
Total and dissolved metal treatment  

in stormwater bioretention

Katharina Lange

Urban Water Engineering

Department of Civil, Environmental and Natural Resource Engineering
Division of Architecture and Water

ISSN 1402-1757
ISBN 978-91-7790-573-8 (print)
ISBN 978-91-7790-574-5 (pdf)

Luleå University of Technology 2020

LICENTIATE T H E S I S

K
atharina Lange   Total and dissolved m

etal treatm
ent in storm

w
ater bioretention



Total and dissolved metal treatment 
in stormwater bioretention

Katharina Lange

Luleå University of  Technology
Department of Civil, Environmental and Natural Resource Engineering 

Division of Architecture and Water



Printed by Luleå University of Technology, Graphic Production 2020

ISSN 1402-1757 
ISBN 978-91-7790-573-8 (print)
ISBN 978-91-7790-574-5 (pdf)

Luleå 2020

www.ltu.se



 

i 
 

Acknowledgements 

The studies this Licentiate is based on were carried out at Luleå University of Technology 
in the Urban Water Engineering group and financially supported by Åke och Greta 
Lissheds stiftelse, Swedish Research Council Formas and VINNOVA, Drizzle and 
Dag&Nät. Further the participation on conferences was supported by 
Wallenbergstiftelsen. To all these organizations and networks, thank you! 

I would like to thank my supervisors Godecke-Tobias Blecken and Maria Viklander for 
giving me the opportunity to work in the Urban Water Engineering Group, and for 
supporting and guiding me on the way to become a researcher. You are both the best 
supervisors one can wish. 

My gratitude goes also to Kerstin Nordqvist and Peter Rosander who supported the 
laboratory work. Thank you for all your crucial tips, support and patience! I would also 
like to thank the PhD Students who supported the laboratory work: Ico Broekhuizen, 
Joel Lönnqvist, Ivan Milovanovic, Fredrik Nyström, Oleksandr Panasiuk and Laila 
Søberg, and of course all the other colleagues and PhD Students for many fun at work 
or in free time. A big thank you also to all the people working at Godsmottagningen at 
LTU for helping me carry plant columns or heavy bags full of filter material and to all 
people working at the greenhouse of Luleå kommun for accommodating the plant 
columns. 

Finally, I would like to thank my family for being always there for me, and Fredrik 
Nyström for your support, for making me smile every day and for making my life much 
happier. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 
 

Abstract 

Metal contamination in stormwater can harm the environment because metals can be toxic for 
organisms. Earlier studies have shown that bioretention systems can efficiently retain total metals 
in stormwater. However, significant variations in their total, and particularly dissolved, metal 
treatment have been reported. The aim of this thesis is to contribute to understanding of these 
variations in bioretention systems’ metal treatment, the processes involved, and their 
environmental impact. It is based on studies presented in three appended papers, designated 
Papers I-III, that examined if (and if so how) stormwater bioretention systems affect metal 
speciation and effects of vegetation selection on total and dissolved metal treatment in 
bioretention systems. Effects of salt and antecedent drying on metal treatment, and their 
modulation of effects of vegetation selection were also explored. Paper I describes the outcomes 
of a field study showing intra-event variations in total and dissolved metal concentrations in 
effluents of a bioretention system. Paper II reports a column study designed to assess bioretention 
systems’ impact on metal speciation by measuring particulate, colloidal and truly dissolved metal 
concentrations in their influents and effluents. Paper III describes a column study focusing on 
effects of drying and 12 plant species with selected traits (common used in bioretention, 
hyperaccumulation, C4 photosynthesis, and ability to form mycorrhiza) on metal treatment in 
bioretention systems. 

Overall, it was found that the tested bioretention systems efficiently treated total metals (removal 
> 85%), but dissolved metal treatment was more variable (ranging from observation of leaching 
of Cu in Study III to efficient removal). Moreover, there were significant variations in treatment 
efficiency of both total and dissolved metals, depending on the metal, plant species, wetting 
regime, and salt application. In many cases dissolved effluent metal concentrations exceeded 
Swedish water quality guidelines. The bioretention systems also affected the speciation of metals. 
For example, relative fractions of dissolved (Study III) or colloidal and truly dissolved (Study II) 
metals were larger in the effluents than in the influents. Vegetation selection significantly affected 
total and dissolved metal treatment performance. The only tested plant characteristic found to 
have significant effects on metal treatment (mainly dissolved metals) was root biomass. However, 
metal concentrations were generally higher in  hyperaccumulators’ shoots than in the filter 
material, indicating that they could potentially be used for phytoextraction of metals in 
bioretention systems. Salt generally impaired total and dissolved metal removal, and decreased 
both the colloidal Zn fraction and truly dissolved Cu fraction slightly but significantly in the 
effluent. Drying led mostly to increases in concentrations of measured metals in the effluents. In 
addition, some plant species mitigated negative effects of drying, but the presence of some others 
resulted in higher effluent concentrations, or even metal leaching, after the experimental dry 
period. 

The presented results suggest that metals’ speciation as well as their concentrations should be 
considered in monitoring of bioretention systems, and further studies of bioretention systems 
including metal speciation and factors that influence their metal treatment performance are 
needed. They also show that vegetation selection influences the treatment of total and dissolved 
metals, particularly after dry periods. Thus, candidate plant species’ ability to treat metals should 
be tested before they are used in bioretention systems. 
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Sammanfattning 

Metallföroreningar i dagvatten kan ha skadlig påverkan på miljön om dagvatten släpps ut orenat. 
Tidigare studier har visat att dagvattenbiofilter reducerar den totala metallhalten i dagvatten 
effektivt. Man har dock också sett betydande variationer i metallbehandlingen i biofilter, särskilt 
för lösta metaller, som är en blandning av kolloidala metaller och sant lösta metaller. 

Syftet med denna avhandlinge är att bidra till ökad förståelse av dessa variationer i metallreningen, 
och att bättre förstå reningsingsprocesserna i biofilter samt vilken miljöpåverkan de har. Det har 
undersökts om och hur dagvattenbiofilter påverkar metallspeciering och vilka effekter växtvalet  
har på halten totala och lösta metaller. Det har också studerats hur salt och torka påverkar dels 
metallreningen, dels effekterna av växtvalet i biofilter. I avhandlingen ingår resultat från tre 
vetenskapliga artiklar. Artikel I beskriver resultaten av en fältstudie som visar variationer av totala 
och lösta metallhalter i utflöde från biofilter. Artikel II är baserad på en kolonnstudie för att 
bestämma inverkan av biofilter på metallspeciering genom mätning av partikulära, kolloidala och 
sant lösta metallkoncentrationer i biofiltrens inflöde och utflöde. I artikel III beskrivs en 
kolonnstudie med fokus på hur urvalet av växtarter påverkar metallbehandlingen i biofilter. 
Studien inkluderade tolv olika växtarter med utvalda egenskaper: vanligtvis använda växter i 
biofilter, hyperackumulatorer som har förmågan att absorbera höga metallhalter, växter med 
fotosyntesväg C3 eller C4, samt växter med olika förmåga att bilda mykorrhiza. Torka var också 
en faktor i studien.  

Sammantaget kan det konstateras att reningen var effektiv när det gäller den totala metallhalten 
(reningsgrad över 85 procent). Reningen av lösta metaller varierade mer, upp till urlakning av 
koppar i studie II. Metallreningens variationer var betydande för totala och upplösta metaller 
beroende på vilken metall det handlar om, växtarter, torka och saltanvändning. I många fall 
överskred de lösta metallkoncentrationerna i utflödet de svenska riktlinjerna för vattenkvalitet 
enligt miljökvalitetsnormerna. 

Biofiltersystemen påverkade specieringen av metaller. Av studie III framgick det att andelen 
upplösta metaller var större i utflödet än i inflödet, och studie II visade att andelen kolloidala och 
sant lösta metaller var större i utflödet än i inflödet. 

Påverkan av växtvalet på reningen av totala och upplösta metaller var betydande. Rotbiomassa 
är den egenskapen hos vegetationen som verkar ha den mest betydande effekten på metaller, 
huvudsakligen på upplösta metaller. I biofilter med hyperackumulerande växter fanns det 
mestadels högre metallkoncentrationer i växternas skott än i filtermaterialet, vilket indikerar att 
dessa växter kan användas för extraktion av metaller från biofiltermaterial. 

Reningen av totala och lösta metaller påverkades för det mesta negativt av salt. Salt minskade 
den kolloidala zinkfraktionen och den sant lösta kopparfraktionen signifikant i utflöde. Torka 
ledde mestadels till ökade metallkoncentrationer i utflödet. En växtart kunde minska den negativa 
effekten av torka, medan den andra växtarten efter torrperioden hade betydligt högre 
utflödeskoncentrationer, upp till metallakning. 

Utifrån avhandlingens resultat rekommenderas det att man tar hänsyn till metallspeciering i vidare 
undersökningar av biofilter. Växtvalet är viktigt för behandling av totala och lösta metaller, 
särskilt efter torra perioder. Därför är rekommendationen att växtarter testas när det gäller 
förmågan att rena metaller innan de implementeras i biofilter. 
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1 Introduction 
 

Stormwater changes the environment through both the force of the water and its quality. 
If it is not managed properly it also endangers our anthropogenically imprinted 
environment, particularly in areas with high densities of buildings and other 
infrastructure, which often have high proportions of impervious surfaces and large 
potential sources of pollutants, such as metals, nutrients, and diverse organic substances 
(Eriksson et al., 2007; Butler and Davis, 2011). Runoff from these areas needs to be 
treated, because it can result in high peak flows and volumes, and contamination of 
receiving water bodies (Characklis and Wiesner 1997; Walsh, 2005). Since the 1980s, 
stormwater management has focused in many countries on sustaining the ecology and 
geomorphology of receiving waters, and thus is now integrated in urban planning and 
urban drainage concepts such as Low Impact Development (LID), Water Sensitive Urban 
Design (WSUD), or Sustainable Drainage Systems (SuSD), which are respectively 
applied, inter alia, in the USA, Australia, and UK (Fletcher et al., 2015). In the context 
of these concepts, bioretention is considered an appropriate technology for stormwater 
management (e.g., Davis et al., 2001; Dietz 2007; LeFevre et al., 2015; Kratky et al., 
2017).  

Metals are serious stormwater contaminants (Eriksson et al., 2007) that can have severely 
toxic, and even lethal, effects on organisms (Markich et al., 2001). Bioretention systems 
can remove total metals well (e.g., Davis et al., 2003; Hatt et al., 2007a; Søberg et al., 
2017). However, some studies have found substantial variations in their metal treatment, 
especially in their treatment of dissolved metals (Trowsdale and Simcock 2011; 
Maniquiz-Redillas and Kim 2014; Søberg et al., 2017). Despite that, relatively few studies 
of their metal treatment have included analyses of dissolved metals, implying a need for 
further research (Kratky et al., 2017). In addition, different factors influence the metal 
treatment in bioretention systems. For example, significant effects of drying periods and 
road salt have been reported (Blecken et al., 2009a; Szota et al., 2015; Søberg et al., 
2017). Significant effects of vegetation selection on total metal treatment have been found 
(Read et al., 2008), but regarded as having little practical importance since overall 
removal was efficient. However, only total metal concentrations were investigated in the 
cited study, raising questions about the efficiency of dissolved metals’ removal. 
Accordingly, several authors have suggested that species selection may influence dissolved 
metal treatment, and their effects warrant further attention (Kratky et al., 2017; Dagenais 
et al., 2018; Muerdter et al., 2018). Drying and salt stress could also potentially increase 
plant species-dependent effects on metal treatment (Ryan et al., 2001; Six et al., 2004) 
and thus should be included in studies on effects of vegetation selection. 

 

1.1 Aim and research objectives 
The aim of this licentiate thesis is to contribute to understanding of the variations in total 
and dissolved metal treatment performance of stormwater bioretention systems and 
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therewith to better understand treatment processes in the systems and their environmental 
impact. Three specific research questions were addressed: 

1) What are the effects of bioretention systems on metal speciation in stormwater? 

2) What are the effects of vegetation selection on total and dissolved metal treatment in 
bioretention systems? 

3) How do salt and antecedent drying affect metal treatment and effects of vegetation 
selection in bioretention systems? 

These questions were addressed in a field study (Study I, reported in Paper I) and two 
laboratory studies (Studies II and III, reported in Papers II and III). Effects of three factors 
that could potentially influence the quality of bioretention systems’ effluents (vegetation, 
salt and dry periods) were investigated. Both total and dissolved metals (the latter defined 
as metals in the <0.45 µm fraction; Papers I-III) and, for the first time in bioretention 
research, truly dissolved metals (defined as metals in the < 3 kDa fraction; Paper II) were 
measured. 

1.2 Thesis structure 
The thesis presents summarized data obtained in the three studies (Papers I, II and III are 
attached). Paper I emerged from a field study focusing on the intra-event contaminant 
variations within the first 25 min of a bioretention system in Tyresö, Sweden. Three 
events were examined integrating determination of both total and dissolved metal 
fractions. Paper II and III are based on laboratory studies. Paper II describes a study on 
advanced metal size fractionation in bioretention research integrating factors vegetation 
and salt. Paper III is the outcome of a column experiment to evaluate the impact of 
different plant species on metal removal in bioretention systems. The plants were chosen 
according to different traits with the potential to effect the metal treatment performance 
in bioretentions systems (i.e., hyperaccumulators, C4 plants, plants with the ability to 
form mycorrhiza). Half of the columns experienced a dry period.  

This introduction is intended to briefly describe the focal subject, aims of the research it 
is based upon and the studies. The following chapter provides background information, 
including an overview of metals in the stormwater, then briefly summarizes earlier 
research on bioretention of metals, metal speciation measurements and their importance 
in bioretention research. The next chapter summarizes the materials and methods applied 
in the studies. This is followed by a results and discussion chapter. Finally, the findings 
are summarized in a conclusion. 
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Figure 1 Synthesis of the included studies 
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2 Background 
 

2.1 Metals in the stormwater 
Metals have valuable characteristics (such as electric conductivity, malleability, and 
ductility)  for diverse applications. Thus, they are omnipresent in our built environments 
and stormwater, particularly in urban or industrial catchments, where metal 
concentrations in stormwater often exceed limits in water quality standards (Makepeace 
et al., 1995; Characklis and Wiesner, 1997; Eriksson et al., 2007; Zgheib et al., 2012). 
Important sources of metals in stormwater include, for example, traffic and surfaces of 
various kinds of infrastructure (Müller et al., 2020). Some metals are essential for living 
organisms because (for example) as they are components of enzymes that catalyze crucial 
metabolic reactions. However, all metals can be toxic at sufficiently high levels, which 
depend on the metals present, their speciation and concentrations, as well as the tolerance 
of the exposed organisms (Markich et al. 2001; Chapman et al. 2003). Therefore, 
abundant and potentially toxic metals are considered to be priority pollutants in 
stormwater (Eriksson et al., 2007).  

Due to these environmental impacts, sustainable stormwater management (as defined in 
conceptual frameworks such as WSUD, LID, and SuDS) requires metal treatment to 
protect receiving waters (Fletcher et al., 2015). Thus, several treatment approaches have 
been developed to remove metals from stormwater (Dietz 2007; Blecken et al., 2017) 
involving various processes. Metals in 5 -10 µm particles can be treated by sedimentation, 
for example in sedimentation ponds and partly in swales (Clark and Pitt 2012; Gavrić et 
al., 2019). For smaller (1-5 µm) particles, physical filtration is needed (Clark and Pitt, 
2012). To treat ‘dissolved’ metals defined as species in <0.45 µm fractions, constructed 
wetlands and/or bioretention systems are options (Walker and Hurl 2002; LeFevre et al., 
2015). However, horizontal flow wetlands cover substantial areas, and vertical flow 
wetlands (or bioretention systems, rain gardens) can be attractive space-saving treatment 
options for urban areas (Davis et al., 2009; LeFevre et al., 2015).  

2.2 Metal treatment in bioretention systems and related processes 
Bioretention systems are engineered nature-based solutions for the management of 
stormwater intended to improve water quality and reduce peak flows and volumes (Davis 
et al., 2009). In addition, they can provide other ecosystem services (Ashley et al., 2018), 
so they are important facilities for the implementation of modern stormwater treatment 
concepts, such as LID (Dietz 2007, Fletcher et al., 2015).  

Bioretention systems exploit treatment processes that occur in natural soils and vegetation 
(LeFevre et al., 2015). Stormwater treatment results from interactions between 
stormwater and its pollution contents, and abiotic and biotic components in bioretention 
system. Metal treatment depends mainly on filtration and sorption processes, including 
plant uptake and metal-organic matter-complexation (Davis et al., 2003; LeFevre et al., 
2015; Søberg et al., 2017).  
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Bioretention systems generally treat total metals effectively (removal often exceeds 90%; 
e.g., Davis et al., 2003; Hatt et al., 2007a; Søberg et al., 2017). The effectiveness of their 
treatment of dissolved metals has been evaluated in fewer studies and is more variable, 
even leaching of dissolved metals has been observed in some studies (Hatt et al., 2007a; 
Trowsdale and Simcock 2011; Paus et al., 2014; Szota et al., 2015; Søberg et al., 2017).  

The factors responsible for the variability of dissolved metal treatment have not yet been 
sufficiently investigated, but some have been evaluated that can at least partly explain the 
variation in performance. For example, salt reportedly has negative effects on total and, 
more strongly, dissolved metal treatment in bioretention systems (Søberg et al., 2017; 
Paus et al., 2014). This was explained with salt effecting the Cation Exchange Capacity 
(CEC) in the filter material, but also with possible destabilizing effects of salt on colloids 
and reactions of metal and Cl ions (Amrhein et al., 1992; Bäckström et al., 2004; Paus et 
al., 2014; Søberg et al., 2017). Blecken et al., 2009a found that dry periods impair total 
metal removal by bioretention. They explain their observations with the interaction of 
various processes as the bioretention systems dry out, such as cracking of the dried soil, 
changed of the pH and mobilization of organic matter (Bartlett and James 1980; Hatt et 
al., 2007b; Blecken et al., 2009a). The choice of filter material also affects dissolved metal 
treatment, as adsorption capacities vary considerably between different filter materials 
(Søberg et al., 2019). Besides inter-event variations caused by environmental and design 
conditions also intra-event variations of metal treatment were observed by (inter alia) 
Blecken et al. 2009b, who attributed elevated metal concentrations in the first outflow 
of bioretention systems to “first flush” effects caused by oxidation processes in the filter 
material and resuspension of metals into the bioretention systems’ pore water. 

Previous studies have not provided unequivocal indications that the choice of vegetation 
in bioretention systems affects their metal treatment. Feng et al., 2012 and Zhang et al., 
2014 detected no significant effects of species selection on their metal (Cu, Zn, Pb) 
treatment. Read et al. (2008) did detect statistically significant plant species-dependent 
variations in metal treatment, but did not consider them to have practical relevance, 
because overall metal removal rates were high in the examined systems. However, none 
of these earlier studies included plants with specific traits that could potentially affect 
metal treatment. Further, none of them included dissolved metal measurements or 
variations in ambient conditions (such as dry periods). Metals are mainly retained in the 
filter material of bioretention systems, and direct plant uptake only accounts for 2-8% of 
the retention (Muthanna et al., 2007). Nevertheless, vegetation can affect metal removal 
indirectly, e.g. by affecting the soil structure and quality parameters (such as the amount 
of organic matter in the soil, metal contents, pH, and preferential flow paths from roots), 
thereby potentially causing variations in metal speciation and treatment in bioretention 
systems (Six et al., 2004; Zhao et al., 2007; Chahal et al., 2016; Dagenais et al., 2018; 
Muerdter et al., 2018). These plant effects could be further increased by interactions with 
salt and drought (Blecken et al., 2009a; Paus et al., 2014; Søberg et al., 2017), since plants 
may react sensitively to these stresses (Ryan et al., 2001; Six et al., 2004). 
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Further, targeted plant choice may enhance metal removal. For instance, LeFevre et al. 
(2015), Kratky et al. (2017), Dagenais et al. (2018), and Muerdter et al. (2018) postulated 
that hyperaccumulating plants may enhance metal treatment in bioretention systems. This 
is because they can accumulate high amounts of metals from their substrates in 
aboveground tissues (Terry and Banuelos, 2000), so metals could potentially be removed 
from bioretention systems by growing and harvesting such plants. However, no 
hyperaccumulating plants had been included in bioretention studies before Study III.  

Further, several authors (e.g., Muerdter et al., 2018; Skorobogatov et al., 2020) show that 
more research is needed on mycorrhiza in bioretention systems. It has been shown that 
mycorrhizal fungi affect soil aggregation (Rillig and Mummey 2006) and plant 
metabolism, including their capacity to take up metals (Wu et al., 2017; Weissenhorn et 
al., 1995). Winfrey et al. (2017) showed in an Australian bioretention field study that 
mycorrhizal fungi are present in bioretention systems and Poor and Kube (2019) found 
in a bioretention column experiment that mycorrhizal fungi enhance Cu treatment under 
constantly watered conditions. Their studies only included total metal measurements, 
indicating that more research incorporating dissolved metal measurements is needed. 
Finally, Hunt et al. (2012) suggested that high plant biomass development could facilitate 
metal extraction from bioretention filter material. C4 plants and C3 plants have different 
photosynthesis pathways (Hatch and Slack 1966), and C4 plants are considered to 
produce biomass more efficiently than C3 plants, at least in some conditions (Zhu et al., 
2008), suggesting that C4 plants should be included in bioretention studies. 

 
2.3 Metal speciation analyses to predict bioretention systems’ environmental 
impact  
Speciation has been defined as “distribution of an element amongst defined chemical 
species in a system” (Templeton et al., 2000, p. 1456). Information about metal speciation 
is important not only to understand treatment processes in bioretention systems (see 
section 2.2), but also to evaluate their performance in terms of environmental impact 
(Markich et al., 2001). However, few metal bioretention studies have included 
consideration of metal speciation by distinguishing between particulate metals and 
‘dissolved’ metals (examples include Søberg et al., 2017; Maniquiz-Redillas and Kim 
2014; Hatt et al., 2007a; Trowsdale and Simcock, 2011), although a general objective of 
bioretention systems is to remove dissolved metals (LeFevre et al., 2015). Even when 
considered at all, the dissolved metals determined in previous studies have been the <0.45 
µm fraction (i.e. the fraction that passes through a 0.45 µm filter), which includes not 
only free metal ions but also ions bound to or associated with various organic and 
inorganic compounds (Gustafsson and Gschwend 1997). The metal species within this 
‘dissolved’ fraction differ in both bioavailability and mobility (Gustafsson and Gschwend, 
1997; Markich et al., 2001; Wang and Guo, 2000; Town and Filella 2002), so there are 
strong reasons for differentiating and specifically considering them in stormwater and 
bioretention related studies. 
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Several studies on water and stormwater have taken the variation in characteristics of 
metal species into account (Sigg et al., 2000; Town and Filella, 2002; Tuccillo, 2006; 
Karlsson et al., 2009; McKenzie and Young, 2013; Grout et al., 1999; Morrison et al., 
1990; Lindfors et al., 2017) and divided metals into more fractions than just particulate 
and dissolved. They found that metal speciation depends on characteristics of both the 
metal and catchment. The methods applied and groups of metal species defined varied in 
these studies. Examples of methods applied to differentiate metal species have included 
thin layer chromatography (Lindfors et al., 2017), flow field-flow fractionation (Kammer 
and Förstner 1998) and size fractionation by filtration, commonly to obtain < 0.45 µm 
‘dissolved’ fractions using membranous filters and/or more advanced ultrafiltration 
techniques to obtain smaller fractions (e.g. Lindfors et al., 2017). 

The differences in behavior among metal species are increasingly taken into account in 
environmental protection regulations. For example, the European Union’s Directive 
2008/105/EC sets out Environmental Quality Standards (EQS), which complement the 
European Union’s Water Framework Directive (2000/60/EC; WFD). These include 
maximum acceptable concentrations among others for metals in the ‘dissolved phase’, 
defined as the phase “obtained by filtration through a 0.45 μm filter or any equivalent 
pre-treatment” (Directive 2008/105/EC, L 348/94). Thus, during implementation of 
the EU’s WFD in Sweden, threshold concentrations of ‘dissolved’ metals (<0.45 µm) 
were integrated into Swedish environmental quality criteria (Table 1). Threshold values 
were also defined for the ‘bioavailable’ fraction. These threshold values are relevant also 
for bioretention system monitoring since bioretention effluent is often discharged 
without further treatment into receiving water bodies (LeFevre et al., 2015). However, 
before study II no bioretention study investigated metal treatment by further subdivision 
than in particulate and dissolved fractions. 

Table 1 Threshold metal concentrations in Swedish environment quality criteria (based on 
Riktvärdengruppen, 2009; SwAM 2016a; SwAM 2016b) 

  

Threshold values 
for stormwater 
discharge 

 Threshold values for receiving waters  

Source  

Riktvärdengruppen 
2009 

 SwAM 2016a SwAM 2016b 

Metal 
fraction 

  total metals   dissolved metals (<0.45 µm) 

    
water 
courses lakes surface fresh water  

Pb [µg/l]  8  2.8 2.5  
Cu [µg/l]  18  3.3 2.4  
Zn [µg/l]  75  6.8 7  
Cd [µg/l]   0.4       0.08-0.25 (depending on water hardness) 

 

To determine the bioavailable metal concentrations specified in Swedish regulations, a 
biotic ligand model (BLM) is used (SwAM, 2016; SwAM, 2019). In the studies 
underlying this thesis, a size fractionation approach was used, as described for example by 
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Lindfors et al., 2017 and fractionation was defined following Templeton et al. (2000) as 
a “process of classification of an analyte or a group of analytes from a certain sample 
according to physical (e.g., size, solubility) or chemical (e.g., bonding, reactivity) 
properties” (Templeton et al., 2000, p. 1456). The size fractionation approach involved 
filtration through 0.45 µm and 3 kDa filters, enabling determination of ‘particulate’, 
‘colloidal’ and ‘truly dissolved’ fractions. The division of metal species into these fractions 
is partly artificial, because in reality the sizes of particulate, colloidal and truly dissolved 
metals overlap (Gustafsson and Gschwend 1997). However, size fractionation is often 
used in estimation of metal speciation, relatively easy and cheap. Thus, it is convenient 
and can at least provide illuminating indications of speciation in bioretention research.     
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3 Methods 
 

This chapter summarizes the methods applied in Studies I-III. Detailed descriptions are 
provided in the appended papers. 

Study I was a field study at a bioretention system in Tyresö, Sweden. Studies II and III 
involved column experiments carried out in a laboratory at Luleå University of 
Technology (LTU). 

 
3.1 Experimental setup 
 

Field study (Study I) 

The studied bioretention system was located on a road in a residential area in Tyresö, 
Sweden with a traffic intensity of approx. 1000-2000 vehicles/day. The total area of the 
bioretention system was 15 m2, corresponding to 0.8% of the catchment area (1900 m2). 
The whole catchment was paved with asphalt. At the time of the sampling, the 
bioretention system was 3 years old and consisted of a 500 mm deep filter layer (>5% 
clay and silt, 75% sand and 20% gravel) with a 300 mm ponding depth. The infiltration 
capacity at the time of the sampling was 7 mm/h.  

Laboratory studies (Studies II and III)   

Column design. In both of the laboratory studies columns were made using PVC pipes 
with 0.11 m diameter and 1 m depth, sealed with a polypropylene plug at the bottom 
and 12 mm diameter PVC outlet. To obtain sufficient ponding volume a 70 mm high 
translucent PVC tube was installed on top of each column. For both studies the columns 
were filled with a ca. 70 mm layer of gravel (4-8 mm) overlain by a 880 mm deep layer 
of relatively coarse, sand-based filter material — D50=0.91 mm; Cu (D10/D60)=0.19, 
soil organic matter (OM)=14.3 g OM/kg DM) — where D50 is Mass-median-diameter 
in mm and Cu (D10/D60) is uniformity coefficient. This filter material had shown 
excellent metal removal in earlier studies and is recommended for use in climates with 
severe winters (Blecken et al., 2011; Søberg et al., 2017). 

 

Factors. The factors investigated in the two studies are presented in Table 2 and Table 3. 
Five replicate columns were subjected to each treatment, so 30 and 130 columns were 
used in total in Studies II and III, respectively. 
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Table 2. Factors and factor levels included in Studies II and III 

Study Factors Factor levels 
II Vegetation Carex vesicaria  

Spartina pectinata 
Non-vegetated column 

 Salt Salt 
No-salt 

III Vegetation 
 
 

12 plant species (listed in Table 3) 
Non-vegetation  

 Wetting regime  Regular watering (wet) 
Regular watering, interrupted with 5-week dry period (dry)  

 

Table 3. Selected species in study III. Table from paper III 

   
  Species Family Plant traits 

Vegetation 
  

Carex panicea Cyperaceae 
Typically recommended 
for/used in bioretention 
systems 

Phragmites australis  Poaceae 
Leymus arenarius Poaceae 
Iris spuria Iridaceae Ornamental flower 
Panicum virgatum Poaceae 

C4 plants Miscanthus sinensis Poaceae 
Armeria maritima  Plumbaginaceae 

Metal hyperaccumulators 

Agrostis capillaris  Poaceae 
Festuca ovina   Poaceae 
Rumex acetosa  Polygonaceae 
Dryopteris filix-mas  Dryopteridaceae 

Mycorrhizal plants Dryopteris filix-mas + Fungi Dryopteridaceae 
Control No vegetation - - 

 

Vegetation establishment. All columns, vegetated and non-vegetated, used in Studies II and 
III were watered for 19 weeks with non-chlorinated tap water before the first stormwater 
application. For the first 12 weeks the plants were kept in a greenhouse in Luleå. Then 
they were moved to the laboratory at LTU (Figure 2) where they were illuminated with 
greenhouse lamps for 12 hours per day.   
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Figure 2 Bioretention columns in the laboratory at LTU 

Stormwater application. After the 19-week establishment period all of the columns were 
watered twice weekly, manually, with 1.2 L of artificial stormwater for 31 weeks (Study 
III) or 37 weeks (Study II) continually, except half of the columns in Study III, which 
were subjected to a 5-week dry period between weeks 23 and 28. 

The artificial stormwater was prepared from non-chlorinated tap water and gully pot 
sediment. To obtain target concentrations of metals, laboratory grade cadmium (Cd), lead 
(Pb), copper (Cu) and zinc (Zn) chlorides were added, to final concentrations of the 
metals (Table 5) corresponding to those commonly observed in stormwater (Göbel et al. 
2007). For the salt treatments applied in Study II, road salt (NaCl) was added to the 
artificial stormwater to a final Cl concentration, which is typical for stormwater, 
according to Makepeace et al. (1995). 
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3.2 Sampling  
 

 

Figure 3 A: Water samples are taken from the bioretention columns after application of artificial 
stormwater in Study II and III, B: Soil sampling at the end of Study III 

 

Field study (Study I) 

Water samples were taken in summer 2015 from the outflow of the bioretention system 
during 3 rain events with varying antecedent dry days (ADDs) and precipitation (Table 
4), according to data obtained from a weather station maintained by the Swedish 
Meteorological and Hydrological Institute (SMHI) at Stormyra, Sweden, approx. 5 km 
from Tyresö, Sweden.  

With an automatic sampler (ISCO 6712), 24 flow-weighted outflow water samples were 
collected during the initial 25 minutes of outflow in each of these events in 1L acid-
washed plastic bottles.  
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Table 4 Dates, precipitation during the event (Ppt, mm) and number of antecedent dry days (ADD) 
with <0.3 mm precipitation, of the three rain events in which outflow was sampled in Study I 
(Table from Paper I). 

 

 

Laboratory studies (study II and study III) 

Water samples. Inflow samples were collected during selected watering events during the 
stormwater application period (study II N=3, study III N=14), and in effluent sampling 
events shown in Figure 4 the whole outflow from each column was collected in 2 L PVC 
vessels after the watering (Figure 3). To obtain sufficient sample volumes for analyses 
during these effluent sampling events, 1.8 L of stormwater was applied to each column.  

 

Figure 4 Time line of Studies II and III 

Filter material and vegetation samples. Filter material and vegetation samples were only 
collected in Study III. One sample of filter material was taken at the beginning of the 
study, before it was placed in the columns. After completion of the experiments, sets of 
grab samples of filter material were taken from the upper 1 cm, and at both 15 and 45 
cm depths, from 3 columns per species and from 3 non-vegetated columns (N=3; Figure 
3). In addition, vegetation samples were taken from constantly watered plants to 
determine their metal concentrations, and the shoot and root masses of both these plants 
and the plants exposed to a dry period were determined. For this, all the plants in each 
column were harvested, then their shoots and roots were separated. Next, random 
subsamples were taken of the shoots (N=5 for each species) and roots (N=3 for each 
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species) for metal analyzes. Biomass was determined for all shoots (N=5 for each plant 
species) and roots (N=5 for each plant species). 

 
3.3 Sample analyses 
In Study I, effluent water samples were analyzed for total suspended solids (TSS) and both 
total and dissolved (<0.45 µm) metals (Cu, Pb, and Zn).     

In Study II, the total, dissolved (<0.45 µm) and truly dissolved (<3 kDa) contents of Cd, 
Pb, Cu and Zn in influent and effluent water samples were determined. The Cl and TSS 
contents and pH of both influent and effluent water samples were also determined, as 
well as Total Organic Carbon (TOC) and (Dissolved Organic Carbon) DOC 
concentrations in the influent samples. 

In Study III, total and dissolved (<0.45 µm) Cd, Pb, Cu and Zn contents, TSS 
concentrations and the pH of influent and effluent water samples were determined. Cd, 
Pb, Cu and Zn concentrations in samples of the filter material, plant shoots and roots 
were also determined, as well as the shoot and root biomasses of all the sampled plants. 

Analyses of the water samples. Metal and Cl contents were determined in a Swedac-
accredited laboratory according to standard methods: SS EN ISO 17294-1,2 
(International Organization for Standardization, 2004) for metals; ISO 10304 
(International Organization for Standardization, 2007) and EN 16192 for Cl. TOC and 
DOC were also determined using a standard method, DIN EN 1484 (H3), in the 
Swedac-accredited laboratory. Before dissolved metal (<0.45 µm) and dissolved organic 
carbon analyses, samples were filtered using Filtropur S syringe filtration units 
(membrane, PES; filtration surface, 5.3 cm2; pore size, 0.45 μm). Before analysis of truly 
dissolved metals, samples were filtered using Amicon Ultra-15 centrifugal filter units with 
regenerated cellulose membrane and centrifugation for 60 min at 4200 rpm in a swinging-
bucket centrifuge. 

The pH was measured with a WTW pH 330 meter (Wissenschaftlich – Technische 
Werkstätten, Weilheim, Germany). TSS were measured following 1.6 μm filtration 
according to SS-EN 872:2005 (Swedish Standard Institute, 2005).  

Metals in the filter and plant materials. The samples were dried and analyzed at a Swedac-
accredited laboratory for metals according to standard methods — inductively coupled 
plasma sector field mass spectrometry (ICP-SFMS) according to SS EN ISO 17294-1,2 
(International Organization for Standardization, 2004) after digestion, with heat, in 
HNO3 + H2O2.  

Determination of root and shoot masses. To determine root and shoot masses, the plant 
material was oven-dried for at least 48 h at 62 degrees Celsius. The shoot mass of every 
plant of each species individually, but the root mass was determined for one plant per 
species, and used to obtain estimates of the root mass of all other plants of the same species 
with photography and ImageJ software. 
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3.4 Data analyses  
Details of the data analyses in Studies I-III are documented in the appended papers. 

Briefly, in all three studies, metal fractions were defined as follows. Total metals refers to 
contents of unfiltered samples, dissolved metals refers to contents of samples filtered 
through 0.45 µm filters and the particulate metal fraction is the difference between the 
total and dissolved (<0.45 µm) metal fractions. In study II, dissolved (<0.45 µm) metals 
were also subdivided into truly dissolved metals (the <3 kDa fraction) and colloidal 
metals, determined by subtracting this fraction from the < 0.45 µm fraction. 

In addition to the data analyses conducted in Studies I-III, the following additional 
analyses were conducted for the thesis to synthesize the knowledge obtained.  

• To determine differences in Cu and Zn speciation between sampling events and 
inflowing water in Studies I-III, Welch’s test was applied, with post-hoc Games-
Howell pairwise comparison.  

• To assess plants’ ability to enrich metals in harvestable (aboveground) tissues and 
hence contribute to soil remediation, shoot/soil ratios of metal concentrations 
were calculated in Study III using data obtained from analyses of constantly 
watered plants (N=5) and filter material at 0-1, 15 and 45 cm depths (N=3).  

• To identify factors responsible for the variation in metal concentrations in effluents 
sampled in Studies II and III, concentration data obtained from unfiltered (Study 
II and III), 0.45 µm-filtered (Study II and III) and 3kDa filtered (Study II) samples 
were subjected to Principal Component Analyses (PCAs). 

• To enable comparison of metal concentrations determined in Study I with those 
obtained in Studies II and III, ‘event mean concentrations’ (EMCs) during each 
outflow event monitored in Study I were calculated from concentrations 
determined during the first 25 min. Time trends of the fractionation of Cu, Pb 
and Zn in Study I had been obtained by plotting changes in the dissolved fractions 
with time and regression analysis. 

When values were below the laboratory limits of quantification (LOQs), LOQs were 
used for data analyses. Minitab®17.2.1 was used for all statistical tests, and the results were 
considered significant if p<0.05. 
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4 Results 
4.1 Overall metal treatment performance and metal speciation 
 

Overall metal treatment performance. 

Study II (varied factors: salt and vegetation) and study III (varied factors: vegetation and 
wetting regime) showed that the bioretention systems efficiently treated total metals: in 
both studies total metal concentrations were far lower in the effluents than in the influents 
(Table 5). Total metal removal exceeded 95 % in Study II and 85 % in Study III under 
all treatments, and despite higher influent concentrations in Study II, effluent 
concentrations in the two studies were in similar ranges (Table 5; Figure 5). However, 
significant variations, associated with the varied factors in total metal removal and/or total 
metal concentrations were detected (for details see section 4.2). 

Dissolved (<0.45 µm) metal removal was more variable than total metal removal. In study 
II, removal of Cu (with and without added salt) and Zn (without added salt) was 
significantly lower than total metal removal. The lowest removal was 66%, for Cu with 
added salt. In study III, removal of dissolved Cd, Pb and Zn was consistently >70%. 
Dissolved Cu leaching was observed from columns with some plant species, while 
columns planted with other species still removed Cu. Dissolved Cu removal never 
exceeded 70%. Significant variations in removal and/or concentrations of dissolved 
metals associated with the varied factors (selected plant species, salt and wetting regime) 
were detected (for details, see section 4.2). 

In Study III, the removal of Cu with and without added salt (89 and 84%, respectively) 
and Zn (without salt, >98%) in the 3 kDa fraction was significantly lower than the 
removal of these metals in the unfiltered fraction, according to Welch’s ANOVA. 
However, removal of Cu was significantly higher from the <3 kDa fraction than from 
the dissolved (<0.45 µm) fraction. 

The results of study I show that the metal concentrations in the effluents of the same 
bioretention systems can vary between different storm events (Table 5; Figure 7) and 
even within rain events (Figure 8). Variations in EMCs among events were highest for 
total Pb and Cu, with coefficients of variation (CVs) of 76% and 74%, respectively. 
Dissolved (<0.45 µm) metal concentrations varied less between the events (CVs 7-24%). 
The highest intra-event metal variations were found for total metals in events 1 (CVs: 
Cu 50%, Pb 55%, Zn 42%). In study I, the overall metal treatment performance could 
not be estimated because inflow quality data could not be determined.  
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Table 5 Summary of mean influent and effluent concentrations reported in Papers I-III 

 

Effluent concentrations in Study I were higher than those in Studies II and III for total 
and dissolved Zn (events 1-3) and slightly higher for total Pb, Cu (event 1) (Table 5, 
Figure 5, Figure 6). 
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Figure 5 Total metal concentrations in the outflows recorded during the three events monitored in 
Study I and effluents of the columns with indicated species, with and without salt, and at indicated 
sampling occasions in Studies II and III (µg/l) 
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Figure 6 Dissolved metal concentrations in the outflows recorded during the three events monitored 
in Study I and effluents of the columns with indicated species, with and without salt, and at indicated 
sampling occasions in Studies II and III (µg/l). 
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Speciation. In all three studies, particulate and dissolved (<0.45 µm) fractions of Cu and 
Zn were determined. Fractions of Pb and Cd could not be determined because their 
concentrations were often below the laboratory limits of quantification.  

As shown in Figure 7, in Studies II and III there were significant differences between 
fractionation in the inflow and outflow according to Welch’s ANOVA and Games-
Howell pairwise comparison. While most Cu was in particulate form in the influents, 
proportions in the particulate fraction varied between 50 % and 100 % in the effluents, 
depending on the treatment.  

The Cu fractionation determined in effluents sampled during the monitored events in 
Study I differed in some respects from the fractionation in effluents sampled in Studies II 
and III (Figure 7). Mean dissolved Cu percentages in events 1 and 2 were significantly 
lower than the mean dissolved Cu percentages determined in Studies II and III with 
p=0.000 and R2 (adjusted) = 81 % according to Welch’s ANOVA (confirmed by Games-
Howell pairwise comparison). Only the mean dissolved Cu percentage obtained for event 
3 was similar level to those obtained in studies II and III. However, as only three storm 
events were monitored, it is not possible to generalize these results. 

For Zn, differences between the fractions in inflow and outflow were not as clear as for 
Cu (Figure 7). However, differences between mean dissolved Zn percentages within the 
dataset were observed, with p=0.000 and R2 (adjusted) = 44 %, according to Welch’s 
ANOVA. 

Study I enabled determination of changes in metal fractionation during the first 25 min 
of three effluent events (Figure 8). Dissolved (<0.45 µm) fractions were lowest in event 
1 and highest in event 3. For most metals and events no significant changes in speciation 
over time were observed, but percentages of dissolved Cu (R2 = 86 %) and Zn (R2 = 76 
%) fractions increased during event 1. 
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Figure 7 Dissolved metal fractions in the outflows recorded during the three events monitored in 
Study I and effluents of the columns with indicated species, with and without salt, and at indicated 
sampling occasions in Studies II and III (µg/l); black diamond = mean. 
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Figure 8. Metal concentrations and speciation (colored part) during the first 25 min in bioretention 
system effluent collected during three rain events 

 

4.2 Effects of vegetation, wetting regime and salt 
Results were summarized from Papers II and III. Study II showed that the bioretention 
systems’ treatment varied significantly, depending on the metal, metal species and salt. 
Similarly, in Study III, treatment of bioretention systems varied significantly, depending 
on the metal, metal species, plant species and wetting regime. 

Effects of vegetation. In study II, little effect of plant species selection on bioretention 
systems performance was detected. Removal was only significantly lower in the non-
vegetated columns than in the vegetated columns for Cd in the presence of additional 
salt. The observation that vegetation is beneficial for Cd treatment was supported in study 
III, where the total Cd mean concentration was highest directly after the dry period in 
effluents from the non-vegetated columns. 

In contrast to Study II, in Study III significant effects of plant species selection on metal 
treatment of both total and dissolved metals were detected (Paper III (Figure 2; Figure 3; 
Table 3)). This may have been at least partly because the species used in study II were 
randomly selected, while species with specific traits that could potentially influence metal 
treatment in the bioretention systems were chosen in study III. Effects of the included 
plant groups on metal treatment in bioretention systems are summarized in the following 
sections.  
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Hyperaccumulators  

Significant differences between the hyperaccumulating plants were observed in total Cd, 
Pb and Cu effluent concentrations after the dry period (dry 1), dissolved Cu 
concentrations after the dry period and dissolved Cd, Cu and Pb concentrations after the 
wet treatments (Figure 5; Figure 6; Paper III). No significant differences in total Cd and 
Cu as well as dissolved Pb and Cu concentrations between specific pairs of plant species 
were detected by Games-Howell pairwise comparison, and statistical tests were not 
always possible for Cd and Pb concentrations, since too many values were below their 
LOQs. However, there were apparent tendencies for columns with Agrostis capillaris to 
remove dissolved Cd, Pb, Cu less well, and for columns with Rumex acetosa to remove 
dissolved Pb and Cu less well, than columns with Armeria maritima and Festuca ovina 
directly after the dry period. Even dissolved Cu leaching was observed from columns 
with A. capillaris and R. acetosa at sampling Dry 1. 

C4 plants  

No indications of significantly better total metal treatment by the two tested C4 plants 
were detected (Figure 5; Figure 6; Paper III). However, they both treated dissolved Cu, 
Pb and Cd relatively well (i.e. low outflow concentrations), despite substantial differences 
in their root and shoot biomasses. 

Mycorrhiza 

In contrast to the hypothesized positive effects, addition of mycorrhizal fungi to the 
columns with mycorrhizal plants had significant negative effects on total metal treatment 
two weeks after the dry period, including leaching of dissolved Cu after the dry period 
(mean removal -5%; Paper III). 

Plants typically recommended for/used in bioretention systems 

There were some significant differences in metal concentrations in the columns with 
plants typically recommended for or used in bioretention systems. For example, there 
were relatively high concentrations of metals, particularly dissolved Cu and Pb, in 
effluents from columns with the ornamental plant Iris spuria (Figure 4). Dissolved Cu 
also leached from these columns, after the dry period (mean dissolved removal -71%) and 
columns with Leymus arenarius (Paper III (Fig. 4)).  

For columns with plants of all groups weak to moderate positive correlations (Pearson) 
were found between root biomass and effluent concentrations, mainly for dissolved 
metals (Paper III (Table 4)). 

In addition to effects of selected plant species on effluent metal concentrations and 
removal, the possibility that specific plant species can accumulate metals in bioretention 
systems was assessed in Study III. Metal concentrations exceeding the soil concentrations 
were found in shoots of several species, especially shoots of the hyperaccumulating plants 
(Figure 9). However, the shoot to soil in the top 1 cm layer ratio only exceeded 1 for 
one metal (Zn) and columns with one species (A. maritima). Despite relatively low shoot 
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biomass (mean mass of the shoots of constantly watered plants: 2.6 g), this 
hyperaccumulating plant species took up as much or more metals than other plants with 
significantly higher mass, such as Miscanthus sinensis, a C4 plant with a mean shoot mass 
of 10.9 g (constantly watered plants). Generally, shoot/soil rations of Zn, Cd and Cu 
were higher than the shoot/soil ratios of Pb. However, plant uptake and shoot 
concentrations were not correlated with effluent concentrations (Paper III).  

 

 

Figure 9. Ratios of concentrations of indicated metals in shoots of continuously watered (Wet) plants 
and soil at indicated depths (0-1, 15 and 45 cm) in columns with the indicated plant species. 

Effects of wetting regime. In Study III it was found that the 5-weeks dry period significantly, 
and mostly negatively, affected the treatment of total Cu, Cd, Pb and Zn, as well as 
dissolved Cu, Cd and Pb (Figure 5, Figure 6). However, the dissolved Zn concentration 
in the effluent was mostly not significantly affected by the dry period. In addition, some 
plants could mitigate negative effects of the dry period, and the negative effects had 
disappeared two weeks after watering started again. Metal effluent concentrations at this 
time (Dry2) did not vary significantly from effluent concentrations determined at the wet 
sampling (Paper III (Supplementary Table 1)), as shown in the PCA score plots in Figure 
10, where Dry1 samples form a separate group, while Wet and Dry2 groups overlap 
more. 
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Figure 10 PCA score and loading plots showing grouping of samples collected during the three 
sampling occasions in terms of metal concentrations in effluents, and hence effects of a dry period on 
the concentrations. 

Effects of salt. The effects of salt on metal treatment and speciation were investigated in 
Study II. Salt had a significant negative effect on removal of Cd, Cu and Zn (Paper II 
(Fig. 4)). PCA-based discriminant analyses showed that Cd, Cu and Zn removal 
significantly differed in most cases between columns receiving stormwater with and 
without salt (Figure 11, discriminant analyses with 90% correctly distributed 
observations). Salt did not affected Zn removal in the <0.45µm and <3kDa fraction 
(Paper II). The removal of Pb could not be determined because many values were below 
the LOQ. While salt significantly increased the percentage of truly dissolved (<3 kDa) 
Zn and Cd in the influent, no effect of salt on influent Cu and Pb speciation was 
observed. In the effluent, effect of salt were less distinct. However, it lead to slight but 
significant decreases in the ratios of the colloidal Zn fraction and truly dissolved Cu 
fraction (Paper II). 
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Figure 11 PCA score plot showing effects of salt on overall removal of Cd, Cu and Zn. 
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5 Discussion 
5.1 Overall metal treatment performance and metal speciation 
 

The columns assessed in Studies II and III were very effective in terms of total metal 
removal (>95 and >85 %, respectively, based on the differences in concentrations 
between influents and effluents; Table 5). This is consistent with earlier studies, in which 
recorded removal percentages ranged from 67 to 100% (Blecken et al., 2009b; Hatt et 
al., 2007a; Hatt et al., 2007b; Davis et al., 2003).   

However, despite generally very good total metal removal, significant differences 
between metal concentrations in the effluents were observed, depending on the plant 
species (Paper III), wetting regime (Paper III) and salt addition (Paper II). These factors 
and their effects are discussed in more detail in section 5.2. Inclusion of the concentrations 
(rather than simply removal) in the evaluation of the experiments in Studies II and III is 
important because concentrations were directly measured (original data) and 
concentrations are highly relevant for assessing effects of bioretention systems on the 
receiving waters. As shown in Figure 5, Figure 6 and Table 1, mean concentrations of 
total Cu and dissolved Cd, Cu and Zn exceeded threshold values of Swedish 
environmental quality criteria during some of the sampling events (see 5.3 for details).  

Dissolved metal treatment was more variable than total metal treatment in Studies II and 
III. The dissolved (<0.45 µm) Cu concentrations were varied particularly strongly 
between the treatments, and Cu leached from columns with some plant species after the 
dry period (Figure 6). Highly variable Cu treatment, including leaching of Cu, has also 
been observed in previous bioretention column studies (e.g., Søberg et al., 2017; Hatt et 
al., 2007a).  

The high variability and mobilization of dissolved Cu is probably at least partly due to its 
interaction with organic matter (Chahal et al., 2016; Zhao et al., 2007; Blecken et al., 
2009b). However, organic matter concentrations were not determined in effluents of the 
bioretention systems in any of the three studies underlying this thesis. Under most 
treatments (Figure 7), effluent Cu was mainly (50-100%) in dissolved form, in accordance 
with previous studies, for example, Chahal et al. (2016) found that 70-96% of Cu in 
bioretention systems was dissolved. In the influents examined in Studies II and III, the 
Cu was mainly in particulate form (Figure 7), as also found by Lindfors et al. (2017) by 
fractionation of Cu in urban stormwater. Differences in Cu speciation between inflows 
and outflows of bioretention systems may be particularly problematic when Cu leaching 
occurs, or even if its removal is poor. This is because since study II indicated that Cu in 
the effluent is mainly in colloidal (0.45 µm - 3 kDa) and truly dissolved (<3 kDa) forms, 
and truly dissolved Cu has higher potential toxicity than particle-bound Cu (Markich et 
al. 2001). 

Zn treatment was less variable (Studies II and III), probably because of differences in 
mechanisms of the metals’ mobilization. Zn mobilization in soil is correlated with Ca and 
pH rather than to organic matter (Zhao et al., 2007). These differences in metal 
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mobilization processes are also probably account for the differences between Cu and Zn 
speciation (Figure 7). 

The results of study I (intra-event variations) are only partially comparable with those of 
studies II (metal speciation, salt and vegetation) and III (vegetation, wetting regime) in 
which almost the whole effluent was collected after each watering event from 
experimental columns.  In contrast, in Study I, effluent was only collected during the first 
25 min of outflow events from a bioretention system in the field. Thus, the first flush 
effect (Blecken et al., 2009a, Subramaniam et al., 2015) may have contributed to the 
elevated metal concentrations recorded (Figure 5, Figure 6). This hypothesis is supported 
by findings that the effluent concentrations and intra-event variation recorded in Study I 
were highest during the event (1) with the highest number of antecedent dry days 
(ADD=4). 

5.2 Effects of vegetation, wetting regime and salt 
The findings that species selection significantly affects total metal treatment in 
bioretention systems (Study III) is supported by results of a column study with 20 plant 
species commonly used in Australian bioretention systems by Read et al. (2008). In 
contrast, no significant effects of the selected species on metal removal were detected in 
Study II, or in studies by Feng et al. (2012) and by Zhang et al. (2014). However, the 
lack of effect of vegetation on metal treatment in these studies should be treated 
cautiously, since only 5 and 2+4 plant species were used in them, respectively. In Study 
III, 12 plant species with several traits potentially affecting metal treatment were included, 
thereby increasing the possibility of detecting associated differences in columns’ 
performance (LeFevre et al., 2015). Thus, it is not surprising that between-species 
differences in metal treatment were observed in Study III, but not Study II.  

Effects of plant species selection were found not only on total metal treatment but also 
dissolved metal treatment, in accordance with postulations by Dagenais et al., 2018 that 
selected species may affect the retention of dissolved contaminants, for example by root-
associated preferential flow paths. The hypothesis that there are significant plant species 
effects on metal treatment was confirmed for total and dissolved metals by Study III. 
Positive correlations were also found between root biomass and metal (mainly dissolved) 
concentrations, indicating that root-associated preferential flow paths may contribute to 
reductions in dissolved metal removal. However, the correlations were only weak or 
medium strong. For example, there were significant differences in root biomass between 
columns with different C4 plants in Study III, but not in their metal treatment, indicating 
that root weight is not the only factor responsible for plant effects on metal treatment. In 
further studies using columns with 20 Australian plant species, Read et al., 2009 found 
weak correlations between total metal concentrations and leaf area, leaf mass, shoot 
height, root length/root mass ratio and percentage of fine roots. Contrary to Study III, 
they found no correlations between root mass and total metal concentrations, but this 
may have been because they did not analyze dissolved metals (what may have caused that 
correlations between metal concentrations and root mass were overseen). To identify 
beneficial anatomical plant properties for metal treatment in bioretention systems, more 
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studies are §needed. Studies II and III showed that including dissolved metal 
concentrations (<0.45 µm) and truly dissolved metal concentrations (<3kDa) is 
important, since it improves (inter alia) the understanding of the processes in bioretention 
systems, and thus the importance of selecting appropriate plants for metal treatment.      

Both, dry periods (Study III) and salt (Study II) had significant negative effects on total 
and dissolved metal treatment in the bioretention systems, in accordance with 
expectations based on previous studies. The results of Study III are consistent with 
findings by Blecken et al. (2009a) that dry periods decreased metal treatment. Cracks in 
the soil, pH changes and increased amounts of dissolved organic matter most likely 
contribute to increases in effluent metal concentrations after a dry period (Bartlett and 
James, 1980; Hatt et al., 2007b; Blecken et al., 2009a). Figure 12 (from the bioretention 
columns after the drying in Study III) shows that plant health was often strongly affected 
by the 5-week dry period, which possibly caused die-back of the roots and hence 
increases the abundance of organic matter, which have known correlations with metal 
leaching (Chahal et al., 2016). 

 

Figure 12 Selected plant species after the dry period compared to constantly watered plants at the same time 

Søberg et al. (2017) and Paus et al., 2014 found that leaching of metals from bioretention 
systems may occur when salt is added. This is consistent with results of study II, in that 
no metal leaching was observed, but some significant negative effects on metal removal 
were detected. Interesting effects of salt on Zn speciation were also detected in Study II: 
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significant increases in colloidal and truly dissolved fractions in the influent, but not in 
the effluents, although salt concentration and pH were constant (Figure 7). The important 
factors for Zn speciation in bioretention systems were not identified in study II, but a 
potentially important factor is the speciation of organic matter. 

Variations in metal treatment between columns with different plant species of defined 
groups (commonly used bioretention plants, hyperaccumulators; Study III) indicated that 
species’ effects on performance should generally be tested before they are used in 
bioretention systems. Bioretention systems are technical facilities to treat stormwater, so 
the function of each component should be clear. Inter alia, when designing bioretention 
systems for stormwater treatment it is clearly important to consider not only the 
appropriate dimensions and filter media etc., but also the optimal vegetation. 

Limited interaction between selected vegetation and salt was detected in the studies 
underlying this thesis. In Study II, few species-dependent differences in metal treatment 
were detected, and the only significant difference between vegetated and non-vegetated 
columns was that Cd removal was lower in the non-vegetated samples when salt was 
added. Interestingly, the mean total Cd concentration in the non-vegetated columns in 
Study III after the dry period (Dry1) was higher than the concentrations in effluents from 
the vegetated columns. Cd concentrations in effluents increased when the bioretention 
system were affected by salt or dry periods, but some of the plants at least mitigated the 
negative effects slightly. Notably, the different hyperaccumulating plants did not have 
identical effect on Cd effluent concentrations, but generally took up higher amounts of 
Cd than the other tested plants (Study III). 

In study III it was found that shoot/soil ratios of metal concentrations were higher in 
columns with some plants than others, which is important because the shoot/soil ratio 
indicates the potential of plants to removed metals from the filter material in bioretention 
systems (van der Ent et al., 2013). Study III showed that hyperaccumulating plants (which 
had the highest shoot/soil ratios) could potentially be used to remove metals from 
bioretentions systems. Hyperaccumulating plants with low biomass (A. maritima) even 
took up similar amounts of metals as plants with significantly higher biomass (Study III 
(Fig. 7)), due to their higher accumulation capacity of metals in aboveground material. 
Moreover, this was despite levels in their aboveground tissues still being lower than 
defined threshold concentrations for hyperaccumulation (300, 1000, 100 and 3000 
mg/kg for Cu, Pb, Cd and Zn, respectively; van der Ent et al., 2013). Why these 
concentrations were not reached is unclear, but it could have been because the 
bioavailable metal concentrations in the filter material were too low or the individual 
plants lacked the ability to hyperaccumulate metals (Ali et al., 2013). Thus, further 
research on the application of hyperaccumulation plants in bioretention is needed.  

It should be noted that the significantly higher metal accumulation capacity of some plants 
did not correlate well with metal treatment performance. For example, columns with A. 
maritima and F. ovina treated dissolved metals relatively well, but generally no correlations 
between plants’ metal uptake or concentrations and metal treatment were found. This 
could be at least partly because the retention of metals by plant uptake was low compared 
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to the retention by the filter material. In accordance with this hypothesis, Muthanna et 
al., 2007) found that plant uptake only accounted for 2-8% of total retention in 
bioretention systems they examined. Study III confirmed that metal uptake is generally 
low compared to the total amount of retained metals (Paper III, Fig. 5), but also revealed 
species-dependent variations in percentages of metals accumulated in the plants. 

 

5.3 Practical significance 
There are important differences in our ability to influence the factors investigated in 
Studies I-III. It is often impossible, or at least difficult, to influence the wetting regime 
since dry periods occur naturally (e.g., droughts) and there may little or no possibility for 
irrigation. Salt inflow from road salt application in regions with freezing winters can be 
minimized by using other road maintenance strategies in the winter, but salt entry into 
bioretention systems near the sea is more difficult to avoid (Szota et al., 2015). In contrast, 
vegetation with desirable traits can be selected. For example, Read et al., 2008 and Payne 
et al., 2018 showed that vegetation selection can strongly influence nutrient retention. 
They argued that it does not play an important role in metal treatment, but Study III 
showed that it can have important effects on metal treatment, particularly dissolved metal 
treatment after dry periods. 

This is underlined by comparison of the effluent concentrations to threshold values of 
Swedish environmental quality criteria (Figure 5, Figure 6 and Table 1). Both total and 
dissolved metal concentrations exceeded Swedish threshold values in effluents from 
bioretention systems in some cases, depending on the metal, plant species, wetting regime 
and salt application. 

In Study I, mean total concentrations of Cu and Zn in effluents (32 and 77 µg/l, 
respectively) exceeded threshold values for stormwater discharge(18 and 75 µg/l, 
respectively; Riktvärdengruppen 2009) in event 1. However, threshold levels were not 
exceeded in the other events. In addition, although mean concentrations of total Pb were 
below the corresponding threshold (8 µg/l; Riktvärdengruppen 2009), the peak Pb 
concentration in event 1 reached it (Figure 8). Furthermore, in all events, dissolved Cu 
and Zn mean concentrations (5.07-8.09 and 33.7-37.8  µg/l, respectively) were clearly 
and consistently above the threshold values for receiving waters (2.4 and 7 µg/l, 
respectively; SwAM 2016a). Dissolved Pb concentrations were consistently below the 
threshold values. For clarification, it should be repeated that the complete effluents after 
the rain events were not collected in Study I, only samples during the first 25 min. 
However, as described in Paper I, equally high mean effluent concentrations have been 
recorded in other field bioretention studies (Muthanna et al., 2007; Sun and Davis 2007; 
Read et al. 2008, Hatt et al. 2009; Blecken et al., 2009a, Blecken et al., 2009b; Li et al. 
2014, Lim et al. 2015). 

In Studies II and III, mean total metal concentrations were consistently below the 
threshold values for stormwater discharge (Figure 5, Table 1). In Study II, threshold 
values for receiving waters were exceeded by mean concentrations of dissolved Cu 
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and, when salt was added to non-vegetated columns, dissolved Cd (for which the 
threshold value is 0.08 µg/l, as shown in Figure 6 and Table 1). In study III, mean 
concentrations of dissolved Cd and dissolved Zn were higher than threshold values in 
some cases, depending on the vegetation and watering regime. Mean concentrations of 
dissolved Cu exceeded threshold values in all cases (Figure 3, Table 1). It should be noted 
that the metal concentrations recorded in Study II and III were determined from 
composite samples of the complete effluents from the bioretention columns after one 
watering event. As Study I showed, the concentrations could be substantially higher 
during the course of an effluent event due to first flush effects.  

Elevated metal concentrations in effluents from bioretention systems could be hazardous 
for the biota in receiving waters, as shown by Young et al. (2017) for salmon embryos. 
However, the reasons for the toxicity of bioretention effluents are not yet clear and (as 
also shown by Young et al., 2017) the effluent from bioretention systems is less toxic 
than the untreated stormwater. This highlights the functionality of bioretention systems, 
but more research on the bioavailability and toxicity of the contaminants in their effluent 
is needed. Since metals’ bioavailability and toxicity depend at least partly on their 
speciation (Markich et al., 2001), it is important to consider metal speciation when 
investigating bioretention systems’ treatment. Moreover, its legislative importance is also 
increasing. Modern environmental quality criteria already include limits for defined 
fractions of metals. For example, the Swedish Agency for Marine and Water Management 
(SwAM) defines threshold values not only for total and dissolved (<0.45 µm) metal 
concentrations, but also for bioavailable metal concentrations reaching receiving waters 
(SwAM 2016, SwAM 2019). While total and dissolved metal concentrations are directly 
measured in water samples, bioavailable concentrations are only estimated now by 
modeling (e.g., SwAM used a biotic ligand model). By measuring truly dissolved (<3kDa) 
metal concentrations, Study II introduced an economically feasible approach to 
complement modelling results with measured data.  

 

 

 

 

 

 

 

 

 
  



 

37 
 

6 Conclusion 
 

The objectives of the studies underlying this thesis were to improve understanding of the 
variations in total and dissolved metal treatment performance of stormwater bioretention 
systems, the processes and factors involved, and their environmental impact. The three 
studies focused on: if (and if so how) the systems affect metal speciation; effects of 
vegetation selection on the systems’ total and dissolved metal treatment; and effects of salt 
and antecedent drying on metal treatment as well as their modulation of the effects of 
vegetation selection. 

The results show that   

1) Metal speciation in the influents and effluents of bioretention columns significantly 
differed. The rations of the dissolved metal fractions in Study III, and the colloidal and/or 
truly dissolved metal fractions in Study II, were higher in the effluents than in the 
influents. 

2) Significant effects of vegetation selection on effluent concentrations of both for total 
and dissolved metals were detected. Root biomass was weakly to moderately correlated 
with effluent metal concentrations, particularly of dissolved metals. Few consistent effects 
of other traits addressed in study III were detected, but there were indications that 
hyperaccumulators can support the reduction of metal concentrations in the filter material 
through metal uptake. 

3) Salt generally had negative effects on removal of both total and dissolved metals. The 
only exceptions to this finding were that it had no significant effects on removal of <0.45 
µm and <3 kDa fractions of Zn. Salt application decreased the colloidal Zn and truly 
dissolved Cu fractions slightly but significantly. Vegetation could significantly decrease 
the negative effect of salt on Cd removal. Drying periods mostly led to higher effluent 
metal concentrations, and even leaching of dissolved metals. In Study III, Cu leached 
from bioretention columns with five of the plant species after the dry period. However, 
some species could mitigate the negative effects of the dry period, and in most cases it 
did not significantly affect dissolved Zn effluent concentrations. 

The significant variations in metal treatment (particularly of dissolved metals) in 
bioretention systems are of concern. Threshold values in Swedish water quality guidelines 
were often exceeded for concentrations of both total metals and (more frequently) 
dissolved metals in the effluents examined in Studies I-III. Only total and dissolved Pb 
concentrations were consistently below the corresponding threshold values.  

More research on total and dissolved metal treatment in bioretention systems is needed, 
including effects of plant species selection and different metal species. Further studies shall 
include measurements of organic matter in the effluent and detailed studies of root 
characteristics. In addition more bioretention research is needed integrating 
hypperaccumulation plants and mycorrhizal fungi. 
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Summary 
The treated first outflow volume from a biofilter was collected in 24 subsamples of 1 L each which 
were analysed separately to evaluate the variations of contaminants over time in the first flush. 
Partly high variations of the concentrations were observed. While often no time-trend was 
observed, for some events total metal, TSS and P concentrations showed a decreasing trend over 
time. Initial outflow concentrations are so high that they could result in eutrophic/toxic effects in 
the receiving water, depending on downstream water conditions and dilution effects. This indicates 
an interest in further investigation of intra-event variations in the outflow from biofilters.  
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Introduction 
Untreated stormwater discharges involve emissions of e.g. sediments, heavy metals and nutrients 
to the receiving waters where these substances can have a negative effect on the environment. For 
instance, metals such as Pb, Cu and Zn can accumulate in the food chain. High concentrations of 
nitrogen and phosphorous can lead to eutrophication and thus a loss of function of natural 
ecosystems. 

Among other technologies, biofilters (also known as bioretention facilities) are thus implemented 
for stormwater quality treatment. Manifold studies have shown their potential to efficiently achieve 
that purpose (e.g. Bratieres et al. 2008, Lau et al. 2000). Commonly, efficient treatment is achieved 
for TSS, and heavy metals while nitrogen and phosphorous is often more variable (Davis et al. 2011).  

Most studies on biofilters and bioretention facilities have evaluated the treatment performance 
using event mean concentrations (EMCs). While variations between different storm events and the 
factors affecting these have been extensively studied, limited data is available on the intra-event 
variations of contaminant outflow concentrations although e.g. Blecken et al. (2009a) and 
Subramaniam et al. (2015) have shown higher contaminant concentrations in the first outflow from 
biofilters in laboratory. Davis (2007) shows intra-event variations of contaminant concentrations in 
the outflow of biofilters in the field.  

The aim of this study was thus to investigate the intra-event variation of TSS, total and dissolved 
metals and nutrients in the first outflow from a stormwater biofilter in field.  

 

 



Materials and Methods  
The evaluated biofilter is located in Tyresö, Sweden (59°14'53.8"N 18°14'56.6"E). The 500 mm deep 
vegetated filter media consists of >5% clay and silt, 75% sand and 20% gravel. The filter media had 
an infiltration rate of 7 mm/h. On top, a ponding depth of 300 mm is provided. The filter is drained 
and the outflow water discharged to a storm sewer. The 15 m2 filter treats the water from an 
approximately 0.1 ha residential road catchment and is composed of two separate bioretention cells 
from which outflow samples were taken (Fig. 1). A little sediment trap is supposed to accumulate 
coarse sediment, leaves, litter etc. to avoid accumulation on the filter itself.  

   

Fig. 1. Biofilter in Tyresö, Sweden during dry and wet weather (right photo: Bertil Eriksson) 

Outflow water samples from three rain events in summer 2015 (Tab. 1) were collected using an 
automatic sampler (ISCO6712) containing 24 acid washed 1L plastic bottles. The sampler was 
programmed to collect as many samples as possible starting with the first outflow from the filter. 
This resulted in 24 samples during appr. 25 minutes. The samples were analysed for TSS, total and 
dissolved (<0.45µm) metals (Cu, Pb, Zn), P, NOx-N, NH4-N, and total N.  

Tab. 1. Characteristics summary of the rain events (ADD: antecedent dry days with <0.3  mm 
precipitation)  

 

For each pollutant and rain ‘event mean concentrations’ (EMC) has been calculated. To assess the 
variation within the event, event mean concentrations have been compared with coefficient of 
variance and maximum/minimum values. To determine trends between pollutant concentration 
and sampeling time concentration/time graphs where plotted. To examine the trends within the 
concentration /time graphs a regression analysis had been carried out. Further, a Pearson 
correlation had been carried out to test correlations between the pollutants. 

 

Results and Discussions 
Partly high concentration variations with CV>50% in the first outflow were detected (Tab. 2). For 
events 1 and 3, TSS, total P and (in some cases) total metal concentrations decreased over time (Fig. 



2). In contrast, for other events and/or contaminants no clear trend over time was observed (Fig. 
2). Dissolved metals varied but no time trend was observed in most cases. 

Tab. 2. EMCs ± standard deviation and coefficient of variance (CV) in brackets. 

 

 

Fig. 2. Contaminant concentration in biofilter outflow shown for three rain events 

 

 

 



Tab. 3. R2 values in % from concentration over time regression (p-values in brackets) 

 

Only few studies evaluated the intra-event variations of biofilter outflow. Blecken et al. (2009a) 
carried out a biofilter mesocosm experiment with 18 different columns and semi-synthetic 
stormwater. They compared the metal concentrations of the first outflow with the concentrations 
in the outflow from a later point during watering events. They found that the concentrations of Pb, 
Cu and Zn where in the first outflows significantly higher than in the samples taken at a later stage 
in most of the tested columns. Subramaniam et al. (2015) performed a laboratory scale experiment 
with one biofilter column fed with tab water. Overall, they performed 10 watering events 
intermitted by dry periods with varying length. Nine samples each were collected between 2 and 
150 min after dosing. For nitrogen compounds as well as suspended solids, they observed 
concentration variations within the first 30 minutes of the biofilter outflow. They showed a decline 
of suspended solids and nitrogen concentrations during the first 30 min of biofilter outflow. Further, 
they reported a significantly positive correlation between ADDs and pollutant outflow 
concentrations. After 30 min a stabilization of the outflow concentrations has been shown. In 
contrast, Hatt et al. 2007 have shown in a biofilter laboratory study, that TSS, metals and 
phosphorous treatment is not affected by wetting and drying of their biofilter while nitrogen 
outflow concentration were higher after dry periods (Hatt et al. 2007).  

In our field study, TSS concentrations decreased from >300 to <40 mg/L within both events 1 and 3. 
A statistically significant decrease of the concentrations over time was detected (R2 = 79.3 % for 
event 1, R2 = 66 % for event 2, see Tab. 3). In contrast, the TSS concentrations for event 2 were 
stable. This could be explained by nearly no time for pollutant built up at event 2 (ADD=0) after the 
antecedent rain. N concentrations decreased during event 3 while (despite some variations) no 
time-trend was observed for the other two events. This could be considered as not in line with the 
results from Hatt et al. 2007 and Subramaniam et al. (2015).  

For event 1, total metal and P concentrations were correlated with the decreasing TSS 
concentrations (Tab. 4). In contrast, for event 3 metal concentrations were relatively stable despite 
high variations in TSS concentrations (Tab. 4). Thus, TSS was not the only factor affecting total metal 
outflow concentrations. Values of total Cu, total Pb and total Zn are far higher in event 1 with 4 
ADDs than in the other two events with lower or no ADDs. Blecken et al. (2009b) have shown for 
metals and ADDs a significant correlation, where the metal concentration in the outflow rises with 
rising number of ADD.  



According to Swedish water quality guidelines (Swedish EPA, 2000), the higher concentrations of P 
and Cu within the events were classified as “extremely high” and of N, Pb and Zn as “very high” 
while the EMCs were in lower classes. Using the reference values of the regional stormwater 
network in Stockholm county (Riktvärdesgruppen 2009), which are staggered among others by size 
of the receiving water and type of inflow, peak concentrations of total P, Zn, Cu and TSS of some 
events exceed the maximum reference values of P(250 µg/l), Cu(40 µg/l), Zn(125µg/l) and TSS(75 
µg/l). The peak concentration of total Pb in event 1 reaches the minimum reference value for Pb (8 
µg/l) (Fig. 2).  

Comparing the metal EMC values observed in this study with values from other laboratory and field 
studies (Li and Davis 2009, Muthanna et al. 2007a, Muthanna et al. 2007b, Sun and Davis 2007, Li et 
al. 2014, Blecken et al. 2009a,b, Read et al. 2008, Hatt et al. 2009, Lim et al. 2015) reveals similar 
EMC ranges. Since the peak concentrations shown in this study are not visible when only using 
EMCs, also in the above-cited studies far higher maximum outflow concentrations and/or time 
variations could have been present as well.  

When being discharged to the receiving water bodies, the pollutants in the outflow will be diluted 
in most of the cases. However, depending on the receiving water quality and/or the size of the water 
body, peak concentrations could be a potential risk for eutrophic/toxic effects. 

Tab. 4. Pearson correlation of contaminants and TSS (p-values in brackets) 

 

The effluent in the first phase of the outflow event is a mix of newly infiltrated stormwater and 
water retained in the filter and thus dependent on the processes in the filter during the antecedent 
dry period. Subramaniam et al. (2015) explains increased TSS concentrations in the beginning of an 
event with re-suspension of fines from the filter due to the wetting front of the percolating water, 
which re-suspends fines from the filter material as well as the osmotic pressure at this front that 
may break aggregates.  Blecken et al. (2009a) explains higher metal concentrations in the first 
outflow during watering events with leaching of accumulated metals during the dry periods into the 
pore water of the filter material. Besides, they discussed oxidation processes in the upper filter 
layer, as reason for metal mobilization. The processes determining the pollutant wash-out (and even 
more those determining how many contaminants are attached to these particles) depend on 
numerous factors and cannot be determined with the limited data-set available from this study.  

Further, rain intensities and their distribution during the rain event, inflow characteristics, ADDs, 
filter material characteristics, filter age and thus previously accumulated contaminants, and 



contaminant-specific chemical processes etc. are of importance for the biofilter performance at one 
specific event. Davis (2007) collected outflow concentration data from 12 rain events in a biofilter 
field experiment. For one event, he depicted concentration/time graphs of different pollutants. He 
observed variations of outflow concentrations of TSS, TP, Cu, Pb and Zn during the whole rain event 
of 400 min. This indicates that our data are not sufficient to show if the concentration variations 
measured are resulting from a pre-stabilization phase in the beginning of an outflow event as 
showed by Subramaniam et al. (2015) and that this pre-stabilization phase is a reason for peak-flows 
in biofilters.  

 

Conclusions 
This study corroborates the limited previous findings that contaminant concentrations in biofilter 
outflow can vary significantly. Regularly, a decreasing trend of concentrations in the first outflow 
was detected. However, most events and/or contaminants showed relatively constant outflow 
concentrations. Only dissolved P increased over time. Due to the only few events and lack of further 
data, this study can only provide an indication of intra-event variations; studying this phenomenon 
further is recommended. Although EMCs may be relatively low, concentrations in the treated 
outflow from a biofilter can be high enough to be a potential risk for eutrophic/toxic effects in the 
receiving water.  
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• Data on colloidal and truly dissolved
metals of bioretention effluent

• Partitioning of the dissolved metal frac-
tion (b0.45 μm) with a 3 kDa filter

• Total metal removal N95%; removal in
the b0.45 μm/b3 kDa fractions partly
lower

• Passage through bioretention increases
colloidal and truly dissolved fractions.

• Salt affects influent fractionation stron-
ger than effluent fractionation.
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For comprehensive estimation of the metal treatment efficiency of bioretention systems, information on metal
speciation in the stormwater and the effluent is needed. However, so far, most bioretention studies only consid-
ered total metal concentrations. Despite their environmental importance, dissolved metals (defined as frac-
tions b 0.45 μm) have only been evaluated in few studies. This study represents the first bioretention study to
subdivide the b0.45 μm fraction further by filtration through a 3 kDa ultrafilter (corresponding to appr.
2–3 nm), thus enabling distinction between particulate, colloidal and truly dissolvedmetals. Higher bioavailabil-
ity of the truly dissolved fraction has been indicated by previous research, underlining the importance of this
study. Since vegetation and salt in stormwater both may be explanatory variables for metal fractionation, these
have been added as factors in the utilized full factorial pilot-scale column experiment. While total metal removal
was often N95%, detailed fractionation revealed that Cu and (whenno saltwas added) Zn removal in theb0.45 μm
and b3 kDa fractionswas significantly lower. Further,mean concentrations of Cu and (in one treatment) Cd in the
b0.45 μmeffluent fraction did notmeet Swedish receivingwater quality guidelines. By calculating the particulate,
colloidal and truly dissolved fractions, it was shown that bioretention systems affect metal speciation of Cu and
Zn. Colloidal and truly dissolved fractions were mostly prevalent in the effluent rather than the influent. Salt af-
fected metal removal mostly negatively. Fractionation was affected by salt mainly in the influent where it in-
creased the concentrations of Cd and Zn in the truly dissolved fraction (no effects on Cu and Pb fractions). In
the effluent, Cu and Zn were only slightly affected by salt. Vegetation had mostly no significant effects on
metal removal and fractionation. Further integration of detailed metal fractionation into sampling routines in
bioretention research is recommended.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

Bioretention systems are low impact urban stormwater treatment
facilities that provide pollutant retention and conversion as well as
water retention by mimicking natural soil functions. Stormwater
treated by bioretention systems is commonly discharged without fur-
ther treatment into receiving water bodies or groundwater (LeFevre
et al., 2015). Thus, it is important to examine the water quality of
bioretention effluent.

Due to the potentially toxic effects of metals on organisms as well as
their presence in stormwater in urban developed areas, metal removal
from stormwater is of major concern (Göbel et al., 2007). Bioretention
metal effluent concentrations and/or metal removal have been exam-
ined in manifold studies, which have shown that total metal removal
in general is efficient, often exceeding 80–90% (e.g. Davis et al., 2003;
Hatt et al., 2007; Søberg et al., 2017; Kratky et al., 2017). However,
few studies have focused on treatment of the dissolved (b0.45 μm)
metal fraction and results for this vary more than for total metals
(Blecken et al., 2011; Hatt et al., 2007; Søberg et al., 2017), motivating
further research (Kratky et al., 2017). In some cases, instead of removal,
leaching of dissolved metals had been shown, e.g., when soils contain
high amounts of organic matter (Hatt et al., 2007), road salt is applied
(Paus et al., 2014; Søberg et al., 2017) or salt from seawater penetrates
bioretention systems (Szota et al., 2015). This underlines the larger var-
iability of dissolvedmetals' treatment in bioretention compared to total
metals.

Metal speciation influences the behavior of metals in water
(Templeton et al., 2000). For instance, the chemical species in which
metals appear in bioretention effluent influences their transportability
and fate in downstream structures, such as pipes and receiving water
bodies (McKenzie and Young, 2013; LeFevre et al., 2015). Further, the
bioavailability of metals (which is an important parameter for metal
toxicity) depends on the species in which the metals are present
(Markich et al., 2001). Thus, information about the speciation of metals
in the effluent of bioretention systems is important to evaluate their
function and the environmental impact. Free metal ions are considered
bioavailable and potentially toxic to organisms (Markich et al., 2001) as
well as not settleable (Gustafsson and Gschwend, 1997). Metals bound
or associated to colloids can differ in their bioavailability (i.e. their bio-
availability differs from the bioavailability of free metal ions, Wang
and Guo, 2000) and are also considered not settleable (Gustafsson and
Gschwend, 1997). In contrast, particulate metals are considered not di-
rectly bioavailable and are settleable (Gustafsson andGschwend, 1997).
Depending on environmental conditions, metals can switch between
particulate, colloidal and dissolved forms (Markich et al., 2001). Thus,
advanced metal size fractionation is, for instance, important to predict
the behavior of metals in aquatic environments (Town and Filella,
2002). The varying behavior of different metal species has been recog-
nized by the European Water Framework Directive when assessing
the environmental status of water bodies. For example, in Sweden, the
national implementation of theWater FrameworkDirective sets thresh-
old values for bioavailable metals in Swedish surface waters (SwAM,
2016, 2019).

This, in combination with the larger variability of dissolved metal
treatment motivates assessment of metal speciation when considering
metal removal from stormwater. However, most studies onmetal treat-
ment in stormwater bioretention systems have mainly focused on de-
termining total metal concentrations (e.g., LeFevre et al., 2015; Kratky
et al., 2017) and only rarely dissolved metal concentrations in the
b0.45 μm filtrate (e.g., Søberg et al., 2017; Maniquiz-Redillas and Kim,
2014; Hatt et al., 2007). One limitation of the latter studies is that
oftenmetals in the b0.45 μm fraction are not truly dissolved but include
both dissolved metals and colloidal species (Gustafsson and Gschwend,
1997). Hence,more detailed analyses of bioretention effluentmetal spe-
ciationmay help to better understand potential effects of the effluent on
downstreamecosystems and processes in the bioretention system itself.

Similarly, for the stormwater itself, various studies have distinguished
between total and dissolved (i.e. b0.45 μm) metals, but little informa-
tion is available on the more detailed metal speciation (Tuccillo, 2006;
McKenzie and Young, 2013; Grout et al., 1999; Morrison et al., 1990).
Previously, models were used to estimate metal speciation in
bioretention effluent (e.g., LeFevre et al., 2015; LaBarre et al., 2017),
but to the best of our knowledge, no bioretention study has measured
further than particulate and dissolved (b0.45 μm)metal concentrations.

Salt and vegetation are two factors expected to influence metal spe-
ciation. Salt affects metal solubility in (storm)water (Warren and
Zimmerman, 1994) and in soils (Bäckström et al., 2004). In bioretention
systems, Paus et al. (2014) have shown that salt may induce Cd, Cu and
Zn leaching. If salt is present in bioretention influent, metal concentra-
tions in the b0.45 μm fraction of the effluent have been shown to be in-
creased for dissolved Pb and Cu (Søberg et al., 2017). Metal uptake by
plants only plays aminor role in overall metal removal, as shown in pre-
vious experiments (Read et al., 2008; LeFevre et al., 2015; Kratky et al.,
2017; Muerdter et al., 2018; Dagenais et al., 2018). However, metal spe-
ciation may be influenced by vegetation due to the formation of plant
metabolism products and/or development of preferential flow paths
resulting from plant roots (Muerdter et al., 2018; Dagenais et al.,
2018). These processes may lead to an increased amount of colloidal
and dissolved metals in the effluent of vegetated bioretention systems.
However, so far, few bioretention studies have examined the role of veg-
etation for metal removal (e.g., Read et al., 2008; Feng et al., 2012) and
no studies evaluated the impact of vegetation on metal fractionation.

As noted above, accurate estimation of metal speciation in the influ-
ent and effluent of bioretention systems (by advanced metal size frac-
tionation) can help to improve understanding of metal treatment
mechanisms in bioretention systems and potential impacts on the envi-
ronment. Most probably, the treatment efficiency of the particulate, col-
loidal and truly dissolved metal fractions differ in stormwater
bioretention, because the three metal fractions are subjected to differ-
ent removal and suspension processes (LeFevre et al., 2015). Thus, in
this bioretention column laboratory study the removal of these three
fractions was evaluated. A further subdivision of the dissolved metal
fraction (b0.45 μm) in the influent and effluentwas performed using ul-
trafiltration with a 3 kilodaltons (kDa) filter (approx. 2–3 nm according
to Yoon (2016)) (Fig. 1) which enabled separate assessment of the frac-
tion between 0.45 μm and 3 kDa defined as colloidal and the fraction
b3 kDa defined as truly dissolved. The study incorporated an analysis
of the effects of salt and vegetation to simulate different operating
conditions.

2. Methods

2.1. Experimental setup

To estimate the impact of bioretention systems on metal size frac-
tionation, a bioretention column experiment was carried out (Supple-
mentary Fig. 1). A full factorial experimental design with N = 5
replicates for each factor combination was chosen to test salt and vege-
tation as explanatory variables. The factor salt was investigated at two
levels, i.e., salt or no salt, whereas vegetationwas investigated at 3 levels
(Carex vesicaria, Spartina pectinata, non-vegetated). These plant species
represent typical wet/dry tolerant grass species used in bioretention
systems and are suggested in Swedish bioretention design recommen-
dations (Vymazal, 2011; Swedish Water Association, 2016).

2.2. Bioretention column design and filter material

For the experiment, polyvinyl chloride (PVC) columns (1 m high,
0.11mdiameter)were used. The insidewallwas roughenedwith flange
flap wheels (grit size: P40, diameter: 115 mm) to prevent preferential
flow along the walls. A 70 mm high transparent PVC column was at-
tached to the top of the column to allow light to pass through (to
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facilitate plant growth) but also provide a ponding volumeduringwater
application. Columns were sealed on the ground with a polypropylene
(PP) plug. As an outlet, a 12 mm wide PVC hose socket was inserted
into the columns close to the bottom.

The columns were filled with a filter material (880 mm height;
pH = 6.1; D50 = 0.91 mm; Cu(D10/D60) = 0.19; soil organic matter
(OM)= 14.3 g OM/kg DM) with an underlying 70 mm gravel drainage
layer (4–8 mm). The relatively coarse, sand-based filter material has
previously been shown to efficiently remove metals from stormwater
(Blecken et al., 2011; Søberg et al., 2017). To simulate an aged biofilter,
stormwater sediment accumulation on top of the filter, 93 ± 7 g (dry
weight, n = 13) gully pot sediment (b200 μm) was added on top of
the filter material. This corresponds e.g. to the TSS amount a filter
with an area 4% of the catchment size would receive during 5 years as-
suming an inflow corresponding to 500 mm annual precipitation and
150 mg/l TSS removed. Ten vegetated filters were planted with Carex
vesicaria and another ten with Spartina pectinata.

After planting, all columnswere placed in a greenhouse andwatered
with tap water for 3 months to allow the vegetation to establish. Then,
they were moved indoors and illuminated for 12 h per day using
high-pressure sodium greenhouse lamps (G Power Agro, 400 W,
55,000 lm, 4 lamps distributed uniformly ~1.5 m above the columns).
The columns were kept at approximately 19 °C and watered for an ad-
ditional 6 weeks with tap water before the application of semi-
synthetic stormwater.

2.3. Stormwater preparation and application

Semi-synthetic stormwater was prepared by adding gully pot sedi-
ment (sifted to b200 μm, divided into ready-to-use units under constant

stirring) from a street in Luleå to non-chlorinated municipal tap water.
Laboratory-grade chemicals (CuCl2, PbCl2, CdCl2, ZnCl2) were added to
the water-sediment mixture in an amount that metal concentrations
(Fig. 2, Table 1) were achieved which were in a range of previously re-
ported urban stormwater concentrations (Göbel et al., 2007). To half
of the stormwater, road salt (NaCl)was added so that a Cl concentration
of about 2500 mg/l was achieved which is within the range of previ-
ously determined values (Makepeace et al., 1995). Both mixtures were
stirred overnight prior to the watering events.

Volumes of 1.2 l of semi-synthetic stormwater (i.e. 125 mm water
column on top of the bioretention system, which e.g. corresponds to a
5 mm storm assuming that the bioretention area is 4% of the contribut-
ing impervious catchment area) were applied manually (with beakers)
to each column twice aweek for 18weeks. This corresponds to a typical
volume a bioretention system would achieve, as in detail described by
Blecken et al. (2007). The semi-synthetic stormwater was applied in a
randomized order to the gravitydrained columns.

2.4. Sampling and sample analyses

For one event after 18 weeks of stormwater dosing, water samples
were collected from the complete effluent from each column
(i.e., N = 5 replicates for each factor combination). The intent of the
study was to investigate the overall treatment performance of the
bioretention systems in relation to the factors, not trends in perfor-
mance over time. The filters were past their initial establishing time,
and in similar pilot-scale columns studies, it has been shown that the
outflow concentrations did not differ significantly between repeated
samplings from consecutive events after approximately 4 to 6 months
including an establishing period (see e.g. Bratieres et al., 2008; Blecken
et al., 2011; Feng et al., 2012). Thus, constant outflow concentrations
can be assumed and the utilized 5 replicates from one sampling event
were considered as sufficient. Similar assumptions were also made by
earlier bioretention column studies with designs similar to the present
study (e.g. Szota et al., 2015; Read et al., 2008; Zuo et al., 2019;
Bratieres et al., 2008) and field studies (e.g. Chen et al., 2013) which in-
vestigated bioretention treatment with N = 3 to 5 replicates and/or de
facto single sampling events.

At the sampling occasion, 1.8 l water was applied to each column
to receive a sufficient effluent volume for the analyses. Inflow sam-
ples from the semi-synthetic stormwater (three grab samples)
were collected for the sampling event and two further watering
events (N(inflow) = 3).

Eachwater samplewas divided into subsamples and filtered accord-
ing to the scheme presented in Fig. 1 to distinguish between metals in
the unfiltered, b0.45 μm and b3 kDa fractions. The 0.45 μm filtration
was carried out with a syringe filtration unit (Filtropur S 0.45, mem-
brane: PES, filtration surface: 5.3 cm2, pore size: 0.45 μm). The 3 kDa fil-
tration was carried out with an Ultracel regenerated cellulose
membrane (Amicon Ultra-15 Centrifugal Filter Units) with a spin time
of 60 min (Swinging Bucket, 4200 rpm). Following the manual of the
manufacturer, themembranes were washedwith 0.1 N NaOH and puri-
fied water prior to sample filtration.

The terms “speciation” and “fractionation” are used in this study ac-
cording to Templeton et al. (2000), who defined speciation as the “dis-
tribution of an element amongst defined chemical species in a system”
and fractionation as a “process of classification of an analyte or a
group of analytes from a certain sample according to physical
(e.g., size, solubility) or chemical (e.g., bonding, reactivity) properties”
(Templeton et al., 2000, p. 1456).

Each subsample was analyzed for cadmium (Cd), lead (Pb), copper
(Cu) and zinc (Zn), which are the most commonly studied metals in
stormwater (Kratky et al., 2017). Metals were analyzed using induc-
tively coupled plasma - sector field mass spectrometry (ICP-SFMS) ac-
cording to standard methods SS EN ISO 17294-1,2 (International
Organization for Standardization, 2004). Metal analyses were carried

Fig. 1. Flow diagram of sample preparation. The squares in the bottom show the metal
fractions resulting from the respective sample preparation (i.e., application of specific
filters).
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out by a Swedac-accredited laboratory that follows international QA
standards and uses laboratory blanks and controls for quality insur-
ance/quality control. Concentrations in unfiltered samples were deter-
mined after heat-assisted digestion (30 min at 120 °C) in 1.3 M HNO3

and 10 times dilution of the samples. For the no salt and salt samples,

analyses with different quantification limits (Table 2) needed to be ap-
plied since high salt concentrations have a negative effect on the analy-
sis accuracy due to signal suppression. Cl was analyzed using ion liquid
chromatography according to ISO 10304 (International Organization for
Standardization, 2007) and EN 16192 by a Swedac-accredited

Fig. 2.Measuredmetal concentrations in μg/l in the semi-synthetic stormwater. ♦=Mean. All concentrations are above quantification limits.N=3, square=mean. Note different scales
of y-axes.

Table 1
Characterization of bioretention column inflow and outflow; TSS, Cl in mg/l, metal concentrations in μg/l; coefficient of variation (CV) in % in parentheses; ND indicates the number of
samples with concentration below the quantification limit.

Inflow Outflow

Mean CV ND Carex Spartina No plant

Mean CV ND Mean CV ND Mean CV ND

TSS No salt 170 (6) 4.9 (27) 6.5 (96) 4.2 (72)
Salt 160 (15) 3.1 (39) 7.7 (66) 3.7 (68)

pH No salt 7.6 (2) 7.7 (1) 7.7 (2) 7.6 (1)
Salt 7.5 (4) 7.5 (1) 7.6 (1) 7.5 (2)

Cl No salt 12.4 (4) 13.4 (6) 12.7 (1) 12.6 (1)
Salt 2660 (11) 2600 (7) 2570 (11) 2500 (7)

TOC No salt 22 (17) – – – – – –
Salt 23 (19) – – – – – –

DOC No salt 8.3 (10) – – – – – –
Salt 6.7 (3) – – – – – –

Cd No salt Total 11 (12) 0 0.050 (0) 5 0.051 (5) 4 0.050 (0) 5
0.45 μm 4.3 (8) 0 0.019 (24) 0 0.019 (11) 0 0.024 (4) 0
3 kDa 4.5 (9) 0 0.014 (26) 0 0.012 (14) 0 0.019 (7) 0

Salt Total 7.5 (3) 0 0.057 (20) 3 0.053 (10) 3 0.11 (22) 0
0.45 μm 6.3 (4) 0 0.068 (19) 1 0.050 (0) 5 0.098 (9) 0
3 kDa 6.0 (3) 0 0.058 (20) 2 0.050 (0) 5 0.085 (17) 0

Pb No salt Total 61 (8) 0 0.54 (14) 3 0.62 (28) 2 0.55 (21) 4
0.45 μm 4.3 (45) 0 0.052 (28) 0 0.036 (10) 0 0.045 (18) 0
3 kDa 4.3 (45) 0 0.020 (44) 0 0.033 (52) 0 0.030 (47) 0

Salt Total 45 (1) 0 0.71 (22) 1 0.82 (37) 1 0.55 (11) 3
0.45 μm 1.5 (48) 0 0.20 (4) 4 0.27 (55) 4 0.20 (0) 5
3 kDa 0.40 (12) 0 0.20 (0) 5 0.20 (0) 5 0.20 (0) 5

Cu No salt Total 350 (36) 0 5.2 (20) 0 4.3 (15) 0 4.0 (17) 0
0.45 μm 20 (49) 0 3.9 (18) 0 3.3 (6) 0 3.6 (17) 0
3 kDa 13 (60) 0 1.5 (11) 0 1.4 (7) 0 1.5 (15) 0

Salt Total 250 (29) 0 13 (79) 0 7.7 (17) 0 8.4 (9) 0
0.45 μm 18 (48) 0 6.5 (7) 0 5.8 (13) 0 6.1 (10) 0
3 kDa 13 (50) 0 2.4 (8) 0 1.8 (27) 0 2.0 (9) 0

Zn No salt Total 770 (15) 0 4.5 (19) 3 4.8 (19) 1 6.4 (33) 1
0.45 μm 200 (9) 0 2.7 (50) 0 3.0 (35) 0 5.4 (43) 0
3 kDa 200 (9) 0 2.0 (40) 0 2.2 (26) 0 3.9 (41) 0

Salt Total 510 (5) 0 9.7 (63) 0 7.1 (32) 0 7.8 (25) 0
0.45 μm 250 (7) 0 4.7 (19) 0 4.3 (64) 0 5.7 (31) 0
3 kDa 240 (8) 0 3.6 (29) 0 3.0 (24) 1 4.6 (29) 0
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laboratory. Determination of pH was carried out using a pocket pH
meter WTW pH 330 (Wissenschaftlich – Technische Werkstätten,
Weilheim, Germany). Total suspended solids (TSS) were analyzed by
1.6 μm filtration according to SS-EN 872:2005 (Swedish Standard
Institute, 2005).

Parallel to the subsamples, deionized water (5 replicates) and salt
solution (NaCl; Cl concentration 2160 ± 186 mg/l; 5 replicates) were
processed equivalently to the subsamples (Fig. 1) and then analyzed
for Cd, Pb, Cu and Zn to obtain procedural blank values for quality insur-
ance/quality control.

2.5. Data analyses

If concentrations were below the laboratory limit of quantification
(LOQ) (Tables 2, 1), the LOQ values were used for further data analyses
to avoid underestimation of the outflow concentrations, and thus over-
estimation of the performance of the bioretention system (USEPA,
2000). Particularly in 0.45 μm filtered and 3 kDa filtered samples with
salt many values were below the LOQ (Table 1), as a result of the neces-
sary dilution to avoid deteriorated accuracy of the metal analyses. Thus,
increased LOQ for these samples needed to be accepted. Given the high
number of Cd and Pb concentrations below LOQ, for these metals in
most cases no statistical analyses weremade. Removal [in %] was calcu-
lated as (1 − (outflow concentration/inflow concentration)) · 100 for
each replicate of each factor combination.

Metal fractionswere calculated according to the following equations
(c refers to the metal concentration in the corresponding fraction):

c particulate metalð Þ ¼ c unfilteredð Þ−c 0:45 μm filteredð Þ

c colloidal metalð Þ ¼ c 0:45 μm filteredð Þ−c 3 kDa filteredð Þ

c truly dissolved metalð Þ ¼ c 3 kDa filteredð Þ

For comparability, percentages of metals in particulate, colloidal and
truly dissolved fractions were calculated.

2.6. Statistical analysis

Differences in removal between unfiltered, 0.45 μm and 3 kDa frac-
tions, differences between influent and effluent fractions, no salt and
salt treatments (removal and fractionation) and vegetated and non-
vegetated treatments (removal and fractionation) were analyzed by
Welch's test and Games-Howell pairwise comparison. For carrying out
the statistical tests to detect differences in removal between unfiltered,
0.45 μm and 3 kDa fractions, differences between influent and effluent
fractions and differences between no salt and salt treatments (removal
and fractionation), the data for the C. vesicaria, S. pectinata and non-
vegetated columns were merged for each treatment and fraction.
Thus, N = 15 for these analyses. This was assumed valid since in most
cases, there were no significant differences between the data for the
vegetated and non-vegetated columns. Significance for all statistical
tests was accepted at p = 0.05. For graphical and statistical analyses,
Minitab® 17.2.1 was used.

3. Results and discussion

3.1. Inflow

The measured total inflow concentrations are presented in Table 1
and Fig. 2. Cu and Pb mainly existed in particulate form (N92% of Cu
and N93% of Pb in the particulate fraction). Cd and Znwere in the partic-
ulate and truly dissolved fractions, with varying fraction sizes depend-
ing on whether salt was added to the water or not. Almost no metals
were in colloidal forms in the inflow (colloidal inflow fractions b 5%;
Fig. 3). The mean pH in the influent water was in the range 7.5–7.7
(Table 1). Dissolved oxygen was not measured but was assumed to be
high due to constant mixing and hence aeration of the semi-synthetic
stormwater. TOC and DOC inflow concentrations are shown in Table 1.
These are in the range of TOC and DOC concentrations measured in
stormwater in the field (McElmurry et al., 2014; Valtanen et al., 2015).

Total metal concentrations in the inflow were in line with concen-
trations in stormwater reported by Göbel et al. (2007), indicating that
the stormwater used in this study was representative. The distribution
of metals in the fractions was consistent with what is theoretically ex-
pected according to ionic and covalent indices as well as stability con-
stants (Van Loon and Duffy, 2017). Hence, the homologies between
the Cu and Pb fractions as well as Cd and Zn fractions could be ex-
plained. Our stormwater data were generally in line with the findings
of LeFevre et al. (2015), who estimated metal speciation in stormwater
using geochemical modeling with PHREEQC-2. According to their
model, Cd and Zn were mainly truly dissolved (free metal ions) while
Cu and Pb were mainly particulate (Cu(OH)2(s), PbCO3(s), particulate
organic carbon were not included in model).

Earlier investigations of metal fractionation in stormwater by
McKenzie and Young (2013), Tuccillo (2006), Morrison et al. (1990)
and Lindfors et al. (2017) support the representativeness of the semi-
synthetic stormwater used in the present study. Pb was shown to be
predominantly associated with particles in McKenzie and Young
(2013), Tuccillo (2006) and Morrison et al. (1990). Tuccillo (2006)
(Zn, Pb, Cu) and Lindfors et al. (2017) (Cu, Zn) showed that the colloidal
fraction in stormwater samples was mostly low (colloidal fraction
Tuccillo, 2006, Zn, Pb, Cu b13%; Lindfors et al., 2017, Cu, Zn b3%).
Lindfors et al. (2017) showed that Cu was predominantly (N88%) in
the particulate fraction. Generally, the results of these studies demon-
strate that metal fractionation may be variable in stormwater and de-
pend e.g., on the specific metal, environmental characteristics and
sampling method used. However, McKenzie and Young (2013),
Tuccillo (2006), and Morrison et al. (1990) used different techniques
for assessing metal speciation, thus the comparability to the present
study is somewhat limited. Only Lindfors et al. (2017) used a similar ap-
proach for size fractionation.

3.2. Impact of bioretention systems onmetal removal and size fractionation

Mean concentrations of Cd, Pb, Cu and Zn were considerably lower
in the effluent than in the influent in all fractions (unfiltered, 0.45 μm,
3 kDa) and for all treatments (no salt/salt; C. vesicaria, S. pectinata,
non-vegetated) (Table 1; Fig. 4) resulting in an effective overall metal
removal exceeding 95% (Fig. 5; unfiltered fraction = total metals) for
Cd, Pb, Cu and Zn. The removal was within the range of earlier reported
data from laboratory and field studies (Blecken et al., 2009 (N67% using
the same filter material as in the present study); Hatt et al., 2007
(N90%); Kratky et al., 2017 (N85%); Davis et al., 2003 (removal close to
100%)), showing that the bioretention systems used in this study were
representative.

Leaching did not occur for anymetal in any fraction. However, metal
removal rates from the 0.45 μm and 3 kDa filtrates was in some cases
significantly lower than removal from the unfiltered samples (espe-
cially for Cu (no salt; salt): unfiltered (99%; 96%), N3 kDa (89%; 84%),
N0.45 μm (82%; 66%); Zn (no salt): unfiltered (99%), N3 kDa (98%),

Table 2
Quantification limits of metal analyses.

Sample No salt/salt Limit of quantification in μg/l

Cd Pb Cu Zn

Unfiltered No salt 0.05 0.5 1 4
0.45 μm filtered No salt 0.002 0.01 0.1 0.2
3 kDa filtered No salt 0.002 0.01 0.1 0.2
Unfiltered Salt 0.05 0.5 1 4
0.45 μm filtered Salt 0.05 0.2 1 2
3 kDa filtered Salt 0.05 0.2 1 2
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and 0.45 μm (98%)). The mean removal capacities of Cu in the 0.45 μm
filtered samples were lower than all other removal capacities (Fig. 5).
This is in line with previous studies, which even reported leaching of
Cu in the b0.45 μm fraction (Søberg et al., 2017; Hatt et al., 2007).

Even though the effluent concentrations were considerably lower
than influent concentrations, for Cu and Cd (salt; no plant) (Table 1),
they did notmeet Swedish receivingwater quality guidelineswhich de-
fine maximum metal concentrations in the b0.45 μm fraction (2.4 μg/l
for Cu b0.45 μm; 0.08 μg/l for Cd b0.45 μm; SwAM, 2016; SwAM,
2019). This underlines the importance of further investigating the
b0.45 μm fraction, as done in this study. Conditions under whichmetals
exceed the Swedishmaximum concentrations in surface water are pre-
sented and discussed in more detail under Sections 3.3.1 and 3.3.2.

Welch's ANOVA revealed that the bioretention systems in most
cases had a significant impact on the distribution between particu-
late, colloidal and truly dissolved Cu and Zn (Supplementary
Table 2). Generally, the amounts of colloidal and/or truly dissolved
Cu and Zn in the effluents were higher than in the influents.
(Fig. 3). In the effluent, the highest amount of Cu was found in the
colloidal fraction, whereas the highest amount of Zn was found in
the truly dissolved fraction.

In the influent, almost all Cu occurred in the particulate fraction
(93–94%), whereas in the effluent, the colloidal and dissolved Cu frac-
tions were significantly higher (truly dissolved N20% and colloidal
mostly N40%; Fig. 3). The particulate Cu fraction was thus significantly
lower in the effluent (b40%; Fig. 3) than in the influent.

Fig. 3.Metal fractions in % of the total/unfiltered concentration, x = mean. Intervals calculated based on individual standard deviations. ND = not detected (when many values are less
than the quantification limit).
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The particulate Zn fraction was also smaller in the effluent than in
the influent. Thus, the colloidal (salt and no salt) and truly dissolved
(no salt) fractions were higher in the outflow (Fig. 3). However, the dif-
ference between the inflow and outflow was smaller than for Cu. Com-
pared to the influent truly dissolved Zn fractions, the effluent truly
dissolved fractions were significantly higher for the no salt treatment.
For salt treatment, no significant difference between the influent and ef-
fluent truly dissolved fractionswas detected, contrary to our hypothesis
that the colloidal/truly dissolved fractions would be stronger after pas-
sage through the bioretention system. The colloidal Zn fractions were
elevated after flowing through the bioretention column for both the
no salt and salt treatments.

The effluent concentrations of Pb and Cdwere often below the quan-
tification limits (Table 1), making it difficult to compare influent and ef-
fluent Pb and Cd fractions. However, for Pb, Fig. 4 indicates that most of

the Pb was in particulate form in the effluent (concentrations of unfil-
tered ≫ colloidal and truly dissolved), similarly to in the influent
(Fig. 3). The distribution of Cd between the three fractions in the efflu-
ent for non-vegetated columns treated with salt was similar to that in
the influent: most Cdwas found in the truly dissolved fraction in the in-
fluent and effluent.

To date, no bioretention study has attempted to distinguish between
particulate, colloidal and dissolved metals by size fractionation. Thus,
the results presented here can only be compared to studies that evalu-
ated particulate and dissolved (i.e., b0.45 μm) metals. For instance,
Søberg et al. (2017) and Maniquiz-Redillas and Kim (2014) showed
that metals in the influent of their bioretention systems were mainly
in the particulate fraction N0.45 μm and metals in the effluent existed
mainly in the dissolved fraction (b0.45 μm), supporting our results.
For Pb, the results are inconsistent: contrary to our study and Søberg

Fig. 4. Box plot of outflow metal concentrations in μg/l. ♦ = Mean. Dashed lines show the quantification limits. Inflow concentrations: Table 1, Fig. 1.
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et al. (2017), Pb in the effluent was mainly dissolved in the study by
Maniquiz-Redillas and Kim (2014).

The increased ratios of truly dissolved and colloidal metal fractions
after percolation through bioretention systems are interlinked with
the decrease of particulate metals by filtration (Søberg et al., 2017),
metal sorption characteristics (Honeyman and Santschi, 1988), specific
filter characteristics and local conditions. In the case of increased ratios
of colloidal and truly dissolved metal fractions, interactions between
metals and colloidal/dissolved organic matter within the bioretention
system may play an important role (Hatt et al., 2007; Kratky et al.,
2017). To better understand the interrelation between metal and or-
ganic matter speciation, it is recommended to include measurements
of organic matter fractionation of both, influent and effluent in future
bioretention studies of metal fractionation. Further, it would be useful
to measure oxygen content in influent and effluent as changes in oxy-
gen content can have a high impact on the redox potential, and there-
fore metal speciation (Markich et al., 2001).

3.3. Effects of salt and vegetation on treatment efficiency and metal
fractionation

Despite adding the same amounts of chemicals and sediment to the
tap water when preparing the semi-synthetic stormwater, the total
metal concentrations were lower in the semi-synthetic stormwater
with salt (Fig. 2). The reason for this difference remains unclear. To
avoid misinterpretation when comparing the treatment efficiency of
salt/no-salt or vegetation/non-vegetation treatments, we compared
mainly removal efficiencies instead of concentrations.

3.3.1. Effect of salt
Our hypothesis that salt reduces the overall metal removal was con-

firmed (Fig. 5). The effect of salt on the removal of the different fractions
varied depending on the metal. For Cu, significant differences between
the no salt and salt controls were shown for unfiltered, 0.45 μm and
3 kDa samples. Cu removal was significantly lower in the salt treat-
ments. Salt also affected Zn removal significantly in unfiltered samples,
whereas no significant effects were detected for the colloidal and truly
dissolved fractions (Supplementary Table 3). For Cd, significantly

lower removalwas detected in the salt controls. However, reliable com-
parison was only possible for unfiltered samples and between
C. vesicaria and non-vegetated controls in 0.45 μm and 3 kDa filtrates.

The few bioretention studies which included salt as a factor have
shown that salt affects the overall metal removal (Paus et al., 2014;
Søberg et al., 2017). It was found that metals leached from bioretention
columns when they were treated with salt water. Reasons for the re-
duced metal removal were possibly salt-induced colloid dispersion,
changes in soil CEC and chloride complexation (Amrhein et al., 1992;
Bäckström et al., 2004; Paus et al., 2014; Søberg et al., 2017). Paus
et al. (2014) showed in their lab experiment leaching of earlier accumu-
lated Cd, Zn and Cu from bioretention filter media. Their results are only
limited comparable to the results of this (pilot) study were salt was ap-
plied with every watering event. Søberg et al. (2017), who similarly to
this study applied salt constantly, reported higher Cu and Pb concentra-
tions in the outflow compared to the inflow. In our study, no suchmetal
leaching was observed, despite use of a similar filter material and
stormwater as utilized by Søberg et al. (2017). The removal of Zn (unfil-
tered samples) and Cd was b3% less when salt was present. However,
this relatively small decrease was practically important for Cd when
considering the effluent concentrations (Fig. 4). The mean dissolved
Cd concentrations with salt treatment (0.098 μg/l) in the effluent from
the unplanted bioretention columns exceeded Swedish target values
for stormwater discharge (0.08 μg/l for Cd b 0.45 μm; SwAM, 2019). In
contrast, the mean effluent concentrations for the vegetated filters did
not exceed 0.08 μg/l in the b0.45 μm fraction (C. vesicaria 0.068 μg/l;
S. pectinata b 0.05 μg/l). The strongest effect of salt was observed for
Cu removal. In the 0.45 μm filtered sample, the removal was decreased
by around 15% to amean removal of 65%. Thiswas practically significant
because the mean Cu concentrations in the b0.45 μm fraction
(C. vesicaria 6.55 μg/l; S. pectinata 5.79 μg/l; no plant 6.11 μg/l) of the
salt treatments exceeded the limit stated in Swedish receiving water
quality guidelines (2.4 μg/l for Cu b 0.45 μm discharge into lakes) by
N100% (Fig. 4, SwAM, 2016). This limit was also exceeded by the mean
Cu concentration in the b0.45 μm fraction for no salt treatments, but
to a lesser extent than in the salt treatments (C. vesicaria 3.91 μg/l;
S. pectinata 3.34 μg/l; no plant 3.61 μg/l). Salt is considered to reduce
the toxicity of Cd, Cu and Zn (Hall and Anderson, 1995). Hall and

Fig. 5.Mean metal removal in % ± 95%-confidence interval. ND = not detected (when many values are less than the quantification limit). Note different scales of y-axes.
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Anderson (1995) explained their observation with decreased bioavail-
ability of free metal ions in salt water. However, the amount of free
metal ions could increase if bioretention effluent is discharged in receiv-
ing waters with, e.g., changed salinity.

The fractionation of influent Zn and Cd was effected by salt. When
salt was present, the percentage of colloidal (Zn) and truly dissolved
fractions (Zn, Cd) were significantly higher (Fig. 3; Supplementary
table 5). The percentages of particulate fractions were significantly
smaller. Fractions of influent Pb and Cu (metals mainly present in the
particulate fraction) were not affected by salt.

In the effluent, significant differences between the salt and no salt
treatments were observed for truly dissolved Cu and colloidal Zn frac-
tions, which were decreased when salt was added (Supplementary
table 5). The percentage of the particulate Cu fraction was significantly
increased in the salt treatment. No comparison of the effect of salt on
the metal fractionation was done for Cd and Pb since their concentra-
tionswere often below the quantification limit in the unfiltered samples
(no salt and salt) and alsowhen saltwas added in the 0.45 μmand 3 kDa
filtered samples (Table 1).

Initially, it was hypothesized that the distribution between the par-
ticulate, colloidal and truly dissolvedmetal fractionswould shift toward
the colloidal and truly dissolved fractionswhen salt was added. This hy-
pothesis was confirmed for influent Zn and Cd. A higher percentage of
truly dissolved influent concentrations of Zn and Cd in the salt treat-
ments might be explained by metal mobilization by salt due to ion ex-
change processes and chloride complexation (Bäckström et al., 2004;
Paus et al., 2014). In the effluent, the effect of salt was less distinct. De-
creased ratios of colloidal (Zn) and truly dissolved fractions (Cu) in the
salt treatments could indicate higher salt-induced particle coagulation,
as described previously by Gustafsson and Gschwend (1997).

Interestingly, the effect of salt wasmuch stronger on the Zn fraction-
ation in the influent compared to the effluent. The effect of salt onmetal
speciation seemed to be attenuated by percolation through the
bioretention column. The salt concentration and pH were similar in
both the influent and effluent, i.e., no changes due to the bioretention
system were observed. However, after percolation through the
bioretention system, other factors may have had stronger effects on
the metal speciation than salt, e.g., the concentration and speciation of
organic matter in the bioretention column.

3.3.2. Effect of vegetation
To evaluate the effect of vegetation, the removal capacities of the

vegetated columns were compared with non- vegetated controls for
each metal, fraction and salt/no salt treatment (Fig. 5). Mostly, vegeta-
tion had no significant effect on metal removal. Significant differences
between vegetated and non-vegetated filters existed for Cd when salt
was applied: Cd removal in the non-vegetated columns was signifi-
cantly decreased (p b 0.012 Welch's ANOVA). In this case, even a de-
crease in removal of only b2% had important practical consequences
regarding water quality limits. The mean Cd concentration in the
b0.45 μm fraction in the effluent of the non-vegetated salt treatments
(0.098 μg/l, Fig. 4) did not meet Swedish receiving water quality guide-
lines (limits of 0.08 μg/l for Cd b 0.45 μm, SwAM, 2019). Read et al.
(2008) and Feng et al. (2012) studied the effect of plants on metal re-
moval in bioretention systems. For total Cu, Pb and Zn, they detected
no differences in removal capacities between vegetated and non-
vegetated columns. This supports our results showing that vegetation
had only a small effect on metal removal. Similar to our study Read
et al. (2008) and Feng et al. (2012) employed column experiments
with relatively small experimental units. Experiments with larger ex-
perimental units and longer runtimes might possibly show effects of
vegetation amongst other factors due to preferential flow caused by
roots (Dagenais et al., 2018).

Based on studies by Muerdter et al. (2018) and Dagenais et al.
(2018), it was hypothesized that metal speciation may be influenced
by vegetation due to products of plant metabolism decreasing the

adsorption capacity of soil particles and development of preferential
flow paths resulting from plant roots (which may support transport
of colloidal and dissolved metals according to Dagenais et al., 2018).
It was expected that increased amounts of colloidal and dissolved
metals in the effluent of vegetated treatments would be found. How-
ever, this hypothesis was not supported by the results. Statistical
analyses revealed no effects of vegetation on metal fractionation of
Cu and Zn in the bioretention effluent (Fig. 3). To the best of our
knowledge, no earlier studies on the effect of vegetation on the frac-
tionation of metals have been carried out. In longer studies with
larger experimental units (e.g., in field experiments), effects of
plant selection on metal speciation might be shown. Larger experi-
mental units would allow free development of roots in the soil,
which could lead to more pronounced plant specific flow paths
(Muerdter et al., 2018; Dagenais et al., 2018).

3.4. Practical significance

Overall, total metal treatment was efficient amongst all treat-
ments. However, for some treatments, effluent mean concentrations
of Cu and Cd (only in salt treatments without vegetation) in the frac-
tion b0.45 μm did not meet Swedish receiving water quality guide-
lines (limits of 0.08 μg/l for Cd b0.45 μm, SwAM, 2019, and 2.4 μg/l
for Cu b0.45 μm, SwAM, 2016; effluent concentrations: Fig. 4). This
underlines the importance of not only evaluating bioretention func-
tion according to total metal concentrations but also including metal
speciation.

Since only evaluating total metals may not reveal sufficient informa-
tion about a metal's environmental risk (Markich et al., 2001), an in-
creasing number of water quality guidelines have sought to integrate
advanced metal speciation into their recommendations instead of only
relying on totalmetal concentrations. For example, when implementing
the European Water Framework Directive in national regulation, the
Swedish environmental quality criteria define threshold concentrations
in the receivingwater body for bioavailablemetals (i.e. not for b0.45 μm
dissolved) for, e.g., Pb of 1.2 μg/l, Zn 5.5 μg/l and Cu 0.5 μg/l (SwAM,
2019). The observed effluent Pb and Zn concentrations in the b3 kDa
fraction were below these bioavailable threshold concentrations while
effluent Cu concentrations in the b3 kDa fraction exceeded them
(Fig. 4; Table 1). The determination of these threshold concentrations
in the environmental quality criteria is based on modeling (based on
the b0.45 μm fraction and integrating e.g., DOC, pH, Ca2+) and thus di-
rect comparison with the measured concentration in this study is lim-
ited. However, metal fractionation, as carried out in this study,
including b3 kDa filtration, is an approach which can complement the
use of speciation models, e.g., Biotic Ligand Models (BLM), to estimate
the bioavailability of metals in water. Size fractionation can be used to
estimatemetal speciation inwater samples, even though the size ranges
of particulate, colloidal and (truly) dissolvedmetals overlap (Gustafsson
and Gschwend, 1997). Determining size fractions is a relatively simple
and economically feasible method often applied for estimation of
metal speciation in natural waters (e.g., Gueguen and Dominik, 2003)
and occasionally in stormwater (e.g., Tuccillo, 2006). The size fraction-
ation considered in our study is, to the best of our knowledge, the first
bioretention study to distinguish between particulate, colloidal and
truly dissolved metals. Further studies should examine to which extent
the truly dissolved (b3 kDa) fraction corresponds to the bioavailable or
toxic fraction.

4. Conclusion

Information on metal speciation is important to estimate the envi-
ronmental impact of effluent from bioretention systems. This study rep-
resents the first time that advanced size fractionation has been applied
to estimate the impact of bioretention systems on metal speciation in-
cluding salt and vegetation as factors.
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The results of this study suggested that:

1. Metal treatment in bioretention systemswas generally effectivewith
mean total metal (Cd, Pb, Cu, Zn) removal N 95%.

2. The speciation of Cu and Zn in the stormwater and the biofilter efflu-
ent differed. More colloidal and/or truly dissolvedmetals occurred in
bioretention effluent compared to the influent.

3. Effluent concentrations in the b0.45 μm fraction did not meet Swed-
ish receiving water quality guidelines for Cd in salt treatments with-
out vegetation and for Cu in all treatments.

4. Salt decreased the removal of Cd and Cu in all fractions and Zn in the
unfiltered fraction. The impact of salt on metal fractionation was
shown for influent Cd and Zn where salt increased metal concentra-
tions in the truly dissolved fractionwhile no effect was shown for in-
fluent Cu and Pb. Effluent Cu and Zn fractions were only slightly, but
statistically significantly affected by salt, whereby the percentage of
the dissolved fraction of Cu and of the colloidal fraction of Zn were
decreased in the salt treatments.

5. Vegetation increased the removal of Cd under salt treatment. No sig-
nificant effects of vegetation on metal fractionation were detected.

Size fractionation of metals in bioretention influent and effluentwas
shown to be feasible by filtration using a 0.45 μm and 3 kDa filter. In fu-
ture studies, measurements of dissolved oxygen and organic matter
speciation should be integrated owing to the potential interrelation of
metal and organic matter speciation and the effect of oxygen content
on the redox potential of aqueous solutions.
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Figure 1 Bioretention columns 
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Table 1 Means of metal fractions in %, CV in %, N(Inflow)=3; (N(C. vesicaria, S. pectinata, no plant)=5, 

for Cu-salt-S. pectinata only 4 replicates) 

   
Inflow 

 
Carex 

 
Spartina 

 
no plant 

   
Mean in % CV 

 
Mean in % CV 

 
Mean in % CV 

 
Mean in % CV 

particulate 

Cd 
no salt 59 (4)   61 (15)   62 (5)   51 (3) 
salt 16 (13)   -21 (-91)   6 (157)   7 (330) 

Cu 
no salt 94 (1)   22 (69)   21 (41)   9 (77) 
salt 93 (1)   35 (69)   26 (32)   26 (56) 

Pb 
no salt 93 (3) 

 
41 (47)   37 (64)   17 (103) 

salt 97 (2)   36 (93)   40 (69)   27 (15) 

Zn 
no salt 74 (3)   41 (47)   37 (64)   17 (103) 
salt 51 (2)   36 (93)   40 (69)   27 (15) 

colloidal 

Cd 
no salt -2 (-54) 

 
12 (58)   15 (16)   11 (37) 

salt 5 (99) 
 

20 (80)   0 ( -)   14 (75) 

Cu 
no salt 2 (35)   47 (21)   46 (6)   50 (25) 
salt 2 (17)   41 (39)   51 (19)   50 (26) 

Pb 
no salt 7 (41)   6 (59)   1 (365)   2 (151) 
salt 1 (11)   1 (224)   8 (224)   0 ( -) 

Zn 
no salt 0 (17) 

 
23 (15) 

 
21 (17) 

 
17 (37) 

salt 0 (5) 
 

13 (40) 
 

16 (37) 
 

14 (30) 

truly 
dissolved 

Cd 
no salt 43 (7)   27 (26)   23 (10)   38 (7) 
salt 80 (3)   102 (9)   94 (9)   79 (18) 

Cu 
no salt 4 (23)   30 (24)   33 (19)   40 (31) 
salt 5 (20)   24 (37)   23 (12)   23 (11) 

Pb 
no salt 7 (41)   4 (28)   5 (55)   6 (53) 
salt 1 (11)   29 (23)   27 (34)   37 (11) 

Zn 
no salt 26 (8) 

 
43 (30) 

 
47 (30) 

 
60 (19) 

salt 47 (4)   49 (51)   43 (17)   60 (19) 
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Table 2 Welch’s ANOVA, Difference in- and outflow fractions, N=15. 

  

unfiltered 

 

0.45 µm 

 

3 kDa 

  

p R2 (adj) 

 

p R2 (adj) 

 

p R2 (adj) 

no salt 
Cu 0.000 87.46%   0.000 81.91%   0.000 63.13% 

Zn 0.000 36.82%   0.000 73.27%   0.000 29.81% 

salt 
Cu 0.000 70.83% 

 

0.000 66.16%  

 

0.000 67.87% 

Zn 0.021  1.63% 

 

0.000 57.23% 

 

0.445  0.00% 

 

Table 3 Results Welch's ANOVA and Games Howell- Comparison; no salt vs. salt for removal; N=15, for 

Cd N=10 

  

unfiltered 

 

0.45 µm 

 

3 kDa 

  

mean 

 

p R2 (adj)  

 

mean 

 

p R2 (adj) 

 

mean 

 

p R2 (adj) 

Cd 
no salt 99.5214   A 

0.000 43.72 
  99.5079   A 

0.000 62.35 
  99.6723   A 

0.000 73.90 
salt 99.023     B   98.8551   B   98.9222     B 

Cu 
no salt 98.7163   A 

0.001 35.31 
  82.322   A 

0.000 87.78 
  88.939   A 

0.000 53.81 
salt 96.014     B   65.645     B   83.583     B 

Zn 
no salt 99.3203   A 

0.000 41.59 
  98.136   A 

0.747 0.00 
  98.648   A 

0.344 0.00 
salt 98.382     B   98.031   A   98.438   A 

 

Table 4 Initial filtermaterial and gully pot sediment metal concentrations in mg/kg TS, N=3 

 
Cd 

 
Cu 

 
Pb 

 
Zn 

  mean SD   mean SD   mean SD   mean SD 
Filtermaterial 0.052 ±0.012 

 
8.8 ±0.57 

 
3.2 ±0.13 

 
20 ±2.6 

Gully pot sediment <0.009 -   27 ±1.3   7.6 ±2.1   56 ±11 
 

 



 

 
4 

 

Table 5 Difference between salt and no salt metal fraction [%]; significant results of Welch’s ANOVA 
bold and underlined, big letters represent results of the Games-Howell pairwise comparison 

   
particulate 

 
colloidal 

 
truly dissolved 

      Mean   p 

R2 
(adj) in 
%   Mean   p 

R2 
(adj) in 
%   Mean   p 

R2 
(adj) in 
% 

inflow 

Cd no salt 59.2 A 0.000 99%   -1.983 A 0.123 50%   42.78 B 0.000 98% 
  salt 15.57 B   4.57 A   79.86 A 

Pb no salt 93.11 A 0.146 35%   ND ND ND ND   6.89 A 0.067 71% 
  salt 96.721 A   ND ND   0.889 A 

Cu no salt 94.313 A 0.206 22%   2.031 A 0.818 0%   3.656 A 0.175 26% 
  salt 92.938 A   2.146 A   4.916 A 

Zn no salt 73.97 A 0.001 99%   0.1327 B 0.022 80%   26.03 B 0.000 97% 
  salt 50.585 B   0.1976 A   47.24 A 

outflow 

Cd no salt ND ND ND ND  
ND ND ND ND  

ND ND ND ND 
  salt ND ND   ND ND   ND ND 

Pb no salt ND ND ND ND   ND ND ND ND   ND ND ND ND 
  salt ND ND   ND ND   ND ND 

Cu no salt 17.44 B 0.041 12%  
48.02 A 0.844 0%  

34.54 A 0.001 33% 
  salt 29.31 A   47.18 A   23.52 B 

Zn no salt 31.6 A 0.737 0%   20.57 A 0.001 31%   50.03 A 0.900 0% 
  salt 34.44 A   13.95 B   50.74 A 
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Effects of plant species and traits on metal treatment and phytoextraction in stormwater 
bioretention  

Abstract 
To study effects of plant species selection on total and dissolved metal treatment performance 
of bioretention systems (BRS), 12 sets of columns were prepared, each planted with one of 12 
species that are either widely used in BRS or have potentially important traits for metal 
removal (ability to hyperaccumulate metals, C4 photosynthesis, or ability to form 
mycorrhiza). Artificial stormwater was applied to half of the columns during all of a 31-week 
test period, while treatment of the others included a 5-week long dry period to test interactive 
effects of drying and plant traits on BRS metal treatment in more realistic alternating wet and 
dry conditions. Concentrations of metals (dissolved and total) in the effluent significantly 
differed between most columns with different plants, and the differences in concentrations of 
dissolved metals after the dry period were particularly important. Mean dissolved Cd 
concentrations exceeded Swedish reference values in effluents from BRS with two of the 
plant species, while mean dissolved Zn concentrations exceeded them in effluents from BRS 
with three of the species (and non-vegetated controls). Dissolved Cu leaching was observed in 
effluents from BRS with five of the plant species after the dry period, and mean 
concentrations exceeded Swedish reference values in effluents from all the BRS (including 
the constantly watered systems). Some support in terms of metal concentrations in shoots and 
shoot/soil ratios was obtained for using  hyperaccumulators in BRS to remove metals from 
filter material. For example, Armeria maritima (a hyperaccumulator with the lowest shoot 
biomass) and Miscanthus sinsenis (a C4 plant with the highest biomass production) took up 
similar amounts of metals despite large differences in biomass. However, no significant 
correlations between effluent metal concentrations and plants’ metal uptake were found, 
possibly because of the short duration of the experiment. The results indicate that root 
biomass affected effluent metal concentrations more strongly. Further experiments with 
different soil metal concentrations, organic matter analyses and stronger focus on root 
characteristics are recommended, including additional tests of effects of hyperaccumulators 
and mycorrhiza on metal treatment and phytoextraction. 

 

1. Introduction 
Discharges of untreated stormwater into receiving waters are environmentally hazardous 
because of the frequently high peak flows and high concentrations of pollutants (Hunt et al., 
2012; LeFevre et al., 2015), including metals (Eriksson et al., 2007), which can be toxic for 
living organisms. Bioretention systems (BRS), which can efficiently remove metals by 
filtration and sorption, are often used to mitigate these problems (LeFevre et al., 2015), but 
sometimes their removal rates may be poor, and leaching of contaminants (especially 
dissolved metals) may even occur (e.g., Søberg et al., 2017; Maniquiz-Redillas and Kim 
2014). This is due to the complex interactions that occur in BRS (and natural soils) between 
diverse life forms, substances (organic and inorganic), environmental variables (such as 
temperature, moisture and salt concentrations) and design parameters, e.g., submerged zone 
depth, filter material and selected plants (Bratieres et al., 2008; Blecken et al., 2009; Read et 
al., 2008; Søberg et al., 2017). 
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Plants are important functional components of BRS, which (inter alia) improve their nutrient 
removal (e.g., Read et al., 2008; Bratieres et al., 2008), infiltration capacity and clogging 
susceptibility (e.g., Le Coustumer et al., 2012). According to previous studies, plants with 
high root and total biomass are particularly beneficial for nutrient removal (Read et al., 2008), 
and plants with thick roots for infiltration capacity (Le Coustumer et al., 2012). Several 
studies have also examined effects of selected plant species on BRS’ metal treatment. Sun and 
Davis 2007 found that metals are mainly retained in the filter media, as only 0.5-3.3% of 
amounts applied in tests accumulated in plants. However, plants may affect BRS performance 
in several ways, e.g., by affecting the soil structure around their roots (Six et al., 2004) and 
through various other physiological properties (e.g., hyperaccumulation; LeFevre et al., 
2015). Thus, species-dependent variations in total metal removal have been detected in some, 
but not all, studies, even when overall removal rates have been high (Read et al., 2008; Sun 
and Davis 2007; Feng et al., 2012; Zhang et al., 2014). In bioretention column studies with 
five and 2+4 plant species, respectively, Feng et al. (2012) and Zhang et al. (2014) detected 
no significant impact of plant species selection on removal of total Pb, Cu and Zn. In contrast, 
Read et al. (2008) detected significant between-species effects on effluent metal 
concentrations in column experiments with 20 Australian plant species with presumed ability 
to cope with conditions in BRS. Feng et al. (2012) studied BRS with a subset of the plants 
investigated by Read et al. (2008), while Zhang et al. (2014) did not justify their plant species 
selection. However, in all three of these studies no attempt was made to select plant species 
with traits that may promote metal removal , and Australian species adapted to tropical or sub-
tropical conditions were used. Thus, more information on effects of plants adapted to cooler 
climates and plants with potentially important traits is required. 

Recent reviews underline the need to further investigate plants’ roles in BRS metal treatment 
(Kratky et al., 2017, Dagenais et al., 2018; Muerdter et al., 2018), as use of plants with 
appropriate traits may enhance metal treatment and/or phytoextraction of metals (LeFevre et 
al., 2015). Potential candidates include the following types of plants. 

Hyperaccumulators. Several studies (e.g., LeFevre et al., 2015; Muerdter et al., 2018) 
recommended use of hyperaccumulating plants to improve BRS metal treatment. Substantial 
plant metal uptake and translocation into their above ground plant parts (Terry and Banuelos 
2000) could reduce metal accumulation in filter material and risks of metal leaching. 
Harvesting the aboveground material of such plants could remove metals from the system, 
thereby potentially extending the lifespan of the whole system. 

C4 plants. However, C4 plants, which have an inherently more efficient photosynthesis 
pathway (Hatch and Slack 1966), are more efficient biomass producers under certain 
conditions (Zhu et al., 2008). Exploitation of their higher inherent biomass production 
capacity could potentially enhance metal uptake and hence BRS performance (Hunt et al., 
2012).  

Mycorrhizal plants. Heterotrophic mycorrhizal fungi may colonize BRS (Winfrey et al., 
2017) and could affect BRS performance through effects on soil structure, plant growth 
and/or metal uptake (Weissenhorn et al., 1995; Wu et al., 2017). Poor and Kube (2019) also 
found that mycorrhizal fungi enhanced Cu treatment in BRS, but not Zn treatment, and drying 
the filter material eliminated their positive effect on Cu removal. 
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In practice, BRS are exposed to fluctuating weather, including dry periods, which can 
substantially impair their performance. Both total and dissolved metal concentrations in 
effluents may rise after dry periods, possibly due to formation of cracks providing preferential 
flow paths in the soil, pH changes and increases in dissolved organic matter (OM) contents 
(Bartlett and James 1980; Blecken et al., 2009). Plants may affect these changes, inter alia 
through increases in exudation in stress conditions (Ryan et al., 2001), exacerbating drying by 
transpiration (Six et al., 2004), and roots dying thereby increasing dissolved OM and creating 
flow channels. 

The aim of this study was to improve understanding of effects of using plants with these traits 
(metal hyperaccumulation, C4 photosynthesis and symbiotic mycorrhiza association) on BRS 
metal removal performance. For this, bioretention columns with selected plant species were 
prepared, and subjected to regular applications of artificial stormwater for 31 weeks (or 30.5 
weeks, including a 5-week dry period, as drought strongly affects plant growth). Then total 
and dissolved metals in their effluents as well as metal concentrations in harvested plant parts 
were measured.  

2. Methods 
 

Experimental setup. As shown in Table 1, 26 sets of five experimental bioretention columns 
were assigned to combinations of planting with one of 12 plant species (or no vegetation, 
controls) and regular watering with or without a 5-week dry period. Thus, there were 130 
columns in total.  

Column design and filter material. The columns were constructed of PVC tubes (110 mm 
wide, 100 cm tall, with a 70 mm high transparent top to create a sufficient ponding volume 
and allow light exposure of the plants). The bottom of each column was closed with a PP 
plug. An outlet was installed close to the bottom. The inner walls were roughened with a 
flange flap wheel (grit size, P40; diameter, 115 mm) to prevent preferential flow. 

Each column was filled with a sand-based filter material (D50=0.91 mm, Cu(D10/D60)=0.19, 
OM content 14.3 g/kg dry matter) which has been tested previously by e.g. Søberg et al., 
(2017) and Lange et al. (2020). Underneath, a 70 mm thick gravel layer provided drainage to 
the outlet.  

On top of the filter 93±7 g (dry weight, N=13) gully pot sediment (sieved, <200 µm) was 
applied to simulate an aged BRS with an accumulated layer of stormwater sediment on top 
(for details see Lange et al., 2020). 

Plant species selection. Each column was planted with one vascular plant species (Table 1). 
All selected species met two basic requirements: ability to grow in well-drained filter material 
with alternating dry-wet cycles), and adaptation to (Northern) Europe climates. The 12 
selected species included sets with each of the mentioned functional traits (Table 1). 
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Table 1. Selected species, the traits/reasons for selecting them, their families and common 
names.  

Plant trait/reason for 
selection Species Family Common name 
C4 plant1 Panicum virgatum Poaceae Switchgrass 

Miscanthus sinensis Poaceae Chinese silver grass 
Metal hyperaccumulator2 
 

Armeria maritima  Plumbaginaceae Sea thrift 
Agrostis capillaris  Poaceae Common bent 
Festuca ovina   Poaceae Sheep's-fescue 
Rumex acetosa  Polygonaceae Common sorrel 

Mycorrhizal3 Dryopteris filix-mas Dryopteridaceae Male-fern 
+ and – fungus   

Typically recommended 
for/used in bioretention 
systems4 

Carex panicea Cyperaceae Carnation sedge 
Phragmites australis  Poaceae Common Reed 
Leymus arenarius Poaceae Lyme-grass 

Ornamental flower Iris spuria Iridaceae Blue Iris 
Control No plant - - 

1Trait confirmed by ẟ13C analysis before experiments, reported by Sage et al. (2015). 2Reeves 
(2006). 3 Inocculation of arbuscular mycorrhizal fungi Rhizoglomus irregular, Funneliformis 
mosseae, Funneliformis caledonium (peat substrate, 40 ml, INOQ GmbH, 29465 Schnega, 
Germany). Absence of mycorhizza in the 10 columns without added substrate not proven (as 
in Poor et al., 2018). 4Søberg et al. (2017), Vymazal (2011). 

 

Vegetation establishment. After planting, the columns were kept in a greenhouse and watered 
with non-chlorinated tap water for 3 months, then moved indoors, where they were 
illuminated 12 h/day with greenhouse lamps (G Power Agro, 400 W, 55000 lm) at ca. 19 °C. 
Tap water application continued for another 6 weeks resulting in a 4.5 months establishment 
period before stormwater application started.  

Preparation of artificial stormwater. Artificial stormwater was prepared by mixing non-
chlorinated tap water with gully pot sediment (sieved, <200 µm) and laboratory grade 
chemicals (CuCl2, PbCl2, CdCl2, ZnCl2) to final concentrations of TSS, Cd, Pb, Cu and Zn 
shown in Table 2. Influent samples were collected during every 4th watering event to check 
the consistency of the applied stormwater’s metal contents. The TSS content and pH of the 
influent were determined at every stormwater dosing. 
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Table 2 TSS (mg/l), pH and metal (µg/l) concentrations of the BRS influent, N(Metal)=14;  
N(TSS )=45; N(pH)=43 

  Mean  S.D. 
TSS - 180  ± 13 
pH - 7.8  ± 0.11 

Cd 
Total 4.5  ± 0.27 
Dissolved  2.2  ± 0.35 

Pb 
Total 33  ± 5.1 
Dissolved 1.6  ± 0.94 

Cu 
Total 150  ± 19 
Dissolved 10  ± 5.4 

Zn 
Total 360  ± 32 
Dissolved 110  ± 31 

 

The artificial stormwater applied is regarded as representative since metal concentrations are 
within previously reported ranges and the particulate to dissolved metal ratios agree with 
previously reported ratios in stormwater (Tuccillo 2006; Göbel et al., 2007).  

Application of artificial stormwater and drying period. After the establishment period, 1.2 L 
of artificial stormwater was applied to each column twice weekly. After 4 weeks, half the 
columns were not watered for the following 5 weeks, then dosed twice weekly for another 2.5 
weeks (Figure 1).  

 

 

Figure 1. Experimental timeline. 

Water sampling and analyses. An effluent sample (designated ‘Wet’) was collected from each 
regularly watered column after 3 months of stormwater application. Effluent samples were 
also collected from the other columns at the first stormwater application after the dry period 
and 7 stormwater applications later (designated ‘Dry1’ and ‘Dry2’, respectively).  

Three sampling events were deemed sufficient, for reasons described by Lange et al. (2020). 
After a 3-month establishment period and subsequent 2-3 months of stormwater dosing 
bioretention columns can be considered mature (e.g. Bratieres et al., 2008; Blecken et al., 
2011; Feng et al., 2012), and five replicates of samples collected on each of the three 
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sampling occasions were separately analyzed. Similarly, 3-5 replicates have been used in 
other bioretention studies (e.g. Read et al., 2008; Bratieres et al., 2008). 

In each case, the full effluent resulting from one of the artificial stormwater applications was 
collected in 2 L plastic bottles and subdivided for analyses of TSS, pH and both total and 
dissolved (<0.45µm) metals (Cd, Pb, Cu and Zn). Total metal concentrations in samples were 
determined, following 10-fold dilution and digestion with heat in 1.3 M HNO3, by inductively 
coupled plasma-sector field mass spectrometry (ICP-SFMS) at a Swedac-accredited 
laboratory according to SS EN ISO 17294-1,2 (International Organization for 
Standardization, 2004). Dissolved metal concentrations were determined following filtration 
using sterile Filtropur S syringe units (membrane PES, filtration surface 5.3 cm2, pore size 
0.45 µm) then analyzed by inductively coupled plasma-sector field mass spectrometry (ICP-
SFMS) at a Swedac-accredited laboratory according to SS EN ISO 17294-1,2 (International 
Organization for Standardization, 2004). TSS contents were determined following 1.6 µm 
filtration according to SS-EN 872:2005 (Swedish Standard Institute, 2005) and pH using a 
handheld pH 330 meter (WTW GmbH, Weilheim, Germany). 

Blanks were included with the set of Dry2 samples for quality insurance/quality control. Both 
total and dissolved contents of considered metals (Cd, Cu, Pb and Zn) in the blanks were 
generally below the detection limits except total Cu and dissolved Zn concentrations, both of 
which were lower in blanks than in the columns’ effluents. 

Filter material samples. When filling the columns and before starting the stormwater 
application, grab samples of filter material were collected and kept in a freezer. After the 
stormwater dosing, samples from the top (upper 1 cm) and depths of 15 and 45 cm were 
collected from three replicate columns with each plant species and non-vegetated controls. 
The samples were dried and their Cd, Pb, Cu and Zn contents were determined at a Swedac-
accredited laboratory using standard methods -- inductively coupled plasma-sector field mass 
spectrometry (ICP-SFMS) according to SS EN ISO 17294-1,2 (International Organization for 
Standardization, 2004) after digestion with heat in 5 ml concentrated HNO3 + 0.5 ml H2O2. 

Vegetation samples. At the end of the experiment, shoots and roots of the constantly watered 
plants were harvested. Although the columns were opened with a saw, very fine roots could 
not be collected and stayed in the filter material. Sub-samples of randomly chosen shoot parts 
from five individuals of each plant species were collected, washed with deionized water and 
dried. Their Cd, Pb, Cu and Zn concentrations were determined at a Swedac-accredited 
laboratory by standard methods: digestion with heat in HNO3 and H2O2 followed by ICP-
SFMS according to SS EN ISO 17294-1,2 (International Organization for Standardization, 
2004). Sub-samples of roots from three randomly selected individuals per plant species were 
also collected, cleaned, and analyzed in the same manner as the shoot samples. 

Determination of plant mass. All harvested shoots from columns subjected to Wet and Dry 
treatments were washed with tap water, oven-dried for at least 48 h at 65 °C and weighed. All 
harvested roots were photographed and measured in terms of pixel number using ImageJ 
software. One root of each species was selected, washed in tap water, dried in the oven at 65 
°C for at least 48 h and weighed, then the root masses of other plants of the species were 
estimated from the weight and pixel number of that root.    
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Data analyses. Metal concentrations below the laboratory limits of quantification were set 
equal to these limits for data analysis to avoid overestimation of metal removal. Plants metal’ 
uptake was calculated by multiplying their biomass and metal concentration. An overall mass 
balance was estimated for each of the 65 constantly watered columns (at the Wet sampling) 
using inflow and effluent metal concentrations and volumes. Metal concentrations in the filter 
material could not been integrated into the overall mass balances, due to high uncertainties 
resulting from high differences in concentrations between the top layer and 15 cm depth. 

Welch’s ANOVA and Games-Howell pairwise comparison were applied to determine 
differences between BRS with different plants species in terms of effluent metal 
concentrations, pH and TSS, plant metal concentrations and uptake, plant biomass and filter 
material metal concentrations. The procedure was also used to asses differences in effluent 
concentrations, pH and TSS associated with the two watering regimes and to test the 
significance of differences in effluent concentrations within the plant groups. TSS values did 
not meet normality of distribution requirements and thus were log10-transformed before this 
analysis. Pearson correlation coefficients and Spearman rho statistics were calculated to 
assess relationships between: TSS contents, pH and metal concentrations of effluents; shoot or 
root biomass and effluent concentrations; metal concentrations in effluents and concentrations 
or uptake in shoots; and shoot or root biomass and TSS or pH. The significance threshold was 
set at p=0.05 for all tests (which were implemented in Minitab© 17.2.1). 

Data reporting 

For convenience, columns planted with selected species are sometimes referred to as columns 
of the species, e.g. columns planted with A. maritima are sometimes referred to as A. 
maritima columns. In addition, filter material from the top 1 cm, 15 and 45 cm depths is 
sometimes referred to as soil(1 cm), soil(15 cm), and soil(45 cm), respectively. 

 

3. Results 
3.1 Effect of species selection on bioretention systems’ metal treatment performance 
Welch’s ANOVA revealed that the selected plant species significantly affected metal outflow 
concentrations (Figure 2 and Figure 3; Table 3). Significant differences among effluents from 
columns with different plants were detected in total and dissolved effluent concentrations of 
Cu, and total Zn concentrations, on all sampling occasions (Wet, Dry1 and Dry2), but the 
variations in dissolved Zn concentrations were only significant among constantly watered 
columns (in Wet samples). Welch’s ANOVA could not be applied to assess variations in Cd 
and Pb associated with combinations of all factors because some effluent concentrations of 
these contaminants were below the quantification limits. However, species-dependent 
variations in dissolved Cd and Pb concentrations on the Dry1 sampling occasion are indicated 
by Figure 3.  
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Figure 2. Boxplots of total metal concentrations in effluents from columns with indicated 
species at indicated sampling times (µg/l), ♦=mean, dashed horizontal lines show the limits of 
quantification 
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Figure 3. Boxplots of dissolved metal concentrations in effluents from columns with indicated 
species at indicated sampling times, dashed horizontal lines show the limits of quantification, 
solid horizontal lines show SwAM target limits. 
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Table 3. Results of analysis of differences in concentrations of indicated metals among 
effluents from columns with different plant species.* and ** indicate significant differences 
among means according to Welch’s ANOVA and  Games-Howell pairwise comparison, 
respectively. n.d. indicates concentrations below the detection limit for columns with one or 
more plant species. 

 Total   Dissolved (>0.45 µm)  

 Wet Dry 1 Dry 2    Wet Dry 1 Dry 2 
  p R2(adj) p R2(adj) p R2(adj)   p R2(adj) p R2(adj) p R2(adj) 

Cd n.d.   0.000* 31% n.d.     0.000** 69% n.d.   0.010* 42% 
Cu 0.002* 16.6% 0.000** 49% 0.000** 49%  0.000* 45% 0.000** 60% 0.005* 41% 
Pb n.d.  0.000* 41% 0.001* 41%  0.007* 17% n.d.  0.015* 29% 
Zn 0.000* 22.5% 0.009* 19% 0.003** 17%   0.002** 20% 0.205 11% 0.314 2% 

 

Despite these significant effects of plant species, overall metal treatment was good, with > 
85% total removal of all metals. Removal of dissolved Cd, Pb and Zn was also effective (>70 
%), by both columns exposed to a dry period and regularly watered columns (Figure 4). 
Dissolved Cu removal was mostly lower than 70%. Cu leaching occurred from columns with 
some plants directly after the dry period (Dry1) (Figure 4). Metals in the columns’ effluents 
were mainly in dissolved form. 

 

Figure 4 Dissolved Cu removal (%) from columns with indicated species at indicated 
sampling times: means and 95% confidence intervals based on standard deviations for each 
species on each sampling occasion. Cross = species recommended for bioretention systems, 
diamond= ornamental flower, triangle = C4 plant, star = hyperaccumulator, dot = fern with 
and without mycorrhiza, rectangle = no plant, N=5, except Dry 2 F. ovina (N=4). 

 

Total and dissolved concentrations of Cd, Pb and Cu in columns with most plant species were 
higher after than before the dry period, while Zn was less affected (Figure 2; Figure 3; 
Supplementary table 1 and 2).  However, some plants promoted metal removal and 
concentration reduction by the bioretention columns, emphasizing the importance of selecting 
appropriate plant species. A significant increase in dissolved Cu effluent concentration after 
the dry period (Dry1) was observed in effluents from columns with most plant species, but not 
those with C. panicea, P. virgatum, M. sinensis or R. acetosa. In contrast, from columns with 
L. arenarius, I. spuria, A. capillares, R. acetosa and D. filix-mas (with and without fungi), 
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dissolved Cu leaching was observed (Figure 4). Cd and Pb concentrations were higher after 
the dry period in effluents from columns with at least some plants, but no leaching was 
observed (Figure 2; Figure 3). Total Zn concentrations were significantly higher following the 
dry period in effluents from columns with C. panicea, P. australis, I. spuria, P. virgatum, A. 
maritima and D. filix-mas with fungi. However, dissolved Zn concentrations were only 
significantly higher following the dry period in effluents from P. australis columns. Two 
weeks after the dry period total and dissolved metal treatment was restored to previous levels, 
and there were no significant differences between Dry2 and Wet effluent metal concentrations 
(Figure 2 and Figure 3, Supplementary Tables 1 and 2).’ 

 

 

Figure 5. Boxplots of TSS concentrations and pH in effluents from columns with indicated 
species at indicated sampling times  

After the dry period (Dry 1), TSS concentrations in the effluents were significantly higher 
except from columns with C. panicea or no vegetation (Figure 5). Further, after the dry period 
pH was significantly lower in effluents from columns with I. spuria, F. ovina, D. filix-mas 
(with and without fungi), L. arenarius and no vegetation (Figure 5). Two weeks after the dry 
period (Dry 2) effluent pH had increased to levels recorded for Wet samples, and TSS had 
decreased in most cases to levels in Wet samples. 

Effect of plant groups. Total metal concentrations in effluents from columns with the four 
hyperaccumulators mostly did not vary significantly (Supplementary Table 3). Significant 
differences in Cd, Pb and Cu concentrations in effluents from columns with these plants were 
only detected by Welch’s ANOVA after drying. Moreover, Games-Howell pairwise 
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comparison only confirmed the significance of these differences for effluent concentrations of 
Pb (which were significantly higher from A. maritima columns than from A. capillaris 
columns, and significantly higher from F. ovina columns than from A. capillaris and R. 
actosa columns). Welch's ANOVA also detected significant differences among effluents from 
these columns in dissolved concentrations of Cd, Cu and Pb (Wet) and Cu (Dry1) 
(Supplementary Table 3), but Games-Howell pairwise comparison only confirmed 
significance for Cd (Wet). For Cd and Pb no robust statistical analysis of data collected after 
the dry period was possible, but the data presented in Figure 3 indicate variability. While A. 
capillaris performed significantly better under constant watering than the other 
hyperaccumulators, and reduced Cd effluent concentrations (Figure 3), it was one of the worst 
performing plants after drying. Further, after drying Cu and Pb concentrations were higher in 
effluents from A. capillaris and R. actosa columns than from A. maritima and F. ovina 
columns. In addition, after the dry period, Cu leaching was observed from A. capillaris and R. 
acetosa columns. 

Columns with the C4 plants M. sinensis and P. virgatum did not differ significantly in 
capacity to treat stormwater, according to Welch’s ANOVA and Games-Howell pairwise 
comparison. Moreover, contrary to the hypothesis, the columns with C4 plants did not 
perform significantly better than those with many other species, and had higher effluent 
concentrations of total Pb than columns with most of the other species (Figure 2). However, 
dissolved concentrations of Cu, Pb and Cd in the effluent from columns with C4 plants were 
relatively low compared to those from columns with some of the other plants, specifically 
after the dry period (Figure 3). For example, dissolved Cu concentrations were significantly 
lower in their effluents than in effluents from I. spuria columns.  

Adding mycorrhizal fungus to columns planted with D. filix-mas had mostly no significant 
effect on metal treatment. No significant differences in total and dissolved metal 
concentrations in either Wet or Dry1 samples collected (after regular watering and after 
drying, respectively) from columns with and without the fungus were observed. However, 
total Zn, Cu and Pb concentrations were significantly higher in Dry2 samples (collected 2 
weeks after the dry period) in effluents from D. filix-mas columns with mycorrhizal fungus (p 
= 0.04 to 0.05; R2 (adj)= 36-38% according to Welch’s ANNOVA). 

As shown in Figure 2, Figure 3 and Figure 4 the commonly used plant species for bioretention 
systems (P. australis and C. panicea) performed well relative to the other selected plants with 
potentially important traits. The performance of L. arenarius columns was generally more 
variable than columns with the other plants (including leaching of dissolved Cu). The 
performance of I. spuria (chosen for the experiment because of its aesthetic value) was 
generally poor, particularly for total and dissolved Cu after the dry period (at the Dry1 
sampling time). 

It was difficult to analyze effects of every selected plant species on metal treatment 
performance comprehensively, due to discrepancies between significant results of Games-
Howell pairwise comparison (the statistical power of which was reduced by the high number 
of treatments: 12 plant species and no vegetation) and Welch’s ANOVA (Table 3). 
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Figure 6. Boxplots of shoot and root biomasses (in g) of the constantly watered plants, with p 
and R2(adj) values from Welch’s ANOVA, and different letters indicating significant 
differences (p<0.05) according to Games-Howell pairwise comparison. 

Effects of biomass. Shoot and root biomasses varied significantly between plant species 
(Figure 6). However, just two significant correlations between shoot weight and metal 
concentrations in the effluents were detected: dissolved Cd and dissolved Cu at the Wet 
sampling (Spearman’s rho = -0.301, p=0.019 and Spearman’s rho = 0.293, p=0.023, 
respectively) indicating that shoot weight does not significantly affect metal removal.  

More significant correlations were found between root weight and effluent concentrations, 
especially of dissolved metals (Table 4), indicating that it is more important in metal 
treatment performance. These correlations were positive. 
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Table 4 Significant correlations between root biomass and concentrations of metals in 
effluents or effluent pH. Asterisks (*) indicate that no correlation was found, but many values 
were below the quantification limit, n.d.=not detected (too many values below the 
quantification limit). 

 

In all sampling events, effluent pH was significantly negatively correlated to root weight 
(Table 4), but TSS was not correlated with either shoot or root weight (according to Pearson 
and Spearman correlation analysis). 

 

Effects of metal uptake. No significant correlations between shoot metal concentrations or 
shoot metal uptake (Figure 7, results described in section 3.2) and effluent metal 
concentrations were found. 
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Figure 7 Boxplots of shoot metal concentrations [mg/kg dry weight] and plant shoot metal 
uptake [mg]. Different letters indicate significant differences between plants according to 
Games-Howell pairwise comparison. No letter indicates that Games-Howell pairwise 
comparison detected no significant differences from other plants 

 
 
3.2 Potential for phytoremediation in bioretention systems 
Although shoot/soil ratios of metals indicate that some plants can extract metals from soil 
(Figure 7 and Table 6), even the highest amounts taken up by plants were relatively low 
compared with amounts retained by the bioretention system as a whole (0.1-7%;Table 5). This 
study focuses on shoots, since metals translocated to aboveground material can be potentially 
removed from the system by harvesting. However, root metal uptake and concentrations are 
shown in Supplementary Table 4 and Supplementary Fig. 1.   
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Table 5 Mass balances. Total mass in- and out-flows of indicated metals are summed values 
including the five non-vegetated columns. Soil metal concentrations could not be integrated 
into the overall mass balance, due to high uncertainties resulting from high differences in 
concentrations between the top layer and 15 cm depth. 

 

Component   Cd Cu Pb Zn 
Total mass 
inflow (mg)   

 
11  

 
360  

 
81  

 
880  

Total mass 
outflow (mg)   

 
0.12  

 
11  

 
1.3  

 
15  

Metals mass in 
shoots and 
roots in mg 
 
(% plant 
uptake of 
retained 
metals) 

C. panicea 0.03 (4) 2.0 (6) 0.1 (2) 4.0 (6) 
P. australis 0.01 (1) 0.6 (2) 0.04 (<1) 1.0 (2) 
L. arenarius 0.02 (2) 0.8 (3) 0.03 (<1) 2.0 (3) 
I. spuria <0.01 (<1) 0.3 (1) 0.01 (<1) 0.6 (<1) 
P. virgatum <0.01 (<1) <0.01 (<1) <0.01 (<1) 0.3 (<1) 
M. sinensis <0.01 (1) 0.5 (2) 0.07 (1) 2.0 (3) 
A. maritima <0.01 (<1) 0.6 (2) 0.05 (<1) 2.0 (3) 
A. capillaris 0.02 (2) 0.6 (2) 0.04 (<1) 2.0 (3) 
F. ovina 0.01 (2) 0.4 (2) 0.03 (<1) 1.0 (2) 
R. acetosa 0.01 (2) 0.4 (1) 0.02 (<1) 2.0 (3) 
D. filix-mas 0.01 (2) 2.0 (7) 0.2 (4) 3.0 (5) 
D. filix-
mas+fungi 0.01 (1) 2.0 (6) 0.2 (4) 3.0 (4) 

 
Hyperaccumulators. Relatively high mean metal concentrations were detected in the shoots of 
most hyperaccumulators, compared to other plants (Figure 7). Armeria maritima had the 
highest mean metal concentrations per unit dry mass of aboveground material. Shoot/soil(15 and 

45 cm) ratios of metal concentrations were mostly >1 for the hyperaccumulators and higher than 
corresponding ratios for the other plants (Table 6). In addition, A. maritima was the only plant 
for which the shoot/soil(1 cm) ratio of Zn was >1(Table 6). 

C4 plants. Shoot metal concentrations and shoot metal uptake of the C4 plants were lower 
than those of some other plants in this study (Figure 7). Shoot/soil ratios were consistently >1.  

Myccorrhizal plants. Neither shoot biomass nor shoot metal concentrations/uptake were 
significantly affected by the presence of myccorrhizal fungi (Figure 6, Figure 7). D. filix-mas 
plants (with and without fungi) had relatively high Cu concentrations in their shoots, took up 
relatively high amounts of Cu, and their shoot/soil(15 and 45 cm) ratios of both Cu and Zn 
exceeded 1. 

Plants commonly used in bioretention systems. Carex panicea and L. arenarius were two of 
the plants that accumulated the highest amounts of Cu and Zn in their shoots (Figure 7). For 
C. panicea shoot/soil(15 and 45 cm) ratios were > 1 for Cd. Shoot/soil(15 cm) ratios of Cu were >1 
for C. panicea and L. arenarius. In adition, shoot/soil(15 and 45 cm) ratios of Zn were >1 for C. 
panicea and L. arenarius. For P. australis and I. spuria shoot/soil ratios were consistently <1. 
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Table 6 Ratios of metals in shoots of indicated plants and soil (filter media) from 1, 15 and 45 
cm depths. 

 
 Shoot/Soil 1  Shoot/Soil 15  Shoot/Soil 45 

 
      

Cd 

C. panicea <1   <1   <1 
P. australis <1  <1  <1 
L. arenarius <1  1.8  1.7 
I. spuria <1  <1  <1 
P. virgatum <1  <1  <1 
M. sinensis <1  <1  <1 
A. maritima <1  4.7  5.6 
A. capillaris <1  2.0  2.9 
F. ovina <1  4.9  4.8 
R. acetosa <1  3.4  3.9 
D. filix-mas <1  <1  <1 
D. filix-mas+fungi <1   <1   <1 

Pb for all species <1   <1   <1 

Cu 

C. panicea <1  1.1  <1 
P. australis <1  <1  <1 
L. arenarius <1  1.4  <1 
I. spuria <1  <1  <1 
P. virgatum <1  <1  <1 
M. sinensis <1  <1  <1 
A. maritima <1  2.2  2.4 
A. capillaris <1  1.6  1.6 
F. ovina <1  1.4  1.2 
R. acetosa <1  <1  <1 
D. filix-mas <1  1.4  1.3 
D. filix-mas+fungi <1  1.0  1.0 

Zn 

C. panicea <1   1.9   1.4 
P. australis <1  <1  <1 
L. arenarius <1  1.2  1.1 
I. spuria <1  <1  <1 
P. virgatum <1  <1  <1 
M. sinensis <1  <1  <1 
A. maritima 1.1  5.6  6.0 
A. capillaris <1  2.9  2.7 
F. ovina <1  3.0  2.3 
R. acetosa <1  2.3  2.1 
D. filix-mas <1  1.7  1.5 
D. filix-mas+fungi <1   1.2   1.0 

 

Concentrations of all metals in the bioretention filter material were highest in the top layer 
(Supplementary Table 4). As shown in Table 7, species selection affected metal 
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concentrations in the filter material much more strongly and frequently at 15 and 45 cm 
depths than in the top 1 cm. However, the metal concentrations at 15 and 45 cm depths were 
similar to the filter material concentrations determined at the start of the experiment 
(Supplementary Fig. 2).  

Table 7 Correlations between concentrations of indicated metals in soil (at 1, 15, 45 cm 
depths) and selected plants. * and ** indicate significant differences in means according to 
Welch’s ANOVA and Games-Howell pairwise comparison, respectively. 

 Top layer  15 cm depth  45 cm depth 
 wet dry  wet dry  wet dry 

  p R2(adj) p R2(adj)   p R2(adj)  p R2(adj)   p R2(adj) p R2(adj) 
Cd 0.623 0% 0.107 41%  0.001** 3% 0.023* 0%  0.114 1% 0.253 27% 
Pb 0.043* 2% 0.17 23%  0.669 0% 0.138 24%  0.072 0% 0.106 35% 
Cu 0.341 0% 0.077 36%  0.013* 62% 0.175 17%  0.605 2% 0.005* 38% 
Zn 0.06 0% 0.079 47%   0.023* 72% 0.156 0%   0.036* 6% 0.000* 77% 

 

 

4 Discussion 
4.1 Effect of species selection on bioretention systems’ metal treatment 
As hypothesized, selected plant species affected metal treatment in the bioretention systems 
which is similar to findings by Read et al. (2008) for Australian plant species. In contrast, 
Feng et al. (2012) and Zhang et al. (2014) detected no significant impacts of species selection 
on total metal concentrations in their bioretention column studies, possibly because they only 
used a few species (2-5) and did not base the selection on specific traits (LeFevre et al., 2015). 

While total metal treatment was efficient (even after the dry period), dissolved metal 
treatment was much more variable (Figure 2, Figure 3), underlining the need to include both 
total and dissolved concentrations when determining bioretention functionality. Even leaching 
of dissolved metals was observed with some combinations of plant species and watering 
regime. 

The efficient total metal removal corroborates earlier studies, e.g. Hatt, Deletic et al., 2007, 
Sun and Davis (2007), Blecken et al. (2009), all of which reported values exceeding 88%. 
Higher variability of dissolved metal removal (especially of Cu) has also been previously 
reported (e.g. Hatt, Deletic et al., 2007; Søberg et al., 2017).  

The results confirmed the hypothesis that drying impairs metal removal. Blecken et al. (2009) 
observed similar effects of 3-4 weeks drying, and suggested that it results from a combination 
of chemical, physical and biological processes in the soil (Bartlett and James 1980; Ryan et 
al., 2001; Hinsinger et al., 2003). For example, drying could create cracks in the filter material 
or preferential flow paths along dried roots (Blecken et al., 2009), which may significantly 
raise effluent TSS concentrations (Figure 5). Another contributor to the significant increase in 
dissolved metals after the dry period could be the lower pH after drying (Figure 5), which 
may be caused by reactions in the drying soil (Bartlett and James, 1980) or to H+ release from 
plant roots (Ryan et al., 2001; Hinsinger et al., 2003). Reductions in pH generally mobilize 
metals (LeFevre et al., 2015).  
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Dissolved OM and Cu concentrations correlate in soil or bioretention effluent, as observed in 
vegetated and non-vegetated soil columns by Zhao et al. (2007) and non-vegetated 
bioretention columns by Chahal et al. (2016). Mobilization of OM after drying may also 
mobilize metals in soils after drying (Bartlett and James, 1980). This relationship could 
explain our finding that Cu was affected by vegetation and drying. After the drying in this 
study, leaching of dissolved Cu from I. spuria, L. arenarius, A. capillares, R. acetosa and D. 
filix-mas (with fungi) columns was observed (Figure 4). Presumably, dissolved Cu detected in 
the <0.45µm effluent fraction in this study was not mainly its free ionic form, but complexed 
with small organic and inorganic ligands as well as colloids (Lange et al., 2020). During the 
dry period, the aboveground material of most plants started to wither (Supplementary Figure 
3). Roots probably started to degrade, thus mobilizing organic material (Zhao et al., 2007). 
However, it is not possible to tell if the plants in the columns where Cu leaching occurred 
released higher amounts of OM than those in other columns, since OM contents of the 
effluents were not determined in this study.   

In many cases, no effects of drying on dissolved Zn were observed. Zhao et al. (2007) found 
that Zn contents in effluents from vegetated columns were correlated to Ca contents and pH, 
rather than dissolved OM, which could potentially help to explain the difference in behavior 
of dissolved Zn and other metals in our study. 

Effects of plant traits. There were considerable variations in effects of plant species within 
groups with selected characteristics on BRS performance, including plants commonly used in 
BRS, which included the poorly performing ornamental flower I. spuria. These findings show 
that aesthetic values and the potential to cope with growth conditions in a bioretention system 
are insufficient criteria for choosing plants to use in them.  

Negative effects of the dry period on dissolved Cd, Pb and Cu concentrations in effluents 
from A. capillaris columns, and dissolved Pb and Cu concentrations in effluents from R. 
actosa columns (both hyperaccumulators) were also observed, possibly due to plant stress 
caused by the dry period (Supplementary Fig. 3) and associated metal leaching (Bartlett and 
James 1980). The findings indicate that A. maritima and F. ovina plants may provide better 
performance in dry conditions in BRS, in terms of dissolved metal treatment. Generally, the 
concentrations measured in the shoots of these hyperaccumulators were far below the 
threshold values for hyperaccumulation of the test metals (Cu >300 mg/kg, Pb >1000 mg/kg, 
Cd >100 mg/kg, Zn >3000 mg/kg; van der Ent et al., 2013). Higher metal uptake might have 
led to higher reduction of effluent metal concentrations and better metal removal (see also 
section 4.2).  

The metal treatment performance of columns with two C4 plants was surprisingly similar, 
since M. sinensis had significantly higher shoot and root masses than P. virgatum. This shows 
that biomass is not always a reliable indicator of metal treatment efficiency. Roots of C4 
plants might have degraded less during the dry period, since C4 plants generally have higher 
photosynthetic efficiency than C3 plants (Zhu et al., 2008), at least in some conditions, and 
thus need less water. 

Our hypothesis that mycorrhizae may support metal treatment in BRS was not confirmed. 
Rather the data suggest that mycorrhizal inoculation has a significantly negative effect on 
metal treatment after a dry period. This is contrary to our hypothesis, and findings by Poor 
and Kube 2019 that mycorrhizal inoculation enhances Cu treatment under constantly watered 
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conditions, and had no effects on Zn or, after drying, Cu treatment. The negative effect of 
mycorrhizal inoculation on total Cu, Zn and Pb treatment detected two weeks after the dry 
period found in this study may have been due to the capacity of mycorrhizae to enhance the 
decomposition of OM (Gui et al., 2017) such as dead plant material after the dry period. This 
may have increased OM concentrations, thereby promoting metal mobilization (Blecken et al. 
2009; Bartlett and James, 1980).   

As hypothesized, the results indicate that root biomass is significantly correlated with metal 
effluent concentrations, particularly dissolved metal concentrations. This may be due to 
increased acidification of the filter material by plant roots (Ryan et al., 2001; Hinsinger et al., 
2003), as indicated by a significantly negative correlation between effluent pH and root 
weight. This is contrary to the findings by Read et al. (2009) that total metal effluent 
concentrations were mostly not significantly correlated to plant traits, including root biomass 
and leaf biomass. Accordingly, this study found that shoot weight, metal shoot concentrations 
and metal shoot uptake are not important for total and dissolved metal treatment. To improve 
understanding of the correlation between dissolved metal treatment and root biomass, more 
detailed root analyses should be integrated in future studies. 

4.2 Potential for phytoremediation in bioretention systems 
Shoot/soil ratios of metal concentrations > 1 were found, indicating that hyperaccumulating 
plants, particularly, could be used for phytoextraction of metals from bioretention filter media. 
However, concentrations of all metals in shoots of all plants were far below the thresholds 
indicating hyperaccumulation (van der Ent et al., 2013). Elevated mean metal concentrations 
were determined in some cases in the aboveground material of the hyperaccumulators (e.g., 
mean concentrations of all metals per unit dry mass in aboveground material were highest in 
A. maritima, Figure 7). Nevertheless, these concentrations were still within the ranges of the 
“standard reference plant” (0.05, 1, 10 and 50 mg/kg dry weight of Cd, Pb, Cu and Zn, 
respectively) described by van der Ent et al. (2013). A possible reason for this is that the 
bioavailable metal concentrations were not high enough in the filter material. 
Hyperaccumulation depends not only on the presence and expression of suitable genes, but 
also the concentration and availability of the metals in the soil (Ali et al., 2013). As usually 
the case in BRS (e.g., Al-Ameri et al., 2018) metal accumulation occurred mainly in the top 
layer. Thus, concentrations at 15 and 45 cm depth (in the zone where most roots are present 
and species dependent effects on metal concentrations in the filter material are highest; Table 
7) may have been too low to trigger hyperaccumulation in the plants. The concentrations 
determined at all levels of the filter material in this study were below or within the lower 
ranges of metal concentrations previously determined in bioretention filter material in the 
field  (Al-Ameri et al., 2018). Thus, to further asses the suitability of hyperaccumulators in 
BRS, experiments should include plants with confirmed hyperaccumulation capacity, and 
possibly roots shallow enough to access metals in the top layer of the BRS. Integration of 
filter materials with higher metal concentrations may lead to higher differences in shoot metal 
concentrations and shoot metal uptake between hyperaccumulators and non-
hyperaccumulators. The suitability of non-hyperaccumulating plants with shoot/soil ratios > 1 
(C. panicea, L. arenarius and the fern D. filix mas) for phytoextraction is questionable. Higher 
metal concentrations in bioretention filter materials could affect plant health of non-
hyperaccumulators (van der Ent et al., 2013).  
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The hypothesis that C4 plants may remove more metals from filter material due to high 
biomass production was not confirmed in this study. Panicum virgatum was one of the plants 
with the lowest biomass and metal concentrations, and thus one of the plants with the lowest 
metal uptake. Rusinowski et al., 2019 also recorded low biomass production of P. virgatum in 
a field study. Moreover, despite high biomass production, metal concentrations in M. sinensis 
plants were not high, and their mean uptake levels were similar to those of A. maritima plants, 
which produced some of the lowest biomasses (Figure 6, Figure 7).  

Finally, mycorrhizal inoculation did not significantly affect metal concentrations and uptake 
in D. filix-mas. Its effects seem to be variable and depend, inter alia, on the metals, theire 
concentrations, and taxa of both fungi and plants (Ferrol et al., 2016). This indicates that 
further research is needed, to elucidate interactive effects of mycorrhizal inoculation and 
factors including these on plant metal concentration and uptake in BRS.  

 
4.3 Practical implications 
For both total and dissolved metal treatment performance, significant variations between plant 
species were observed, suggesting that performance tests with candidate plant species should 
be carried out before using them in BRS. Choosing plants solely according to aesthetic value 
and/or potential to grow in BRS is not recommended if metal removal is a high priority.  

Despite significant variations in metal treatment between plant species, overall treatment of 
total metals was effective. However, the selected plant species and watering regime 
determined whether dissolved metals were removed efficiently or leached from the filter and 
concentrations remained within water protection limits (Figure 3; Figure 4). The variations in 
dissolved metal concentrations in BRS effluent are particularly problematic since dissolved 
metals are considered more bioavailable than particulate metals (here defined as metals in 
<0.45 µm and >0.45µm fractions, respectively) (Gustafsson and Gschwend 1997). Dissolved 
Cd, Cu and Zn outflow concentrations exceeded SwAM reference values in some cases 
(Figure 3, SwAM 2016a, SwAM 2016b). Choosing appropriate plants can ameliorate that 
risk. For example, only mean Cd concentrations in the effluents from L. arenarius and the A. 
capillaris columns exceeded Swedish reference values for receiving water bodies (which 
depend on water hardness, but the lowest threshold for the <0.45µm fraction of Cd is 0.08 
µg/l; SwAM 2016b). Despite significant variations between plant species in dissolved Pb 
treatment, Swedish reference values for receiving water bodies were not exceeded (SwAM 
2016a; 2.4 µg/l for Pb <0.45µm).  

This study indicates that some plants with tested traits, particularly the hyperaccumulators, 
could be used for metal phytoremediation in BRS. However, accumulation in plant shoots is 
only a relevant strategy for removing metals if the shoots are harvested. Further, to establish a 
desired species in BRS, colonization of other unwanted plants must be prevented. Thus, BRS 
require regular maintenance and overhaul. 

5 Conclusion 
 

Results of this investigation of effects of species selection on metal treatment performance 
and phytoextraction in BRS suggest that:  
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1) The selected plant species significantly affects BRS metal treatment performance.   
2) Some plants can mitigate negative effects of dry periods, but dissolved Cu leached 

from columns with five plant species after the dry period. 
3) Mean dissolved Cd and Zn concentrations in effluents from columns with some plant 

species exceeded Swedish reference values, particularly after the dry period. Mean 
dissolved Cu concentrations consistently exceeded Swedish reference values. 

4) The functional traits investigated in this study (metal hyperaccumulation, C4 
photosynthesis, and mycorrhizal association) seem to explain little of the variation in 
metal treatment performance among the plant species. Of the measured plant 
variables, only root biomass was correlated (weakly to moderately) to dissolved metal 
concentrations.  

5) Shoot/soil ratios >1, and higher shoot metal concentrations and uptake than those of 
other tested plants indicate that hyperaccumulators may be suitable for metal 
phytoextraction in BRS.  

The study provides foundations to improve understanding of plant species-dependent 
variations in metal treatment performance/phytoremediation potential in BRS. Further 
research is needed, including analyses of organic matter in influents and effluents, variation in 
soil metal concentrations and stronger focus on root characteristics. Effects of 
hyperaccumulating plants and mycorrhizae on metal treatment performance and 
phytoextraction also warrant more attention. 
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Supplementary material 

Table 1 Total effluent metal concentrations in µg/l, mean ± standard deviation, N=5, Dry 2 F.ovina 
N=4 

 

 



 

 

Table 2 Dissolved effluent metal concentrations in µg/l, mean ± standard deviation, N=5, Dry 2 
F.ovina N=4 

 

 

Plant p R-sq (adj)

C. panicea 0.03 ± 0.00 B 0.05 ± 0.01 A 0.02 ± 0.00 B 0.000 92

P. australis 0.01 ± 0.00 C 0.05 ± 0.01 A 0.02 ± 0.01 B 0.000 95

L. arenarius 0.02 ± 0.01 A 0.09 ± 0.05 A 0.02 ± 0.00 A 0.028 57

I. spuria 0.02 ± 0.01 B 0.06 ± 0.01 A 0.03 ± 0.01 B 0.005 71

P. virgatum 0.02 ± 0.00 B 0.05 ± 0.00 A 0.03 ± 0.00 B 0.000 96

M. sinensis 0.02 ± 0.00 B 0.05 ± 0.00 A 0.02 ± 0.00 B 0.000 96

A. maritima 0.03 ± 0.01 n.d. 0.05 ± 0.00 n.d. 0.03 ± 0.00 n.d. n.d. n.d.

A. capillaris 0.01 ± 0.00 C 0.11 ± 0.04 A 0.04 ± 0.01 B 0.000 80

F. ovina 0.02 ± 0.00 n.d. 0.05 ± 0.00 n.d. 0.03 ± 0.00 n.d. n.d. n.d.

R. acetosa 0.02 ± 0.00 C 0.05 ± 0.01 A 0.03 ± 0.00 B 0.000 92

D. filix-mas 0.03 ± 0.01 n.d. 0.05 ± 0.00 n.d. 0.03 ± 0.00 n.d. n.d. n.d.

D. filix-mas+fungi 0.03 ± 0.00 B 0.05 ± 0.01 A 0.03 ± 0.00 B 0.000 88

no plant 0.03 ± 0.00 B 0.06 ± 0.01 A 0.03 ± 0.00 B 0.000 90

C. panicea 3.60 ± 0.40 A 7.10 ± 2.46 A 4.01 ± 0.66 A 0.049 51

P. australis 3.02 ± 0.40 C 6.11 ± 1.24 A 3.81 ± 0.43 B 0.003 74

L. arenarius 3.99 ± 0.73 B 11.46 ± 4.19 A 4.06 ± 0.59 B 0.020 67

I. spuria 3.92 ± 0.42 B 17.70 ± 3.89 A 3.88 ± 0.71 B 0.001 89

P. virgatum 3.22 ± 0.48 A 5.55 ± 1.56 A 4.36 ± 0.91 A 0.026 41

M. sinensis 3.55 ± 0.61 A 5.87 ± 1.65 A 4.38 ± 0.59 A 0.041 42

A. maritima 3.11 ± 0.47 B 5.66 ± 1.43 A 4.11 ± 0.82 AB 0.016 52

A. capillaris 4.04 ± 0.17 B 11.40 ± 2.84 A 4.51 ± 0.57 B 0.004 81

F. ovina 3.22 ± 0.34 C 7.59 ± 1.79 A 4.63 ± 0.58 B 0.001 73

R. acetosa 4.85 ± 1.12 A 12.03 ± 4.80 A 4.59 ± 0.34 A 0.047 59

D. filix-mas 4.28 ± 0.65 C 9.66 ± 1.84 A 5.32 ± 0.39 B 0.002 81

D. filix-mas+fungi 4.52 ± 0.20 B 12.16 ± 2.76 A 6.14 ± 1.13 B 0.003 79

no plant 3.54 ± 0.43 C 6.92 ± 0.86 A 4.97 ± 0.54 B 0.000 83

C. panicea 1.15 ± 0.07 A 2.13 ± 0.63 A 1.15 ± 0.03 A 0.043 61

P. australis 0.97 ± 0.12 B 2.40 ± 0.64 A 1.52 ± 0.10 A 0.000 71

L. arenarius 1.09 ± 0.18 A 3.20 ± 1.95 A 1.31 ± 0.27 A 0.088 37

I. spuria 1.20 ± 0.11 B 3.40 ± 1.21 A 1.39 ± 0.43 B 0.024 64

P. virgatum 0.93 ± 0.21 B 2.14 ± 0.35 A 1.19 ± 0.15 B 0.001 81

M. sinensis 1.01 ± 0.25 B 1.90 ± 0.44 A 1.19 ± 0.16 B 0.020 61

A. maritima 0.96 ± 0.18 A 2.87 ± 2.34 A 1.64 ± 1.19 A 0.200 13

A. capillaris 1.12 ± 0.10 B 3.85 ± 1.10 A 1.44 ± 0.26 B 0.004 78

F. ovina 0.97 ± 0.07 C 2.06 ± 0.32 A 1.34 ± 0.09 B 0.000 85

R. acetosa 1.30 ± 0.24 B 3.20 ± 1.09 A 1.40 ± 0.18 B 0.024 64

D. filix-mas 1.14 ± 0.19 B 2.49 ± 0.78 A 1.41 ± 0.07 AB 0.018 61

D. filix-mas+fungi 1.21 ± 0.15 B 2.65 ± 0.80 A 1.57 ± 0.21 A 0.008 61

no plant 1.04 ± 0.21 B 2.44 ± 0.53 A 1.26 ± 0.13 B 0.004 77

C. panicea 0.05 ± 0.02 n.d. 0.20 ± 0.00 n.d. 0.05 ± 0.01 n.d. n.d. n.d.

P. australis 0.05 ± 0.01 B 0.21 ± 0.02 A 0.06 ± 0.01 B 0.000 96

L. arenarius 0.06 ± 0.02 B 0.27 ± 0.05 A 0.08 ± 0.04 B 0.000 85

I. spuria 0.10 ± 0.06 B 0.37 ± 0.06 A 0.07 ± 0.01 B 0.000 88

P. virgatum 0.04 ± 0.01 n.d. 0.20 ± 0.00 n.d. 0.07 ± 0.05 n.d. n.d. n.d.

M. sinensis 0.06 ± 0.03 B 0.20 ± 0.01 A 0.07 ± 0.04 B 0.000 85

A. maritima 0.08 ± 0.05 B 0.21 ± 0.02 A 0.06 ± 0.02 B 0.000 81

A. capillaris 0.05 ± 0.01 B 0.28 ± 0.05 A 0.07 ± 0.02 B 0.000 91

F. ovina 0.03 ± 0.01 n.d. 0.20 ± 0.00 n.d. 0.07 ± 0.02 n.d. n.d. n.d.

R. acetosa 0.08 ± 0.04 B 0.30 ± 0.07 A 0.09 ± 0.03 B 0.001 82

D. filix-mas 0.07 ± 0.03 n.d. 0.20 ± 0.00 n.d. 0.09 ± 0.01 n.d. n.d. n.d.

D. filix-mas+fungi 0.08 ± 0.02 n.d. 0.20 ± 0.00 n.d. 0.17 ± 0.09 n.d. n.d. n.d.

no plant 0.06 ± 0.01 n.d. 0.20 ± 0.00 n.d. 0.08 ± 0.03 n.d. n.d. n.d.

C. panicea 4.04 ± 1.45 A 6.39 ± 2.79 A 3.79 ± 0.54 A 0.225 23

P. australis 2.68 ± 1.23 B 5.51 ± 1.75 A 4.82 ± 1.15 AB 0.032 39

L. arenarius 3.73 ± 2.02 A 8.37 ± 7.42 A 5.96 ± 4.38 A 0.363 0

I. spuria 3.66 ± 1.12 A 7.43 ± 3.55 A 3.71 ± 1.62 A 0.160 32

P. virgatum 3.72 ± 0.99 A 5.88 ± 2.91 A 4.45 ± 0.90 A 0.288 10

M. sinensis 5.22 ± 2.32 A 4.99 ± 1.52 A 5.09 ± 1.09 A 0.984 0

A. maritima 4.45 ± 0.97 A 5.90 ± 1.94 A 5.27 ± 2.61 A 0.386 0

A. capillaris 3.89 ± 2.47 A 5.35 ± 1.52 A 3.73 ± 1.88 A 0.342 0

F. ovina 4.48 ± 0.61 A 3.79 ± 1.33 A 3.68 ± 1.11 A 0.357 0

R. acetosa 6.44 ± 1.63 A 8.06 ± 3.78 A 3.69 ± 0.79 A 0.021 31

D. filix-mas 6.52 ± 4.45 A 6.83 ± 2.69 A 5.04 ± 1.76 A 0.483 0

D. filix-mas+fungi 6.75 ± 0.76 A 11.65 ± 5.12 A 6.24 ± 1.92 A 0.188 33

no plant 6.24 ± 1.86 A 7.21 ± 2.80 A 4.47 ± 1.53 A 0.169 70

Dry 2Dry 1

Pb

Zn

Wet

Cd

Cu

Ni



Table 3 Differences between hyperaccumulating plants tested with Welch's ANOVA (p-value and 
R2(adj)) and Games-Howell pairwise comparison (GH). n.d. indicated that tests were not possible due 
to values below LOQ; different letters indicating significant differences (p<0.05) according to Games-
Howell pairwise comparison. 

 

 

 



Table 4 Soil metal concentrations at 0, 15 and 45 cm for constantly watered plants (wet) and 
shoot/root metal concentrations in mg/kg; N (Soil)=3; N(Shoots)=5; N(Roots)=3 

 



 

Figure 1 Boxplots of root metal concentrations [mg/kg dry weight] and plant root metal uptake [mg].  



 

Figure 2 Soil metal concentrations at 0 (top layer 0-1cm), 15 and 45 cm; horizontal line represents the 
mean concentration in the stormwater sediment (0cm) and filter material (15 and 45 cm) at the day 
of the column filling/sediment application 
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Figure 3 Plants under constantly watered conditions and after 5 weeks dry period 


