions induce partly anaerobic respiration,
which provides less energy than aerobic respiration and thus tends
to reduce microbial activity. Bioﬁlm formation and reduced microbial activity may thus explain the higher bacteria reductions
observed in BRCs with a SZC. Because bioﬁlm formation was not
investigated in the experiments, these assumptions remain speculative; further work based on these results and other recent work
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(Afrooz and Boehm, 2016; Rippy, 2015) is recommended to shed
light on this issue.
A third possible explanation for the enhanced bacteria reduction
in BRCs with a SZC is protozoan grazing (Rippy, 2015). However, this
is inconsistent with the increased outﬂow concentrations of bacteria
from BRCs with a SZC after a sudden temperature increase (Table 3);
protozoan grazing would actively remove (kill) bacterial cells. On
the other hand, this temperature increase is likely to increase microbial activity (Madigan et al., 1997) and hence decomposition of
organic matter. Increased levels of dissolved organic matter may
reduce bacteria adsorption (Rippy, 2015), increasing the concentration of bacteria in the outﬂow of BRCs with a SZC (Table 3). However,
the carbon amendments used in this work were wood chips, which
release only small quantities carbon (Rippy, 2015).
The bioﬁlm-based explanation for the effect of the SZC is supported by the outcomes observed after a sudden increase in temperature. Such a temperature change would be expected to
increase bacterial activity (Madigan et al., 1997), leading to competition between cells and species that in turn would induce
separation/division/destruction of bioﬁlms and thus higher outﬂow concentrations of bacteria (Table 3). Competition was shown
to increase in parallel with saturation, and so should be more pronounced in BRCs with SZCs than in those without (Rippy, 2015).
Furthermore, Liu and Li (2008) found bioﬁlm detachment (sloughing) to be the main mechanism responsible for introducing bacteria into the bulk ﬂuid from porous media long after the ﬁrst
observation of bacterial release. This may also explain why outﬂow
concentrations peaked during the second watering after a dry period and outﬂow concentrations from BRCs with a SZC rose signiﬁcantly after a temperature increase.
It has previously been suggested that long rod-shaped cells may
be preferentially removed during transport through ﬁlter material
(Stevik et al., 2004). E. coli and P. aeruginosa have long, rod-shaped
cells whereas E. faecalis have spherical cells. This implies that E. coli
and P. aeruginosa should be reduced more efﬁciently than E. faecalis. No such difference was observed, suggesting that cell shape
has little effect on bacteria reduction. Differences in motility could
also explain interspecies differences in reduction: E. coli have peritrichous ﬂagella, enabling movement using a swimming-like
motion (Vater et al., 2014), E. faecalis are non-motile (Van Horn
et al., 2002), and P. aeruginosa are extremely mobile, having
monotrichous unipolar ﬂagella that allow rapid swimming in one
direction (Vater et al., 2014). E. coli and P. aeruginosa thus have
an advantage over E. faecalis because they can move towards food
and safety (i.e. bioﬁlms).
Long dry periods seemed beneﬁcial for bacteria reduction
(Fig. 3; Table 2). This corroborates the ﬁndings of Parker et al.
(2017), who identiﬁed antecedent drying (for 1 week) as the second most important variable when modeling bacteria reduction
in stormwater bioretention. However, this conclusion is based on
measurements representing the ﬁrst watering after a dry period,
and so cannot explain the observation that bacteria outﬂow concentrations peaked during the second watering after a dry period
(Fig. 4). This observation could potentially be due to bacterial adaptation: a slow drying rate could increase bacterial survival by
increasing the time available to make metabolic adjustments
needed to tolerate or prevent desiccation-mediated cellular damage (Chang, 2005). In this work, the bacteria were continuously
exposed to wet/dry regimes, with the length of the dry periods
increasing gradually over time. The bacteria thus had plenty of
time to adjust. On the ﬁrst watering after a dry period, the bacteria
restart their metabolism, and full activity is restored during the
second watering. This leads to competition between cells and species, re-adsorption and sloughing of bioﬁlms, and thus increased
outﬂow concentrations.
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The paragraphs above outline some plausible possible mechanisms explaining the observations of the present study. However,
further research on these mechanisms is needed, using methods that
directly test the occurrence of these mechanisms and their importance for bacteria reduction in stormwater bioretention systems.
4. Conclusions
The removal of E. coli, E. faecalis and P. aeruginosa in BRCs with
and without SZCs subject to drying and varying temperatures was
evaluated under laboratory conditions using pilot scale BRCs.
Inﬂow and outﬂow concentrations are uncorrelated, so internal
BRC processes control variations in outﬂow concentrations. The
studied BRCs achieved acceptable overall TSS removal, but TSS
levels were found to be sensitive to bacterial biosynthetic activity.
Analyses of ﬁrst outﬂow and event-based samples gave different
results for the same bacterial species. The event-based outﬂow
concentrations and LRVs of P. aeruginosa correlated moderately
well and strongly, respectively, with those of E. coli and E. faecalis.
However, bacterial species’ origins have important effects on their
behavior during BRC bacteria reduction, so it is not sufﬁcient to
focus exclusively on one species when trying to understand the
mechanisms controlling this process. Bacteria reduction increased
with the number of antecedent dry days. However, these results
only represent the ﬁrst watering after a dry period, and bacterial
outﬂow concentrations peaked on the second watering. Further
research is thus needed to properly evaluate the effects of dry periods and underlying mechanisms. The effect of temperature
strongly depended on bacterial species and sample type, but bacterial reduction appeared to be more effective at lower temperatures.
Low temperatures should thus not be seen as an obstacle to the use
of stormwater bioretention systems for reducing bacteria levels in
stormwater runoff. The inclusion of a SZC improved bacteria reduction in BRCs and weakened the possible negative effects of varying
temperature and the duration of dry periods. Sudden temperature
increases, which may happen during winter and/or spring, signiﬁcantly increased the outﬂow concentrations from BRCs with a SZC.
BRCs with SZCs may thus be inappropriate for bacteria reduction in
such areas, despite the SZC’s beneﬁcial effects. Our results also
strongly indicate that adsorption (which may be enhanced by bioﬁlm formation) is the main mechanism of bacteria reduction in
stormwater BRCs. The average LRV was above 1.6 for all inﬂow
concentrations, indicating that bioretention can be an effective
method for reducing bacteria concentrations in urban stormwater
runoff, even in areas experiencing winter-related effects.
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ABSTRACT
Removal of NH4-N, NO2NO3-N and total N was examined in pilot-scale bioretention columns
with and without a submerged zone under varied temperature and length of antecedent dry
periods. The experiment was divided into wet and dry periods and samples were collected to
represent continuously wet conditions and conditions with antecedent dry periods. Removal
percentages and main effects of the examined factors as well as the effect of their two-way
interactions were evaluated. Generally, low temperature favored NO2NO3-N and thus total N
removal independent of BRC design. Interestingly, bioretention columns with a submerged
zone achieved the highest nitrogen removal at low temperature (1.5°C). For standard
bioretention columns outflow concentrations of NO2NO3-N and total N increased with
increasing length of ADD, whereas a submerged zone mitigated this effect. Hence, varying
ambient conditions are not an obstacle for efficient nitrogen removal in stormwater bioretention
systems.
Keywords: stormwater biofilter, submerged zone, nitrogen removal, antecedent drying, varying
temperature
1. INTRODUCTION
Urban stormwater runoff is an important source of nitrogen to receiving waters (Taylor, et al.,
2005). Excess nitrogen in aquatic systems can lead to nitrogen saturation, eutrophication and
related water-quality problems (Collins, et al., 2010). Eutrophication is one of the most common
causes of water quality impairment, and poses a threat to the environment, the economy
(shellfish beds, fishing, tourism) and human health (recreational use, drinking water supply).
Commonly, P is the limiting nutrient in freshwater systems. However, in large eutrophic
systems and marine environments, N may be limiting (Taylor, et al., 2005). Therefore, nitrogen
removal from urban stormwater runoff is of primary concern before its discharge to receiving
water bodies. Hence, stormwater control measures such as stormwater bioretention have been
developed (Prince George’s County, 2007). Stormwater bioretention has the potential to
provide nitrogen removal by exploiting the chemical, biological, and physical properties of
plants, microbes and filter materials. Bioretention effectively reduces effluent loads of total
suspended solids (TSS), nutrients, hydrocarbons, heavy metals and bacteria (Kratky, et al.,
2017). However, nitrogen removal in stormwater bioretention varies (Hatt, et al., 2009; Li and
Davis, 2014; Lucke and Nichols, 2015), and thus remains a challenge.

Furthermore, nitrogen in stormwater occurs in many forms, including dissolved organic
nitrogen, particulate organic nitrogen and dissolved inorganic nitrogen, comprising nitrates
(NO3¯), nitrites (NO2¯) and ammonia (NH3) (Taylor, et al., 2005). In bioretention, removal of
nitrogen from stormwater runoff occurs via three main processes: assimilation (N-uptake),
adsorption and denitrification (Collins, et al., 2010), which themselves cover several chemical
and microbial processes with partly contradicting demands, e.g., aerobic (nitrification) and
anoxic (denitrification) conditions (Collins, et al., 2010). Hence, nitrogen removal by
stormwater bioretention is complex, which probably explains the highly varying results
reported in the literature (Hatt, et al., 2009; Li and Davis, 2014; Lucke and Nichols, 2015).
Nitrogen removal in stormwater bioretention is affected by various factors, such as antecedent
dry periods (Mangangka, et al., 2015), type of nitrogen fraction (Li and Davis, 2014), type of
vegetation (Read, et al., 2008), water retention time in filter, type of filter material, organic
carbon content (Chen, et al., 2013) and temperature (Blecken, et al., 2010; Hunt, et al., 2006;
Manka, et al., 2016).
The nitrification-denitrification process is temperature-dependent. In particular, denitrification
rates are reduced at low temperatures (Hunt, et al., 2006). Manka et al. (2016) and Hunt et al.
(2006) reported significant effects of season and/or temperature on nitrogen removal in
stormwater bioretention systems. However, to the best of our knowledge, only one study has
specifically evaluated the direct impacts of temperature on nitrogen removal in stormwater
bioretention columns (BRCs) without a submerged zone (Blecken et al., 2010). Due to very
high nitrate-N leaching, overall N leaching was found to increase with increasing temperature.
High temperature promoted NH4-N removal, whereas low temperature promoted NO2NO3-N
removal. To date, only a few studies have examined the effects of antecedent dry periods on
nitrogen removal in stormwater bioretention (Hatt, et al., 2007; Mangangka, et al., 2015; Payne,
et al., 2014). During long dry periods (13-35 antecedent dry days (ADD)) outflow
concentrations of NO2NO3-N, NO3 and total N increased, whereas outflow concentrations of
NH4 and NO2 decreased.
Although these ambient factors vary seasonally, the design of bioretention systems can be
adapted to enhance N removal. The inclusion of a water-saturated submerged zone containing
an intermixed organic carbon source (SZC) was introduced in bioretention systems to promote
favorable (anoxic) conditions for denitrification, thereby enhancing overall nitrogen removal
(Dietz and Clausen, 2006). However, previous research using this design has produced mixed
results (Collins, et al., 2010). Furthermore, to the best of our knowledge, no study has
investigated to which extent the function of a SZC is temperature dependent.
Hence, more research is needed to further understand the impact of a SZC, varying temperatures
and different lengths of antecedent dry periods on nitrogen removal in stormwater bioretention
systems. Furthermore, no study has evaluated the combined effects (interactions) of
temperature varied at two levels and different lengths of dry periods on nitrogen removal in
bioretention systems with and without a SZC simultaneously. Thus, the main objective of the
present study was to evaluate the effect of the aforementioned factors on nitrogen removal in
stormwater bioretention. A factorial experiment was set up to evaluate the nitrogen removal

performance of pilot-scale BRCs with/without a SZC when exposed to high/low temperature
and varying lengths of antecedent dry periods under controlled laboratory conditions.
We hypothesized that I) a SZC would improve nitrogen removal by enhancing denitrification,
thereby lowering outflow concentrations of NO2NO3-N and hence total N. However, it would
have no effect on NH4-N. II) High temperature would improve total N removal by enhancing
both nitrification and denitrification, thereby reducing outflow concentrations of both NNO2NO3-N and NH4-N. III) Long antecedent dry periods would improve nitrification but
deteriorate denitrification due to higher aeration between particles. IV) The combination of high
temperature and SZC would deteriorate NH4-N removal but promote NO2NO3-N removal. V)
The presence of a SZC would even out possible negative effects of varying lengths of ADD.
2. METHODS
2.1 Experimental set-up
Sixteen pilot-scale bioretention columns (height: 900 mm) were constructed using PVC pipes
(inner diameter: 380 mm) with sandblasted inner walls to prevent preferential flow. As an
extension to the pipe, a ponding zone (height: 400 mm) was made from transparent plexiglas to
provide light for plant growth. The filter material contained four layers:
x Top filter layer (height: 400 mm): mix of: 25 % 0.2 - 0.5 mm dried sand, 25 % 0.5 - 1.0
mm dried sand, 25 % 1.0 - 2.0 mm dried sand, 10 % 2.0 - 4.0 mm dried sand and 15 %
topsoil. (D50 = 0.96 mm; coefficient of uniformity Cu = 3.5 mm; coefficient of curvature
Cc = 0.91; soil organic matter content = 13.1 g OM/kg DM.
x Bottom filter layer (height: 400 mm): 0.2 - 0.5 mm dried sand.
x Transition layer (height: 30 mm): 1.0 - 2.0 mm dried sand.
x Drainage layer (height: 70 mm): 2.0 - 4.0 mm dried sand.
Half of the bioretention columns were designed with an increased outlet, creating a 450 mm
deep water-saturated submerged zone (SZC). These columns had 800 g of cellulose-based
carbon source (pine and spruce wood shavings) mixed randomly into the bottom layer,
corresponding to a soil organic matter content of 1 %.
Nine wet/drought tolerant plants (82 plants/m2); three plants each of Juncus conglomeratus,
Phalaris arundinacea and Carex panicea were randomly planted in each column. The columns
were stored outside and watered twice weekly with non-chlorinated tap water for three months.
Afterwards, four columns of each type were placed in an indoor greenhouse at 25.1 ± 0.3 °C,
and the rest were placed in a refrigerated container at 1.5 ± 0.3 °C (Ebro EBI310 temperature
logger). The columns were illuminated with high-pressure sodium greenhouse lamps (G-power
Agro, 400 W, 55,000 Lm) for 12 h every day to ensure continuous plant growth. The columns
were then watered with non-chlorinated tap water for another three months to ensure column
maturity.
2.2 Experimental procedure
After the 6 months establishing period, the filter columns were watered with semi-synthetic
stormwater. The experiment lasted for 120 days divided into four wet, and three dry periods of

6, 17, and 37 days, respectively (Figure 1). During the wet periods, the bioretention columns
were watered twice weekly with 15 L of semi-synthetic stormwater. Outflow water was
sampled before a dry period and on the first and second watering after a dry period.

Figure 1. Experimental overview. Note that size of the boxes do not represent the number of days.

2.3 Stormwater preparation
Semi-synthetic stormwater was prepared before each dosing by adding natural stormwater
sediment (originating from a stormwater gully pot) and laboratory-grade chemicals (KNO3,
NH4Cl and C6H5NO2) to 190 L of tap water in quantities needed to achieve representative urban
stormwater pollutant concentrations (Table 1). To allow for temperature adjustment and ensure
homogeneity, the water was prepared 24 hours before dosing and continuously mixed.
Table 1. Inflow values for N-fractions and pH
Compound
Mean concentration
NH4-N (mg L-1)
0.31
NO2NO3-N (mg L-1)
0.77
Total N (mg L-1)
2.32
pH
7.45

St.dev.
0.06
0.17
0.39
0.14

Min
0.18
0.16
0.93
7.25

Max
0.51
0.88
2.7
7.69

2.4 Sampling
At each dosing event, a grab sample of 500 mL inflow was collected in PE bottles at each
temperature, immediately before watering began. After watering, the columns were allowed to
drain for at least three hours so that only a minor proportion (approx. <200 mL) of the inflow
water was retained in the columns. The collected outflow was mixed with a glass spoon and
500 mL event-based samples were collected. The samples were transported directly to a freezer
(-4 °C) and stored until analysis.
2.5 Analytical methods
All samples were analyzed for pH, NH4-N, NO2NO3-N and total N. pH was measured with a
field pH-meter (pH330, WTW GmbH, Weilheim, Germany). Prior to analysis, samples were
oxidized according to Swedish Standard SS028131 and then analyzed by the QuAAtro
Applications Method No. Q-003-04 for total N and NO2NO3-N and Q-001-04 for NH4-N; the
samples were reacted with salicylate and dichloroisocyanuric acid to produce a blue compound,
which was measured at a wavelength of 660 nm. Nitroprusside was used as a catalyst.

2.6 Data analysis
Values below the detection limit (0.02 mg/L) were set as half the detection limit. For outflow
NH4-N, this was 86 and 36 % for columns without a SZC at high temperature and low
temperature, respectively, and 36 % for columns with a SZC at low temperature. For outflow
NO2NO3-N, this was 78 and 61 % for columns with a SZC at high and low temperature,
respectively).
Removal percentage was calculated as:
%=

1−

∗ 100 %.

Inflow was checked for normality and found to be non-normally distributed for all three
compounds. However, according to the Central Limit Theory, a normal distribution can be
assumed since 20 measurements were taken at each temperature. Hence, inflow at high and low
temperature was compared by a two-sample t-test and no significant difference existed.
Therefore, a mean value of all inflow data for each compound was used for calculating removal
percentages.
Outflow data was found to be normally distributed. To examine the main effects and
interactions, general linear models (GLM) were run. Two-way interactions were illustrated
using contour plots. Furthermore, one-way ANOVA followed by Tukey´s comparison was run
for data from the regular stormwater dosing events to examine which combination of BRC
design (with/without SZC) and temperature (high/low) had the highest removal capacity.
Finally, boxplots of removal percentages were constructed for both scenarios.
All statistical analyses were performed using Minitab® 17 Statistical Software and significance
was accepted at an α-level of 0.05.
3. RESULTS
3.1 Outflow concentrations
For NH4-N, mean outflow concentrations (Table 2) were always lower than mean inflow
concentrations (Table 1). Only the mean NH4-N outflow concentrations from BRCs with a SZC
at high temperature differed from all other mean outflow concentrations of NH4-N, particularly
after 37 ADD (Table 2). Independent of temperature and pre-event conditions, mean outflow
concentrations of NO2NO3-N were always lower than mean inflow concentrations when a SZC
was present (Table 2). However, when a SZC was not present, mean outflow concentrations of
NO2NO3-N were generally higher than or equal to mean inflow concentrations independent of
temperature and pre-event conditions, being consistently highest at high temperature and
increasing with increasing length of antecedent dry periods (Table 2). For total N, a similar
pattern as for NO2NO3-N was observed. However, for BRCs without a SZC (prospectively
referred to as standard BRCs), only the combinations of low temperature and 37 ADD and high
temperature and 17 and 37 ADD yielded higher mean outflow concentrations than the mean

inflow concentrations (Table 2). Outflow pH was 6.9±0.3. No significant effects of any of the
evaluated factors were detected.
Table 2. Mean outflow concentrations in mg L-1 ± standard deviation.
Compound SZC Temp. (°C) Wet days
6 ADD
17 ADD
1.5
0.03 ± 0.02 0.03 ± 0.02 0.04 ± 0.02
Yes
25.1
0.15 ± 0.07 0.1 ±0.02
0.16 ± 0.06
NH4-N
1.5
0.04 ± 0.04 0.01 ± 0
0.05 ± 0.04
No
25.1
0.01 ± 0.01 0.01 ± 0
0.01 ± 0.01
1.5
0.06 ± 0.07 0.02 ± 0.01 0.06 ± 0.1
Yes
25.1
0.02 ± 0.03 0.01 ± 0.01 0.1 ± 0.18
NO2NO3-N
1.5
0.76 ± 0.31 0.17 ± 0.06 0.85 ± 0.34
No
25.1
1.26 ± 0.5
1.28 ± 0.49 1.98 ± 0.56
1.5
0.2 ± 0.06
0.19 ± 0.03 0.23 ± 0.01
Yes
25.1
0.57 ± 0.15 0.53 ± 0.03 0.52 ± 0.06
Total N
1.5
1.09 ± 0.33 0.62 ± 0.15 1.29 ± 0.47
No
25.1
1.72 ± 0.61 1.75 ± 0.51 2.58 ± 0.61

37 ADD
0.04 ± 0.04
0.23 ± 0.08
0.03 ± 0.04
0.01 ± 0.01
0.03 ± 0.09
0.02 ± 0.02
1.95 ± 0.97
2.73 ± 0.46
0.2 ±0.09
0.53 ± 0.25
2.46 ± 1.15
3.48 ± 0.4

3.2 Temperature and submerged zone
When only analyzing data from the regular stormwater dosing events (i.e., not taking ADD into
account), significantly higher outflow concentrations of NH4-N and total N were observed at
high temperatures. In contrast, temperature had no significant effect on outflow concentrations
of NO2NO3-N (Table 3). Columns with a SZC had significantly lower outflow concentrations
of NO2NO3-N and total N, whereas the opposite applied for NH4-N (Table 3). Finally, the
combination of high temperature and presence of a SZC had a significant, but opposing effect
on outflow concentrations of NO2NO3-N and NH4-N, decreasing the first and increasing the
last (Table 3, Figure 4), respectively.
Table 3. Results of the GLM: effect of temperature and SZC, and their significance on outflow
concentrations mg L-1.
Main factors
Two-way interaction
R-Sq(adj) %
Temp.
SZC
TempxSZC
Effect
P
Effect
P
Effect
P
Total N
Ç
0.00
È
0.000
n.s.
72.98
È
È
NO2NO3-N
n.s.
0.000
0.02
76.39
Ç
Ç
Ç
NH4-N
0.007
0.000
0.000
61.46
Ç: outflow concentration increase; È: outflow concentration decrease; n.s.: not significant for
the model
Compound

Achieved removal percentages varied (-150 - > 90 %) depending on N-fraction, temperature
and SZC (Figure 2). In general, our results confirmed that the presence of a SZC was beneficial
for overall N-treatment. Interestingly, this was particularly true at low temperature (Figure 2,
Table 4). NH4-N was always removed efficiently. However, lower removals were observed at
high temperature when a SZC was present (Figure 2, Table 4). For NO2NO3-N, the presence of
a SZC markedly improved removal, which in combination with high NH4-N removal, enhanced
overall N removal, particularly at low temperature (Figure 2, Table 4).
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Figure 2. Boxplot of removal % for samples collected after continuous watering. The boxes
indicate the interquartile range (IQR), the whiskers extend to 1.5 IQR and outliers are indicated
by *.
Table 4. One-way ANOVA followed by Tukey`s comparison on removal percentages. Means in
the same row that do not share a letter are significantly different.
Design
Compound
Total N
NO2NO3-N
NH4-N

Mean
33
-49
96

HT
Grouping
C
C
A

Mean
50
-11
82

LT
Grouping
B
B
B

Mean
78
98
53

HTSZ
Grouping
A
A
C

Mean
92
88
88

LTSZ
Grouping
A
A
AB

P
0.000
0.000
0.000

R-sq (adj)
%
72.49
76.39
61.46

HT: high temperature; LT: low temperature; HTSZ: high temperature with submerged zone;
LTSZ: low temperature with submerged zone.

3.3 Temperature, submerged zone and antecedent dry days
In addition to the above-described effects of temperature and a SZC, an increase in the number
of ADD increased outflow concentrations of all N-fractions, and thus overall N concentrations
(Table 5). Columns with a SZC were less affected by drying (Figure 3). However, for BRCs
with a SZC at high temperature, removal of NH4-N decreased with increasing length of
antecedent dry periods (Figure 3). However, this did not affect overall N removal. In standard
BRCs without a submerged zone, this was also the case for NO2NO3-N, and hence total N,
particularly at high temperature (Figure 3). Generally, total N exhibited the same behavior as
NO2NO3-N (Figure 2 and 4).

Figure 3. Boxplot of removal %. The boxes indicate the interquartile range (IQR), the whiskers
extend to 1.5 IQR and outliers are indicated by *.
Table 5. Effect of temperature, SZC and ADD, and their significance on outflow concentrations
(mg L-1).
Main factors
Compound

Temp.

Two-way interaction

ADD

SZC

TempxADD
Effect

P

TempxSZC

ADDxSZC

R-Sq(adj) %

Effect

P

Effect

P

Effect

P

Effect

P

Effect

P

Total N

Ç

0.000

Ç

0.000

È

0.000

n.s.

Ç

0.001

È

0.000

80.16

NO2NO3-N

Ç

0.000

Ç

0.000

È

0.000

n.s.

È

0.000

È

0.000

80.82

NH4-N

Ç

0.00

Ç

0.04

Ç

0.000

n.s.

Ç

0.000

n.s.

66.64

Ç:

outflow concentration increase; È: outflow concentration decrease; n.s.: insignificant for the
model

The interaction between temperature and antecedent dry periods had no significant effect on
outflow concentrations (Table 5, Figure 4). Long dry periods in relation to BRCs with a SZC
significantly decreased outflow concentrations of NO2NO3-N, and hence total N (Table 5,
Figure 4 center column). Furthermore, high temperature in connection to BRCs with a SZC
generated higher outflow concentrations of NH4-N, and hence total N, and lower outflow
concentrations of NO2NO3-N (Table 5, Figure 4 left column).

Figure 4. Contour plots showing the relationship between the predictors (SZ, temperature, ADD)
and responses (outflow concentrations, mg L-1).

4. DISCUSSION
Contrary to our hypothesis that high temperature would enhance N-treatment by facilitating
biological processes, it generally generated significantly higher outflow concentrations, and
hence lower removal compared to low temperature (Table 3 and 5). The SZC performed even
more efficiently at low temperature compared to high temperature, at which it was previously
tested (Glaister, et al., 2017; Zinger, et al., 2013). Previous studies (Blecken, et al., 2010;
Manka, et al., 2016) agree that temperature significantly affects outflow concentrations of
nitrogen fractions. Similarly to this study, they found that outflow concentrations of NO3-N and
total N from standard BRCs to increase with increasing temperature, whereas outflow
concentrations of NH4-N decreased with increasing temperature. The study of Blecken et al.
(2010) did not include SZCs. However, Manka et al. (2016) found that outflow concentrations
of NO3-N from BRCs with a SZC decreased as the temperature was increased, whereas no
difference in outflow concentrations of NO2NO3-N was observed between temperatures for
regularly watered BRCs with a SZC in the present study (Table 5).
Since high temperature for standard BRCs had significantly lower outflow concentrations of
NH4-N, than at low temperature (Table 2, Figure 2 and 4), the increasing effect of high
temperature (Table 2) on outflow concentrations of NH4-N was most probably caused by the
significant difference in outflow concentrations between low and high temperature for BRCs

with a SZC (Figure 2 and 4). Hence, our results for standard BRCs corroborate findings of
Blecken et al. (2010) and Manka et al. (2016).
For NO2NO3-N, the increasing effect of high temperature was only significant when ADD was
added to the model (Table 3 and 5). Probably due to the large and significant differences in
outflow concentrations observed between 6 and 17 ADD for standard BRCs (Table 2, Figure 2
and 4). High temperature matters more at short time intervals (drying occured faster than at low
temperature), but after 37 ADD, the system was dry, and hence the effect of temperature on soil
moisture content became less pronounced. Furthermore, leaching of NO2NO3-N consistently
occurred for standard BRCs at high temperature but only occurred occasionally at low
temperature (Figure 2 and 4). The latter generated occasional leaching of total N from standard
BRCs at high temperature, particularly after drying (Figure 3). Similarly, Blecken et al. (2010)
observed no removal of N-NO3 and total N and found that leaching of these increased with
increasing temperature.
However, neither of the aforementioned studies (Blecken, et al., 2010; Manka, et al., 2016)
attempted to explain why microbiological processes such as nitrification and denitrification,
having optimum temperatures at around 20-35 °C (Russell, et al., 2002), were favored by low
temperatures in stormwater BRCs. One explanation might be that the nitrifying and denitrifying
bacteria in the examined columns were psychrophiles and not mesophiles. Psychrophiles grow
at 0 °C or below, with an optimum around 15 °C and a maximum at 20-25 °C, whereas related
temperatures for mesophiles are 5-10 °C, 25 °C and 35-40 °C (Dempsey, 2017; Halmø and
Eimhjellen, 1981). Psychrophiles are ubiquitous in cold environments and are found in
bioprocesses operated under psychrophilic conditions (Dempsey, 2017; Halmø and Eimhjellen,
1981). Generally, a psychrophilic population is likely to develop if one is locally available and
the ambient temperature is in the relevant range (Dempsey, 2017). Both nitrification and
denitrification were previously reported at low temperatures (Dempsey, 2017; Halmø and
Eimhjellen, 1981). Since the filter material in the examined columns of the present study and
the study by Blecken et al. (2010) were obtained from local distributors, and the columns were
established and matured at local temperatures (Luleå, Northern Sweden), it is reasonable to
assume that the microbiological society consisted primarily of psychrophilic bacteria. However,
the present study did not examine bacteria, and hence further research is needed to confirm the
latter theory.
Owing to increased aeration and decreased moisture content, increased drying was expected to
affect denitrification negatively and nitrification positively (Sahrawat, 2008; Venterink, et al.,
2002). However, in partial contrast to this hypothesis, a longer drying generally generated
significantly higher outflow concentrations, and hence lower removal of all nitrogen fractions
(Figure 3), deteriorating both nitrification and denitrification. In corroboration with this, a
previous study found significantly higher outflow concentrations of nitrogen after dry periods
of 14 to 28 days (Hatt, et al., 2007), whereas another study obtained results supporting the above
hypothesis that dry periods of 6-13 days were beneficial for nitrification (reduced NH4-N+ and
N-NO2-) but deteriorated denitrification (increased N-NO3-) (Mangangka, et al., 2015).

For NH4-N, the negative effect of drying on nitrification was evident for BRCs with a SZC at
high temperature since outflow concentrations increased with increasing length of antecedent
drying, which was not the case at low temperature and for standard BRCs regardless of
temperature (Figure 3). In the latter cases, no large differences in outflow concentrations
between the different lengths of dry days were detected (Table 2, Figure 3), and hence the
observed negative effect of drying has no practical significance. It is important to emphasize
that results for standard BRCs and BRCs with a SZC at low temperature also did not support
longer antecedent dry periods to enhance nitrification (as expected) since outflow
concentrations of NH4-N did not decrease as the number of ADD increased (Table 2, Figure 3).
Interestingly, 6 ADD generated peak removals for all nitrogen fractions, being more
pronounced for total N and NO2NO3-N in standard BRCs and NH4-N in BRCs with a SZC at
high temperature (Figure 3). The latter might be explained by 6 ADD promoting good
conditions for both nitrification and denitrification. For example, after 6 dry days, standard
BRCs offered good anoxic conditions for denitrification since water was bound at the surface
of particles at the same time as the system contained good aeration between particles, thereby
enhancing nitrification (Subramaniam, et al., 2016). For BRCs with a SZC, similar conditions
might apply. For instance, nitrification occurs above the SZC where good aeration between
articles exists, and denitrification takes place at the boundary of the SZC, where anoxic
conditions exist since water here is bound at the surface of particles.
As expected, the presence of a SZC improved total nitrogen removal, probably by enhancing
denitrification (Zinger, et al., 2013) (Figure 2 and 4). Independent of the number of ADD, the
presence of a SZC had a significant decreasing effect on outflow concentrations of NO2NO3-N
and total N (Table 5), in agreement with previous findings (Glaister, et al., 2014; Morse, et al.,
2018; Payne, et al., 2014; Zinger, et al., 2013). This effect was expected since denitrifying
bacteria are facultative anaerobes that substitute NO3- for O2 when little or no O2 is available,
as is the case in the submerged zone. Furthermore, in situ denitrification proceeds faster under
anaerobic conditions as long as NO3- is supplied, which is fulfilled in BRCs with SZCs.
Additionally, a recent study examined the abundance of denitrification genes and suggested that
the presence of a SZC increases the entire microbial society and enhances permanent removal
of nitrogen through denitrification (Morse, et al., 2018).
The presence of a SZC was expected to have no effect on NH4-N but instead had a significant
increasing effect on NH4-N outflow concentrations (Table 3 and 5). For columns planted with
Carex appressa, Zinger et al. (2013) reported no effect of a SZC on NH4-N outflow
concentrations. In contrast, and similarly to our study, Zinger et al. (2013) reported a negative
effect of a SZC on NH4-N outflow concentrations from columns planted with two other plant
species (Dianella revolute and Microlaena stipoides). They argued that this difference between
plant species was due to Carex appressa having dense and deep roots, whereas Dianella
revolute and Microlaena stipoides have shallow roots (Zinger, et al., 2013). They further argued
that the observed negative effect of a SZC on NH4-N outflow concentrations was due to the
reduced availability of aerobic conditions and space to facilitate nitrification (Zinger, et al.,
2013). Furthermore, another study (Glaister, et al., 2014) that incorporated antecedent drying

found that a SZC had no significant effect on NH4-N outflow concentrations, in contradiction
to the findings of the present study.
Probably, good anoxic conditions, supporting denitrification, are maintained by the presence of
a SZC, and hence the negative effect of long ADD becomes irrelevant for nitrogen removal in
stormwater BRCs. Similarly, Glaister et al. (2014) found that NO2NO3-N and hence total N
removal could be maintained over extended dry periods (6-18 days) when a SZC was present.
According to the discussion about temperature (section 5.1), the bacteria responsible for
nitrification may be psychrophilic, and hence favored by low temperature. However, nitrifying
bacteria are considered to be obligate aerobes (Ward, 2008). Hence, a SZC should have a
negative effect independent of temperature. Yet, nitrifying bacteria are reputed to be
microaerophilic, and thus thrive best under relatively low oxygen conditions (Ward, 2008).
Hence, the relatively high removal of NH4-N in BRCs with a SZC at low temperature (Figure
3) can probably be explained by the nitrifying bacteria in the system being psychrophilic
microaerophiles.
For NO2NO3-N, the significance of the interaction between temperature and a SZC might be
due to the SZC, since outflow concentrations did not differ between temperatures, when a SZC
was present (Figure 2 and 4). Hence, the presence of a SZC evens out possible variations in
NO2NO3-N outflow concentrations caused by seasonal variations in temperature.
Generally, total N had the same behavior as NO2NO3-N, suggesting that NO2NO3-N controls
nitrogen removal rather than NH4-N. Others (Blecken, et al., 2010; Zinger, et al., 2013) have
found similar observations. Hence, removal of NO2NO3-N is a limiting factor for high nitrogen
removal in stormwater BRCs, which underlines the importance of promoting denitrification in
these systems.
One way of doing so is the inclusion of a SZC, which in the present study was shown to give
relatively high overall nitrogen removal (Figure 3). It is important to emphasize, that this might
not be enough to accomplish sufficient nitrogen removal, since effluent nitrogen from standard
BRCs are dominated by N-NO3- (46 %) and dissolved organic nitrogen (42 %) (Li and Davis,
2014). Hence, leaching of dissolved organic nitrogen should also be prevented (Li and Davis,
2014).
Furthermore, inclusion of a SZC mitigates possible negative effects of varying temperature and
antecedent drying due to seasonal changes in NO2NO3-N and total N outflow concentrations.
Additionally, a SZC supports plant wellbeing, and hence causes a higher biomass, which has
been shown to correlate positively with nitrogen removal in stormwater BRCs (Glaister, et al.,
2017; Zinger, et al., 2013).
Interestingly, the combination of low temperature and inclusion of a SZC resulted in the highest
nitrogen removal (Figure 4 and Table 4), most likely explained by bacterial community
adaptation to site-specific conditions (Stubbendieck, et al., 2016). Furthermore, a recent study
showed, that consecutive freeze-thaw cycles with temperatures varying from -10 to +10 °C, did
not deteriorate nitrogen removal in BRCs with SZCs (Ding, et al., 2019).

Finally, nitrification is pH-sensitive with a pH optimum between 7.2 and 8.2 (Alleman, 1985).
However, it occurs at pH levels from 6.6 to 9.7 (Odell, et al., 1996). Denitrification is less
sensitive to pH, and takes place at pH levels from 6.6 to 9.0, with optimal pH-values around
6.6 to 8.3 (Glass and Silverstein, 1998; Šimek, et al., 2002). With a few exceptions for outflow
pH, inflow pH (Table 1) and outflow pH (6.9 ± 0.3) were within pH ranges where nitrification
and denitrification take place. Hence, pH did not affect outflow concentrations.
5. CONCLUSION
The effect of a SZC, varying temperature and varying lengths of antecedent dry periods on
nitrogen removal in stormwater bioretention were tested. The results showed that the effect of
temperature and a SZC did not differ markedly between continuously watered columns and
columns exposed to dry periods of varying lengths. Both temperature, SZC and ADD
significantly affected outflow concentrations of the measured nitrogen fractions. Independent
of BRC design, low temperature favored NO2NO3-N, and thus total N removal. Independent of
temperature, long drying deteriorated NO2NO3-N and total N removal for standard BRCs,
whereas the presence of a SZC eliminated this effect. For NH4-N, long ADD only decreased
removal for BRCs with a SZC at high temperature, whereas the presence of a SZC at low
temperature eliminated any negative effects of ADD. Overall, the highest nitrogen removal was
achieved by BRCs with a SZC at low temperature, probably explained by bacterial community
adaptation to site-specific conditions. Furthermore, inclusion of a SZC generally eliminated
possible negative effects of varied ambient conditions at the same time as providing optimal
conditions for denitrification. Hence, stormwater BRCs with a SZC can be implemented to
protect recipients against high nitrogen concentrations from urban stormwater runoff in areas
experiencing temperate climates if locally produced filter material is used and system maturity
is allowed.
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