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Abstract 

Development of cities, new buildings and other impervious surfaces entails increased stormwater 

flows, volumes and pollutant loads. Heavy metals, nutrients, sediments and salt are common 

pollutants in stormwater. The conventional way to manage stormwater, which is by discharge 

to the receiving water body via a sewage network, will not be sufficient for mitigating high 

flows, flood risks and pollution export. Thus, Low Impact Development (LID) stormwater 

facilities, such as stormwater biofilters, are built in an increasing rate in Sweden and worldwide. 

The main function of a stormwater biofilter is water quality treatment, which is achieved when 

stormwater percolates through a vegetated filter media. Sometimes a pre-treatment facility is 

installed before the biofilter to reduce the sediment load on the biofilter and extend its life-

length. However, there are knowledge gaps regarding pollutant removal in biofilters and the role 

of associated pre-treatment facilities.  

In this study the impact of a pre-treatment facility, calcium carbonate as amendment in the filter 

media and vegetation was investigated regarding treatment of heavy metals (Cd (cadmium), Cu 

(copper), Pb (lead) and Zn (zinc)), phosphorus and total suspended solids. To do this, influent 

and effluent stormwater samples from an existing biofilter in Sundsvall were analysed and 

evaluated regarding removal performance of the above-mentioned pollutants.   

In general, the stormwater biofilter facility (including pre-treatment) removed total metals well 

while the removal of the dissolved fraction showed higher variations. Influent concentrations of 

TP were always higher than effluent concentrations. Leaching of phosphate repeatedly occurred 

from the filter sections. The mean removal of TSS was high (96.9%).  

CaCO3 as amendment in the filter material had a beneficial effect on the overall metal removal 

of the stormwater facility. Although leaching of phosphate occurred from all filter sections, the 

leaching was lowest from the section with CaCO3, indicating possible benefits of CaCO3 as 

amendment. CaCO3 did not seem to affect the mean total phosphorus removal significantly. 

Removal of total metals seemed to be improved by vegetation, but the removal of dissolved 

metals, total phosphorus and phosphate did not seem to be enhanced by vegetation. The filter 

section with vegetation and without CaCO3 amendment contributed with the highest effluent 

concentrations of total phosphorus and phosphate (leaching), considering that vegetation released 

more phosphate that it captured.  

The main treatment of the stormwater pollutants occurred within the biofilter and both positive 

and negative removal of all pollutants was observed by the pre-treatment facility. The result 

showed that the pre-treatment facility was most beneficial for removal of dissolved metals.  
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Sammanfattning 

Utvecklingen av städer, nya byggnader och andra hårdgjorda ytor ökar både mängden dagvatten 

och föroreningshalterna. Vanligt förekommande föroreningar i dagvatten är tungmetaller, 

näringsämnen, sediment och salt. 

Det traditionella sättet att hantera dagvatten är genom avledning via avloppsnätet till närliggande 

recipient, men med den förändrade kvalitén och kvantitet på dagvatten blir kapaciteten i det 

befintliga ledningsnätet otillräckligt för de ökade flödena och föroreningsinnehållet. Därför byggs 

bland annat dagvattenbiofilter, som är en typ av Low Impact Development (LID), i en ökande 

takt i Sverige och globalt. Huvudsyftet med dagvattenbiofilter är dagvattenrening, vilket uppnås 

när dagvattnet filtreras genom en filterbädd med växter. För att minska (sediment)belastningen 

och förlänga livslängden på biofiltret kan ibland en förbehandlingsanläggning placeras i före 

biofiltret. Dock finns det fortfarande kunskapsluckor om reningspotentialen i biofilter och 

betydelsen av en förbehandlingsanläggning.  

I den här studien undersöktes betydelsen av en förbehandlingsanläggning, kalciumkarbonat som 

tillsats i filter materialet och växter på biofiltret för reningen av tungmetaller (Cd (kadmium), Cu 

(koppar), Pb (bly) och Zn (zink)), fosfor och totalt suspenderat material. För att undersöka detta 

analyserades och utvärderades dagvattenprover på inkommande och utgående vatten från ett 

biofilter i Sundsvall, med avseende på reningsprestation av ovan nämnda föroreningar.  

Resultatet visade att biofiltret (med förbehandlingsanläggningen inkluderad), renade totala 

metaller bra medan reningen av lösta metaller varierade mer. Inkommande koncentrationer av 

totalfosfor var alltid högre än utgående koncentrationer och fosfat lakades kontinuerligt ut från 

filtersektionerna. Den genomsnittliga reningen av TSS var hög (96,9%). 

CaCO3 som tillsats i filtermaterialet hade en positiv effekt på reningen av totala och lösta metaller 

i biofiltret. Fosfat lakades ut från alla filtersektioner, men urlakningen var lägst från filtersektionen 

med CaCO3, vilket tyder på möjliga positiva effekter det som tillsats i filtermaterialet. CaCO3 

verkade inte öka genomsnittliga reningen av totalfosfor signifikant.  

Vegetationen verkade öka reningen av totala metaller men inte reningen av lösta metaller, 

totalfosfor eller fosfat. Filtersektionen med vegetation men utan CaCO3 genererade de högsta 

utgående koncentrationerna av totalfosfor och fosfat (urlakning), vilket tyder på att vegetation 

avgav mer fosfor än den tog upp.  

Den dominerande reningen av dagvattenföroreningarna skedde inuti biofiltret och både högre 

och lägre koncentrationer av samtliga föroreningar observerades efter 

förbehandlingsanläggningen. Resultatet visade att förbehandlingsanläggningen var mest effektiv 

för reningen av lösta metaller.  
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1 Introduction  
Urbanization on account of population growth has brought people to urban areas. 70 years ago, 

one third of the world’s population lived in urban areas and today more than half of earth’s 

population lives in cities. The increasing trend of urbanization is not expected to stop. Instead, 

prospects indicate further population growth and in 30 years from now the urban population is 

expected to be over two thirds. Urbanization promotes economic growth, but it also put higher 

demands on understanding and managing the effects of it, to minimize the environmental impact 

(United Nations, 2019).  

Population growth involves increased anthropogenic impacts on the environment, as more 

roads, buildings, among other conveniences are built, energy consumption rises etc. In densely 

populated urban areas, the anthropogenic emissions exceed the assimilative capacity of the area. 

E.g. the change from previously vegetated areas to impervious surfaces as asphalt and roofs 

increase stormwater discharges. Anthropogenic activities changes the runoff quality: when the 

stormwater flows on impervious surfaces it washes away various pollutants and conveys these to 

receiving water bodies. Examples for stormwater contaminants are fertilizers, heavy metals and 

pesticides (Erickson et al., 2013). Contaminated stormwater discharges may damage the receiving 

water bodies in several ways and can cause both public and environmental harm (Woods Ballard 

et al., 2015).   

The combination of more contaminated stormwater due to urbanization, together with climate 

changes causing heavy precipitation and increased stormwater runoff requires a functioning 

stormwater infrastructure (Li et al., 2021). The conventional way to handle stormwater: in sewer 

systems without significant retention and/or quality treatment already is, and will become more 

inadequate due to climate changes and increased environmental awareness/legislation 

(Kaykhosravi et al., 2020). Thus, to handle stormwater concerning both quantity and quality, 

eco-technical stormwater facilities are increasingly implemented in Sweden and globally. These 

so called blue-green facilities take advantage of restoring naturally occurring (treatment) processes 

which have been removed due to urbanization. 

Stormwater biofilters (also known as bioretention) are one such technology which can provide 

both treatment and retention of stormwater from both small and large catchment areas before 

the water is discharged to the receiving water body (Larm & Blecken, 2019). The treatment in 

a biofilter includes physical, chemical and biological processes similar to those originally 

occurring in soils (Department of Environmental Resources, 2007). Firstly, when the untreated 

stormwater inflow reaches the biofilter it passes the vegetation and then percolates into/through 

the filter media. Finally, the treated water is discharged via an underdrain and the sewer system 

to the receiving water body (Kratky et al., 2017).  

This low impact stormwater treatment technique is met with positive attitude and increasing 

popularity all over the world. The design of stormwater biofilters can vary in both size and 

construction (Kratky et al., 2017). By adding various amendments to the filter material, for 

instance depending on target pollutants, the treatment capacity can be improved (Larm & 

Blecken, 2019). For example, the use of chalk in biofilters can raise the pH, increase the metal 

adsorption and hence also the removal. However, the impact of chalk in the filter media needs 

to be further investigated both in laboratory scale and field (Søberg et al., 2019). Vegetation on 

stormwater biofilters have also shown to have several positive effects such as increased infiltration 

capacity as well as positive direct and indirect effects on nutrient and metal removal (Le 

Coustumer et al., 2009; Read et al., 2009). However, the choice of species matters and some 
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species are saline-sensitive and might not survive the concentrations in the stormwater 

originating from the (de-icing) road salt (Kratky et al., 2017).  

Stormwater biofilters easily gets clogged due to accumulation of sediments, from untreated 

stormwater, which impair its function (Chu et al., 2021). To increase the treatment capacity and 

life length of the system, a pre-sedimentation or pre-treatment facility is recommended. Here 

mainly coarser particles are captured before entering the system (Larm & Blecken, 2019). The 

design may vary but usual pre-treatment facility facilities are sedimentation ponds, grass swales, 

forebays or gross pollutant traps (Chu et al., 2021; Water by Design, 2014).  

At present, there are knowledge gaps and many existing biofilter facilities contain filter materials 

that have not been tested or evaluated (Søberg et al., 2019). Therefore, further studies regarding 

both filter material and choice of vegetation are needed (Lange et al., 2020; Søberg et al., 2017). 

Further, the role of pre-sedimentation as treatment step in biofilters has not been evaluated 

sufficiently (Davis et al., 2009).  

To investigate the impact of chalk in the filter media, and the role of vegetation, this study will 

compare and evaluate the treatment performance of an existing stormwater biofilter in Sundsvall 

designed to treat highway runoff. The biofilter facility is divided into three different sections 

with various conditions. One of the sections contain chalk, in the form of calcium carbonate, in 

the filter media and the other two does not. Two sections (the one with calcium carbonate and 

one of the sections without) contain vegetation. To complement existing laboratory scaled 

studies on biofilters containing chalk and vegetation, this study will contribute with an evaluation 

of the field function. Further, it enables to separately investigate the treatment in the pre-

treatment facility and the biofilter itself.   
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1.1  Objectives 
The general objective is to investigate the metal, phosphorus and TSS treatment efficiency of 

the biofiltration facility. The detailed objectives of this study are to evaluate (1) the impact, of 

adding calcium carbonate to a sand-based filter media in a stormwater biofilter, (2) the impact 

of vegetation on the stormwater biofilter and (3) the role of a pre-treatment facility.  

Thus, the specific objectives which this study aims to answer are as follows: 

- How does the treatment performance vary between the filter section with CaCO3 and 

those without? 

- How does the treatment performance vary between sections with vegetation and the 

section without? 

- How does the stormwater quality vary before and after the pre-treatment facility? 

1.2  Delimitations 
This study applies to a stormwater biofilter in Sundsvall in terms of treatment capacity, with flow 

evaluation excluded. The parameters of investigation are concentration of cadmium, copper, 

lead, zinc, phosphorus and suspended solids in the influent and effluent stormwater, during four 

rain events. Hence, this study focuses on treatment capacity of stormwater generated by rain, 

not snowmelt.  

Nutrients includes both phosphorus and nitrogen, which both are relevant, but since phosphorus 

usually is the limiting nutrient in freshwaters, nitrogen is excluded from this study (Correl, 1998). 

Copper, lead, zinc and cadmium are the heavy metals chosen to investigate in this study due to 

their common occurrence and toxicity in stormwater (Kratky et al., 2017).  

The purpose is to compare two different filter materials and the role of vegetation and pre-

sedimentation, which makes these the controlled factors. However, field studies imply other less 

controllable factors as temperature, road salt, rain intensity, rain duration etcetera which are not 

constant and may interact and affect the result. Especially road salt may influence metal removal 

(Søberg et al., 2017). Although varying road salt concentrations were present in the highway 

runoff, the number of sampled rains is not sufficient to evaluate the impact of road salt using 

statistical methods. Instead, the impact of road salt on the results is discussed. 
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2 Literature review 
This chapter describes the research area, based on the current state of knowledge in this area.   

2.1  Stormwater: challenges and management 
There are two types of waters requiring drainage: wastewater and stormwater. Wastewater 

originates from inter alia toilets, washings and industries, and is treated in a treatment plant before 

it is discharged to the waters. Stormwater is water from rain or any other kind of precipitating 

that has fall over built up land. It brings pollutants from the precipitation, air or catchment surface 

through its flow path to the receiving water (Butler & Davies, 2004).  

Urbanization is a product of population growth and took off in a fast pace in the late 20th century 

(Angel et al., 2011). The combination of population growth and accordingly, urban 

development changes the way of land use. The ratio of impervious areas in forms of roads, 

airports, buildings among other conveniences increases. The transformation from previously 

natural surfaces to more impervious surfaces increase the stormwater runoff volumes and high 

flows caused by decreased infiltration capacity of the ground and faster runoff processes (Erickson 

et al., 2013), see Figure 1. Climate changes caused by global warming that generates cloudbursts 

more frequently, together with expansion of impervious surfaces consequently causes flooding 

(Kjellström et al., 2014). 

 

 

 

 

 

 

 

Figure 1. Hydrologic impacts of urbanization (Liu et al., 2015). 

Another aspect of the change in stormwater due to urbanization is the quality of the water. The 

type of land use and surfaces as well as anthropogenic activities contribute to and determine the 

composition and amount of contaminants in the stormwater. Industries, roads and other land use 

that usually increase along with urbanization contribute with increased pollutants in the 

stormwater (U.S. Environmental Protection Agency (EPA), 1999; Wilson et al., 2004). In fact, 

urban stormwater in general is a nonpoint source for (inter alia) metals, nutrients and sediment 

(Bedan & Clausen, 2009).   

The conventional, and still most used method to handle stormwater is to collect and convey it 

by a stormwater sewer network and discharge it to a receiving water body (Kaykhosravi et al., 

2020). The sewage system can either be a combined system, which convey wastewater and 

stormwater together in one pipe, or a separate/ duplicate system which convey them separately 

(Brombach et al., 2005). There are several problems with the conventional ways to manage 

stormwater (Kaykhosravi et al., 2020). Stormwater solely discharged in a separate system is 

assumed rather clean and hence released to the receiving water without neither treatment nor 

retention (Brombach et al., 2005). Also, the conventional system is old and designed according 

to old standards which today is insufficient and malfunctioning due to climate changes and wear, 

Natural catchment surface 
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resulting in overflows. Stormwater separately conveyed and directly discharged to the receiving 

water pollutes the waters while stormwater conveyed and treated together with wastewater 

increases the load on the treatment plant. Both resulting in financial and environmental losses 

(Kaykhosravi et al., 2020).    

However, increased stormwater runoff and the need for climate change adaption as well as 

stricter environmental legislation require higher management capacity than the traditional 

stormwater sewer network solely provides, both in terms of volume and flow retention and 

water quality treatment. A more sustainable way to manage stormwater is by implementing 

alternative concepts as low impact development (LID), water sensitive urban design (WSUD) 

and/or sustainable urban drainage systems (SUDS) which have been proven to reduce floods and 

treat stormwater (Kaykhosravi et al., 2020; Fletcher et al., 2015). The idea with this type of 

stormwater control measures is to imitate natural processes that has been removed due to 

urbanization and the prevalence of hardened surfaces (Zhang et al., 2020). 

LID facilities slow down stormwater runoff by detention and infiltration and treat the pollutants 

by a range of processes, e.g. filtration, sedimentation and sorption. Depending on the main 

purpose of the objective(s), the type of facility and design varies (Martin-Mikle et al., 2015). 

Examples of LID facilities for stormwater management is permeable pavements, grass swales, 

detention/retention ponds, wetlands and biofilters (Martin-Mikle et al., 2015). It is often 

expected that LID facilities require no maintenance after being implemented, which is incorrect. 

When maintenance is neglected, the systems can stop working properly and solely contribute to 

financial loss (Blecken et al., 2017). Some facilities require more maintenance than others, 

especially infiltration facilities.  

The main purpose of infiltration facilities, as permeable pavements, is to reduce runoff peak flows 

and prevent flooding by increasing the infiltration capacity of roads or parking spaces. Treatment 

can also be achieved but it increases the risk of clogging which is the main problem with this 

kind of facility. Due to the clogging risk, the need of maintenance is high and can either be done 

by high pressure flushing and/or vacuum suction or replacement of filter material. Compared to 

permeable pavements the need of maintenance is low for other facilities such as swales. Swales 

are gras covered canals whose main purpose is to transport stormwater. A swale with steeper 

slope provides more efficient transportation and a bioswale (a wider and shallower swale with 

more vegetation) provides more retention and particle sedimentation. There are also LID 

facilities with, depending on design, main objective to both treat and retain stormwater. Here 

ponds and wetlands are included even though their treatment processes vary. The treatment 

process in a pond is mainly sedimentation while it also includes e.g. uptake of pollutants by 

plants, degradation by microorganisms and sorption processes in a wetland. Hence, wetlands may 

have an increased ability to treat nutrients compared to ponds. The retention potential for ponds 

and wetlands are similar, as the low maintenance needed (Larm & Blecken, 2019).  
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2.2  Stormwater pollutants 
Along with increasing stormwater runoff volumes, pollution transport to receiving water bodies 

increases. Common and, at certain levels, harmful pollutants in stormwater are metals, nutrients 

and suspended solids (Erickson et al., 2013). Type of pollutant and concentration varies 

depending on land use and rainfall conditions (Maniquiz-Redillas et al., 2013). The pollutants 

originate from different sources as atmospheric deposition, traffic, vegetation and roofs (see Table 

1) and affect receiving water bodies in different ways. For instance, it can harm the ecosystem 

with both immediate and chronic effects, which can result in a reduction of biodiversity and 

eventually generate lifeless watercourses (Woods Ballard et al., 2015).  

Stormwater pollutants occur in both particulate and dissolved phase (LeFevre et al., 2015). The 

dissolved phase is referred to as the part that passes through a membrane filter of pore size 

0,45µm, which often also includes an amount of colloidal fraction (Bostrom et al., 1988). The 

particulate phase is easier to remove, by physical filtration, than the dissolved fraction (Kratky et 

al., 2017). Metals and P (phosphorus) is usually particle bound, but while in dissolved phase they 

are more bioavailable and toxic. Due to the different characteristics of particulate and dissolved 

phase both are essential for the quality of the receiving water (LeFevre et al., 2015).  

Regardless of whether it is a warm or cold climate, about the same stormwater pollutants are of 

concern. However, depending on the climate characteristics, their occurrence, concentrations, 

characteristics and fates can vary. E.g., TSS (total suspended soilds) and metal concentrations can 

increase in cold climates due to higher emissions from less efficient engines. Further, the 

application of road salt, that is widely used in cold climates, affects the behaviour of the pollutants. 

The most used road salt is NaCl due to its low cost and ease of use (Kratky et al., 2017). In 

general, salt makes metals more mobile since it lowers the pH when Na+ forces H+ to be released, 

while salt instead transforms dissolved P to particle bound (Szota et al., 2015; Kratky et al., 2017).  
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Table 1. Common pollutants in stormwater and sources (Viklander et al., 2019; Wilson et al., 2004). 

Source Specific source Pollutant 

Traffic 

Exhaust gases PAH:s, benzene, alkylphenols, N 
 

Engines Cr, Ni, Cu 
 

Brake pads Cu, Sb, Zn, Pb, Cd 
 

Car tires Zn, Pb, Cr, Cu, PAH: s, 
alkylphenols, particles, phthalates 
 

Road surface Particles, PAH:s, several metals 
 

Anti-slip Particles (sand, gravel), NaCl 
 

Car care products Phthalates, alkylphenols, fluorinated 
substances, P 
 

Tunnel washing 
PAH:s, metals (Zn, Cu, Pb, Cr), 
particles 

Buildings/ roofs 

Galvanized and welded sheet 
 

Zn, Ni, Cr, Al 

Cu sheet Cu 

Zn sheet 
 

Zn 

Surface treated sheet  

 

Zn 

Roof and facade paint Metals (Pb, Cr), phthalates, 
alkylphenols, pesticides, PCB 
 

Bitumen (asphalt mass) 
 

PAH:s, nonylphenol 

PVC and other plastics 
 

Phthalates, nonylphenol 

Concrete Nonylphenol, particles, Cr 

Industrial areas 
 Metals, PFAS, PAH:s, organic tin 

compounds, N 

Construction sites 
 

Particles (tile, cement), litter 

Parks and gardens 
 

Nutrients, plant residuals 

Atmospheric 
deposition 

 P, N, heavy metals (Pb, Cd, Cu, Ni, 
Zn) 

Litter/ animal faeces 
 

Bacteria, viruses, nutrients 
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2.2.1 Heavy metals 
Stormwater that is discharged to the receiving water body without treatment can contain metals 

that are toxic for water living organisms. In high concentrations metals can be acute toxic, while 

lower concentrations can reduce growth and reproduction ability and eventuate unbalanced 

ecosystems. Accumulated metals can be transported further in the food chain through 

bioaccumulation as fish ingest metals which causes those who eat the fish to ingest metals 

(Erickson et al., 2013). For humans, the intake of metals can for example be cancerogenic and 

cause problems with breathing and skin (Jayarathne et al.,  2020). 

Cu (copper), Pb (lead), Zn (zinc), and Cd (cadmium) are important heavy metals in stormwater 

due to their common presence in stormwater and their direct and prolonged toxicity (Kratky et 

al., 2017). As seen in Table 1, metals in stormwater originate mainly from traffic related activities 

and roofing materials. Metals can be in dissolved, particulate or colloidal form and convert 

between these phases. Dissolved metals occur as free ions and are not settleable, in contrast to 

particulate bound metals. In their dissolved phase, the metals are of greater concern in terms of 

bioavailability and bioaccumulation, while particulate bound metals are of concern in a longer 

perspective. Particulate metals may be accumulated and transported in water courses to then be 

repartitioned to dissolved phase (Dean et al., 2005). The ratio between dissolved and particulate 

phase matters since it involves different treatment processes and requires different techniques. 

The treatment efficiency also varies depending on fraction type (Larm & Blecken, 2019).  

When rain falls on surfaces, metals are washed of and transported via the stormwater runoff 

(Woods Ballard et al., 2015). They essentially end up in stormwater after transformation from 

first being in association with inorganic and organic compounds on road surfaces. Due to 

environmental, physical and chemical factors the metals can transform and hence become more 

mobile, bioavailable and toxic, see Figure 2. Common transformation processes for metals before 

ending up in stormwater are adsorption, surface precipitation and oxidation/ reduction 

(Jayarathne et al., 2020). 

 

Figure 2. Metal transformation in stormwater (Jayarathne et al., 2020). 

Adsorption is when metal ions interact with the surface of a particle, and by adhesion forming 

complexes. Adsorption can take place as ion exchange, where the metal ions have weaker bonds 

with the surface, or as chemisorption, where the bond is stronger. Hence, the weak attachment 

between metals and particle surfaces by ion exchange makes the metals extra mobile compared 
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to when bond by chemisorption. At higher metal concentrations, reactions with anionic groups 

can result in surface precipitation. This phenomenon regularly causes metal precipitates in form 

of carbonates and phosphates at higher pH and in the form of hydroxides at lower pH conditions, 

which in turn generates high concentrations of metal ions in the stormwater when the process 

goes the other direction. Finally, by oxidation (loss of valence electrons) or reduction (gain of 

valence electrons), the adsorption capability can be reduced, causing more bioavailable and toxic 

metals to reach the stormwater (Jayarathne et al., 2020).  

Except from being toxic, metal ions in freshwater tends to have an acidifying effect as they form 

complexes with the oxygen in the water molecule, causing H+ to be released. The tendency of 

the metal ions to form complexes with water are different according to the following order 

Pb2+>Zn2+>Cu2+>Cd2+ (Dean et al., 2005). Revitt and Morrison (1987) determined that Zn 

and Cd mostly occurs in dissolved phase in stormwater, while Pb are mostly bound to particles 

and Cu occurs in both particulate and dissolved phase. In general, the solubility of metal varies 

with pH and at lower pH metals tend to occur in dissolved phase while higher pH decreases 

their solubility (Rieuwerts et al., 1998) 

2.2.2 Phosphorus 
P from stormwater can both occur in dissolved and particulate phase and it originates for instance 

from dead organic material, animal droppings, human produced debris and fertilizers from 

agriculture. Since the dissolved phase is bioavailable it poses a higher risk in the receiving water 

(Søberg et al., 2020).  

Elevated nutrient levels can cause eutrophication in natural waters (Weihrauch & Weber, 2020). 

N and P are the nutrients commonly present in stormwater  (LeFevre, et al., 2015). They are 

also the main nutrients involved in eutrophication (Davis et al., 2006). In appropriate amounts 

nutrients enable primary production necessary for water ecosystems/living organisms. Due to 

excess nutrient supply from various sources, including stormwater runoff the positive effects of 

the nutrients are turned into negative. This supply of nutrients raises the growth of 

phytoplankton which can cause large and toxic algae blooms that when sinking and decomposes 

consumes oxygen, resulting in oxygen free bottoms without vegetation or aquatic life, dead 

zones. Thus, excess nutrients change the state of the water which reduces the biodiversity and 

increases emissions of greenhouse gases (Wurtsbaugh et al., 2019). In (freshwater) lakes, 

watercourses, streams and reservoirs P is usually the limiting nutrient. P is often less present 

naturally compared to N, which is why excess, often anthropogenically added P, starts primary 

production (Correl, 1998).  

Dissolved phosphorus (DP) includes both organic and inorganic forms (Marvinet al., 2020). 

Inorganic DP consists of orthophosphate (HXPO4
X-3) which often is mentioned as phosphate 

PO4
3- or soluble reactive phosphorus (SRP) (LeFevre et al., 2015; Wetzel, 2001; Marvin et al., 

2020). Orthophosphate is the only phase of P that is directly bioavailable, but other forms of 

both inorganic and organic DP can be bioavailable after transformation by naturally occurring 

processes as desorption, dissolution and degradation (Bostrom et al., 1988). However, some 

forms of dissolved organic phosphorus (DOP) might be bioavailable for algae (Marvin et al., 

2020).  

The majority of P in stormwater occurs as particulate. Since PO4
3- is the most common phase of 

P, with a high affinity for particles, the result is that a large part of the P in stormwater is particle 

bound (Blecken et al., 2010). The particulate fraction of P includes P in organisms, P adsorbed 

onto mineral phases of rocks and soils or P adsorbed onto dead organic material (Wetzel, 2001). 
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Since particulate P is not as bioavailable as DP it poses a lower risk for waters (Kratky et al., 

2017).  

2.2.3 TSS 
Total suspended solids (TSS) is solid material that is in suspension in stormwater but can settle 

due the impact of gravity (Inc. Woodard & Curran, 2006). TSS can be separated from the water 

by filtration through a filter with pose size 1.6 µm (Nordqvist et al., 2011).  

 
Generally, snowmelt runoff contains more TSS than runoff from rain (Kratky et al., 2017). TSS 

may consist of many different materials as clay, vegetation, silt, organic- or inorganic material, 

and in stormwater it commonly originates from various kinds of surfaces (e.g. roads and 

buildings) and anthropogenic activities. Further, atmospheric deposition can be a source of TSS 

(Bratby, 2015; Hong et al., 2017). TSS is an important carrier of other pollutants, as particulate 

metals or phosphorus, to the receiving water. Because of the ability to transport pollutants, TSS 

is sometimes considered as an indicator for (particulate) stormwater pollution in general. TSS 

might also increase the turbidity in the water which can result in decreased photosynthesis. Also, 

fine particles are a bigger concern than large since they are less settleable, and thereby further 

transported, in combination with increased adsorption capacity of pollutants compared to large 

particles (Liu et al., 2015).  
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2.3  Stormwater biofilters 
Stormwater biofilters (also known as bioretention) is a LID practice developed in the 1990´s in 

Maryland. The purpose of biofilters is to manage stormwater runoff regarding both quality and 

quantity, without demanding major parcels of land, since biofilters often can be integrated in the 

urban landscape. Stormwater biofilters are designed as a vegetated depression in the ground with 

a filter material below (Prince George's County, 1999; Chu et al., 2021), see Figure 3. The size 

of stormwater biofilters vary depending on catchment size but is optimally 2% of the catchment 

area (Kratky et al., 2017).  

 

Figure 3. Cross section of a typical stormwater biofilter (Winston et al., 2016).  

Treatment of stormwater is the main objective with a biofilter, although some retention of 

stormwater also might be provided (Blecken, 2016). Biofilters can moderate stormwater flows 

and volumes by retaining them in a depression storage on the filter surface. The water is 

released in gentle rates by infiltration through the filter media or evapotranspiration (Kratky et 

al., 2017). Studies have shown a variation of peak flow reduction by biofilters, Davis (2008) 

reported peak flow reductions of 44% while Li and Yuan (2011) reported a peak flow 

reduction of 95% and a runoff reduction of 88%.  

 

Water quality treatment is achieved by both physical filtration, chemical adsorption and 

biological processes. Particles and particle-bound pollutants are captured on the filter surface by 

mechanical filtration. The filter material plays a major role for the biofilter since it affects the 

conditions for treatment, vegetation, infiltration and retention (Water by Design, 2014). Most 

pollutants removed by a biofilter are removed in the filter material by further filtration and 

chemical and biological processes, making this section the critical component of the facility 

(Larm & Blecken, 2019). The filter material is a mix of different fractions and properties of sand 

and loam to achieve the optimum mixture (Water by Design, 2014). In general, a finer material 

containing sand, loam and plant soil is efficient for removal of metals and phosphorus (Larm & 

Blecken, 2019). A mulch cover is sometimes applied to provide growing conditions for the 

vegetation (Water by Design, 2014). Since the filter media is the critical component for 

stormwater treatment the following, partly conflicting, properties must be fulfilled: 
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 Infiltration capacity slow enough to provide sufficient time for treatment processes 

 Infiltration capacity fast enough to minimize flooding and thereby handle as much water 
as possible 

 Contain chemical properties providing treatment processes (different for different 
pollutants) 

 Properties promoting vegetation growth (different for different vegetation species) 

 Adaption to the prevailing climate (Larm & Blecken, 2019) 
 
In general, a relatively simple, one-layer filter material is sufficient, but if there are special 

treatment requirements, certain additives can be used as well (Larm & Blecken, 2019). Table 2 

compiles recommendations for content in filter material.  

 
Table 2. Recommendations for choice of filter material (Larm & Blecken, 2019).  

General 

recommendations 

for filter material 

Comment 

Coarser sand with 
15% plant soil 

Very efficient for treatment of metals and 
phosphorus 

Fine material 
Avoid if treatment of phosphorus is 
prioritized 

Fertilization Avoid if treatment of nutrients is prioritized.  

Additives to the 

filter material 
Pollution affected Comment 

Chalk (CaCO3) 

Metals Improved metal 

treatment in sand-
based filter materials 
 

P 
Might improve P 
removal. 

Organic material 

P Might leak 
 

Metals and organic 
pollutants 

Adsorption. Might 
decompose and 
hence leak 
eventually.  

Top soil/ 
construction soil 

Metals 

 
Good treatment of 

metals and 
phosphorus when 
adding 15% soil in 
sand material. Not 
suitable as only filter 
material due to low 
infiltration capacity 
and eventual nutrient 
leakage.  
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Compost, peat 

Metals Adsorption of metals. 

Might decompose 
and hence leak 
eventually. 
 

N & P 
High leakage of 
nutrients. 

Biochar/ activated 
carbon 

Metals 

Both improved and 
unaffected treatment 
reported. 
 

P Both improved and 
deteriorated 
treatment reported. 

Iron and aluminium 
hydroxides 

P 
Improve phosphorus 
treatment. 

Saw dust Metals 
Adsorption. Long 
term function 
unclear. 

Wood chips 
Metals and organic 
pollutants 

Adsorption. Might 
degrade and hence 
leak and clog the 
system eventually. 

 

Effluent water is either discharged to the groundwater or (more often) collected in a drain layer 
and conveyed to the sewer system and/or the receiving water body without further purification 
wherefore the treatment in the biofilter must achieve a sufficiently high quality (Lange et al.,  

2020).  

Besides filter design, the ambient climate/weather conditions effect the function of a stormwater 
biofilter. Investigations and evaluations of stormwater biofilters have been made in a larger extent 
in warm/temperate climates than in cold ones. Cold climates imply challenges for stormwater 
biofilters, such as inter alia reduced infiltration of the filter media, reduced biological activity and 
impact of de-icing agents like salt. Before applying biofilters in cold climate, these challenges 
must be considered, which convict the need of further research of stormwater biofilters in cold 
climate. In cold climates the biofilter media is advantageously coarser, like sand, to provide higher 
hydraulic conductivity. A finer media induces lower hydraulic conductivity and thereby a slower 
water flow through the media. This promotes freezing of standing water in the filter which will 
reduce or intermit the infiltration; this is avoided when using a coarser material (Kratky et al., 
2017). Yet, a finer filter media has higher sorption capacity which will increase the pollution 

treatment (Hatt et al., 2006). Therefore, it is crucial to compile a filter material that nether is too 
coarse to provide treatment nor too fine so that the infiltration rate is too slow (Blecken, 2016).  

Eventually biofilters get clogged over time, which is the main issue for long term operating 
biofilters. Then, treatment of stormwater pollutants deteriorates as stormwater overflows the 
system instead of being filtered through the filter media. Due to clogging, a strongly polluted 
layer of contaminated sediment is formed at the top of the filter material. Moreover, the 
stormwater outflow is reduced and overflows occur more frequently when a biofilter is clogged 
(Le Coustumer et al., 2012). A study that measured the hydraulic conductivity of several biofilters 
with high initial values, showed an average reduction of 50% of the initial hydraulic 
conductivities (Le Coustumer et al., 2009). Even if it has not yet been completely investigated, 
vegetation reduces clogging because of its roots and stems. Due to movement and growth, 
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apertures are formed that generate preferential flow paths for the water and hence vegetation 

with thick roots is to prefer before narrow (Le Coustumer et al., 2012). Apart from reducing 
clogging and providing the first filtration, a biofilter with vegetation and associated roots can 
reduce runoff by slowing down the flowrate, take up and transpiring stormwater. In terms of 
treatment, plants can take up pollutants and increase the microbial activity, hence increase the 
pollution removal. Further, vegetation provides shade of the filter media, provide animal habitat 
and contribute with an aesthetic view which favours the acceptance for the facility (Muerdteret 
al., 2016). 
 
To reduce the pollutant loadings to the biofilter, a pre-treatment facility can be positioned before 
the biofilter to capture sediments (Erickson & Hernick, 2019). The design of the pre-treatment 
facility can vary, and examples of facilities are grass swales, forebays or other forms of gross 
pollutant traps (Chu et al., 2021; Water by Design, 2014). A well-functioning pre-treatment 
facility can reduce the clogging risk of biofilters and extend the life length (Davis et al., 2009). 

There are places where pre-treatment before stormwater biofilter facilities is a requirement, but 
the need of it is usually determined depending on catchment areas, since areas with less sediments 
(e.g., roofs) needs it less, while catchment areas with more sediments and gross pollutants (e.g., 
construction sites and highways) needs it more (Davis et al., 2009). However, there are significant 
knowledge gaps regarding the role of above ground pre-treatment facilities before stormwater 
biofilters (Erickson & Hernick, 2019).  
 
 
In the following, treatment processes for different pollutants and processes/ factors affecting these 
are summarised.  
 

2.4  Pollution treatment in stormwater biofilters 
The focus of stormwater pollutants is often on the particulate phase. This entails that also the 

treatment of stormwater focuses on the particulate phase of pollutants since many conventional 

handling methods captures coarse solids while the dissolved passes by (Na Nagara et al., 2021). 

However, stormwater biofilters can remove both dissolved and particle associated pollutants 

(LeFevre et al., 2015).  

Commonly, the behaviour of stormwater pollutants is affected by the road salt which is widely 

used in cold climates. Biofilters have a limited removal capacity of salt due to difficulties of 

chloride removal. The impact of salt on the treatment capacity varies among the pollutants 

(Kratky et al., 2017). It could favour the treatment of nutrients while it could reduce the 

treatment of metals (Valtanen et al., 2017).  

2.4.1 Treatment of metals: processes and influencing factors 
Studies have shown that a total metal removal of 80-90% is often achieved by stormwater 

biofilters (Kratky et al., 2017; Lange et al., 2020; Davis et al., 2001; Sun & Davis, 2007). 

Although the removal of dissolved metals varies much more, it has been less investigated (Kratky 

et al., 2017; Lange et al., 2020). The particulate phase is mainly removed by filtration and 

captured in the filter media, while the dissolved phase may be removed by adsorption, cation 

exchange, complexation and precipitation (see Figure 4) (Kratky et al., 2017; Rieuwerts et al., 

1998). A laboratory study by Sun and Davis (2007) showed that 88-97% of the metals in the 

influent stormwater were captured in the filter media while 0.5-3.3% were accumulated in the 

vegetation and only 2-11.6% passed by the biofilter.  
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Figure 4. Processes for retention of heavy metals in a stormwater biofilter (Chu et al., 2021). 

Removal of dissolved phase 

Dissolved metals are mainly removed from stormwater by sorption processes in the filter media 
(Kratky et al., 2017). Sorption is a term that includes adsorption, complexation and precipitation 

(Alloway et al., 1988). Due to cation exchange, metals are sorbed to organic material in the filter 
by the formation of surface complexes. Hence, mobile metals in the influent become immobile 
as they bind to the organic material in the soil (Kratky et al., 2017). Complexation occurs when 
a metal ion is surrounded by organic or inorganic ligands. It is stated that, for a particular soil, 
up to 99% of the metal content may be in complexes (Rieuwerts et al., 1998). It is well known 
that organic material benefits and enhances metal adsorption (Søberg et al., 2019). Although, the 
affinity of metals to form complexes with organic material varies, and Cu and Pb have the highest 
(Kratky et al., 2017). Due to the provision of sorption surfaces and affinity to form complexes 
with metals, organic material works as a metal sink, which to some extent is why the top layer 
(10-15cm) of the biofilter usually becomes metal enriched (Kratky et al., 2017).  
 
However, it is considerable that a higher metal content in the influent yields a higher metal 
removal. But then, occupation of available sorption surfaces will occur faster, which leads to 
decreased sorption capacity (Sun & Davis, 2007). Although complexation of metals and organic 

matter can enhance metal removal, complexation with dissolved organic material can increase 
the mobility of metals (Kratky et al., 2017).  

Removal of particulate phase 

The metal removal in a biofilter largely depends on the metal partitioning between the solid and 

dissolved phases in the stormwater since the particulate phase is easily trapped during mechanical 

filtration through the filter material (Kratky et al., 2017). Larger particles are mainly trapped 

directly in the surface soil or by vegetation, while smaller particles are further transported and 

removed in the underlaying filter media (Chu et al., 2021).  
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The majority of metals in stormwater is particle bound, making mechanical filtration the main 

removal mechanism (Hatt et al., 2008). The removal of particulate metals is therefore strongly 

correlated with TSS removal (Hatt et al., 2008) (see 2.4.3 Treatment of TSS). As biofilters can 

remove TSS to a great extent, the same applies to particulate metals (Zhang et al., 2008; Hatt et 

al., 2008). 

Filter materials 

A high content organic material in the filter material is to prefer in terms of immobilization of 

metals. In general, the addition of compost and carbon has been shown to increase the metal 

removal; however, it often contributes with increased nutrient leaching or release of the captured 

metals when the organic material oxidizes and degrades (Kratky et al., 2017; Søberg et al., 2019). 

Studies that have used around 1% organic matter in the filter material have shown efficient metal 

removal, indicating that also this low content of organic material in the filter media can be 

sufficient (Søberg et al., 2017; Søberg, 2019; Blecken, 2010).  A filter material developed at LTU 

(Luleå University of Technology) consists of sand and planting soil with the same proportion 

organic matter content as suggested above (Søberg et al., 2017). Several laboratory studies of 

bioretention cells containing this filter material have shown efficient metal removal of, often 

>90% (Søberg et al., 2017; Søberg et al., 2019; Lange et al., 2020; Blecken et al., 2011).  

 

Another way to increase the organic content in the filter material is by adding green compost, 

since it contains high amounts of organic material and micro and micronutrients, causing metal 

organic complexes to form (Smolinska, 2015). However, involving compost in biofilters 

increases the risk of nutrient leaching (Tirpak et al., 2021). Another possible amendment to the 

filter media is biochar. The addition of biochar is beneficial due to its high metal adsorption 

capacity, caused by negative charged surface area that favours cation exchange. The high porosity 

also increases the specific surface area, which increases the metal adsorption further. Most studies 

on biochar in biofilter medias are performed in laboratory, and therefore there is a lack of field 

studies (Mohanty et al., 2018).    

In filter media with low organic content (e.g. solely sand-based) chalk (calcium carbonate) can 

be added to increase the sorption of metals (Søberg et al., 2019). Compared to compost, chalk 

has a lower organic matter content which is a negative factor for metal sorption, but on the other 

hand, the risk for nutrient leaching is decreased (Søberg et al., 2019; Tirpak et al., 2020). 

Compared to biochar, the specific surface area of chalk is smaller, which is not beneficial for 

metal sorption either (Søberg et al., 2019).  

The benefits of adding chalk to the filter material is the increasing effect on pH (Alloway et al., 

1988). When chalk as CaCO3 dissolves, the carbonate reacts with the hydrogen and consumes 

H+ and thus increases the pH according to equation 1 (Ingri, 2012). At neutral or higher pH 

values metal sorption is much more efficient compared to acidic conditions (Alloway et al., 

1988).  

𝐶𝑎𝐶𝑂3 + 𝐻+ ↔ 𝐶𝑎2+ + 𝐻𝐶𝑂3
−    (1) 

A laboratory study compared two sand-based filter materials (DWA-M 187, 2005) where one 

contained chalk (CaCO3) and one did not. The result showed a higher metal sorption capacity 

of the filter material containing chalk compared to the filter material without. The high metal 

removal result, despite the low organic content and rather low specific surface of chalk indicates 
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that the increased pH (9.2) is the main contributor to increased metal removal (Søberg et al.,  

2019).  

Apart from organic content and pH conditions in the filter media, the particle size distribution 

also matters. Finer fractions yield higher sorption capacity as the affinity to metals is ranked 

sand<silt<clay (Rieuwerts et al., 1998). However, too large content fine material will reduce 

the infiltration capacity and might cause freezing of the filter in cold climates (Blecken et al., 

2011). To reduce the risk of contaminants starting to leak after a while, long time retention is 

ranked over short-term adsorption capacity of a filter material (Søberg et al., 2019).  

Vegetation 

Even though the filter media contributes with the most metal removal, vegetation can directly 

and indirectly support metal removal as well. The process when vegetation takes up heavy metals 

is called phytoextraction (Smolinska, 2015). Sun and Davis (2007) detected that 0.5-3.3% of the 

total metal removal by a biofilter was related to plant uptake while Muthanna et al. (2007) 

detected a total metal removal of 2-8% by plant uptake. Hence, the main treatment of metals 

occurs within the filter, and vegetation enhances the quality further and is an important factor 

for removal of the dissolved fraction. The biouptake is a combination of uptake by plant roots 

(see Figure 4) and biofilms in the filter media. When the vegetation withers and starts to 

decompose, the release of organic material can be useful for the metal removal in terms of metal 

complexation. However, the metals which were earlier taken up by the plants may possibly also 

be released and leach. There are also concerns whether the effluent can discharge metals that are 

bound to the organic material (Blecken et al., 2011). During cold climates, the biomass in 

vegetation decreases, causing the metal uptake to decrease (Chu et al., 2021).  

The metal uptake capacity varies among different plant species, hence the choice of type matters 

(Sun & Davis, 2007). Previous studies in laboratory scale have shown enhanced metal removal 

rates in biofilters by plant uptake, even though there are some variations between different species 

(Read et al., 2007; Sun & Davis, 2007). In cold climates the metal uptake by plants can be 

reduced due to harmful salt concentrations and dormancy of plants (Valtanen et al., 2017; Kratky 

et al., 2017). Therefore, tolerant vegetation species are required (Kratky et al., 2017). Moist 

meadow mix (Fuktäng) is a saline tolerant biotope that also can endure both dry periods and 

periods of overflows (Structor Norr AB , 2017).   

To enhance the phytoextraction of dissolved metals further, hyperaccumulating plants could be 

used as vegetation on the biofilter. Hyperaccumulating plants are vegetation species that 

accumulate high amount of metals (van der Ent et al., 2015). By then harvesting the above 

ground part, the metals could be extracted from the biofilter facility. This could increase the life 

length of the whole biofilter system (Lange et al., 2020).  

pH 

As the solubility of metals varies with pH, it is an influential factor for metal removal. Partly 

because lower pH puts metals into solution, but also because the metal sorption is reduced. At 

low pH values more H+ is present, causing H+ to occupy the sorption surface instead of dissolved 

metal ions. Hence, a higher pH promotes sorption in the biofilter. pH values below 5 reduces 

the sorption capacity of metals to organic material.  A high carbonate content in the filter material 

can buffer the pH, resulting in decreased metal leaching (Rieuwerts et al., 1998). At high sorption 

levels, metals can also precipitate as hydroxides or together with phosphate, carbonate or sulphate 

(see Figure 4) (Rieuwerts et al., 1998). According to (Duncan, 1999) the pH in stormwater 
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ranges from 4.1 to 8.3, depending on the surface on which the stormwater flows, and is therefore 

slightly higher than rainfall.  

Impact of cold conditions 

Biofilters in cold climates might have a reduced metal removal effect since the filter media may 

freeze and biological activity is decreased during the cold season (Valtanen et al., 2017). Bacteria 

in the filter media can be affected by cold climates and therefor reduce the metal removal (Kratky 

et al., 2017). Reduced uptake of heavy metals by vegetation in colder conditions compared to 

warmer has been observed in several studies due to dormancy of the plants (Antoniadis & 

Alloway, 2001; Hooda & Alloway, 2006). Although, in a pilot scale bioretention study by 

Blecken et al. (2010), metal removal by vegetation was investigated at 2°C, 8°C and 20°C. The 

study showed metal removal at all temperatures, including metal uptake by plant, thus indicating 

effective metal treatment during the year also in a cold climate.  

To avoid freezing of filter medias coarser filter material can be used (Blecken et al., 2011). In 

cold climate bioretention studies by Blecken et al. (2010) and Søberg et al. (2014), coarser filter 

materials were used to avoid freezing. Although coarser filter material can imply decreased metal 

sorption capacity, both studies showed satisfactory metal removals (often exceeding 80%), similar 

to studies performed without taking winter conditions into account (Blecken et al., 2011; Søberg 

et al., 2014). 

Of the few studies that have been conducted on biofilters in cold climates, most are in laboratory 

scale, hence there are uncertainties of the proper function of biofilters in Nordic countries 

(Valtanen et al., 2017).  

Impact of road salt 

The use of road salt during cold conditions affects the metal removal by biofilters since it 

mobilizes metals (Kratky et al., 2017). Studies by Lange et al. (2020) and Valtanen et al. (2017) 

showed that the application of salt increased the partition of dissolved phase and decreased the 

particulate phase, resulting in a decreased removal capacity of the biofilter, although the result 

varied among different metals. The retention of heavy metals by adsorption is decreased since 

the Na+ ions in the salt occupies sorption surfaces in the filter material and Cl- ions forms 

complexes with metals (Chu et al., 2021). Also, salt can reduce the ability of vegetation to take 

up metals and coherent reduce the microbial activity (Kratky et al., 2017).  

 

2.4.2 Treatment of phosphorus: processes and influencing factors 
Biofilters can reduce the amount P that is discharged to the receiving water body from 

stormwater (Søberg et al., 2020). The removal mechanisms for particulate and dissolved P in a 

stormwater biofilter vary and include abiotic and biotic processes (Mohanty et al., 2018). The 

particulate phase is removed by physical filtration in the filter media and the dissolved fraction 

can be removed by uptake to vegetation and/or immobilization by microbes (biotic processes), 

but mostly by sorption processes within the filter material (abiotic process), (see Figure 5) 

(Mohanty et al., 2018). The main removal mechanism of DP is (ad)sorption. In most studies, 

the removal of TP (total phosphorus) and DP by stormwater biofilters transcends 70% (Marvin 

et al., 2020; Søberg et al., 2020).  
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Figure 5. Removal mechanisms of particulate and dissolved phosphorus in a stormwater biofilter (Marvin et al., 
2020). 
 

Removal of dissolved phase 

The sorption processes of DP in a biofilter media include several forms of sorption, i.e. 

adsorption, ion exchange and precipitation. The time span of P sorption is divided into a short 

fast sorption (about one day) and a longer slower sorption (several weeks) which begin after the 

first fast sorption. The sorption reactions of orthophosphate can involve formation of Ca 

phosphate precipitates when orthophosphate (H2PO4
x-3) reacts with Ca, or it can involve the 

ligand exchange with OH- or OH2 on (Fe or Al) oxides (Zhang et al., 2008).  

Removal of particulate phase: 

When the stormwater percolates the filter media, the particulate phase is removed by physical 

filtration. A large part of the TP concentration in waters is associated with particles, which is 

why the outflow concentration and thus removal of TP often is correlated with the TSS 

concentrations (Søberg et al., 2020). Stormwater biofilters can remove TSS widely, almost 

completely, resulting in that the particulate phase of P also being readily removed by filtration 

though the filter material (Zhang et al., 2008) (see 2.4.3 Treatment of TSS).  

Filter materials 

As the sorption mechanism can take place by different processes, the filter material characteristics 

have a high impact on the sorption capacity. Influencing parameters include content of calcium, 

aluminium and iron hydroxides as well as organic matter and chemical conditions in the filter 

also matters (Zhang et al., 2008). Height of the filter media also matters; and higher sorption 

capacity requires shallower depth (Li & Davis, 2016).  

The type of filter material is what mainly determines the leaching of P since different filter 

materials have a wide variety of P release. The most important factors are to use organic material 

that does not leach P and to include high Fe and Al contents in the filter material (Li & Davis, 

2016). A filter media with (too) high P content (such as organic soil or compost) will prevent 
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efficient P removal or even cause P leaching. In addition, P sorption capacity will decrease and 

the organic material will be transformed to orthophosphate by bacteria (Kratky et al., 2017).  

Although, relatively simple sand- based filter materials can provide efficient P removal (Søberg 

et al., 2020), several different filter media amendments have been suggested to improve the 

removal capacity of P by the biofilter (Table 2). Chalk, activated carbon, pumice, iron filings or 

wool or biochar are examples of supplements to the filter that have been suggested to increase 

the sorption capacity of DP and hence the removal (Søberg et al., 2020; Mohanty et al., 2018). 

In a study by Shrestha et al. (2018) the filter media contained Fe and Al oxides. However, they 

suggested that CaCO3 may be better since Fe oxides are sensitive for redox and releases P during 

reduced conditions. 

By adding chalk (as CaCO3) to the filter material the DP treatment can increase. As the carbonate 

increase the pH according to equation 1, the Ca2+ ions can form compounds with 

orthophosphate (Reddy et al., 2014). Composites of P and Ca as dicalcium phosphate dihydrate 

(CaHPO4*2H2O), octocalcium phosphate (Ca8H2(PO4)6*5H2O) and hydroxyapatite 

(Ca10(PO4)6(OH)2) is formed and removed from the water by precipitation (Zhang et al., 2008). 

Zhang et al. (2008) found a high DP removal when using calcium rich flying ash as an 

amendment in the filter media in bioretention columns. Another laboratory study by Reddy et 

al. (2014) found that the DP removal varied between 35-41% when CaCO3 was used as filter 

material.  

Vegetation 

Vegetation in stormwater biofilters has several functions that enhances the P removal, including 

the supply of oxygen which oxidizes ferrous iron to ferric iron and thereby increases the sorption 

capacity of P. Moreover, vegetation is reliant on nutrients to grow, resulting in removal of P 

captured in the filter media, due to uptake by plants and microbes (Marvin et al., 2020). The 

removal of nutrients in the filter material by plant roots is caused by assimilation (Mohanty et 

al., 2018). A study by Lucas and Greenway (2008) showed a P retention in vegetation of 6%. 

However, the uptake and retention capacity of P in vegetation varies depending on plant species 

(Davis et al., 2006). Different plant species has different characteristics which affects the P 

removal capacity. Therefore, knowledge about suitable properties is important for the choice of 

vegetation to achieve the maximum treatment performance of a biofilter. Suitable properties 

include not only pollutant removal capacity but also tolerance of wet and dry conditions, fine 

sediment loadings and P supply. Root properties was found to be the most correlated factor for 

nutrient removal, even more important than assimilation efficiency or growth rate of the plant. 

Important root properties include root length, root depth in the soil and proportion root mass 

(Read et al., 2009).  

However, Davis et al. (2006) assert that vegetation plays a small role in the direct, short term 

perspective of P removal, but that it can be important for long term uptake of pollutants. Even 

though phosphorus retention in the filter media exceeds the retention by plant uptake, biofilter 

media without vegetation get exhausted faster than facilities with vegetation. There are still 

knowledge gaps between vegetation, microbes and properties of the filter media to understand 

to achieve the most favourable combination of filter media and vegetation for removal of P 

(Lucas & Greenway, 2008). The use of biochar in the soil can prevent biotic stress, which is 

favourably since unhealthy vegetation may have lower nutrient uptake capacity (Mohanty et al., 

2018).   
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pH and pe 

The removal of phosphate by sorption is pH and pe dependent (LeFevre et al., 2015). At 

environments with higher pH phosphate often forms compounds with calcium (Marvin et al.,  

2020). At lower pH conditions phosphate can also be removed by sorption to Al or (ferric)iron 

hydroxides by ligand exchange binding (Zhang et al., 2008). Then pe (redox potential) matters 

since anoxic conditions can reduce ferric Fe to ferrous Fe and hence no hydroxide bonding is 

possible, and both dissolved Fe and P is released (LeFevre et al., 2015).  

Impact of cold conditions 

P removal by stormwater biofilters generally varies in both cold and warm climates. TP is mainly 

removed by processes in the filter media, either by sorption processes (if DP) or by physical 

filtration (if particulate). Therefore, cold climates are not expected to have significant impact on 

P removal, as long as frozen filter media with standing pore water can be avoided (Kratky et al., 

2017).  

Although vegetation contributes less to TP removal compared to the filter media, it enhances 

the removal capacity of the biofilter. This part is generally interrupted during cold periods due 

to dormancy of plants (Blecken et al., 2010). Both reduction of plant growth periods and 

biological activity in cold climates could reduce the TP removal. On the other hand, cold 

conditions could increase TP removal since biological degradation of organic material (and hance 

release of P) decrease in cold climates (Blecken et al., 2007). Studies have shown both increased 

(Blecken et al., 2007) and decreased (Géhéniau et al., 2015) TP removal in cold climates 

compared to warm.  

Impact of road salt: 

Commonly, previous studies have shown high P removal by biofilters, but unlike each other 

some studies shows that road salt does not significantly deteriorate the degree of removal, while 

some shows that it does (Valtanen et al., 2017). Saline stormwater can affect both plants and 

bacteria in a way that entail reduced P uptake capacity. Although, salt may also, on the other 

hand, improve the removal of TP since it can promote transformation from DP to particulate P, 

which is easier removed by physical filtration in the filter media (Kratky et al., 2017). 

A study by Søberg et al. (2020) shows decreased TP removal and unaffected DP removal at the 

presence of road salt. In contrast, Szota et al. (2015) showed increased removal of TP because 

DP was converted to particulate phase and further removed by physical filtration. In summary, 

existing knowledge on the impact of road salt on P removal is not consistent.  

2.4.3 Treatment of TSS: processes and influencing factors 
By filtration and sedimentation as treatment approach, stormwater biofilters is an effective way 

to remove TSS from stormwater. A removal efficiency often exceeding 95% is commonly 

achieved in mature filters (Kratky et al., 2017). When stormwater passes the filter media, the 

suspended particles are retained. The dominating process in filtration is straining: the filter media 

particles work as a strainer capturing the stormwater sediment. Hence, larger particles are more 

effectively removed. A filter media with large pores provides faster filtration rate but lower 

treatment of dissolved pollutants (Erickson et al., 2013). Removal of particle bound pollutants is 

strongly correlated to TSS removal. Therefore, TSS removal can serve as an indicator for 

particle- bound pollutants removal in a stormwater biofilter (Kratky et al., 2017).   
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Impact of cold climate  

The type of runoff also affects the quantity of TSS; e.g. snowmelt runoff often contains more 

TSS than runoff from rain. Due to winter road maintenance with gravel/sand, biofilters receive 

especially in the cold season stormwater with significantly higher amounts of TSS in cold climates 

compared to warm. Still, the removal capacity in colder climates is not expected to decrease 

since TSS is removed by mechanical filtration in a biofilter (where the removal capacity is not 

controlled by temperature as long as the filter is unfrozen). A study by Søberg et al. (2014) did 

not show decreased TSS removal in lower temperatures compared to higher. Neither the 

addition of road salt showed decreased TSS removal.  

However, heavy loadings of TSS can decrease the lifetime of a stormwater biofilter due to 

clogging and hence deteriorated infiltration capacity (Kratky et al., 2017).   

Impact of road salt 

The impact of road salt used in colder climates have shown different results on TSS removal 

from snowmelt. Some studies have shown increased TSS removal in the presence of salt since 

salt may cause flocculation which favours sedimentation and easier filtration (Kratky et al., 2017). 

Although, other studies showed that salt did not affect the TSS removal (Søberg et al., 2020) 

while others have shown reduced TSS removal in stormwater control measures in the presence 

of salt (Winston et al., 2016). 
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3 Method and material 

3.1  Site description 
The evaluated stormwater biofilter is located in Sundsvall, Sweden next to the E4 highway 

bridge crossing Sundsvallsfjärden (62°23'0.5"N 17°20'50.5"E) (Figure 6).  

The contributing catchment is 4.7 ha of impervious surface and includes the E4 highway of 1.9 

ha as well as a motorway exit area. The catchment also includes green areas (3.5 ha) which are 

not expected to contribute with considerable stormwater runoff to the facility during moderate 

rainfalls. At heavy rainfalls the green areas can be saturated and may then contribute with some 

runoff to the facility.  

 

Figure 6. Location of the stormwater biofilter. The square in the lower left corner is a magnification of the site 
with the biofilter. 

3.2  Structure of the stormwater biofilter 

3.2.1 Pre-treatment facility/ GTP 
Before the stormwater reaches the biofilter it passes a pre-treatment facility, hereafter referred to 

as GPT (gross pollutant trap), containing four chambers with different functions, see Figure 7 

and Figure 8. The stormwater reaches the pre-treatment facility through a 25m horizontal 

submerged pipe (Ø800mm). The first chamber (energy chamber) reduces the flow velocity 

before the stormwater goes to the second chamber (sedimentation) where coarser particles is 

removed. Then the stormwater reaches the third chamber (oil separator) where oil is separated 

once the water passes a shield and fluids with lower density (e.g. oil and gasoline) are kept in this 

chamber. When the water reaches the fourth chamber (distribution chamber) it is evenly 

distributed over the three filter sections of the biofilter by three pipes using the siphon principle 

(Structor Norr AB , 2017).   

 

Sundsvallsfjärden 

E4 
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The GPT facility also includes an overflow weir which discharges runoffs exceeding the capacity 

of the facility to Sundsvallsfjärden without treatment (Structor Norr AB , 2017).  

 

Figure 7. GTP facility with the chambers 1-4 seen from above (Structor Norr AB , 2017). 

 

Figure 8. Cross section of the GTP facility with the chambers 1-4 (Structor Norr AB , 2017). 

3.2.2 Biofilter facility  
Figure 9 illustrates the design of the biofilter.  

The biofilter facility is formed as a rectangle with surface area of 695 m2 and a bottom area of 

495 m2. The depth of the biofilter is 1m and the inclination of the drainage pipe towards 

Sundsvallsfjärden is 3 ‰ (Structor Norr AB , 2017).  

The biofilter is designed according to German guidelines (DWA-M 187, 2005) but contains 

three different sections to test the factors chalk and vegetation. The sections are separated from 

each other by a subsurface membrane (EPDM-cloth with hydraulic conductivity of <10-8m/s) 

which also is placed under the biofilter to protect the soil and. The structure is equal for the 

three sections and above the EPDM-cloth there is a geotextile followed by a (approximately) 

0.3m deep drainage layer. The drainage layer contains 70% 2/8mm macadam and 30% 4/8mm 

macadam and has 2 drainage pipes per section that leads to one well for each section to enable 

sampling. Above the drainage layer a 0.5m deep sand-based filter material (D50=0.77, Cu=0.27) 

is placed. Section 1 contains the same sand-based filter material as section 2 and 3 but with the 
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addition of 10% chalk (calcium carbonate (CaCO3)). To protect the filter materials from erosion 

a (approximately) 0,2m deep layer macadam is places above. Further, vegetation (Moist meadow 

mix, Fuktäng) is planted on section 1 and 3. See Table 3 for differences of design between the 

sections (Structor Norr AB , 2017).  

Table 3. Differences in design between section 1-3 in the biofilter (Structor Norr AB , 2017). 

 Section 1 Section 2 Section 3 

Name of section F1 F2 F3 

Vegetation  Yes No Yes 

Calcium carbonate Yes No No 

 

The water is discharged to the biofilter via spreader pipes on top of the filter material. The 

hydraulic conductivity through the biofilter is approximately 10-4 m/s and the retention time (-

regulated by a restricted outflow) and is 24h. The treated water is transported via the drainage 

pipes to a sampling manhole, and then discharged to the receiving water body, Sundsvallsfjärden 

(Structor Norr AB , 2017).  

At heavy rain events stormwater can be retained over the biofilter (evenly disturbed over the 

sections) to a maximum height of 1m (see retention volume Figure 9) (Structor Norr AB , 2017).  

 

Figure 9. Cross section structure of the biofilter (Structor Norr AB , 2017). 

3.3  Sampling 

3.3.1 Equipment and setup 
To measure rain and collect rain data a tipping bucked rain gauge (ISCO 674) was placed at a 

height of 2.5m at the sampling site.  

Automatic samplers (ISCO6712) collected stormwater samples at 5 points: 

- The first sampling point, called SW (stormwater), was where untreated stormwater 

reached the pre-treatment facility. 

- When the water reached a certain level in the last chamber in the pre-treatment facility, 

valves are opened allowing discharge of the water to the biofilters (sampling point 2, 

(GTP)). Effluent water from the GTP is equal to influent water to the biofilter. The 

pulses in which the valves of the pre-treatment facility were opened and closed were 

used to initiate sampling at sampling point 1 and 2 and to calculate the volumes going 

through the pre-treatment facility (Lange, Magnusson, Viklander, & Blecken).  
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- Sampling point 3, 4 and 5 is at the outflow of each section (F1, F2 and F3, see Table 3) 

of the biofilter. Electromagnetic flowmeters were installed on the outflow of each section 

of the biofilter to gain outflow data and steer the samplers. 

See Table 4 for explanation of the sampling points. 

At point 1, 2 and 3 sub-samples were collected throughout the whole rain event in 24 smaller 

plastic bottles (1000 ml each). At sampling point 4 and 5 composite samples were collected in a 

HD polythene canister of 25 l.  

Field blanks of tap water was also collected to ensure the quality (Lange, Magnusson, Viklander, 

& Blecken).  

Table 4. Information about sampling points. 

Sampling 

point 

Name of 

sampling 

point 

Characterization Explanation 
Analysis 

parameters 

1 SW Influent 

Influent, 

untreated 

stormwater. 

Metals, TSS, 

phosphorus, 

pH and 

chloride 

2 GTP Influent 

Effluent from 

pre-treatment 

facility/ influent 

to biofilter 

Metals, TSS, 

phosphorus, 

pH and 

chloride 

3 F1 Effluent 

Effluent from 

section 1 of the 

biofilter 

Metals, TSS, 

phosphorus, 

pH and 

chloride 

4 F2 Effluent 

Effluent from 

section 2 of the 

biofilter 

Metals and 

phosphorus 

5 F3 Effluent 

Effluent from 

section 3 of the 

biofilter 

Metals and 

phosphorus 

 

3.3.2 Flow calculations and programming of samplers 
To program the sampling intervals for the samplers during a rain event the expected precipitation 

according to the forecast (weather stations SMHI and YR) was used to calculate a corresponding 

volume. According to the expected stormwater volume the samplers were programmed to 

collect water in a pace that covered the whole rain event.  

Each sampler was programmed to collected stormwater in a pace and volume specific for each 

rain event (Lange, Magnusson, Viklander, & Blecken). 
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 3.3.3 Sample analysis 
Stormwater from 4 rain events (C: October 5, 2020, D: October 22, 2020, E: November 1, 

2020 and F: December 3, 2020) were collected and analysed by ALS in Luleå. 24 subsamples of 

SW, GTP  and F1 were (flow proportionally) collected and analysed for each rain event. This 

data was used to calculate event mean concentrations (EMC). For F2 and F3 composite samples 

were collected and analysed. SW, GPT and F1 were analysed on metals, phosphorus, TSS, pH 

and chloride. TSS, pH and chloride were excluded from F2 and F3 (see Table 4). 

The analyses were made by the SWEDAC accredited laboratory ALS Scandindinavia AB 

according the methods:  

- For metals: 

o SS EN ISO 17294–1,2  

- For phosphorus: 

o US EPA Method 200.7  

- For TSS: 

o 1.6 µm filtration according to SS-EN 872:2005 

- For chloride: 

o CSN EN ISO 10304-1 and CSN EN 16192 

- For pH: 

o Measured with a WTW pH 330 hand meter (Wissenschaftlich – Technische 
Werkstätten,Weilheim, Germany) 

Table 5 shows the detection limits for the analyzes of metals, P, and TSS.  

Table 5. Detection limits for element analyses. 

 Detection limit in µg/l 

Element Unfiltrated 0,45µm filtrated 

Cd 0.05 0.002 

Cu 1 0.1 

Pb 0.5 0.01 

Zn 4 0.2 

TSS 2 mg/l  

TP 0.03  

PO4 0.01  

 

3.4  Data analysis  
Graphical and statistical analyses were made in Minitab® 19. Metal and TSS data were presented 

with individual value plots with N=4, containing individual values, mean value and a confidence 

interval of 95%.  

For values below the detection limit (Table 5), the detection limit was used as the actual value, 

to avoid underestimation. In graphs with (metal)concentrations below the detection limit, a black 

dashed line was added to emphasize this. Since none of the dissolved (0.45µm filtered) metals 

were below the detection limit, the black dashed line only applies to the total metal fraction. 

Further, assessment lines in colours corresponding to the concentration level and classification 

were added to the graphs, according to Swedish Environmental Protection Agency, 2000’s 

classification, see Table 6, to give an indication and reference of the concentration values. 
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The removal percentage of each pollutant were calculated according to equation 2.  

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) = (1 − (
𝑜𝑢𝑡𝑓𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑖𝑛𝑓𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
)) ∗ 100   (2) 

Table 6.  Assessment concentrations for metals in water (Swedish Environmental Protection Agency, 2000). 

Class Description 
Cu 

[µg/l] 

Zn 

[µg/l] 

Cd 

[µg/l] 

Pb 

[µg/l] 

1 Very low conc. ≤0.5 ≤5 ≤0.01 ≤0.2 

2 Low conc. 0.5-3 5-20 0.01-0.1 0.2-1 

3 Mod. High conc. 3-9 20-60 0.1-0.3 1-3 

4 High conc. 9-45 60-300 0.3-1.5 3-15 

5 Very high conc. >45 >300 >1.5 >15 

 

Statistical data analyses were considered significant if p<0.05 (α=0.05) for all tests. Normality 

was checked with Anderson-Darling test with H0: The data follow a specified distribution, and 

H1: The data do not follow a specified distribution. To check whether the differences were 

significant or not, one-way ANOVA was applied for normaly distributed data, and for non 

normaly distributed data Kruskal-Wallis was applied. Both tests with H0: All means are equal, 

H1: At least one mean is different. Unfortunately Minitab does not provide any post hoc tests 

for non-parametric data, therefore the z-value obtained from Kruskal-Wallis tests were added to 

indicate the sequence of the variations. The Z-value revealed how the mean rank of each group 

deviated from the mean rank of all values, and were used to get an indication of how values in 

a sertain group were in relation to values in other groups.   

For correletion tests, Pearson correlation test were used. The obtained correlation coefficient (r) 

was tested for statistical significance by comparison of the p-value to the significance level with 

H0: The correlation is not statistically significantly, and H1: The correlation is statistically 

significant. Since TSS was not measured from every section of the bioilter, this tests could only 

be done on SW, GPT and F1.  

Most of the phosphorus (both TP and phosphate) from the biofilter sections were below the 

detection limit and therefore no statistical analysis or sufficiently reliable removal percentages 

could be carried out. However, it was possible to investigate TP removal by the pre-treatment 

facility.  
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4 Result  
Initially in this chapter, precipitation quantity and generated stormwater volume is presented. 

Thereafter stormwater quality and treatment performance follows.   

4.1 Precipitation 
Stormwater samples were collected during four rain events in fall 2020. Rain characteristics are 

presented in Table 7 and the precipitation over time is displayed in Figure 10. Both precipitation 

amount and duration varied between the rain events. The highest precipitation amount occurred 

during rain event E, both regarding hour with greatest precipitation (4.7 mm) and mean 

precipitation per hour (0.80mm). Rain event F lasted the longest (28h) but had the lowest mean 

precipitation per hour (0.26mm). The duration of rain event D was half, or less than half, of the 

duration of the other rain events. Before rain event C there were 9 days without rain. For more 

detailed rain data see Appendices A. 

 

Table 7. Rain characteristics. Rainfalls over 0,1mm and duration longer than 3h are considered as rain events. 
Antecedent dry days is the number of days without rainfall before a certain rain event. 

Rain characteristics 

Rain 

event 
Start date 

Total 

depth 

[mm] 

Duration  

[h] 

Peak 

intensity 

[mm/h] 

Antecedent 

dry days 

C October 5, 2020 8.6 16 1.7 9 

D October 22, 2020 3 8 0.6 1 

E November 1, 2020 17.6 22 4,7 5 

F December 3, 2020 7.5 29 1 8 
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Figure 10. Precipitation and duration of the four rain events C, D, E and F from fall 2020. Mean precipitation for 
each rain event is marked with a dashed line. 
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4.2  Stormwater volumes 
The highest stormwater volumes were generated by rain event E (1072.0 m3), and then the order 

was F>C>D. The relative outflow volume from each filter section varied between the rain 

events and no section was constantly higher or lower at all rain events (Table 8). For more 

detailed flow data see Appendices B. 

Table 8. Total stormwater volumes (in m3) generated by each rain event. Inflow refers to sampling point SW and 
outflow refers to sampling point F1, F2 and F3. 

Rain 

event 

Date and time Volume passed (during sampling period) 

Inflow Outflow 
Inflow 

[m3] 

Outflow [m3] 

F1 F2 F3 Tot 

 

C 

2020-10-05 

01:10-

09:57 

2020-10-05 

06:38-22:05 
883.5 215.9 116.5 215.9 548.3 

D 

2020-10-22 

05:17-

11:08 

2020-10-22 

08:27- 

2020-10-23 

13:04 

190.2 28.7 48.8 14.0 91.6 

E 

2020-11-01 

19:43 

2020-11-02 

15:19 

2020-11-02 

11:36- 

2020-11-03 

21:33 

1072.0 220.2 175.4 227.9 623.4 

F 

2020-12-03 

19:58- 

2020-12-05 

03:57 

2020-12-04 

11:30- 

2020-12-05 

15:29 

982.2 78.4 191.3 72.7 342.4 
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4.3  Stormwater pollutant concentrations 
In the sections below, mean concentrations, results from statistical analyses and interval plots are 

first presented to reveal general findings. Then, concentrations are presented specifically for the 

four rain events to reveal variations and deviations between the rains.  

Concentrations of Cd, Cu, Pb, Zn, P, TSS, chloride and pH from respectively rain and sampling 

point are expressed in Table 10 and displayed in Figure 11. Table 9 shows statistical variations 

between concentrations.  

4.3.1 Mean pollutant concentrations in the stormwater, after the pre-treatment 

facility and the filter sections 
Metals. Mean concentrations of total Cd, Cu, Zn and Pb were significantly higher in the influent 

stormwater compared to the biofilter outflow (Table 9). Figure 11 shows that effluent 

concentrations of total metals were constantly lower (or equal for total Cd) from each of the 

three filter section (F1, F2, F3), compared to the influent (both SW and GPT outflow). 

Concentrations of all total metals were strongly correlated to TSS in the influent, but the 

correlation in the effluent was weaker, Figure 12. 

The proportion between total and dissolved fraction differed between the influent and effluent, 

and the effluent contained larger proportion dissolved metals than the influent did (Figure 11, 

Table 10).  

Mean concentrations of dissolved Cu, Zn and Pb were lower in the effluent than in the influent, 

even though there were no significant differences detected (Table 9). Dissolved Cd was higher 

in the effluent than in the influent. Mostly, the concentration varied more in the influent than 

in the effluent, for both total and dissolved metal concentrations.  

The GPT did not have a clear effect on the metal concentrations: neither total nor dissolved 

metal concentrations varied significantly between SW and GPT (Table 9). The z-value indicated 

that effluent concentrations were lower or equal for all total and dissolved metals, but there were 

no significant differences detected (Table 9, Figure 11).   

As shown in Table 9, there were significant differences between the biofilter sections (F1, F2, 

F3) for total Cu (Kruskal-Wallis, p=0.024), Pb (p=0.023), Zn (p=0.030) and dissolved Zn 

(p=0.044) concentrations, and according to the z-values, the concentrations from F2 were always 

highest and concentrations from F1 were always lowest. Further, regardless whether there was 

significantly differences or not, mean concentrations and standard deviations were lower from 

section F1 than F2 and F3 for all dissolved metals (Table 10).  

The coloured lines in Figure 11 indicate assessment levels for metal concentrations in waters 

according to Table 6. At sample point SW, GPT and F3, Cd concentration were above the low 

concentrations (green dashed line) but below moderatly high concentrations (0.3 µg/l). At F1 

and F2 no Cd concentrations were above low concentrations. The majority of Cu concentrations 

were between low concentrations and moderately high concentrations, but at sample point SW 

and GPT total Cu exceeded high concentrations. The influent concentrations of total Pb were 

always between moderately high concentrations and high concentrations. Dissolved Pb never 

exceeded very low concentrations. Total Zn exceeded high concentrations in the influent but 

never in the effluent. For total Cu and Zn the largest concentration spread was in the influent 

(Figure 11).  
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Figure 11. Concentrations of total and dissolved Cd, Cu, Pb and Zn expressed in µg/l with a 95% confidence 

interval, individual values indicated with dots and mean values indicated with X. The black dashed line 

indicates the detection limit for the total fraction (Table 5) and is therefore only included in graphs 

containing values below the detection limit. The coloured dashed lines indicate assessment concentrations 

from (Swedish Environmental Protection Agency, 2000) summarized in Table 6. 
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Phosphorus. Concentrations of TP were significantly higher (p=0.002) in the influent 

stormwater than in the outflow from the biofilter. Phosphate concentrations was higher in the 

effluent stormwater (all filter sections) than in the influent, although there was no significantly 

difference (Table 9). Further, similar to total metals, TP was strongly correlared (r=0.997) to 

TSS in the influent stormwater, Figure 12. Based on the mean concentrations in Table 10, less 

than 10% of the influent TP was phosphate. This does not apply to the effluent, which contained 

smaller differences between TP and phosphate.  

Concentrations of TP were higher in the GPT effluent than in SW in contrast to phosphate 

where it was the opposite (Table 10).  

There were no significant differences between TP or phosphate concentrations in the effluent 

from the three filter sections (Table 9). Mean concentrations of TP were equal in the outflow 

from F1 and F2 while in the F3 outflow high concentrations of both TP and phosphate were 

detected (Table 10). 

 

Figure 12. Correlation of total Cd, Cu, Pb, Zn, P (in µg/l) and TSS (in mg/l) concentrations. Influent 
concentrations (SW and GPT) are presented to the left and effluent concentrations (F1) are presented to the right. 
Effluent concentrations of TP were below the detection limit.  
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TSS. Table 9 and Figure 13 show that influent stormwater (both SW and GPT outflow) 

contained significantly (p=0.007) higher TSS concentrations than the effluent from F1 did. The 

lowest values in the the biofilter influent (SW=66.9 mg/l and GPT=59.0 mg/l) was >93% 

higher than the highest value in the effluent (F1=4.0 mg/l). TSS concentrations were strongly 

correlated to total Cd, Cu, Pb, Zn and P in the influent, but not in the effluent (Figure 12), 

illustrating efficient removal of sediment, particulate metals and P.  

As seen in Figure 13, mean concentration of TSS was higher at GPT than SW, but according to 

Table 10, TSS concentrations were higher in SW in all rain events, except rain event F. There 

were no significant differences between SW and GPT, although the z-value indicated on 

frequently higher concentrations in SW than GPT (Table 9). The standard deviation and 

confidence interval are larger in GPT than SW, indicating larger concentration variations.  

The spread of concentration between the rain events from F1 was small (SD= ±0.95) and the 

mean value was 3 mg/l.  

 

Figure 13. TSS concentrations expressed in mg/l with a 95% confidence interval, individual values indicated with 

dots and mean values indicated with X. 

pH. According to Table 10, mean pH is neutral in the untreated stormwater (SW), after the pre-

treatment facility (GPT) and after section 1 of the biofilter (F1). The standard deviation is slightly 

higher in SW and GPT than F1.  
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Table 9. Result from the variance test comparing concentrations between different sample points. First, 
concentration differences between inflow (SW and GPT) are compared to outflow (F1, F2 and F3), then SW are 
compared to GPT and then the filter sections F1, F2 and F3 are compared to each other. The z- value explains 
the rank of each group. Statistically significant differences marked with bold font.  

Result from variance test 

 P- 

value 
Z-value 

Inflow vs Outflow Inflow Outflow 

Cd 
Total 0.015 

0.396 

2.43 -2.43 

Dissolved -0.85 0.85 

Cu 
Total 0.000 

0.758 

3.70 -3.70 

Dissolved 0.31 -0.31 

Pb 
Total 0.000 

0.589 

3.70 -3.70 

Dissolved 0.54 -0.54 

Zn 
Total 0.000 

0.643 

3.70 -3.70 

Dissolved 0.46 -0.46 

P 
TP 0.002 

0.203 

3.16 -3.16 

phosphate -1.27 1.27 

TSS  0.007 2.72 -2.72 

SW vs GPT SW GPT 

Cd 
Total 0.773 

0.386 

0.29 -0.29 

Dissolved 0.87 -0.87 

Cu 
Total 1.000 

0.564 

0.00 0.00 

Dissolved 0.58 -0.58 

Pb 
Total 0.773 

0.386 

0.29 -0.29 

Dissolved 0.87 -0.87 

Zn 
Total 1.000 

0.564 

0.00 0.00 

Dissolved 0.58 -0.58 

P 
TP 0.773 

0.317 

-0.29 0.29 

phosphate 0.58 -0.58 

TSS  0.564 0.58 -0.58 

F1 vs F2 vs F3 F1 F2 F3 

Cd 
Total 0.981 

0.292 

-0.17 0.00 0.17 

Dissolved -1.36 0.00 1.36 

Cu 
Total 0.024 

0.087 

-1.53 2.72 -1.19 

Dissolved -2.21 1.02 1.19 

Pb 
Total 0.023 

0.288 

-1.70 2.72 -1.02 

Dissolved -0.17 -1.27 1.44 

Zn 
Total 0.030 

0.044 

-2.38 2.21 0.17 

Dissolved -2.38 1.87 0.51 

P 
TP 0.397 

0.584 

-0.68 -0.68 1.36 

phosphate -1.02 0.34 0.68 
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4.3.2 Pollutant concentrations in each rain event 
Influent concentrations of stormwater pollutants varied between the rain events and rain event 

F, followed by rain event E had the highest concentrations of most pollutants (total metals, TSS, 

chloride and TP). The lowest concentrations were found in rain event C and D (Table 10).  

Metals. In all rain events, the total metal concentrations were higher (or equal) in the influent 

stormwater (SW) and the GPT- outflow compared to the biofilter effluent from each filter 

section. In all rain events except from rain event F, effluent concentrations of total Cd were 

below the detection limit. Highest influent total metal concentrations were found in rain event 

F, then rain event E (Table 10).  

Highest influent concentrations of dissolved Cd, Cu, Pb and Zn were not found in similar rain 

events as where highest concentrations of the other pollutants were found. Influent 

concentrations of Cu, Pb and Zn were highest in rain event C. Cd concentrations were highest 

in rain event F (Table 10).   

Phosphorus. According to Table 10, TP concentrations in the untreated stormwater (SW) were 

in the concentration order: F>E>D>C: 190.3>162.0>52.8>49.6 µg/l.  

In all rain events, except from rain event C, the influent (including both SW and GPT) contained 

higher TP concentrations than the effluent from each filter section. In rain event C, higher 

concentrations of TP were observed at F3 (72.0 µg/l) than in SW (49.6 µg/l) and GPT (56.6 

µg/l) (Table 10).  

TP was always above the detection limit in the influent, but constantly below the detection limit 

at F1 and F2 effluent. Higher phosphate concentrations in the effluent than the influent was 

observed in at least one of the outflow sections in rain event C, D and E. In the rain event with 

highest salt concentration (F), effluent phosphate concentrations were below the detection limit 

at all sections.  

TSS. The TSS concentrations decreased in the order SW>GPT>>F1 in all rain events (no data 

for F2 and F3 available), except from rain event F where the order is GPT>SW>>F1. The rain 

events with highest influent TSS concentrations (rain event E and F), contained the lowest 

outflow concentrations, and vice versa (Table 10).   

Chloride. Probably due to the use of road salt, the influent chloride concentration was far higher 

in rain event F (SW and GPT=1381.57 and 1045.14 mg/l, respectively) than in the other three 

rain events (always<40 mg/l) (Table 10).  

pH. The pH did not vary much between the rain events in any of the sampling points (SW, 

GPT or F1). Rain event D had the highest pH for all sampling points, SW: 8.29, GPT: 8.52 and 

F1: 7.83. There is no constant pattern for how the pH varies between the sample points (Table 

10).  
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Table 10. Element concentrations in the stormwater at sampling point SW, GPT, F1, F2 and F3. Cd, Cu, Pb, Zn 
and P concentrations are expressed in µg/l, TSS and chloride concentrations are expressed in mg/l. Values >X 
were below the detection limit.  

  
Mean  

(±SD) 

  SW GPT F1 F2 F3 

Cd 

Total 0.09 

(±0.04) 

0.09 

(±0.05) 

0.05 

(±0.00) 

0.06 

(±0.03) 

0.08 

(±0.05) 

Dissolved 0.02 

(±0.02) 

0.01 

(±0.01) 

0.02 

(±0.02) 

0.03 

(±0.04) 

0.05 

(±0.06) 

Cu 

Total 42.38 

(±8.60) 

40.52 

(±16.86) 

6.18 

(±2.58) 

11.70 

(±1.56) 

5.90 

(±0.77) 

Dissolved 5.29 

(±1.08) 

4.85 

(±0.73) 

4.26 

(±0.42) 

5.20 

(±0.69) 

5.16 

(±0.71) 

Pb 

Total 7.05 

(±3.51) 

7.11 

(±4.96) 

0.50 

(±0.00) 

1.79 

(±0.51) 

0.53 

(±0.06) 

Dissolved 0.06 

(±0.03) 

0.05 

(±0.03) 

0.04 

(±0.02) 

0.04 

(±0.03) 

0.06 

(±0.02) 

Zn 

Total 334.30 

(±79.10) 

355.50 

(±138.40) 

18.68 

(±11.90) 

136.80 

(±39.80) 

67.10 

(±50.40) 

Dissolved 60.90 

(±41.60) 

54.20 

(±50.70) 

14.50 

(±12.41) 

79.00 

(±33.20) 

60.40 

(±49.00) 

P 

TP 113.7 

(±73.1) 

117.8 

(±75.9) 

35.0 

(±10.0) 

35.0 

(±10.0) 

48.0 

(±18.0) 

phosphate 10.1 

(±0.2) 

10.0 

(±0.0) 

10.2 

(±0.4) 

16.5 

(±9.4) 

31.8 

(±35.9) 

TSS  
201.70 

(±148.80) 

204.60 

(±170.40) 

3.18 

(±0.95) 
  

Chloride  
361.00 

(±680.00) 

280.00 

(±511.00) 

310.00 

(±288.00) 
  

pH  
7.61 

(±0.47) 

7.73 

(±0.42) 

7.66 

(±0.12) 
  

 
 Event specific concentrations 

 
 SW GPT F1 F2 F3 

Rain event C 2020-10-05 

Cd 
Total 0.07 0.06 <0.05 <0.05 <0.05 

Dissolved 0.01 0.01 0.00 0.01 0.01 

Cu 
Total 39.02 30.12 9.96 11.00 6.75 

Dissolved 6.55 5.88 4.13 5.82 5.44 

Pb 
Total 3.88 3.47 <0.5 1.65 0.61 

Dissolved 0.09 0.09 0.02 0.08 0.06 

Zn 
Total 265.60 269.20 10.52 102.00 29.10 

Dissolved 121.92 128.49 3.41 63.90 22.40 

P 
TP 49.6 59.6 <30 <30 72.0 

phosphate <10 <10 <10 16.0 85.0 

TSS 66.90 65.20 4.00    

Chloride 4.70 4.81 4.76     

pH 7.04 6.87 7.60   

Rain event D 2020-10-22 

Cd Total 0.05 <0.05 <0.05 <0.05 <0.05 
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Dissolved 0.01 0.00 0.01 0.01 0.03 

Cu 
Total 31.76 22.66 4.14 9.98 6.35 

Dissolved 5.36 4.79 3.94 5.72 5.93 

Pb 
Total 4.49 2.85 <0.5 1.12 <0.5 

Dissolved 0.04 0.04 0.05 0.02 0.06 

Zn 
Total 282.40 239.80 17.60 127.00 82.10 

Dissolved 41.93 19.57 16.86 78.90 77.60 

P 
TP 52.8 51.6 <50 <50 <50 

phosphate <10 <10 <10 <10 22.0 

TSS 79.40 59.00 4.00    

Chloride 37.44 38.54 34.80     

pH 8.29 8.52 7.83   

  Rain event E 2020-11-05 

Cd 
Total 0.10 0.10 <0.05 <0.05 <0.05 

Dissolved 0.01 0.01 0.01 0.01 0.01 

Cu 
Total 49.24 51.06 5.39 13.60 5.22 

Dissolved 3.91 4.23 4.10 4.41 4.26 

Pb 
Total 8.50 8.70 <0.5 2.17 <0.5 

Dissolved 0.06 0.04 0.03 0.02 0.03 

Zn 
Total 349.67 366.17 9.76 124.00 25.30 

Dissolved 29.51 24.02 6.67 48.00 19.70 

P 
TP 162.0 159.0 <30 <30 <30 

phosphate 10.3 <10 10.8 30.0 <10 

TSS 317.50 292.73 2.24    

Chloride 21.85 30.27 28.07     

pH 7.39 7.66 7.63   

Rain event F 2020-12-03 

Cd 
Total 0.15 0.15 0.05 0.10 0.15 

Dissolved 0.04 0.03 0.05 0.08 0.14 

Cu 
Total 49.49 58.26 5.23 12.20 5.26 

Dissolved 5.33 4.84 4.88 4.83 5.02 

Pb 
Total 11.33 13.42 <0.5 2.21 <0.5 

Dissolved 0.03 0.02 0.07 0.02 0.09 

Zn 
Total 439.71 546.57 35.78 194.00 132.00 

Dissolved 50.16 44.81 30.98 125.00 122.00 

P 
TP 190.0 204.0 <30 <30 40.0 

phosphate <10 <10 <10 <10 <10 

TSS 342.86 401.43 2.48    

Chloride 1381.57 1045.14 1173.80     

pH 7.73 7.89 7.58   
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4.4  Pollutant removal 
Herein, comparison of the pollutant removal performance according to equation 2 are presented.  

Table 11 shows mean removal performance of GPT and each filter section with reference to 

SW. Removal performance in each rain event with reference to SW and t GPT is presented in  

Appendices C.  

Table 11. Mean removal % (and standard deviations) of metals, TP and TSS with reference to SW. Removal of 
total and dissolved metals are computed at sampling points GPT, F1, F2 and F3. TSS removal is computed at 
sampling points GPT and F1. TP removal is computed at sampling point GPT.  

Mean removal % 

(±SD) 

  GPT F1 F2 F3 

Cd 

Total 4.6  

(±8.2) 

36.9 

(±26.8) 

28.8 

(±18.0) 

20.7 

(±21.4) 

Dissolved 25.7  

(±13.7) 

13.5 

(±44.7) 

-41.3 

(±54.5) 

-150.0 

(±147.5) 

Cu 

Total 7.5 

(±21.9) 

85.0 

(±7.1) 

72.0 

(±2.8) 

85.4 

(±4.8) 

Dissolved 5.5 

(±9.2) 

15.8 

(±18.0) 

0.21 

(±11.8) 

0.80 

(±13.3) 

Pb 

Total 6.5 

(±23.2) 

91.4 

(±4.1) 

71.9 

(±10.0) 

90.7 

(±5.2) 

Dissolved 17.3 

(±12.9) 

-12.6 

(±51.2) 

38.8 

(±19.5) 

-48.9 

(±126) 

Zn 

Total -3.8 

(±16.2) 

94.7 

(±2.4) 

59.3 

(±4.6) 

80.7 

(±11.9) 

Dissolved 19.3 

(±24.8) 

68.2 

(±25.1) 

-63.1 

(±82.3) 

-28.4 

(±103.8) 

TP 
 -4.3 

(±7.8) 

   

TSS  
4.7 

(±17.6) 

96.9 

(±17.6) 
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4.4.1 Metal removal  
In Table 12 results from the statistical variance tests, where the filter sections were compared to 

eachother are presented. Figure 14 shows the removal percentages graphically and Figure 15 

shows the correlation between metal and TSS removal by the GPT.  

Initially, removal performance of the whole facility (SW vs. F1, F2 and F3) is presented. Then, 

the removals of the different filter sections are compared to eachother, with reference to SW 

(involving the whole facility) and with reference to GPT (delimits to the biofilter), and lastly, 

the metal removal of the GPT only is presented.  

Removal performance by the whole facility. In general, the mean removal was high (59.3%-

94.7%) for total Cu, Pb and Zn, and slightly lower for Cd (20.7%-36.9%) (Table 11).  

The dissolved fraction was less efficiently removed and leaching occurred of dissolved Cd, Pb 

and Zn.  

Removal performance by the filter sections (based on SW). Total Cd, Pb and Zn were most 

succesfully removed by F1 compared to F2 and F3 (Table 11). The overall highest mean removal 

(94.7%) was of total Zn by F1, where there was a signigicant difference (p=0.010) compared to 

F2 and F3 (Table 11, Table 12). The highest specific removal, based on all rain events, was also 

of total Zn by F1 (97.2%). F2 yielded the lowest removal percentage of all total metals except 

from Cd according to the Z-values in  

Table 12. Removal of total Pb and Cu was significantly lower in F2 than F1 and F3 (p=0.025 

for Pb and p=0.039 for Cu).  

(Positive) metal removal was achieved by each filter section of all total metals, in contrast to the 

dissolved fraction. As seen in Figure 14 there was a greater variation regarding removal of the 

dissolved fraction than the total, and the greatest variation was of dissolved Cd by F3 where the 

removal varied between 17.1% and -290.9%. Similar to total metals, F1 yield the highest mean 

removal percentage regarding all dissolved metals, except Pb, although there were no significant 

differences between the sections. The highest mean removal percentage of dissolved metals was 

of Zn at F1 (68.2%). Negative mean removal of dissolved Cd and Zn was found at section F2, 

and the removal of dissolved Cu was close to 0 (0.21%). Even lower (not significant) mean 

removal of dissolved Cd was found at F3, where negative removal of Pb and Zn also was found 

(Table 11).  

Removal performance by filter sections (based on GPT effluent). Figure 14 shows that the 

removal compared to GPT clearly follows a similar removal pattern as for SW. However, as seen 

in Table 12, only the significant difference of total Zn removal remained. The highest individual 

removal was also of total Zn by F1, with a removal (97.3%), similar to when compared to SW 

above. The greatest variation of the dissolved fraction was also of Cd by F3 but varied more 

(between -4.1% and -610.7%). Even here, F1 generated the highest removal percentage for all 

dissovled metals, except from Pb.  

Removal by GPT. As seen in Figure 14, metal removal by F1 was similar when compared to 

both SW and GPT, indicating an only small contribution of the GPT to the overall removal. 

According to Table 11, a positive mean removal of total Cd, Cu and Pb was achieved by the 

pre-treatment facility, although, it never exceeded 7.5% (Cu). The greatest total metal removal 

by the GPT occurred at rain event D, where Pb removal was 36.5%. Further, negative removal 
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occurred of each total metal for at least one rain event. Regarding total Zn, the removal was 

negative in three of four rains, resulting in an average negative removal. In summary, the removal 

efficiency of the GPT was limited and variable with negative removal regularly occurring.  

Removal of total Cu, Pb and Zn was strongly correlated to TSS removal, although it was only 

significant for Zn (p=0.022) (Figure 15). There was no correlation between total Cd and TSS 

removal (r=0.066). 

For rain event D, positive removal was achieved of all total and dissolved metals. Further, the 

mean removal percentage was positive of all dissolved metals. Dissolved Cd was most successfully 

removed by the pre-treatment facility and in rain event D 45.0% was removed, and the mean 

removal percentage was 25.7%.  

Table 12. Result of the variance test comparing metal removal percentages by each filter section. First the removal 

percentage of the whole facility (in reference to SW) is compared, then the removal percentage of the biofilter (in 

reference to GPT) is compared. Statistically significant differences are marked with bold font.  

  Result variance test removal by filter sections 

  
P-value 

Z-value 

  F1 F2 F3 

  Compared to SW 

Cd 
Total 0.551 0.85 0.17 -1.02 

Dissolved 0.174 1.70 -0.17 -1.53 

Cu 
Total 0.039 1.19 -2.55 1.36 

Dissolved 0.309 1.53 -0.68 -0.85 

Pb 
Total 0.025 1.44 -2.72 1.27 

Dissolved 0.334 0.17 1.19 -1.36 

Zn 
Total 0.010 2.55 -2.72 0.17 

Dissolved 0.105 2.04 -1.53 -0.51 

  Compared to GPT 

Cd 
Total 0.735 0.68 0.00 -0.68 

Dissolved 0.246 1.53 -0.17 -1.36 

Cu 
Total 0.167 1.19 -1.87 0.68 

Dissolved 0.174 1.87 -1.02 -0.85 

Pb 
Total 0.086 1.27 -2.21 0.93 

Dissolved 0.246 -0.17 1.53 -1.36 

Zn 
Total 0.013 2.55 -2.55 0.00 

Dissolved 0.199 1.70 -1.35 -0.34 
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Figure 14. Removal % of total and dissolved Cd, Cu, Pb and Zn with a 95% confidence interval, individual bars, 
individual values indicated with dots and mean values indicated with X. Removal % compared to SW to the left 
and removal % compared to GPT to the right. 
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Figure 15. Pearson correlation of removal by the pre-treatment facility (GPT) between Cd, Cu, Pb, Zn and TSS. 
The p-value was 0.934 for Cd, 0.201 for Cu, 0.072 for Pb and 0.022 for Zn. 
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4.4.2 Phosphorus removal 
TP concentrations were below the detection limit in the effluent of the biofilter sections, 

indicating efficient removal. Thus, only TP removal by the GPT could be computed. However, 

based on the detection limits, the mean removal of TP was at least 69% in F1 and F2 and 58% 

in F3.  

Both influent and effluent concentrations of phosphate were almost always below the detection 

limit, wherefore no removal could be computed, but based on the concentrations in Table 10, 

effluent phosphate was lowest in the rain event with highest salt concentrations (F), indicating a 

positive effect of salt on phosphate removal.  

The removal of TP varied between the rain events, and treatment occured for rain event D and 

E while negative removal was observed for rain event C and F (Appendices C, Table 11).  

Further, there was a moderate correlation between TP and TSS removal by the GPT (r= 0.585 

and p=0.415), Figure 16.  

 

Figure 16. Pearson correlation of removal from the pre-treatment facility (GPT) between TP and TSS. The p-
value was 0,415. 

4.4.3 TSS removal  
TSS was removed by the GPT in rain event C, D and E, but not F. Hence, the removal 

percentage varied between -17.1% (event F) and 25.7% (event D) (Appendices C) and mean 

removal was 4.7% (Table 11).  

In Table 13 and Figure 17 the removal of TSS is compared between SW, GPT and F1. The 

removal of TSS at SW to GPT is significantly lower (p=0.023) compared to after F1, indicating 

that the main removal of TSS occur within the biofilter.  

The removal of TSS by SW to F1 and by GPT to F1 were approximately similar based on the 

mean values (96.9% and 96.4%) but the variance of GPT to F1 is somewhat greater.  

No TSS concentrations and, thus, removal rates were available for F2 and F3.  
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Table 13. Mean (±SD) removal % off TSS with SW compared to GPT, SW compared to F1 and GPT compared 
to F1. Results from the variance test to the right. 

 Removal %  

mean (±SD) 
P- value Z-value 

SW to GPT 4.7 (±17.6) 

0.023 

-2.72 

SW to F1 96.9 (±2.8) 1.70 

GPT to F1 96.4 (±3.3) 1.02 

 

The significant difference (p=0.023) and greater distribution of removal between SW to GPT 

and SW as well as GPT to F1 is displayed in Figure 17 below. 

 

 

Figure 17. Removal % of TSS with SW compared to GPT, SW compared to F1 and GPT compared to F1. The 
confidence interval is 95%, individual values are indicated with dots and mean values are indicated with X.  
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5 Discussion 
Initially, a general discussion of the treatment performance of metals, phosphorus and TSS will 
be presented. Then, the impact of CaCO3, vegetation and the pre-treatment on metals, 
phosphorus and TSS removal will be presented.  

It is emphasised that comparing of removal percentage in field studies directly to laboratory 
studies can show quite different results since laboratory studies provide a more controlled 
environment. Field studies include less controlled factors as temperature, road salt, rain 
characteristics etcetera, which may contribute with a wider variation in removal performance.  
 

Metals. In general, total metals were more efficiently removed than the dissolved fraction, by 
all filter sections. This agrees with previous lab experiments where the total metal removal by 
stormwater biofilters often were around 80-90% (Kratky et al., 2017; Lange et al., 2020; Davis 
et al., 2001; Sun & Davis, 2007), while treatment of the dissolved fraction varied more (Kratky 

et al., 2017; Lange et al., 2020). Although the removal of total metals was not always above 80%, 
in this study positive removal was achieved by all filter sections of all total metals, in all rain 
events (the mean removal of total metals varied between 20.7% (Cd) and 94.7% (Zn)).  

As e.g. stated by Hatt et al. (2008), the removal of particulate metals is often strongly correlated 
to TSS removal, which is also the case in this study. Although the number of samplings was 
limited to four rain events, Figure 12 and Figure 15 indicate that both concentration and removal 
of total metals could be correlated to TSS. However, TSS was only measured at F1 and therefore 
the correlation could not be confirmed by the other biofilter sections. Still the proportion 
dissolved/total concentrations were greater in the effluent of F1, F2 and F3 than in the influent, 
indicating an efficient removal of particulate metals. Correlation between total metals and TSS 
has been reported by for instance Muthanna et al. (2007), Westerlund and Viklander (2005) and 
Westerlund et al. (2003).  

In contrast to total metal removal, the dissolved fraction was less efficiently removed and had a 
greater variation. Both (positive) removal and leaching (resulting in negative removal percentages 
in Table 11) were observed. Compared to total metals, there are fewer studies on removal of 
dissolved metals by stormwater biofilters, and similar to this study, both removal and leaching 
have been found (Kratky et al., 2017). Additionally, Muthanna et al. (2007) reported a more 
variable removal of dissolved metals than total, and only dissolved Pb were removed (negative 
removal percentages of Cd, Cu and Zn). A higher removal of dissolved metals was found by 
Blecken et al. (2010) (99% of Cd, 59% of Cu, 58% of Pb and 99% of Zn) in a study carried out 
under controlled laboratory conditions. 

The use of road salt mobilizes metals and can, hence, decrease the removal (Kratky et al., 2017). 
It did not seem like the use of road salt was the main reason for the negative removal, since the 
removal in rain event D och F were similar even though rain event F contained much more 
chloride than D. However, when Søberg et al. (2017) investigated the impact of salt on metal 

treatment they found highest leaching of dissolved Cu and Pb in biofilter columns where salt 
was added. Due to the weather conditions during the sampling campaign, only one rain event 
with elevated salt concentrations could be included in the data ser of this study. Thus, 
unfortunately no clear general conclusions can be drawn concerning the impact of road salt. 

The limit values from Swedish Environmental Protection Agency (2000) in Table 6 and Figure 
11 were updated in year 2000. Althoug they are no be completely relevant, they are considered 
to be useful for an indication. Newer (generic) concentration values of bioavaliable metals 
established by Swedish Agency for Marine and Water Management (2016) can be used as an 
indicator, where concentrations above the generic ones are not assumed to imply good status. 
Generic concentrations (according to Swedish Agency for Marine and Water Management 
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(2016)) was 2.4 µg/l for Cu, 2.5 µg/l for Pb and 7.0 µg/l for Zn, which implies that biofilter 

effluent mean concentrations of dissolved Cu and Zn were above the generic bioavaliable values 
but Pb was below. There were no specified generic values for Cd. However, it should be noted 
that the dissolved metal concentration and the bioavailable concentrations are not the same: this 
this comparison is limited.  

Phosphorus. Since biofilter effluent concentrations of TP and phosphate (influent phosphate as 
well) were below the detection limit in most cases, it was not possible to calculate removal 
percentages in a reliable way. In general, concentrations of TP were significantly lower in the 
effluent from all filter sections than the influent (both SW and GPT), while the opposite applies 
to phosphate. On this basis all filter sections removed TP while they leached phosphate. This 
agrees with previous studies that has shown >70% TP removal (Søberg et al., 2020; Blecken et 
al., 2010; Glaister et al., 2017) (mostly laboratory studies) and more varied result in field studies, 
where both leakage and removal of P occurred (Dietz & Clausen, 2005; Hunt et al., 2006; 
Houng & Davis, 2009).  

TP concentrations in stormwater is usually correlated to particles, which makes the removal 
correlated to TSS removal (Søberg et al., 2020). However, Blecken et al. (2010) found a strong 
correlation between P and TSS removal while Søberg et al. (2020) found no significant 
correlation. That agrees quite well with this study where there was a significant correlation 
between TP and TSS concentrations but not regarding the removal. Although, the limited 
number of samplings must be considered when evaluating the correlation.  

One main reason for the P leaching from biofilters are unsuitable filter materials which leach P. 
The sandy filter material with relatively little organic matter seems to be a suitable material (see 
Søberg, Al-Rubaei, Viklander, & Blecken, 2020; Blecken G et al., 2010). 

Further, effluent phosphate concentrations were lowest in the rain event with highest salt 
concentrations, rain event F, which also was the rain event with highest influent TP. This could 

indicate that phosphate was transformed into particulate P which is easier removed by physical 
filtration. This has been notices before by Szota et al. (2015), where DP was converted to 
particulate P in the presence of salt. However, this needs to be further investigated since it can 
be a coincidence due to the low number of investigated rain events.  

TSS. TSS was successfully removed by the stormwater facility and a mean removal percentage 
of 96.9% was achieved. The higher TSS concentrations for rain events E and F did not impair 
the removal, instead the removal was increased to 99% at those rain events. The pre-treatment 
facility showed a very low mean TSS removal of 4.7%. Laboratory and pilot size studies on 
stormwater biofilters (Søberg et al., 2020; Muthanna et al., 2007; Bratieres et al., 2008; Hatt et 
al., 2006) often achieves 90% TSS removal while the removal in field studies (Roseen et al., 
2009; Trowsdale & Simcock, 2010; Hsieh & Davis, 2005) performed equal or slightly lower, 
but still satisfactory.  
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5.1  CaCO3 in stormwater biofilters 
Metals. Effluent concentrations of total Cu, Pb, Zn and dissolved Cd, Cu, Zn was higher from 

F2 compared to F1 and F3 (Table 10). The concentration differences from F1 and F3 was smaller, 

but for total Cd, Pb, Zn and dissolved Cd, Cu, Zn the highest removal percentage was found 

from F1 (Table 11), indicating positive impacts of CaCO3 on treatment of both total and 

dissolved metals.  

Previous research on the effect of CaCO3 on biofilter performance is limited. Its use is 

recommended in German bioretention guidelines (Grotehusmann et al., 2016). Similar to this 

study, Søberg et al. (2019) found a higher sorption capacity in a filter material with CaCO3 than 

in a filter material without. On the other hand, they found increased pH (9.2) in the effluent 

from the CaCO3 filter, which does not agree to this study. In this study the mean pH was neutral 

and within the ranges for typical stormwater in both the influent and effluent. Unfortunately, 

pH was only measured at sample point SW, GPT and F1, wherefore no comparison between 

F1, F2 and F3 could be drawn, i.e. it could not be evaluated how much CaCO3 affected the pH. 

However, if pH in stormwater effluent F2 and F3 would be lower, that could explain the greater 

removal by F1, but to be able to suggest that additional measurements are needed.  

As lower pH makes metals more soluble, which deteriorates the sorption capacity (Rieuwerts et 

al., 1998), the neutral (non-acidic) pH may have contributed to the fact that the dissolved fraction 

was smaller in the effluent, and thus greater removal of total metals.  

Phosphorus. Effluent concentrations of TP from F1 and F2 were similar while it was slightly 

higher from F3. Thus, CaCO3 has likely contributed with an improved TP removal, which was 

concealed by TP release from the vegetation on the section containing CaCO3. In general, the 

greatest phosphate leaching from the biofilter was in the order F3>F2>F1 (Table 10), which 

suggests that CaCO3 did not increase the sorption capacity enough to remove phosphate, but it 

may have decreased the leaching. Previous studies with calcium as amendment in the filter 

material have shown more beneficial results, i.e. increased DP removal (Zhang et al., 2008; 

Reddyet al., 2014). However, these studies comprised column and batch tests in a more 

controlled environment.  

TSS. Since TSS unfortunately was only measured in F1, it was not possible to compare whether 

CaCO3 had an impact on TSS removal or not. However, TSS is mainly removed by filtration 

in stormwater biofilters, and the removal often exceeds 80% (Kratky et al., 2017).  Therefore, 

the CaCO3 did probably not affect the TSS removal significantly, which was above 96% in F1. 

5.2  Vegetation in stormwater biofilters 
Metals. Effluent concentrations of Cu, Pb and Zn was significantly higher at F2 than F1 and F3 

(Table 9) and the removal was significantly lower by F2 for total Cu, Pb and Zn (Table 12), 

indicating positive effects on removal of total metals by vegetation. However, the removal of 

dissolved metals did not seem to be enhanced by vegetation.  

Previous studies have shown different results regarding the effect of metal removal by vegetation. 

Sun and Davis (2007) found that 0.5-3.3% of the total metal removal by a biofilter was related 

to plant uptake while Read et al. (2007) found that vegetation contributed with <1-12% metal 

reduction and Muthanna et al. (2007) detected a total metal removal of 2-8% by plant uptake.  

Since the samples were taken during fall and winter, the dissolved metals earlier taken up by 

vegetation might have been released which could explain the leaching. However, Blecken et al. 
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(2010) found metal uptake by plants at both colder conditions (2°C) and warmer (20°C). 

Harmful concentrations of road salt could also decrease the phytoextraction but when comparing 

the removal in the rain event with significantly higher salt concentrations to the others, no such 

pattern was seen. If phytoextraction successfully occurs, the vegetation should be removed from 

the biofilter to remove the heavy metals from the biofilter facility before they might be released.  

Vegetation seems to affect the physical removal of particulate metals more than the 

phytoextraction of dissolved metals, at least during fall and winter. But additional measurements 

throughout the whole year needs to be taken to ascertain that. 

Vegetation further has indirect effects on metal removal. E.g., advantages as reduced clogging, 

which is beneficial for metal removal and long-term function of the biofilter (Lange et al., 2020). 

Additionally, the release of oxygen from vegetation roots generates beneficial conditions for 

bacterial activity, which indirectly increases the water treatment. Faster drying of the filter 

material, and hence formation of cracks which provides preferential flow paths is another indirect 

advantage of vegetation on the biofilter (Dagenais et al., 2018).   

Phosphorus. Highest phosphate leakage was observed from the filter section with vegetation 

and without any amendment (F3), from where also highest TP (although no leaching) 

concentrations was found, indicating that vegetation impaired the removal of both phosphate 

and TP.  

Several studies have shown increased TP removal due to plant uptake (Glaister et al., 2014; Lucas 

& Greenway, 2008; Read et al.,  2007). However, breakdown of organic material, such as 

vegetation, can cause P leaching and can only be avoided if dead vegetation is frequently 

removed (Søberg et al., 2020). The samples were collected during fall and winter, and P uptake 

by plants varies seasonally and might be lower at lower temperatures due to the dormancy of 

plants (Blecken et al., 2010). Negative removal (export) of P have also been found by Shrestha 

et al. (2018) where P was exported from bioretention cells containing vegetation. Further, the 

main removal mechanism of phosphorus in stormwater biofilters are by adsorption and the 

contribution of vegetation is usually small (Dagenais et al., 2018).  

TSS. TSS was only measured at F1. Thus no comparison between the filter sections could be 

done. Even though the main purpose with the vegetation was to increase the removal of 

dissolved metals and phosphate, vegetation can provide some TSS filtration (Davis et al., 2009). 

Although, TSS usually is well removed by filtration in a stormwater biofilter, vegetation can be 

an important factor for long term performance of a stormwater biofilter as it can prevent clogging 

and maintain the soil structure (Kratky et al., 2017). Davis et al. (2009) found that hydraulic 

conductivity could be better preserved over time when certiain types of plant species was added.  

5.3  Pre-treatment facility 
TSS. TSS removal by the pre-treatment facility was achieved in three out of four rain events. 

The removal varied between -17.1% and 25.7%, giving a mean removal of 4.7% which 

underlines that the main TSS removal occurred in the stormwater biofilter. In a study by 

Erickson and Hernick (2019) all five investigated pre-treatment facilities captured >70% of the 

total sediments.  

The reason why the pre-sedimentation does not provide more efficient sediment removal 

remains unclear. One disadvantage of the facility is that the water from the forebay to the filter 
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is discharged in pulses (and not continously). Likely, this causes turbulent conditions in the 

forebay which may re-suspend sediment.    

Metals. The average removal by the GPT was positive for all total and dissolved metals except 

from total Zn (-3.8%). But in general, the GPT contributed relatively little to the overall metal 

removal.  

Surprisingly, the mean removal was greater for dissolved metals (5.5-25.7%) than for total metals 

(-3.8-7.5%), although the removal percentage can be slightly misleading for such small 

concentrations as e.g., dissolved Cd. Since removal by the pre-treatment of total Cu, Pb and Zn 

was correlated to TSS removal (Figure 15), the removal of total metals is probably controlled by 

the TSS removal. 

So far, there are no studies which have quantified the contribution of a pre-sedimentation 

forebay to the overall metal treatment of bioretention systems. The results of this study call for 

more specific investigation of the forebay function. 

Even though the pre-treatment facility did not account for a large part of the metal removal 

occurring in the whole facility, it can extend the life length of the stormwater biofilter as it 

decreases the clogging risk (Kratky et al., 2017).  

Phosphorus. Due to the low concentrations of phosphate no removal percentages could be 

computed. The mean concentration decreased from 10.1 µg/l before the pre-treatment to 10.0 

µg/l after the pre-treatment which is practically insignificant. The average removal of TP was -

4.3% and a moderate correlation to TSS removal was found (Figure 16). Due to the moderate 

correlation, a greater TSS removal could imply a greater TP removal but further measurements 

are needed.  
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6 Conclusion 
To fulfil the objectives of this study, stormwater samples were collected and analysed on 

incoming and outgoing water from a stormwater biofilter with an associated pre-treatment 

facility. In general, the stormwater biofilter facility (including pre-treatment) removed total 

metals well (mean metal removal exceeding 80% except for Cd with removals around 20-35%) 

while the removal of the dissolved fraction showed higher variations (mean removal between -

150.0% and 68.2%). Influent concentrations of TP were always higher than effluent 

concentrations which were mostly below the detection limit. Leaching of phosphate repeatedly 

occurred from the filter sections. The mean removal of TSS was high (96.9%). 

CaCO3 as amendment in the filter material had a beneficial effect on the overall metal removal 

of the stormwater facility. The removal of total Cd, Pb and Zn and dissolved Cd, Cu and Zn 

was higher in the filter section with CaCO3 as amendment compared to the sections without. 

The filter section with CaCO3 mainly achieved positive mean removal of the dissolved metals 

while leaching frequently occurred from the other sections (and sometimes also from the section 

containing CaCO3). Although leaching of phosphate occurred from all filter sections, the 

leaching was lowest from the section with CaCO3, indicating possible benefits of that as 

amendment. CaCO3 did not seem to affect the mean TP removal significantly as there were no 

big difference between the filter sections with CaCO3 and those without. However, TP release 

from vegetation could also be a reason for why higher TP removal was not achieved where 

CaCO3 was present.        

Removal of total metals seemed to be improved by vegetation since the filter section without 

vegetation achieved lower removal of total Cu, Pb and Zn compared to the section with 

vegetation and similar filter material. Removal of dissolved metals, TP and phosphate did not 

seem to be enhanced by vegetation. The filter section with vegetation and without CaCO3 

amendment (F3) contributed with the highest effluent concentrations of TP and phosphate 

(leaching), considering that vegetation released more phosphate that it captured. However, not 

only vegetation seemed to be a source for leached phosphate, but also the filter medias.  

The main TSS removal occurred within the biofilter. The pre-treatment facility improved 

the quality only slightly with an average TSS removal of 4.7%. Since TSS and total metal 

concentrations and removal were correlated, a higher TSS removal by the pre-treatment 

facility could increase the total metal concentration more. Both increased and decreased 

concentrations of total metals was observed after the pre-treatment facility, while it only 

reduced the concentrations of dissolved metals. Mean concentrations of TP was slightly higher 

after the pre-treatment facility than before.  
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7  Recommendations for further research  
Many existing stormwater biofilter facilities contain filter materials that have not been tested or 

evaluated neither before nor after implementation. Thus, there is still a general knowledge gap 

on full-scale stormwater biofilters (Søberg, Winston, Viklander, & Blecken, 2019).  

Consequently, recommended further research as a complement to this study is presented below:  

 The role of CaCO3 for treatment of dissolved metals and phosphate should be further 

investigated in both field and control laboratory environment to gain an evident 

understanding of the actual (metal and P) sorption capacity in field. 

 TSS and pH should be investigated at all filter sections of the biofilter to gain further 

understanding on the actual impact of vegetation on TSS removal and CaCO3 on pH 

changes in field environment.  

 The impact on vegetation and pollutant removal due to increased salt concentrations 

during winter periods needs further investigation. Road salt can be harmful for vegetation 

and even though the plant species on this biofilter are saline-tolerant species, the effects 

of excessive changes in salt concentrations during the year should be investigated. 

Further, stormwater pollutant behaviour is affected by road salt in different ways 

wherefore the treatment capacity also varies in the presence of salt, which needs to be 

further investigated (Kratky, et al., 2017).  

 Cold climatic conditions (excluding increased salt concentrations) during winter periods 

affects the function of the stormwater biofilter due to frozen soils and decreased biological 

activity (Valtanen et al., 2017). Therefore, the performance of the facility during winter 

periods (compared to the rest of the year) needs further investigation.   

 Usually, the filter media is what determines the P leaching but breakdown of vegetation 

can also cause be leachate (Li & Davis, 2016; Søberg et al., 2020). Therefore, the 

phosphate leakage needs to be further investigated to determine the source(s).  

 Finally, there is a general lack of studies on pre-treatment facilities and their importance 

for biofilters. The construction of this stormwater facility enables both separate 

investigations on the pre-treatment facility and the function together with the biofilter, 

which should be exploited. 
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Appendices A 

 

 

Figure A 1. Outflow in l/s from the filter sections during rain event C. 

 

Figure A 2. Outflow in l/s from the filter sections during rain event C. 
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Figure A 3. Outflow in l/s from the filter sections during rain event E. 

 

Figure A 4. Outflow in l/s from the filter sections during rain event F. 
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Appendices B 
 

Table B 1. Hour with rain, date, time and rain amount in mm for the four rain event. 

Hour with 

rain 
Time Rain [mm] 

Rain event C 2020-10-05 

1 01:00 0.1 

2 02:00 0.5 

3 03:00 0.6 

4 04:00 2.0 

5 05:00 0.6 

6 06:00 0.5 

7 07:00 0.0 

8 08:00 1.7 

9 09:00 1.7 

10 10:00 0.2 

11 11:00 0.0 

12 12:00 0.1 

13 13:00 0.0 

14 14:00 0.2 

15 15:00 0.3 

16 16:00 0.1 

Rain event D 2020-10-22 

1 04:00 0.1 

2 05:00 0.6 

3 06:00 0.4 

4 07:00 0.5 

5 08:00 0.5 

6 09:00 0.3 

7 10:00 0.4 

8 11:00 0.2 

Rain event E 2020-11-01 

1 18:00 0.1 

2 19:00 1.6 

3 20:00 0.3 

4 21:00 0.3 

5 22:00 0.1 

6 23:00 0.1 

7 00:00 0.1 

8 01:00 0.1 

9 02:00 0.0 

10 03:00 0.0 

11 04:00 0.4 

12 05:00 0.7 
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13 06:00 0.9 

14 07:00 0.8 

15 08:00 2.3 

16 09:00 0.2 

17 10:00 2.2 

18 11:00 1.7 

19 12:00 0.7 

20 13:00 0.1 

21 14:00 0.2 

22 15:00 4.7 

Rain event F 2020-12-03 

1 20:00 0.2 

2 21:00 0.0 

3 22:00 0.1 

4 23:00 0.6 

5 00:00 0.2 

6 01:00 0.2 

7 02:00 0.3 

8 03:00 0.0 

9 04:00 0.0 

10 05:00 0.1 

11 06:00 0.5 

12 07:00 0.4 

13 08:00 1.0 

14 09:00 0.6 

15 10:00 0.7 

16 11:00 0.3 

17 12:00 0.2 

18 13:00 0.2 

19 14:00 0.1 

20 15:00 0.0 

21 16:00 0.2 

22 17:00 0.0 

23 18:00 0.1 

24 19:00 0.0 

25 20:00 0.0 

26 21:00 0.4 

27 22:00 0.7 

28 23:00 0.3 

29 00:00 0.1 
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Appendices C 
 

Table C 1. Removal of stormwater pollutants at GPT, F1, F2 and F3 with reference to SW. 

 
 

Pollutant removal % in the four rain events with 

reference to SW 

  SW vs  SW vs  

 
 GPT F1 F2 F3 

Rain event C 2020-10-05 

Cd 
Total 15.3 26.3 26.3 26.3 

Dissolved 20.4 75.4 30.1 17.1 

Cu 
Total 22.8 74.5 71.8 82.7 

Dissolved 10.3 36.9 11.1 16.9 

Pb 
Total 10.5 87.1 57.4 84.3 

Dissolved -1.0 76.0 12.9 29.8 

Zn 
Total -1.4 96.0 61.6 89.0 

Dissolved -5.4 97.2 47.6 81.6 

TP -14.1    

TSS 2.5 94.0    

Rain event D 2020-10-22 

Cd 
Total 5.5 5.5 5.5 5.5 

Dissolved 45.0 -25.7 -61.2 -290.9 

Cu 
Total 28.7 87.0 68.6 80.0 

Dissolved 10.7 22.7 -6.6 -10.6 

Pb 
Total 36.5 88.9 75.0 88.9 

Dissolved 17.6 -14.4 46.3 -33.8 

Zn 
Total 15.1 93.8 55.0 70.9 

Dissolved 53.3 59.8 -88.2 -85.1 

TP 2.3    

TSS 25.7 95.0   

  Rain event E 2020-11-05 

Cd 
Total -4.3 48.6 48.6 48.6 

Dissolved 12.9 16.0 -34.5 -70.3 

Cu 
Total -3.7 89.1 72.4 89.4 

Dissolved -8.2 -4.9 -12.9 -9.1 

Pb 
Total -2.3 94.1 74.5 94.1 

Dissolved 27.4 43.4 59.1 39.9 

Zn 
Total -4.7 97.2 64.5 92.8 

Dissolved 18.6 77.4 -62.7 33.2 

TP 1.7    

TSS 7.8 99.3   

Rain event F 2020-12-03 

Cd 
Total 1.8 67.4 34.7 2.3 

Dissolved 24.4 -11.6 -99.4 -255.8 

Cu 
Total -17.7 89.4 75.3 89.4 

Dissolved 9.2 8.3 9.3 5.7 

Pb Total -18.5 95.6 80.5 95.6 
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Dissolved 25.2 -155.6 37.0 -231.5 

Zn 
Total -24.3 91.9 55.9 70.0 

Dissolved 10.7 38.2 -149.2 -143.2 

TP  -7.2    

TSS -17.1 99.3   

 

Table C 2. Removal of stormwater pollutants at F1, F2 and F3 with reference to GPT. 

 
 

Pollutant removal % in the four rain events with 

reference to GPT 

   GPT vs  

 
 F1 F2 F3 

Rain event C 2020-10-05 

Cd 
Total 13.0 13.0 13.0 

Dissolved 69.1 12.2 -4.1 

Cu 
Total 66.9 63.5 77.6 

Dissolved 29.6 0.9 7.4 

Pb 
Total 85.6 52.4 82.5 

Dissolved 76.3 13.8 30.5 

Zn 
Total 96.1 62.1 89.2 

Dissolved 97.3 50.3 82.6 

TSS 93.9    

Rain event D 2020-10-22 

Cd 
Total 0.0 0.0 0.0 

Dissolved -128.5 -193.0 -610.7 

Cu 
Total 81.7 56.0 72.0 

Dissolved 17.7 -19.4 -23.8 

Pb 
Total 82.4 60.7 82.4 

Dissolved -38.8 34.9 -62.3 

Zn 
Total 92.7 47.0 65.8 

Dissolved 13.8 -303.2 -296.6 

TSS 93.2   

  Rain event E 2020-11-05 

Cd 
Total 50.7 50.7 50.7 

Dissolved 3.0 -54.5 -95.6 

Cu 
Total 89.5 73.4 73.4 

Dissolved 3.1 -4.3 -0.8 

Pb 
Total 94.3 75.0 94.3 

Dissolved 22.1 43.6 17.2 

Zn 
Total 97.3 66.1 93.1 

Dissolved 72.2 -99.8 18.0 

TSS 99.2   

Rain event F 2020-12-03 

Cd 
Total 66.8 33.5 0.6 

Dissolved -47.7 -163.8 -370.8 

Cu 
Total 91.0 91.0 91.0 

Dissolved -1.0 0.1 -3.8 
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Pb 
Total 96.3 83.5 96.3 

Dissolved -241.5 75.4 -342.9 

Zn 
Total 93.5 64.5 75.8 

Dissolved 30.9 -178.9 -172.2 

TSS 99.4   

 


