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1 Abstract 

Vertical flow constructed wetlands (VF CWs) are becoming increasingly popular for onsite 

wastewater treatment due to their high oxygen transfer capacity and high nitrification rates. 

However, there are still some question marks regarding (1) how the treatment performance of VF 

CWs is affected by design and operational parameters, and (2) the treatment processes happening 

inside the wetland bed as the wastewater percolates through. In this study, we investigated the 

effects of filter media (coarse sand or fine gravel), dosing regime (hourly with 4 mm or bi-hourly 

with 8 mm) and plant presence (with or without Phragmites australis) on the  treatment 

performance and concentration depth profiles of pollutant removal in six pilot-scale VF CWs 

treating primary treated domestic wastewater. Grab samples of wastewater were collected every 

2-3 weeks during 5 months and analyzed for organic matter, suspended solids, nitrogen and E. 

coli. We found that sand beds performed better than gravel beds for removal of all pollutants 

except total nitrogen, although for long term operation gravel may be less susceptible to clogging. 

The overall treatment performance was not affected by different dosing regimes, but the 

concentration depth profiles showed that smaller and more frequent doses led to more pollutant 

removal in the upper part of the beds. The presence of plants was moderately important for the 

removal of ammonium, but had no effect on other pollutants. 

 

Keywords: Dosing regime, filter media, onsite wastewater treatment, Phragmites australis, 

pollutant removal, reed bed, treatment performance, vertical flow constructed wetland 

2 List of abbreviations 

BOD5 – Biochemical oxygen demand over five days NO3-N – Nitrate-nitrogen 

CW – Constructed wetland     Org-N – Organic nitrogen 

DO – Dissolved oxygen     p.e. – Person equivalents 

HF – Horizontal flow      SSF – Subsurface flow 

HLR – Hydraulic loading rate    TN – Total nitrogen 

HRT – Hydraulic residence time    TOC – Total organic carbon 

NH4-N – Ammonium-nitrogen    TSS – Total suspended solids 

NO2-N – Nitrite-nitrogen     VF – Vertical flow 

3 Introduction 

A major source of water pollution around the world is the discharge of inadequately treated 

domestic wastewater in rural areas. This may cause severe problems such as anoxia and 

eutrophication in the recipient and a risk for spreading of diseases. The need to implement onsite 

treatment solutions is therefore great, and ecological technologies such as subsurface flow 

constructed wetlands (SSF CWs) are gaining interest as low-cost and efficient options (Steiner & 

Combs 1993). In SSF CWs, the wastewater is passed through a filter bed consisting of a porous 

medium (Fonder & Headley 2010), where attached microbes perform a large part of the treatment 

processes. Subsurface flow wetlands with horizontal flow (HF) have long been used, but an 

inherent problem has been that the poor oxygenation of such systems limits aerobic treatment 

processes; in particular nitrification. This study focuses on vertical flow (VF) SSF wetlands, 

which are now becoming more popular as they are more aerobic systems and therefore have a 

higher ability to remove ammonium and organic matter (Wissing & Hofman 2002). 
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Most of the substance removal in VF systems is performed by microorganisms growing attached 

on the filter medium, but plants may provide additional removal. In HF CWs the presence of 

plants has been shown to improve the treatment performance, as concluded by Stottmeister et al. 

(2003), but the effect of plants in VF CWs remains unclear. In general, plant roots can stimulate 

microbial activity by releasing oxygen and root exudates and by providing a large surface area for 

microbial attachment (Brix 1994a). Root growth may also improve the treatment result in VF 

CWs by increasing hydraulic conductivity in the filter medium, thus preventing the accumulation 

of solids that may eventually clog the filter and severely impede its performance. However, 

Torrens et al. (2009a) found that a fraction of the applied wastewater flowed more quickly 

through planted than through unplanted filters, which they suggested could be explained by 

rhizomes creating preferential pathways. This implies that the presence of plant roots may not 

necessarily be positive, but could potentially decrease treatment performance by decreasing the 

hydraulic residence time (HRT) for some of the water. Numerous studies have shown that 

nitrogen removal is improved in VF beds when plants are present (Keffala & Ghrabi 2005; Wang 

et al. 2009; Stefanakis & Tsihrintzis 2009; Cui et al. 2010; Cheng et al. 2011). Cui et al. (2010) 

reported that 33% more TN was removed in VF beds planted with Canna indica L. than in 

unplanted beds, and Stefanakis & Tsihrintzis (2009) found that the presence of Phragmites 

australis (Cav.) Trin. ex Steud. and Typha latifolia L. improved the removal of both TN and 

organic matter. In contrast, other studies have reported minor or no effects of plants on the 

removal of nitrogen (Tietz et al. 2007), organic matter (Tietz et al. 2008; Zhao et al. 2010) and 

bacteria (Vacca et al. 2005; Keffala & Ghrabi 2005; Torrens et al. 2009b). Furthermore, 

intermittently loaded sand filters, which are essentially the same as VF CWs without plants, are 

known to perform well for removal of solids, organic matter and for nitrification (Crites & 

Tchobanoglous 1998).  

 

In VF beds the wastewater is usually applied in periodic pulses (intermittent loading), and as the 

water moves downward the pores of the medium are refilled with air (Brix 1994a). The resting 

period between doses thus allows for nitrification and decomposition of organic matter in an 

aerobic environment, which prevents clogging of the medium. The dosing regime in terms of 

dosing frequency and dose volume is known to be important for the treatment efficiency of VF 

CWs (von Felde & Kunst 1997; Headley et al. 2004; Kayser & Kunst 2004; Molle et al. 2006; 

Torrens et al. 2009a). Molle et al. (2006) compared three different dosing regimes in laboratory 

scale soil columns (2.4 cm/30 min, 4.8 cm/1h and 9.5cm/2h) and found that COD removal was 

better with higher dosing frequency and smaller dose volume. In contrast, they found that 

nitrification was better with lower dosing frequency and larger doses, which is in agreement with 

Headley et al. (2004) who found that NH4 removal in pilot-scale VF CWs was higher when the 

daily wastewater load (200 mm) was applied in 12 instead of 48 doses. Kayser & Kunst (2004) 

suggested that a resting period as long as 6 hours was needed for optimal oxygenation with a dose 

volume of 20 L/m
2
. On the other hand, Torrens et al. (2009a) reported a better removal efficiency 

of both COD and nitrogen when pilot-scale VF beds with a hydraulic loading rate (HLR) of 750-

800 mm/day received 30 instead of 15 doses per day. According to Molle et al. (2006), a larger 

dose volume can lead to poorer pollutant removal because a larger amount of water will have 

shorter contact time with the biomass. Since the contact time between wastewater and biomass 

also depends on the HLR and the choice of filter medium (Kadlec & Wallace 2009), and since 

too large doses may counteract the positive effects of longer resting periods, it is not clear which 

operation strategy is preferable.  
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A fine filter medium such as sand is usually preferred in VF beds since pollutant removal rates 

are usually higher than in coarser media (Lahav et al. 2001; Vacca et al. 2005; Brix & Arias 

2005; Stefanakis & Tsihrintzis 2009). To minimize the risk of clogging, the sand grains should be 

of relatively uniform size within a narrow range of diameters and free of dust and silt (Brix & 

Arias 2005). This means that the expenses for suitable filter sand can become a large part of the 

total construction cost, and therefore fine gravel may have to be used instead. In a coarser filter 

medium the treatment performance may be worse since the water percolates through the filter 

faster (Brix & Arias 2005), but on the other hand the risk for clogging may be lower (Lahav et al. 

2001). Gravel has been shown to work well as filter medium in trickling filters for removal of 

organic matter, suspended solids and ammonium (Sasse 1998; Newton & Wilson 2008; 

Tekerlekopoulou et al. 2009). However, trickling filters are usually much deeper than VF CWs 

and the wastewater is recirculated several times to increase treatment performance. Those results 

are therefore not directly applicable to VF CWs, which are commonly operated without 

recirculation to minimize maintenance needs.  

 

The typical depth of VF beds is in the range of 0.6-1.0 m (Crites & Tchabanoglous 1998). It has 

been debated whether deeper or shallower filter beds give a better treatment performance 

(Torrens et al. 2009a; Stefanakis & Tsihrintzis 2009; Brix & Arias 2005; Taniguchi et al. 2009). 

Torrens et al. (2009a) found that the overall treatment performance was significantly better in 

deep (65 cm) than in shallow sand filters (25 cm), although Taniguchi et al. (2009) found that 

extremely shallow VF beds (7.5 cm) occasionally performed better for ammonium removal than 

deeper beds. This may depend on several factors, such as hydraulic residence time (HRT), the 

depth of oxygen penetration and microbial biomass at different depths. Studies have shown that 

80-95% of the microbial biomass and activity can be found in the upper 10 cm of VF filters 

(Tietz et al. 2007; Tietz et al. 2008), and thus it has been assumed that most of the pollutant 

removal through microbial transformations takes place in the upper part. However, with a few 

exceptions (von Felde & Kunst 1997; Kayser & Kunst 2004; Prochaska & Zouboulis 2009) the 

majority of studies concerning the treatment performance of VF beds have been carried out with 

a ‘black box’ approach, comparing the effluent to the influent. Therefore little is known about the 

treatment performance at different depths and how this is related to the design and operation 

strategy of the bed. A greater understanding of what happens inside the bed is essential in order 

to determine how deep the VF bed needs to be, and to optimize the treatment performance 

through appropriate design and operation.  

 

The aim of this study was to investigate the effects of design and operation on the overall 

treatment performance and concentration depth profiles of VF CWs. The effects of the following 

parameters were investigated: 

a) filter media size (coarse sand or fine gravel), 

b) plant presence (with or without Phragmites australis), and 

c) dosing regime (hourly with a smaller dose or bi-hourly with a larger dose) 

 

Six pilot-scale outdoor VF systems treating primary treated domestic wastewater were monitored 

during five months. Water samples were taken from the inlet, outlet and three internal sampling 

points and analyzed for different pollutants, in order to reveal the ongoing processes inside the 

‘black box’. 
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4 Background 

 

4.1 Decentralized wastewater treatment 

Domestic wastewater has a high content of nitrogen, phosphorus, organic compounds, solids and 

bacteria (Gray 2004), and needs to be treated before being discharged into a water body to avoid 

environmental and sanitary problems. Decentralized (onsite) wastewater treatment is in many 

ways a more advantageous approach than conventional centralized treatment systems. Onsite 

treatment can be applied anywhere, in both rural and urban areas when space allows, and does 

not require expensive and energy-consuming transport of the wastewater in pipes. Furthermore, 

since there is less mixing of nutrients and other compounds it is possible to achieve a better 

treatment result with less energy input, and it may also be possible to reuse the water for 

irrigation or other purposes (Rousseau et al. 2008).  

 

The first step in onsite wastewater treatment is usually primary treatment in a septic tank (Fig. 1); 

where settling of solids, flotation of grease and oils and digestion of organic matter takes place 

(Bounds 1997). This pre-treatment is simple, low-maintenance and requires no energy to 

function. It may remove as much as 65% of the incoming biochemical oxygen demand (BOD) 

and 70% of the total suspended solids (TSS). However, in the septic tank nutrients and pathogens 

are not removed, and secondary treatment is therefore needed before the effluent can be 

discharged to waterways. In many countries a septic tank is the only treatment solution, which 

results in contaminated wastewater being released and causing anoxia, eutrophication and 

spreading of potentially pathogenic bacteria and viruses.     

  

Soil infiltration is often a preferred solution for secondary treatment due to the low cost and 

simplicity, but at many locations this is not possible due to soil conditions, high ground water 

tables or proximity to drinking water wells (Brix & Arias 2005). Over the past decades, 

constructed wetlands (CWs) have been gaining more and more interest as an efficient technology 

for secondary wastewater treatment (Stefanakis & Tsihrintzis 2009; Luederitz et al. 2001). The 

advantages offered by CW systems are low construction and operation costs, low energy 

requirements and simple operation and maintenance (Reed et al. 1995).  
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Figure 1. Onsite wastewater treatment using a constructed wetland. The wastewater is primary 

treated in a septic tank where large solids and grease are removed, and secondary treated in the 

CW where smaller solids, organic matter, nutrients and bacteria are removed. After secondary 

treatment the water can be released into a recipient. (Courtesy of Tom Headley for the plants in 

this diagram).  

 

4.2 Types of treatment wetlands 

Constructed wetlands are engineered systems designed to utilize natural processes involving 

wetland vegetation, soils and the associated microbial assemblages to treat wastewaters. CWs 

take advantage of many of the same processes that occur in natural wetlands, although in a more 

controlled environment. Pollutants are removed from the water through a combination of 

physical, chemical and biological processes including sedimentation, precipitation, adsorption to 

soil particles, assimilation by plants and microbes, and microbial transformations (Brix 1993; 

Vymazal 2005). 

 

CWs for wastewater treatment can be classified into free water surface (FWS) or subsurface flow 

(SSF) systems (DeBusk & DeBusk 2001). Free water surface is the most common design in 

North America, whereas subsurface flow wetlands are more common in Europe. In FWS 

wetlands there is a shallow layer of surface water flowing over mineral or organic soils, and the 

vegetation can be emergent, submerged or floating depending on the treatment application 

(Fonder & Headley 2010). These systems are most commonly used as a last polishing step 

following biological treatment in a larger treatment system. In SSF wetlands the wastewater is 

passed through a filter medium of sand or gravel, and the top layer remains dry unless the 

medium clogs. Since there is no surface water, the likelihood of odor production and insect 

proliferation is lower than in FWS systems. Therefore SSF CWs are more suitable than FWS 

CWs for decentralized treatment of rural wastewater. Subsurface flow wetlands can be planted 

with emergent wetland plants such as Phragmites (reed), Scirpus (bulrush) or Typha (cattail). 

 

There are two types of SSF systems; horizontal flow (HF) which is historically the most 

commonly used, and vertical flow (VF) which is the focus of this study (Fig. 2). In HF systems 

the medium is maintained water-saturated (Brix 1994b) and therefore oxygenation is poor, which 
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is a problem particularly for nitrogen removal (Cooper 2009). VF systems were introduced more 

recently, as they are much better aerated, for the purpose of achieving higher nitrification rates 

and thus better nitrogen removal. The better oxygen transfer capacity is primarily due to the 

intermittent dosing of wastewater onto the top of the bed, which keeps the medium unsaturated 

and draws oxygen into the substrate pores. To ensure high oxygen levels and a high treatment 

performance it is important that the filter bed is not flooded with water, which would cause a 

saturated flow (Brix & Arias 2005). How the daily load of wastewater is delivered to the VF bed 

is determined by the dosing regime, as defined by the dose volume and frequency. This can range 

from delivering the daily volume of wastewater in one large dose per day to it being divided up 

into frequent small doses (e.g. every 10 minutes). There should be a long enough resting period 

for the wastewater to pass through the medium before the next dose arrives to avoid anoxia or 

clogging (Brix & Arias 2005). The doses should also not be too large, since that can cause the 

media to become temporarily saturated, which may lead to the water passing through the filter 

too rapidly. Oxygenation of the lower parts of VF beds is usually provided by ventilation pipes 

connected to the drainage pipes in the bottom of the bed (Fig. 2). 

 

 
Figure 2. Schematic diagram of a vertical flow wetland (Headley & Tanner 2011), with 

intermittent pulsed loading of wastewater through inlet distribution pipes in the top of the 

wetland bed, and passive ventilation through vertical pipes connected to drainage pipes in the 

bottom.  

 

The aerobic conditions in VF beds make them less suitable for denitrification (Gray 2004), which 

is an anaerobic process. Therefore, VF beds are often followed by an anaerobic treatment step 

such as a HF bed to achieve a higher total nitrogen removal (combined systems). It should be 

considered that VF systems require more careful construction, e.g. regarding media selection, 

compared to other CW designs (Brix 1994b). Moreover, a network of distribution pipes is needed 

on top of the VF bed to distribute the wastewater evenly in the filter medium, and a pump that 

switches on and off is often needed for the intermittent dosing which is not required in a HF bed 

with continuous wastewater inflow. That being said, the advantages offered by VF systems in 

terms of ammonium removal make them an attractive option for onsite wastewater treatment. 

Furthermore, VF systems require less area than other CW systems to achieve sufficient treatment 

of other compounds, since the area use per person equivalent (p.e.) is less (Brix 1994b). The 

removal rates of most pollutants are usually highly related to the pollutant load entering the 
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system (Kadlec & Wallace 2009), which is important to consider when determining the size of 

the wetland to achieve an optimal removal rate per unit surface area. 

 

An onsite treatment solution that is similar to VF CWs is the intermittent sand filter, which makes 

use of essentially the same design and operation but without plants. Trickling filters are another 

type of vertical flow treatment device where the wastewater percolates through deep columns (1-

2.5 m) of rock (7-10 cm in diameter) (Crites & Tchobanoglous 1998). In such filters, the 

wastewater is distributed over the surface by a rotating sprinkler and is then recirculated through 

the filter up to 2 times to maintain a constant high hydraulic load and sufficient pollutant 

removal.  

 

4.3 Pollutant removal in VF CWs 

Microorganisms play a crucial role for removal of pollutants in VF beds. The bacteria and fungi 

performing the treatment processes originate from the wastewater, and as the wastewater passes 

through the filter medium some microorganisms attach to the soil particles and eventually form a 

biofilm (Gray 2004). Most microbial transformations that are part of the treatment processes 

occur within this film. However, as summarized by Knowles et al. (2011), biofilms may affect 

the hydraulic conditions in SSF CWs, for instance by forming filamentous colonies or aggregates 

or by secreting relatively impermeable extracellular polymeric slime. In combination with a high 

HLR or small grain sizes of the filter media, such phenomena may eventually cause clogging of 

the media pores, which is a major threat for the long term operation of VF wetlands. 

 

Settleable organic compounds are removed in VF beds by deposition and filtration, and soluble 

organics are degraded aerobically or anaerobically by microbes (Vymazal et al. 1998). Because 

of the high oxygen levels, and the fact that aerobic degradation is much faster than anaerobic 

degradation, removal of biochemical oxygen demand (BOD) is usually efficient in VF beds. 

Removal of settleable suspended solids is also efficient and happens mainly through 

sedimentation and filtration. However, there is a potential for accumulation of organic matter and 

suspended solids that may eventually cause clogging, especially in the upper part of the bed 

where a large part of these substances may be entrapped (Knowles et al. 2011). 

 

The major removal mechanism for nitrogen in VF CWs is nitrification/denitrification (Vymazal 

et al. 1998). Nitrification is an aerobic process that takes place in two steps; first the oxidation of 

ammonium to nitrite by strictly aerobic bacteria, and second the oxidation of nitrite to nitrate by 

facultative aerobic bacteria. Denitrification is the subsequent reduction of nitrate to molecular 

nitrogen or nitrogen gas, which is an anaerobic process performed by denitrifying bacteria. Both 

nitrification and denitrification have to occur for nitrogen to be removed, and thus both aerobic 

and anaerobic conditions are needed in the wetland. In HF wetlands, high nitrification rates are 

not achieved because of the limited oxygen transfer, whereas in VF systems good conditions for 

nitrification are provided, but less suitable conditions for denitrification (Vymazal 2005). Apart 

from nitrification/denitrification, nitrogen can be removed in wetlands through volatilization, 

plant uptake and adsorption to the filter medium (Vymazal et al. 1998).  

 

Bacteria and viruses are removed in VF beds by physical, chemical and biological processes. The 

main physical process is mechanical filtration and chemical processes include oxidation, 

adsorption to organic matter and exposure to biocides excreted by some plants. Among the 
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biological removal mechanisms are predation by protozoa, flagellates and ciliates, attack by lytic 

viruses and natural die-off (Vymazal et al. 1998; Wand et al. 2007). 

 

Since the activity of both microorganisms and plants is known to decrease with decreasing 

temperature (Kuschk 1993), there is a risk that the treatment performance of VF CWs is lower in 

winter than in summer. In particular, removal of nitrogen decreases at lower temperatures, which 

has been assumed to be a consequence of lower activity of the nitrifying bacteria at lower 

temperatures (Kuschk 1993; Wissing & Hofman 2002). Some studies also report lower treatment 

performance for organic matter at lower temperatures (Stefanakis & Tsihrintzis 2009), whereas 

others have found no significant effect of temperature on organic matter removal, as summarized 

by Wissing & Hofman (2002). 

5 Materials and methods 

 

5.1 Site description and experimental setup 

The studied vertical flow filter beds are located near the village of Langenreichenbach outside of 

Leipzig in Germany (Fig. 3). The experimental site was originally built in 2000, but was rebuilt 

in 2009-2010 to facilitate the comparison of the treatment performance of different state-of-the-

art SSF CWs, under the same wastewater and climate conditions. All CW systems represent one 

planted and one unplanted replicate, in order to investigate the effect of vegetation on treatment 

performance. The beds with vegetation were planted with Phragmites australis in September 

2009, and thereafter they were fed monthly with a nutrient solution consisting of tap water and a 

soluble plant fertilizer until wastewater became available in May 2010. The wastewater to be 

treated at the facility originates from households in the adjacent villages of Langenreichenbach 

and Klitzschen.  

 

          
Figure 3. Left: the location of Leipzig and Langenreichenbach in Germany. Right: the VF beds in 

Langenreichenbach in September 2010; planted replicates left and unplanted replicates right. 

(Photo: Linda Olsson)  
 

The wastewater is primary treated in a septic tank with a volume of 16.5 m
3
 (2.7 m diameter, 2.9 

m depth) and a residence time of approximately 1.5 days. The effluent from the septic tank passes 

through a coarse screen (Zoeller commercial septic tank effluent filter P/N 5000-0007, screen 

size 0.8 mm) to prevent large solids from leaving the tank, into a pump well from where a 
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submersible pump is used to distribute the wastewater to the different VF beds (Fig. 4). The 

pump operates for 30-60 seconds each time. 

 

The experimental setup for this study consists of six passively aerated unsaturated VF beds with a 

surface area of 6.2 m
2
 (length 2.75 m, width 2.4 m), which corresponds to the load of 

approximately 4 person equivalents (p.e.). The beds have different filter media (sand/gravel), 

dosing frequencies (hourly/bi-hourly) and plant presence (planted/unplanted) (Table 1). Out of 

the four beds with sand as filter medium, two are dosed with wastewater every hour and two are 

dosed every two hours, but they all receive the same total daily load. The two beds with gravel as 

filter medium are both dosed with wastewater every hour. Each of the beds with different filter 

media and dosing regimes represents one replicate planted with Phragmites australis and one 

unplanted replicate (Fig. 4). 

 

 
Figure 4. Plan view of the wastewater distribution system and the planted and unplanted VF 

wetland beds at the experimental site in Langenreichenbach. Inlet distribution pipes are situated 

in the top layer of each bed, covered with medium gravel. The water is pumped from the septic 

tank at predetermined times (hourly or bi-hourly) into the inlet distribution pipes of each of the 

six beds containing sand or gravel, with or without P. australis. 
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Table 1. Setup of the experiment with vertical flow constructed wetlands in Langenreichenbach in 

2010, and basis for the system codes. 

Codes Sand (S) Gravel (G) Hourly dosing (1) Bi-hourly dosing (2) Plants (P) 

S1 X  X   

S1-P X  X  X 

S2 X   X  

S2-P X   X X 

G1  X X   

G1-P  X X  X 

 

The average hydraulic loading rate to each of the beds is 90 L/(m
2
·day), and in each dose the 

beds with hourly dosing receive approximately 4 L/(m
2
·day) of wastewater whereas those with 

bi-hourly dosing receive approximately 8 L/(m
2
·day) per dose. The inlet and outlet flow volumes 

to each VF bed were measured every hour throughout the experimental period. The inlet flow 

volume was measured with an electromagnetic flow meter, whereas the outlet flow volume was 

measured by automatically counting the number of times a calibrated 10 L tipping bucket filled 

and emptied. Air temperature, rainfall, humidity and evaporation were monitored on an hourly 

basis by an automatic weather station at the site. 

 

The wastewater is distributed across the upper surface of the medium of the VF beds as it enters 

through perforations spaced every 50 cm on the upper side of a series of inlet distribution pipes 

(Fig. 5). The water going upward meets a half-pipe shield tunnel above each distribution pipe and 

thereby changes direction to flow downward, which in theory gives a uniform distribution of the 

wastewater throughout the filter medium. The bottom of each VF bed is covered with a PVC liner 

with geotextile fabric beneath and above the liner to prevent the exchange of water between the 

VF beds and the surrounding soil.   

 
Figure 5. Profile view of one planted and one unplanted VF wetland bed in Langenreichenbach, 

with a top layer of medium gravel, a middle layer of the filter medium (sand or gravel) and a 

drainage layer of coarse gravel in the bottom. A PVC liner with geotextile fabric beneath and 

above the liner covers the bottom of the bed. The water exits the inlet distribution pipes through 

perforations on the top side; the water going upward meets the half-pipe shield tunnel and then 

flows downward. The idea is that the water should be evenly distributed throughout the filter 

medium, as indicated by the blue lines. The beds are passively aerated through vertical pipes 

connected to the drainage pipes in the bottom. (Courtesy of Tom Headley for the plants in this 

diagram). 
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Both filter materials were alluvial, washed and had a <0.5 % content of fine particles (<0.125 

mm), which is in agreement with the guidelines by Brix and Arias (2005). The coarse sand had a 

nominal size of 1-3 mm and the fine gravel had a nominal size of 4-8 mm (Table 2). In each VF 

bed there was also a top layer of fine gravel a bottom layer of coarse drainage gravel (16-32 mm) 

(Fig. 5). 

 

Table 2. Particle sizes of the filter media in the VF wetland beds (four with coarse sand and two 

with fine gravel) in Langenreichenbach. Besides the main filter layer of sand or gravel, there is 

in each bed a top layer of fine gravel and a bottom layer of coarse drainage gravel. 

 Nominal size (mm) d10* (mm) d60** (mm) UC*’ 

Coarse sand 1-3 0.8 1.8 2.3 

Fine gravel 4-8 3.5 5.5 1.6 

Drainage gravel 16-32 10.5 11.2 1.1 

*Maximum particle size of the smallest 10% 

**Maximum particle size of the smallest 60% 

*’Uniformity coefficient = d60/d10 

 

5.2 Sample collection and preparation 

Inlet and outlet water samples were collected as grab samples at fifteen occasions from July 28
th

 

until December 13
th

 2010, with 1-2 weeks between each sampling occasion. Inlet samples were 

collected as the septic tank effluent was being pumped to the inlets of the different VF beds. 

Outlet samples were taken from the outlet of each VF bed.  

 

Internal water samples were collected from three different depths (10, 20 and 40 cm) at eight 

occasions during the experimental period, with approximately three weeks between each 

occasion. Interception lysimeters (length 50 cm, width 12 cm, depth 6 cm; Fig. 6A and 6B) had 

been installed at 10, 20 and 40 cm depth in order to catch the water as it percolates from the inlet 

distribution pipes through the filter medium. Each interception lysimeter covers 0.06 m
2
, which 

represents approximately 1% of the bed surface area. The interception lysimeters were installed 

with a 5% slope so that the intercepted water would run to the outlet end of the lysimeter and 

down the connected tube (Fig. 6A) to the sample port within the outlet shaft (Fig. 6C). The 

lysimeters had been filled with coarse gravel (16-32 mm) in order to prevent the filter media from 

blocking the outlet of the pan, whilst providing minimal additional interference or treatment of 

the collected water. The internal samples were taken from valves within the outlet shaft of each 

VF bed (Fig. 6C). All samples were collected at the time of a loading pulse of the sampled VF 

bed in order to acquire fresh samples. Between sampling events, the intercepted water was 

allowed to drain freely into the outlet of the VF bed. 
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Figure 6. Profile view (A) of a VF wetland bed in Langenreichenbach with internal sampling 

equipment, interception lysimeters (B) filled with coarse gravel (16-32 mm), installed at 10, 20 

and 40 cm depth to collect the water. From the interception lysimeters, the water flows through 

horizontal tubes and reaches the outlet shaft (C) where the samples were collected. Sample 

bottles were attached to hoses connected to each valve.  

 

At each sampling occasion, 100 ml of wastewater was taken from each point for on-site 

measurements of environmental parameters (pH, conductivity, redox potential, dissolved oxygen 

and water temperature). Additionally, a 500 ml glass bottle and a 100 ml glass bottle were filled, 

kept in a cooling bag (4°C) and transported to the lab for further analyses. From the inlet and 

outlet points, an extra 500 ml bottle was filled to ensure that the volume was enough for the 

analysis of total suspended solids. Between sampling occasions, all glass bottles were washed in 

a dish washer and allowed to dry. The 100 ml glass bottles were used for collecting samples for 

bacteriological analysis, and were therefore also sterilized in an autoclave at 120°C for 20 

minutes. 

 

For the analyses of ammonium-, nitrate- and nitrite-N, 10 ml of sample were filtered in situ using 

a 0.45 µm filter attached to a syringe. The filtered samples were kept in 30 ml plastic bottles in a 

cooling bag for transportation to the lab. The plastic bottles were hand-washed between sampling 

occasions. 
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5.3 Analytical methods 

Analyses were carried out to determine the content of organic compounds (BOD5 and TOC), 

suspended solids (TSS and turbidity), different forms of nitrogen (TN, NH4-, NO3- and NO2-N) 

and pathogens (E. coli) in the water samples. For practical reasons, not all parameters were 

analyzed on all samples (Table 3).  

 

Table 3. Setup of the laboratory analyses of different water quality parameters in the wastewater 

samples collected from different points in the VF wetland beds in Langenreichenbach. 

 Environmental 

parameters* 

BOD5 TOC TSS Turbidity TN NH4-,NO3, 

NO2-N 

E.coli 

Inlet + Outlet X X X X X X X X 

10, 20 and 40 

cm depth 
X  X  X X X X 

*Environmental parameters are pH, redox potential, dissolved oxygen, conductivity and water 

temperature. 

 

Environmental parameters (pH, redox potential, dissolved oxygen (DO), conductivity and water 

temperature) were measured on all samples due to the importance of these factors for microbial 

growth and metabolism (Gray 2004). These parameters were measured in a lab at the site within 

3 hours after sampling, for pH using a pH-meter of the model WTW pH96 and for the other 

parameters using the multimeter WTW Multi 350i. All other analyses were carried out at the 

UBZ laboratory within 10 hours after sampling.    

 

BOD5 is the biochemical oxygen demand over 5 days, and was determined using the manometric 

method according to the German standard DIN 38 409 H52. The sample was incubated in a 500 

ml amber flask, with addition of sodium hydroxide (NaOH) and a nitrification inhibitor (N-

allylthiourea, 5g/L C4H8N2S), for 5 days at 20°C. Oxygen is converted to CO2 by the 

microorganisms, and this is removed from the gas phase through reaction with NaOH, which 

results in a pressure drop that is proportional to the amount of oxygen consumed. An OxiTop® 

(WTW) data logger with an infrared OC 100 remote control was used to register the pressure 

drop and determine the content of BOD. 

 

Total organic carbon (TOC) is the sum of organically bound carbon present in the water sample, 

associated with dissolved or suspended matter (European Committee for Standardization 1997). 

The content of TOC was determined according to the European Standard DIN EN 1484, using 

the Total Organic Carbon Analyzer TOC-VCSN from Shimadzu. The principle is that inorganic 

carbon in the sample is removed by acidification and purging, and organic carbon is oxidized to 

carbon dioxide by combustion. The amount of CO2 is measured by the analyze machine, and this 

amount represents the content of TOC.  

 

The amount of total suspended solids (TSS) is a measure of the filterable matter in the water 

sample (Kadlec et al. 2000). The content of TSS was determined using the mass balance method 

according to Eaton et al. (2005). The samples were filtered through a weighed GF/C glass fiber 

filter with pore diameter 1.5 µm, and the residue retained on the filter was dried at 105°C. The 

filter with the dried residue was then weighed, and the weight increase of the filter represents the 

total suspended solids.  
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For the internal samples, on which TSS was not measured, the turbidity was used as an estimate 

of the amount of suspended solids. Turbidity was measured photometrically using the European 

standard DIN ISO EN 27027. A Hach 2100AN Turbidimeter with measuring range 0 to 10,000 

NTU was used, and the measured sample was contained in a cylindrical glass cell. The principle 

is that light of wavelength 455 nm from a tungsten-filament lamp is passed through the sample, 

and a 90 degree scatter detector receives light scattered by particles. The intensity of the scattered 

light gives a measure of the turbidity (Eaton et al. 2005). 

 

The content of total nitrogen (TN) was determined according to the European Standard DIN EN 

12660, using the Total Nitrogen Measuring Unit TNM-1 from Shimadzu. The principle is that the 

nitrogen in the sample is combusted to nitrogen monoxide and nitrogen dioxide, and these forms 

are then reacted with ozone to form an excited state of nitrogen dioxide. As the nitrogen dioxide 

returns to the ground state, light energy is emitted. This is measured by a chemiluminescence 

detector and represents the content of TN.  

 

Ammonium(NH4)-N, nitrate(NO3)-N and nitrite(NO2)-N were analyzed colorimetrically 

according to the German standards DIN 38 406 E5, DIN 38 405 D9 and DIN 38 405 D10, 

respectively. Up until 14/09/2010, test-kits from Merck were used for NH4-N (Spectroquant test 

no. 114752) and test-kits from HACH-Lange for NO3-N (LCK 339/340) and NO2-N (LCK 

341/342). However, since the test-kit methods were found to be time consuming and not cost-

effective, an EPOS Analyzer 5060 from Eppendorf was used for the analyses from 14/09/2010. 

For this procedure, the samples filtered at the sampling site were appropriately diluted and put in 

small Eppendorf vials. For the month of September, all samples were analyzed using both 

methods in order to confirm that they both gave the same results. 

 

The determination of NH4
+
-content is based on the indophenols blue reaction, where ammonium 

ions are first shifted into ammonia in an alkaline solution. The ammonia is then reacted with a 

chlorinating agent to form monochloramine, which is reacted with thymol to form a blue 

indophenols derivative that is determined photometrically at 690 nm. For NO3
-
-analysis the 

principle is that nitrate is reduced to nitrite by the addition of hydrazine. The nitrite then 

undergoes diazotization with sulfanilamide and azo coupling with N-naphtyl-

ethylendiamindihydrochlorid (NED) and thereby forms a red dye, which is measured 

photometrically at 546 nm. For analysis of NO2
-
, the sample is acidified and analyzed according 

to the same principle as NO3
-
. 

 

The content of organic nitrogen (Org-N) was calculated as the difference between the content of 

total nitrogen and the content of the inorganic nitrogen forms (NH4-N, NO3-N and NO2-N). On a 

few occasions the calculations resulted in low negative values of Org-N, and those were not 

included in the statistical analyses.   

 

Escherichia coli is widely used as an indicator of faecal pollution, since it is exclusively faecal in 

origin, does not multiply in water, and is relatively easy to enumerate (Gray 2004). For 

enumeration of E. coli in the samples, the IDEXX Colilert18 Quantitray method (Health 

Protection Agency 2004) was used. All work in this procedure was carried out in a sterile fume 

hood of the type Uniflow Biohazard UVUB 1200. Depending on the expected concentration of E. 

coli, the samples were diluted 10, 100, 1000 or 10 000 times. Dehydrated test medium containing 
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o-nitrophenyl-β-D-galactopyranoside (OPNG) and 4-methyl-umbelliferyl-β-D-glucuronide 

(MUG) was dissolved in 100 ml of diluted sample, and the solution was dispensed into a sachet 

with 97 wells; 49 large and 48 small. The sachet was then heat-sealed in a Quanti-Tray® Sealer 

Model 2X and incubated in 37°C for 18 hours. Due to the production of the enzyme β-

glucuronidase, the wells containing E. coli are fluorescent under UV-light after the incubation. 

The number of large and small fluorescent wells, respectively, was counted under a Spectroline 

Model CM-10 Fluorescence analysis cabinet. The most probable number (MPN) of E. coli in a 

100 ml solution was found in an MPN table. This number was multiplied with the dilution factor 

to calculate the MPN/100 ml of undiluted sample. 

 

5.4 Calculations 

The hydraulic loading rate (q) in m/day of each VF bed was calculated for each sampling day as: 

1000
)/(




A

Q
daymq I      (1) 

 

where: 

QI = inlet flow rate in L/day for sampling day i, and 

A = area of each VF bed in m
2
 

 

The specific inlet mass load (mI) in g/(m
2
·day) of each pollutant to each VF bed was calculated 

as: 

 

1000
))/(( 2






A

CQ
daymgm II

I     (2) 

 

where: 

CI = inlet concentration in mg/L for day i 

 

The spatially averaged mass removal rate (J) in g/(m
2
·day) of each pollutant in VF bed was 

calculated as: 

 

1000

)()(
))/(( 2






A

CQCQ
daymgJ OOII   (3) 

 

where: 

QO = outlet flow rate in L/day for the day of sampling day i, and 

CO = outlet concentration in mg/L for day i 

 

5.5 Statistical analyses 

A repeated-measures approach was used in the statistical analysis, since the measurements were 

carried out on samples from the same VF beds over a certain period of time. This approach 

makes it possible to test for effects within the VF beds as well as effects between the beds.  

 

Three-way mixed repeated-measures analyses of variance (ANOVA) were carried out in SPSS 

version 19, in order to find differences among the various system designs as well as temporal 
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trends. Since the dosing regime was only varied in the sand beds, and because of insufficient 

degrees of freedom, the effects of dosing regime and filter medium could not be tested in the 

same analysis. Therefore the ANOVAs were carried out in two steps: 

 

1) Examining the effects of dosing regime and plant presence as well as temporal trends, 

including only the sand beds S2, S2-P, S1 and S1-P (details in Table 1). The within-

subjects factor was ‘Date’ and between-subjects factors were ‘Dosing regime’ and ‘Plant 

presence’.   

2) Examining the effects of filter medium and plant presence, including only G1, G1-P, S1 

and S1-P (all dosed on an hourly basis). When there was no significant effect of dosing 

regime according to Step 1, S2 and S2-P were considered as equal to S1 and S1-P and 

thus were also included in Step 2. The within-subjects factor was ‘Date’ and between-

subjects factors were ‘Filter medium’ and ‘Plant presence’.  

 

The assumption of normality was checked using Shapiro-Wilk’s normality test (p>0.05) and 

visual inspection of normal probability plots, for each parameter in each VF bed. The assumption 

of equal variances was checked by visually inspecting detrended normal probability plots as well 

as conducting Levene’s test of equal variances (p>0.05). For NO3-N and TSS these assumptions 

were not met. This was corrected for NO3-N by log-transforming the absolute values of the 

removal rates, whereby the assumptions were met. For the case of TSS, data from the 26
th

 of 

August was removed because the concentrations were found to be unusually high, which caused 

the data to deviate from a normal distribution. The outcome of the ANOVA was not affected by 

the removal.  

 

An additional assumption that needs to be fulfilled in a repeated-measures ANOVA is the 

assumption of sphericity. This assumption was checked through Mauchly’s test of sphericity 

(p>0.05), and when the assumption was violated, the Greenhouse-Geisser correction was used. 

This correction decreases the degrees of freedom and thereby increases the p values in order to 

give a more accurate value of the significance. 

 

Data from the 3
rd

 of August and 23
rd

 of November was omitted because rainfall was >10 mm/day 

during the previous 24 hours and considerable dilution of the influent, probably due to 

stormwater inputs into the sewer network, was observed. Data from the 13
th

 of December was 

omitted because of excessive snow melt that also led to considerable dilution of the influent. 

Reason for removing this data is that an outlet grab sample collected at a particular point in time 

does not represent the same cohort of water as an inlet grab sample collected at that time because 

of the time delay for the water to pass through the filter bed. Therefore, extreme temporary 

dilutions of the influent disrupt the otherwise quite stable relationship between inlet and outlet 

concentrations, making the results non-representative for the treatment performance of the beds. 

The effect of this was that the outlet concentrations of many parameters were higher than the inlet 

concentrations on days that were preceded by moderate to heavy rainfall. 

 

The only exception from these omissions was E. coli, as it is an organism with a living population 

in the septic tank and did not appear to be as directly affected by rainfall dilution as the other 

parameters. However, data from the 3
rd

 of august was omitted for E. coli as well, because the 

inlet water sample was collected in a different way than usual which seemed to have caused non-

representative results.  
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6 Results 

 

6.1 Inlet conditions 

During the experimental period (Jul-Dec 2010) the hydraulic loading rate to each bed varied 

between 87 and 96 L/(m
2
·day), although it was fairly stable over time around the mean of 94 

L/(m
2
·day) (Fig. 7). The mean inlet water temperature was 15.6 °C, and during the experimental 

period it decreased from 21.4 in July to 10.6 °C in December (Fig. 7).  

                       
Figure 7. Daily averages of in- and outflow rates, and inlet water temperature, for each sampling 

day over the whole experimental period (Jul-Dec 2010). Data from all VF wetland beds in 

Langenreichenbach were pooled. 

 

There were large variations in the organic load over time; BOD5 varied between 13 and 27 

g/(m
2
·day), TOC varied between 9.0 and 16 g/(m

2
·day) and TSS varied between 1.5 and 18 

g/(m
2
·day) (Table 4). Regarding nitrogen, about 1/3 of the total N load was org-N, 2/3 was NH4-

N and a very small part was NO3-N. The load of TN varied between 4.7 and 7.8 g/(m
2
·day), Org-

N varied between 1.5 and 2.9 g/(m
2
·day), and the NH4-N load varied between 3.1 and 5.3 

g/(m
2
·day). Concentrations of NO2-N were in general lower than 1 mg/L and have therefore not 

been presented or included in the statistical analyses. Influent concentrations of E. coli varied by 

an order of magnitude between 2.3·10
6
 and 1.7·10

7
 MPN/100 ml.  
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Table 4. Mean values, with standard errors of the means in parentheses, of inlet concentrations 

and loads for experimental VF wetland beds at Langenreichenbach measured at the outlet from 

the septic tank over the whole experimental period (Jul-Dec 2010).  

Parameter Number of samples 

(n) 

Inlet concentration 

(mg/L)* 

Pollutant load 

(g/(m
2
·day)) 

BOD5 12 204 (16) 19 (1.5) 

TOC 12 133 (7.4) 12 (0.7) 

TSS 12 89 (12) 8.3 (1.1) 

TN 12 68 (3.2) 6.3 (0.3) 

NH4-N 12 45 (2.5) 4.2 (0.2) 

NO3-N 12 0.4 (0.1) 0.03 (0.009) 

Org-N 12 22 (1.2) 2.0 (0.1) 

E. coli (MPN/100ml) 14 7.6E6 (9.9E5) - 

pH 14 7.3 (0.04) - 

*E. coli concentration is given in MPN/100 ml and pH is given in pH-units. 
 

6.2 Effects of design and dosing regime on removal rate 

Removal of organic load and ammonium was high in general; especially in the sand beds where 

mean BOD5 removal was 98%, mean TSS removal 99% and mean NH4-N removal 95% (Table 

5). The gravel beds removed 86% of the BOD5 load, 79% of the TSS load and 79% of the 

ammonium load. Removal of TN was low, however; 32% in sand beds and 40% in gravel beds. 

E. coli was on average removed by 1.9 log units in sand beds and by 0.7 log units in gravel beds. 
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Table 5. Mean values, with standard errors of the means in parentheses, of pollutant removal in 

the VF wetland beds in Langenreichenbach over the whole experimental period (Jul- Dec 2010).  

Parameter System Number of 

samples (n) 

Outlet conc. 

(mg/L) 

Removal rate 

(g/(m2·day)) 

Load removal 

(%) 

BOD5 S1 8 2.1 (0.6) 21 (1.9) 99 (0.3) 

 

S1-P 10 3.3 (0.8) 19 (1.7) 99 (0.4) 

 

S2 11 5.5 (1.1) 19 (1.5) 98 (0.4) 

 

S2-P 10 4.1 (1.0) 20 (1.6) 98 (0.4) 

 

G1 12 27 (5.9) 17 (1.3) 87 (2.7) 

  G1-P 12 30 (5.5) 16 (1.5) 85 (3.3) 

TOC S1 12 16 (0.7) 11 (0.6) 88 (0.6) 

 

S1-P 12 15 (0.7) 11 (0.6) 89 (0.5) 

 

S2 12 18 (1.0) 11 (0.6) 87 (0.8) 

 

S2-P 12 16 (0.8) 11 (0.6) 88 (0.6) 

 

G1 12 31 (3.0) 9.5 (0.6) 77 (2.1) 

  G1-P 12 34 (3.8) 9.3 (0.6) 75 (2.3) 

TSS S1 11 1.1 (0.7) 8.8 (1.0) 99 (0.4) 

 

S1-P 11 1.4 (0.7) 8.7 (1.0) 99 (0.4) 

 

S2 11 2.6 (1.1) 8.7 (1.0) 98 (0.7) 

 

S2-P 11 1.7 (1.0) 8.8 (1.0) 99 (0.5) 

 

G1 11 16 (2.3) 7.4 (0.9) 83 (2.0) 

  G1-P 11 24 (4.8) 6.7 (0.9) 76 (4.6) 

TN S1 12 48 (1.8) 1.9 (0.2) 30 (2.7) 

 

S1-P 12 44 (2.2) 2.2 (0.3) 35 (3.2) 

 

S2 12 48 (1.6) 1.9 (0.3) 29 (3.3) 

 

S2-P 12 46 (2.1)  2.1 (0.3) 32 (3.2) 

 

G1 12 41 (1.4) 2.5 (0.2) 40 (1.8) 

  G1-P 12 40 (1.7) 2.6 (0.2) 40 (2.2) 

NH4-N S1 12 2.9 (1.1) 4.0 (0.2) 94 (2.8) 

 

S1-P 12 1.3 (0.6) 4.1 (0.2) 97 (1.6) 

 

S2 12 2.9 (1.0) 4.0 (0.2) 94 (2.5) 

 

S2-P 12 1.7 (0.7) 4.1 (0.2) 96 (1.9) 

 

G1 12 8.4 (1.4) 3.4 (0.2) 82 (3.1) 

  G1-P 12 11 (1.9) 3.3 (0.2) 77 (3.6) 

Org-N S1 11 5.8 (0.9) 1.5 (0.2) 72 (4.8) 

 

S1-P 10 6.2 (1.0) 1.5 (0.2) 71 (5.3) 

 

S2 9 5.9 (1.2) 1.4 (0.2) 71 (6.2) 

 

S2-P 11 5.5 (0.9) 1.6 (0.2) 74 (5.0) 

 

G1 12 6.0 (0.9) 1.5 (0.1) 72 (5.0) 

  G1-P 12 7.0 (1.0) 1.4 (0.1) 67 (4.8) 

E. coli* S1 14 1.1E5 (3.6E4) - 2.2 (0.2) 

 

S1-P 14 1.7E5 (7.6E4) - 2.2 (0.2) 

 

S2 14 6.2E5 (2.3E5) - 1.5 (0.2) 

 

S2-P 14 3.3E5 (1.2E5) - 1.8 (0.2) 

 

G1 14 2.2E6 (4.5E5) - 0.8 (0.1) 

  G1-P 14 2.5E6 (6.7E5) - 0.7 (0.1) 

*E. coli outlet concentration is given in MPN/100 mL; E. coli removal is given as Log(Cin)-

Log(Cout).  
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6.2.1 Effect of dosing regime 

Step 1 in the repeated-measures ANOVA showed no significant differences in treatment 

performance between beds with hourly and bi-hourly dosing (p>0.05) (Appendix A). There was a 

slight tendency for higher removal rates in hourly dosed beds only for E. coli and NO3-N, 

although it was not statistically significant (p=0.2 in both cases). Due to the lack of statistically 

significant effects of dosing regime, all sand beds (both hourly and bi-hourly dosed) were 

subsequently included in the ANOVA, as one planted (S1-P and S2-P) and one unplanted (S1 and 

S2) treatment. 

 

6.2.2 Effect of filter medium 

The beds with sand as filter medium performed significantly better than those with gravel, in 

terms of removal of TOC, BOD5, TSS, NH4-N and E. coli (Table 6; Fig. 8). The rate of increase 

(negative removal rate) of NO3-N from inlet to outlet was significantly larger in sand beds than in 

gravel beds, and the removal of total N was significantly larger in gravel beds than in sand beds. 

For Org-N there was a tendency for higher removal rates in sand beds, although it was not 

statistically significant (p=0.1). 

 

Table 6. Results from Step 2 in the repeated-measures ANOVA of the mass removal rates of each 

pollutant, except for E. coli where log removal (log(Cin)-log(Cout)) was used. ‘Date’ was the 

within-subjects factor and ‘Filter medium’ and ‘Plant presence’ were the between-subjects 

factors. All VF beds were included in this analysis since Step 1 of the ANOVA showed that there 

was no significant effect of dosing regime. The effect of plants was not significant in all cases 

except for NH4-N and therefore these results are not shown here but are given in Appendix A. 

Factor Removal rate, 

Parameter 

n df F p 

Filter medium BOD5 8 1 257 0.001 

 TOC 12 1 219 0.001 

 TSS 10 1 76 0.003 

 TN 12 1 42 0.007 

 NH4-N 12 1 62 0.004 

 Log (NO3-N) 12 1 205 0.001 

 Org-N 8 1 5.7 0.1 

 E. coli 14 1 14 0.03 

Date BOD5 8 1.3 391 <0.001  

 TOC 12 1.4 245 <0.001  

 TSS 10 1.1 211 <0.001  

 TN 12 1.9 89 <0.001  

 NH4-N 12 1.3 70 0.001 

 Log (NO3-N) 12 2.2 8.8 0.014  

 Org-N 8 2.8 90 <0.001  

 E. coli 14 2.2 12 0.006  

Greenhouse-Geisser values are reported since the assumption of sphericity was violated in all 

cases. Values of Epsilon and partial Eta squared are given in Appendix A.  
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Figure 8. Influent concentration and pollutant removal in four sand beds and two gravel beds at 

Langenreichenbach in 2010, combining mean values from beds with and without plants. Data 

was removed on occasions when extreme rainfall or snowmelt caused considerable dilution of 

the influent. For TSS, August 26
th

 was also removed because of unusually high concentrations.  
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6.2.3 Effect of plant presence 

The removal rate of NH4-N was slightly but significantly higher in planted than in unplanted sand 

beds (p=0.04), according to step 1 of the repeated-measures ANOVA. When both sand and gravel 

beds were included in the statistical analysis (step 2) there was no significant effect of plant 

presence (p=0.9). For all other parameters no significant differences in treatment performance 

between planted and unplanted beds were found (p>0.05), although there was a quite clear 

tendency for higher removal rates in planted beds for TN (Fig. 9). The same tendency, although 

less pronounced, was also found for NO3-N. 

 
Figure 9. Mean outlet water temperature and mean removal rates of NH4-N, TN and NO3-N over 

time in two planted and two unplanted VF wetland beds with sand, at Langenreichenbach in 

2010. 
 

6.3 Temporal changes 

Step 2 of the repeated-measures ANOVA showed a significant effect of time on the removal rates 

of all parameters (Table 6; Fig 8). The removal rates of all pollutants except NO3-N and E. coli 

were highly connected to the inlet concentrations (Fig. 8) and there were statistically significant 

correlations between these factors (Table 7). Mass removal rates were generally higher when the 

inlet concentration was higher. For E. coli, there was a tendency for increased removal over time, 

especially in the gravel beds (Fig. 8). 

 

The outlet water temperature in the VF beds decreased over time during the experimental period 

(Fig. 9), and there was a significant correlation between outlet water temperature and the removal 

rates of BOD5, TOC, TN, NH4-N and E. coli, although the R
2
-values were low (Table 7). The 

correlations were positive in all cases except for E. coli, where removal decreased with increasing 
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outlet water temperature. Graphs of the relationships between inlet concentrations, outlet water 

temperatures and removal rates are shown in Appendix B.  

 

Table 7. Results from two regression analyses with Removal rate as dependent variable and the 

independent variables 1) Influent concentration and 2) Outlet water temperature.  

Independent variable Removal rate, 

Parameter 

p Slope R
2
 F 

1) Influent concentration BOD5 <0.001 0.09 0.9 494 

 TOC <0.001 0.08 0.8 256 

 TSS <0.001 0.08 0.7 167 

 TN <0.001 0.06 0.5 74 

 NH4-N <0.001 0.08 0.6 117 

 Log (NO3-N) 0.8 -0.01 0.001 0.04 

 Org-N <0.001 0.1 0.6 90 

 E. coli* 0.5 -1.8E-8 0.005 0.4 

2) Outlet water temperature BOD5 <0.001 0.9 0.4 38 

 TOC 0.005 0.2 0.1 8.4 

 TSS 1.0 -0.004 0.09 0.002 

 TN <0.001 0.1 0.2 22 

 NH4-N <0.001 0.1 0.2 14 

 Log (NO3-N) 0.6 -0.003 0.005 0.4 

 Org-N 0.4 0.02 0.009 0.6 

 E. coli* 0.01 -0.06 0.07 6.5 

*Removal of E. coli was calculated as Log(Cin)-Log(Cout). 

 

6.4 Depth profiles of pollutant concentration in the VF beds 

The depth profiles of pollutant removal did not differ between planted and unplanted beds and are 

therefore not presented. The effect of media size on pollutant removal was also apparent inside 

the VF beds. In the sand beds, the concentrations decreased in the upper parts of the beds, 

resulting in an approximately exponential shape of the concentration versus depth curve (Fig. 10). 

In contrast, the concentration decrease with depth tended to be more linear in the gravel beds, 

which resulted in different outlet concentrations. The concentration decrease for Org-N was 

similar to that for TOC in both the sand and the gravel beds. Moreover, both the concentrations of 

dissolved oxygen and the redox potential were higher in the sand beds than in the gravel beds at 

each depth. 
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Figure 10. Changes in mean pollutant concentration with depth in hourly dosed VF wetland beds 

with sand and gravel. Mean values of one planted and one unplanted bed are shown for each 

medium. 
 

In the sand beds, a large part of the nitrogen transformations took place in the upper 20 cm, 

whereas in gravel beds a larger part of the transformations happened in the lower part of the beds 

(Fig. 11). As a result, more NH4-N was converted into NO3-N in the sand beds, which had lower 

outlet concentrations of NH4-N but higher outlet concentrations of NO3-N than the gravel beds. 

However, the outlet concentration of TN was higher in the sand beds than in the gravel beds. In 

fact, from 40 to 80 cm depth, a slight increase in TN was seen in the sand beds. 

 

 
Figure 11. Mean concentrations of different nitrogen species at different depths, in two VF 

wetland beds with sand (A) and two with gravel (B) as filter medium (all with hourly dosing).  
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In VF beds with different dosing regimes, the outlet concentrations were approximately the same, 

although the concentration profiles differed (Fig. 12). In the hourly dosed beds, the 

concentrations decreased (or increased in the case of NO3-N) in the upper 40 cm of the bed, 

whereas the concentrations changed more gradually throughout the whole depth in the bi-hourly 

dosed beds. The removal of NH4-N followed the same pattern as the removal of TOC, and NO3-

N increased accordingly. 

 

 
Figure 12. Mean concentrations with depth in hourly and bi-hourly dosed VF wetland beds with 

sand as filter medium. Mean values of two beds (planted and unplanted) are shown.  
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7 Discussion 

 

7.1 Effect of filter medium 

 

7.1.1 Removal of organic matter, suspended solids and E. coli 

During the study period, the organic load to the VF beds (19 g BOD5/m
2
·day) was fairly high 

(Table 4), considering that BOD is recommended not to exceed 24 g/(m
2
·day) to avoid clogging 

of the filter (USEPA 1980). The better performance of the sand beds in removing organic matter 

can be attributed to the smaller grain size of sand, which gives smaller pores in the media, most 

likely resulting in a better filtering capacity and a longer hydraulic residence time (HRT) 

compared to gravel beds. Moreover, removal of both TSS and E. coli was probably greatly 

improved from the higher filtering capacity, since much of the E. coli in wastewater are 

associated with particles (Kadlec & Wallace 2009). A longer HRT is known to increase the 

treatment performance as it gives more time for removal processes to take place (Reed et al. 

1995; Cui et al. 2010). Crites & Tchobanoglous (1998) propose that one of the aims in design and 

operation of intermittent sand filters is to try and maximize the amount of flow that moves slowly 

through the filter in a capillary film around the sand particles, rather than flowing rapidly through 

macro-pores via gravity drainage. Given that gravel has less surface area per unit volume than 

sand and larger pore sizes, it would have less potential for this type of flow, which may have lead 

to a lower HRT than in the sand beds. This is also in agreement with the observation that most of 

the removal took place in the upper part of the sand beds, whereas in gravel beds the removal 

occurred more gradually throughout the depth (Fig. 10). Similar results have been demonstrated 

by von Felde & Kunst (1997), who showed that in a bed with larger soil particles a larger part of 

the removal processes took place in the deeper parts. Although not directly explored in this study, 

the quantification of differences in hydrodynamics between sand and gravel media via hydraulic 

tracer studies represents an interesting topic for further investigation. 

 

The larger surface area to volume ratio of sand compared to gravel also results in a larger total 

particle surface area available for biofilm growth, and the microbial community may therefore be 

larger and possibly more diverse in sand beds and have better possibilities to consume more 

organic matter and suspended solids. It is likely that most of the organic pollutants are removed at 

the depth where most of the microbes are situated (Kadlec & Wallace 2009), and studies of VF 

sand beds have shown that most of the microbial biomass and activity is located to the uppermost 

layer (Tietz et al. 2007; Tietz et al. 2008). Tietz et al. (2008) found that 80% of bacterial C 

utilization (metabolism) took place in the upper 10 cm of the filter column in 50 cm deep VF 

sand beds. This is in agreement with the observed depth profiles of TOC and turbidity (Fig. 10), 

showing that most of the removal took place in the upper 20 cm of the sand beds. The cause-and-

effect relationship is not obvious, however. On the one hand, more microbes have a higher 

capacity to remove more organic pollutants; on the other hand the accumulation of organic matter 

(microbial substrate) in the upper part of the bed would provide more nutrients and organic 

substrate for microbes and result in more microbial growth and subsequent removal of organic 

matter. The microbial biocoenosis inside VF gravel beds has not been investigated, but 

considering the observed removal pattern (Fig. 10) it is likely that a larger part of the microbial 

community was situated at lower depths than in the sand beds.  
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Another explanation for the better removal of organic matter in the sand beds is the higher 

concentration of dissolved oxygen compared to the gravel beds, which can also be attributed to 

the grain sizes of the media. Lahav et al. (2001) suggested that a smaller grain size of the filter 

material leads to a larger area per unit volume of media of the water film created around the 

grains, resulting in a larger air-water interface where oxygen diffusion can take place. 

Furthermore, the depth profile of DO showed a rapid increase in oxygen levels in the upper part 

of the sand beds, which is where the atmospheric exchange should be greatest. Higher DO gives a 

higher redox potential, which should promote more rapid organic matter removal by the action of 

the more efficient aerobic bacteria (Gray 2004). Moreover, a higher removal of BOD and TOC 

decreased the oxygen demand of the water moving through the filter media, which would 

facilitate re-oxygenation of the water deeper down in the sand beds. Consequently, more oxygen 

would become available to microorganisms, and may create a positive feedback-loop of organic 

matter removal and oxygen content. Thus, the higher DO levels at all depths in the sand beds may 

also in part be an effect (not only a cause) of the high organic matter removal in the top of the 

bed. Better oxygenation could also benefit protozoa and other predators grazing on E. coli. 

 

7.1.2 Nitrogen removal 

The better ammonium removal in sand beds is most likely an effect of greater surface area for 

attached-growth nitrifying bacteria and higher oxygen levels compared to gravel beds, as 

discussed in the previous section, since nitrifying bacteria are aerobic (Gray 2004). Furthermore, 

the assumed longer HRT of the wastewater in sand beds gives more time for nitrification to take 

place, which is in agreement with Cui et al. (2010) who found that NH4
+
 and TN were removed 

more efficiently in VF beds with a longer HRT. As shown in Figure 11, nitrification mainly took 

place in the upper part of the sand beds where oxygen levels were highest and where probably 

most of the microbes were located. This is similar to the findings of von Felde & Kunst (1997). 

Furthermore, the depth profile of nitrification was clearly related to the depth profiles of TOC 

and Org-N removal (Fig. 10) in both the sand and gravel beds. The most likely explanation is that 

as TOC and Org-N were mineralized, more oxygen became available for the nitrifying bacteria 

since the competition with the heterotrophic bacteria was relieved (Gray 2004). This happened 

mainly in the upper part of the sand beds but in the lower part of the gravel beds.    

 

However, the gravel beds removed total N more efficiently than the sand beds. This could be 

related to the lower oxygen levels in the gravel beds, which would give more suitable conditions 

for denitrification (an anaerobic process). Moreover, since the wastewater still contained fairly 

high concentrations of TOC as it reached the lower parts of the gravel beds this left more carbon 

available for the heterotrophic denitrifiers, further improving the conditions for denitrification. 

The amount of NO3-N at the outlet of the gravel beds was clearly lower than the amount of NH4-

N at the inlet (Fig. 11), indicating that a considerable part of the nitrogen converted to NO3
-
 

through nitrification had been lost as N2 as a result of denitrification. In the sand beds the 

difference between inlet ammonium and outlet nitrate was much smaller, indicating that only a 

very small part of the nitrate produced by nitrification was subsequently denitrified to N2.  

 

The increase of both TN and Org-N from 40 cm depth to the outlet of the sand beds, which was 

observed throughout the experimental period, suggests that a temporary buildup and subsequent 

release of nitrogen may have occurred mainly in the lower parts of the beds. This may have been 

due to particulate organic nitrogen entering the beds, accumulating inside and later being partly 
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mineralized and released to the outlet. This could have resulted in larger TN and Org-N 

concentrations on occasions at the outlet than at 40 cm depth. The TN increase may be further 

explained by some accumulation of produced NO3-N in the lower parts of the sand beds. 

Proschaska & Zouboulis (2009) reported an increase of TN concentrations at the middle depth of 

VF beds, which was assumed to be due to NO3-N accumulation. Another possible explanation 

could be that the wastewater samples taken from internal sampling points represent the N 

concentrations at one location within the bed, whereas samples taken from the outlet represents a 

mixture of N concentrations from the entire bed area.  

 

Although the overall treatment performance of the sand beds was better, the performance of the 

gravel beds was acceptable for removal of TSS according to European guidelines for secondary 

effluent quality (<35 mg TSS/L) (European Commission 1991). However, the gravel beds did not 

meet the guidelines for BOD5 concentrations of <25 mg/L in the effluent. The relatively linear 

pollutant removal profiles with depth in the gravel beds indicate that gravel filters should 

probably be deeper than 80 cm to ensure secondary effluent quality. In locations where suitable 

sand is not available, fine gravel based filters with a depth of 1 m or more may be adequate to 

secondary level treatment, nitrification and moderate TN removal. However, such systems should 

not be relied upon for high levels of pathogen reduction. Alternatively, the loading rate could be 

reduced, or the wastewater could be recirculated through the filter, which may lead to improved 

treatment performance with the current depth. This represents an interesting area for further 

research. 

 

7.2 Effect of plant presence 

Although the effect of plant presence was statistically significant only for NH4-N, the tendency 

for increased removal of both TN and NO3-N indicates that the presence of plants may have 

affected other forms of nitrogen as well. This may partly be explained by plant uptake of 

relatively small amounts of NH4
+
 and NO3

-
. The increased removal of NH4-N in planted beds was 

mainly seen in the colder months October and December (Fig. 9), which may indicate that the 

plant cover had a significant insulating effect, as noted by Brix (1994a). This would have lead to 

higher temperatures inside planted beds, which would give better conditions for the nitrifying 

bacteria since their activity decreases at lower temperatures (Kuschk 1993). This would be in 

agreement with Torrens et al. (2009a), who reported a higher and more stable temperature in 

planted than in unplanted VF beds, and a more pronounced positive effect of Phragmites on NH4-

N removal during colder periods. However, in this study the supposed insulation effect could not 

be confirmed by the measured water temperatures.  

 

Another potential explanation for increased nitrogen removal with plants could be that the roots 

create more favorable conditions for nitrification, by providing additional surface area for biofilm 

growth and by releasing oxygen (Brix 1994a). Plant roots could also stimulate denitrification by 

releasing C-rich exudates which can be used as energy source by denitrifying bacteria (Münch et 

al. 2004). Münch et al. (2004) found a significant root zone effect of Phragmites australis on 

both nitrification and denitrification, indicating that there was aerobic and anaerobic 

microzonation in the rhizosphere which allowed both processes to take place side by side. 

However, in this study the effect of plants on NH4-N and NO3-N were not large, which makes a 

strong root effect unlikely. The explanation for the somewhat higher removal of NH4-N, and 
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tendencies for higher removal of TN and NO3-N, may be a combination of some plant uptake, 

some enhanced nitrification/denitrification and some insulation during winter.  

 

As the presence of plants did not improve the removal of organic matter or E. coli, this further 

indicates that root release of oxygen did not significantly stimulate microbial or protozoan 

activity. This is in agreement with Kadlec et al. (2000), stating that oxygenation by plant roots is 

of minor importance in VF beds compared to the oxygen amounts supplied as the water 

percolates through the filter medium or supplied through the aeration pipes. Furthermore, 

according to Wissing & Hofman (2002) the role of plants for pollutant removal is minor in VF 

beds, due to the generally short HRT in such systems. This is in agreement with other studies 

reporting no significant effect of plants on the overall treatment performance of VF beds (Tietz et 

al. 2007; Keffala & Ghrabi 2005).  

 

7.3 Effect of dosing regime 

Even though both types of dosing regimes yielded essentially the same effluent concentrations of 

all pollutants, the depth profiles were consistently different between hourly and bi-hourly dosed 

beds (Fig. 12). At 80 cm depth removal was the same in bi-hourly as in hourly dosed beds, but in 

shallower beds it is very likely that hourly dosing would result in a better performance. This 

indicates that pollutant removal may be more efficient in beds with more frequent and smaller 

doses, which is in agreement with Torrens et al. (2009a) who found a better treatment 

performance in sand beds dosed 30 instead of 15 times/day, and in part with Molle et al. (2006) 

who found a better removal only for COD with a higher dosing frequency (every 30 min instead 

of every 1 h or every 2 h). On the other hand, the results contradict the findings of Headley et al. 

(2004) and von Felde & Kunst (1997), both reporting better treatment performance in sand filters 

with less frequent (12 instead of 48 times/day, and 2 instead of 8 times/day, respectively) and 

larger doses. However, because the HLR differ among these studies it is likely that the different 

results are partly due to different hydraulic loads rather than due to the dosing regime alone, 

which makes a direct comparison difficult. 

 

The reason for the more linear removal pattern in the bi-hourly dosed beds is probably the 

physical effect of a larger volume of water being applied to the bed at once. Torrens et al. 

(2009a) found that part of the wastewater volume passed more rapidly through filter beds dosed 

15 times/day with a larger dose volume (5 cm/dose), compared to beds receiving smaller dose 

volumes (2.5 cm/dose) 30 times/day. The HRT (tracer breakthrough) was less than 1 h with the 

lower and 2 h with the higher dosing frequency. They concluded that a larger dose volume 

resulted in a higher water velocity through larger pores, reducing the exchange of mobile and less 

mobile water. This would be partly because a larger dose volume would result in partial 

saturation of the media resulting in more of the water moving under gravity flow, whereas a 

smaller dose volume should result in a greater proportion of the flow moving under capillary flow 

as a film surrounding the media particles. Accordingly, the shorter HRT in the upper part of the 

bi-hourly dosed beds may have resulted in a larger part of the removal processes taking place in 

the lower part of the filter. Although it has been shown that longer intervals between doses allows 

for a better drainage of the media and a lower residual water content, which is beneficial for 

oxygen renewal (Molle et al. 2006); in this case the positive hydraulic effect of a smaller dose 

volume was more important for pollutant removal than the potentially positive effect of a longer 

resting period.  
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However, shorter resting periods could more easily lead to clogging after some time of operation 

and thus decrease the long term performance of the beds. It should be mentioned that after about 

10 months of operation, which was 5 months after the experimental period of this study, clogging 

from accumulated organic material was observed in all sand beds (Tom Headley, personal 

communication). The hourly dosed beds were more clogged than the bi-hourly dosed, which 

indicates that a 2 hour resting period might be needed for effective long term operation. The 

gravel beds were not clogged, and there were indications that treatment performance may even 

have improved, possibly due to the accumulation of organic deposits and enhanced biofilm 

development. These post-study observations emphasize the importance of monitoring the long 

term effects of different design and operation strategies as well as of system maturation.        

 

7.4 Changes over time 

The variations in removal rates over time (Fig. 8) were in most cases related to the varying 

influent concentrations over the experimental period, which can partly be explained by the 

varying wastewater producing activities of the households. Moreover, the influent concentrations 

varied due to occasional precipitation events. Dilution of the influent may have occurred due 

either to groundwater infiltrating into the sewer network from which the influent from the septic 

tank was taken, or to stormwater inputs into the sewer network. The lower pollutant 

concentration in the influent on such occasions thus caused lower pollutant removal rates. The 

only exceptions to this pattern were NO3-N and E. coli. For NO3-N this makes sense since nitrate 

is produced through nitrification inside the VF beds, and thus the amount of NO3-N in the 

outflow should not be related to the amount in the inflow. For E. coli, the fact that it is a living 

organism with a dynamic population may explain the lack of correlation of removal to influent 

concentration. 

 

The positive correlation between removal rate and outlet water temperature for BOD5, TOC, TN 

and NH4-N was probably due to the decreased activity of microorganisms at lower temperatures 

(Kuschk 1993; Wissing & Hofman 2002). In contrast, for E. coli there was a negative correlation 

between outlet water temperature and removal, meaning that removal was lower at higher 

temperatures. However, the tendency for increased E. coli removal over time (Fig. 8), which was 

particularly observed in the gravel beds, may have been due to the supposed increasing thickness 

of the biofilm on the filter media over time, which could have increased the capacity for filtering 

E. coli. It is therefore unclear whether the water temperature per se affected the E. coli removal 

or whether a supposed effect of system maturation coincided with lower water temperatures. 

Moreover, since the slope was very modest (-0.06) the temperature effect was very small.  

 

7.5 Conclusions and future perspectives 

During the first five months of operation, the conditions for removal of organic matter, TSS and 

E. coli, as well as for nitrification, were better in the examined VF wetlands with sand than in 

those with gravel. Pollutant removal mainly took place in the upper part of the sand beds but in 

the middle or lower part of the gravel beds. This is attributed to the smaller grain size and thus 

larger surface area of sand, leading to better physical filtration of solids, more biofilm growth, 

higher oxygen levels and a longer HRT. On the other hand, the lower oxygen levels and higher 

TOC concentrations inside the gravel beds gave better conditions for denitrification which 

resulted in better TN removal. Although sand would be the preferred filter medium, gravel 
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proved to work relatively well and should therefore be an acceptable option when good quality 

sand is not available. In such cases, the beds should be deeper or the HLR lower. For firm 

conclusions, a longer study period is needed as the treatment performance of gravel beds may 

improve over time when the biofilm grows thicker.  

 

More pollutants were removed in the upper part of beds with dosing every hour than with bi-

hourly dosing. This suggests that VF beds with higher dosing frequency and smaller dose volume 

would achieve more efficient removal in a shallower bed. However, a small enough dose volume 

needs to be balanced against a long enough resting period for organic matter to be decomposed in 

order to avoid clogging. For this purpose more long term studies on the effects of different dosing 

regimes, as well as on the effects of maturation of sand beds, are needed. 

 

There was a slight but statistically significant positive effect of plant presence for the removal of 

NH4-N, but for the other parameters there was no such effect. The increased removal of NH4-N 

with plants present may have been due to plant uptake, insulation provided by the plant cover 

during cold periods and/or promoted nitrification by oxygen released from the roots. However, 

the importance of plant presence on NH4-N removal was minor, as removal was high in the 

unplanted beds as well. 
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Appendix A: Supplementary ANOVA results 
 

Table A-1. Step 1 in the repeated-measures ANOVA of the mass removal rates of each pollutant, 

except for E. coli where log removal (log(Cin)-log(Cout)) was used. ‘Date’ was the within-subjects 

factor and ‘Dosing regime’ and ‘Plant presence’ were the between-subjects factors. Only the 

sand beds (S1, S1-P, S2, S2-P) were included in this analysis.  

Factor Removal rate, 

Parameter 

n df F p Epsilon 

(Greenhouse

-Geisser) 

Partial 

Eta 

squared 

Dosing regime BOD5 8 1 0.1 0.8 - 0.10 

 TOC 12 1 0.5 0.6 - 0.32 

 TSS 10 1 0.06 0.8 - 0.057 

 TN 12 1 1 0.5 - 0.56 

 NH4-N 12 1 5 0.3 - 0.84 

 Log (NO3-N) 12 1 10 0.2 - 0.91 

 Org-N 8 1 7 0.2 - 0.87 

 E. coli 14 1 14 0.2 - 0.94 

Plant presence BOD5 8 1 0.02 0.9 - 0.023 

 TOC 12 1 2 0.4 - 0.68 

 TSS 10 1 0 1.0 - 0.0 

 TN 12 1 11 0.2 - 0.92 

 NH4-N 12 1 258 0.04 - 1.0 

 Log (NO3-N) 12 1 4 0.3 - 0.79 

 Org-N 8 1 0.09 0.8 - 0.081 

 E. coli 14 1 0.6 0.6 - 0.37 

Date BOD5 8 1 5587 0.009  0.1 1.0 

 TOC 12 1 1140 0.02 0.09 1.0 

 TSS 10 1 2405 0.01 0.1 1.0 

 TN 12 1 160 0.05 0.09 0.99 

 NH4-N 12 1 575 0.03  0.09 1.0 

 Log (NO3-N) 12 1 26 0.1 0.09 0.96 

 Org-N 8 1 82 0.07  0.1 0.99 

 E. coli 14 1 32 0.112 0.08 0.97 

Greenhouse-Geisser values are reported since the assumption of sphericity was violated in all 

cases. 
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Table A-2. Step 2 in the repeated-measures ANOVA of the mass removal rates of each pollutant, 

except for E. coli where log removal (log(Cin)-log(Cout)) was used. ‘Date’ was the within-subjects 

factor and ‘Filter medium’ and ‘Plant presence’ were the between-subjects factors. All VF beds 

(S1, S1-P, S2, S2-P, G1, G1-P) were included in this analysis.  

Factor Removal rate, 

Parameter 

n df F p Epsilon 

(Greenhouse

-Geisser) 

Partial 

Eta 

squared 

Filter medium BOD5 8 1 257 0.001 - 0.99 

 TOC 12 1 219 0.001 - 0.99 

 TSS 10 1 76 0.003 - 0.96 

 TN 12 1 42 0.007 - 0.93 

 NH4-N 12 1 62 0.004 - 0.95 

 Log (NO3-N) 12 1 205 0.001 - 0.99 

 Org-N 8 1 5.7 0.1 - 0.65 

 E. coli 14 1 14 0.03 - 0.83 

Plant presence BOD5 8 1 0.4 0.6 - 0.11 

 TOC 12 1 0.005 0.9 - 0.002 

 TSS 10 1 1 0.3 - 0.33 

 TN 12 1 7 0.07 - 0.71 

 NH4-N 12 1 0.03 0.9 - 0.009 

 Log (NO3-N) 12 1 2 0.2 - 0.44 

 Org-N 8 1 1 0.4 - 0.27 

 E. coli 14 1 0.03 0.9 - 0.009 

Date BOD5 8 1.3 391 <0.001  0.2 0.99 

 TOC 12 1.4 245 <0.001  0.1 0.99 

 TSS 10 1.1 211 <0.001  0.1 0.99 

 TN 12 1.9 89 <0.001  0.2 0.97 

 NH4-N 12 1.3 70 0.001  0.1 0.96 

 Log (NO3-N) 12 2.2 8.8 0.014  0.2 0.75 

 Org-N 8 2.8 90 <0.001 0.4 0.97 

 E. coli 14 2.2 12 0.006  0.17 0.80 

Greenhouse-Geisser values are reported since the assumption of sphericity was violated in all 

cases. 
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Appendix B: Regression graphs (temporal changes) 

 

Figure B-1. Relationships between influent concentration and 

pollutant removal in all VF wetland beds. Data points from four 

sand beds and two gravel beds are shown separately, as are 

equations for best fit line (S = Sand; G = Gravel). 
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Figure B-2. Relationships between outlet water temperature and pollutant removal, including 

data from all VF wetland beds.  

 


