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ABSTRACT 
 
 

A full-scale two-stage vertical flow treatment wetland (VF TW) pilot system was 
installed at the Bridger Bowl Ski Area in 2013 to test its capability as a secondary 
wastewater treatment system. Water quality was monitored throughout the 2015-2016 
and 2016-2017 ski seasons with the primary objective to optimize the system for total 
nitrogen removal. Eight different combinations (schemes) of daily hydraulic and nutrient 
loading, dose frequency, effluent recycle, and depth of saturation of the first stage were 
tested. Average system removal was 93% and 95% for chemical oxygen demand (COD) 
and 70% and 75% for total nitrogen (TN) in 2016 and 2017, respectively, despite 
elevated influent concentrations of 930 mg·L-1 COD and 195 mg·L-1 TN. In addition, the 
system converted virtually all influent TN to nitrate. Both 1:1 and 2:1 (recycle to 
influent) ratios were effective as were saturation depths of 53 and 71 cm. At the 2:1 
recycle ratio, the higher saturation level was superior at light hydraulic and constituent 
mass loadings while the lower saturation level was superior at higher loadings, but the 
differences were small. Overall, TN removal and nitrogen species transformations were 
linearly related to the mass load applied (surface area basis) over the range evaluated. In 
addition, the maximum removal capacity of the system was not exceeded during any 
scheme, thus the inherent removal capacity of the system is greater than evaluated. 
Nevertheless, the removal efficiencies of the VF TW from the past two seasons has 
shown that this technology can successfully perform secondary wastewater treatment in 
cold climates with efficient nitrogen removal and can exceed the regulatory requirements 
under which Bridger Bowl operates.  
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INTRODUCTION 
 
 

Classified as a natural treatment system, treatment wetlands (TW) biologically 

transform wastewater pollutants into essential nutrients and harmless byproducts. TW are 

used throughout the world for the treatment of stormwater, domestic wastewater, 

industrial wastewater, agricultural runoff, landfill leachate, acid mine drainage, sludge 

dewatering and combined sewer overflows. They are an attractive treatment option 

because they require minimal to no energy, and little operation and maintenance. 

Additionally, they can be constructed with local materials and resources. For this reason, 

TW have been used in many countries including Austria, Denmark, France, Spain and 

Brazil, and they are the preferred option to treat post-primary and raw domestic 

wastewater in small communities (< 1000 inhabitants) throughout Europe (Dotro et al., 

2017). Use of TW in the United States for domestic wastewater treatment has been 

limited primarily to very small, typically on-site (single household) systems or as a 

polishing step after secondary treatment. The limited use of TW in the United States is 

due to the lack of knowledge and acceptance of the capabilities of TW by regulators and 

the design engineering community.  

TW facilitate natural bio-geochemical cycles such as the nitrogen cycle, to 

transform and remove pollutants from contaminated waters. The media in TW acts as a 

filter to remove remaining total suspended solids (TSS). Additionally, the media along 

with the macrophyte rhizomes provide a surface area for attachment of microbial 

communities. These microbial communities biologically remove nutrients such as 

nitrogen and phosphorus and dissolved organics, thus perform secondary treatment. 
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Nitrogen is often a nutrient of concern due to its environmental effects. An excess of 

nitrogen can lead to receiving water eutrophication, and can be toxic to aquatic life. 

(Kadlec & Wallace, 2009). Nitrogen removal from wastewater requires two biological 

treatment steps. The first is nitrification, an aerobic process, and the second is 

denitrification anoxic process that requires carbon.   

The type of microbial activity sustained in the wetland is often contingent on the 

direction of flow and degree of saturation, which can promote either an anoxic/anaerobic 

or an aerobic environment. There are three general classes of TW characterized by the 

hydrologic mode of the wetland: free water surface (FWS), horizontal flow (HF) and 

vertical flow (VF) (Kadlec & Wallace, 2009). Water in FWS wetlands moves above the 

soil surface down a gradual slope in an open area, thus resembling a typical natural 

wetland. The water column is generally aerobic but the underlying sediments are 

generally anaerobic. Flow in HF wetlands moves horizontally below the surface within a 

media, typically coarse sand or gravel. HF wetlands promote an anoxic environment 

through continuous saturation. In contrast to HF wetlands, VF wetlands promote an 

aerobic subsurface environment because they are hydraulically loaded intermittently at 

the surface and typically are not saturated. The water moves vertically through the 

subsurface of the wetland, from top to bottom, which introduces air from the surface. The 

different configurations of TW can also be combined for maximum water treatment.  

HF and VF wetlands are the most common systems for domestic wastewater 

treatment. Primary treatment often occurs with a sedimentation tank. However, there are 
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variations of a “traditional” VF system, commonly referred to as the French System, in 

which primary solids are directly applied with the screened wastewater on the surface.  

VF wetlands are typically 0.5 – 1.5m in depth. The basic components of VF 

wetlands include distribution pipes, macrophyte plants, gravel and/or sand media and 

collection pipes all separated from the ground by an impermeable liner. VF wetland filter 

beds are designed pancake-style with several layers of different media sizes. There are 

typically four layers (from top to bottom): the protective layer, treatment layer, transition 

layer and the drainage layer. The protective layer provides a barrier against human 

contact with wastewater and thermal insulation during the winter. The main layer is 

commonly referred to as the treatment layer, where the bulk of microbial activity occurs. 

The transition layer prevents the migration of the media from the main layer to the 

drainage layer. Finally, the drainage layer at the bottom of the filter bed provides 

drainage and permits oxygen flow to the bottom of the bed. 

The Montana Department of Environmental Quality (MDEQ) and Bridger Bowl, 

Inc. partnered with Montana State University (MSU) to design, construct and monitor 

performance for a full-scale pilot VF TW system at Bridger Bowl Ski Area north of 

Bozeman, Montana. Primary treatment is performed in a series of septic tanks. The 

existing secondary treatment system for the ski area is a recirculating sand filter (RSF). 

The RSF was built in 2001, and has the capacity to treat up to 10,000 gallons of primary 

treated wastewater per day. Yet, in 2006, the RSF started to have difficulty meeting the 

discharge standards set by MDEQ for nitrogen. In 2010, Bridger Bowl, Inc. explored 

options to either upgrade the existing RSF or replace the treatment system entirely. 
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Bridger Bowl, Inc. decided to invest in a full-scale two-stage pilot VF TW to determine 

its efficacy as a secondary treatment. The VF TW system was constructed in fall 2012, 

and has been in full operation and testing since December 2013.  

To be considered as a long-term solution as a secondary treatment system for the 

Bridger Bowl Ski Area, specific goals need to be met. First, the VF TW needs to meet the 

growing demand. The number of skier visits to Bridger Bowl is increasing yearly; thus, 

wastewater flows are also increasing every year. Second, the VF TW needs to be capable 

of treating high strength wastewater while meeting discharge requirements for nutrients, 

particularly nitrogen. Water conservation measures, coupled with water use being 

primarily lavatories and kitchens, creates a high strength wastewater. Influent chemical 

oxygen demand (COD) often exceeds 1000 mg×L-1 and total ammonium concentration 

can exceed 200 mg-N·L-1, collected by researches from the 2016-2017 ski season. Under 

the new discharge permit applicable in November 2017, the discharge requirement for 

nitrogen is a maximum of 5.2 lbs-N×d-1. However, with the growth of Bridger Bowl as a 

ski area, the discharge permit may change in the future with a more strict nitrogen 

discharge standard.  

Researchers at MSU have been particularly interested in how to optimize the VF 

TW system for total nitrogen removal. Total nitrogen removal is a challenging task, 

because both stages of the system are VF beds that tend to support highly aerobic 

processes; therefore, VF beds are historically efficient at performing nitrification but not 

denitrification. Furthermore, winter treatment of high strength wastewater creates an even 
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more challenging environment to assess the efficacy of a VF wetland technology due to 

cold ambient air and water temperatures.  

The Bridger Bowl Ski Area is open seasonally for approximately 115 days 

typically from the first week of December through the first week of April. This provides 

researchers a limited amount of time (approximately 4 months) to test and operate the VF 

TW system. For the remainder of the year, wastewater flows are minimal (<100 gal·d-1) 

because the ski area is closed. Therefore, research on this project has proceeded at a slow 

but steady pace since performance began in 2013. The primary focus is to optimize 

operational parameters for total nitrogen removal. Operational parameters include the 

level of saturation in the wetland bed, the recirculation ratio, the hydraulic loading rate 

and dosing frequency. System performance is based on improvements in water quality 

parameters, which include organics (BOD5, COD), nitrogen species (NO3
-/NO2

-, NH4
+, 

TKN, TN), and total suspended solids.  

The 2014-2015 results (system operated and tested by Jeff Moss; (Moss, 2016)) 

determined that small and frequent dose volumes of water improved COD removal in the 

first stage of the VF system while reducing clogging potential of the second stage. Many 

operational strategies were tested throughout that season, with the focus being on COD 

removal and nitrification. System COD removal averaged 91% and specific strategies 

achieved nearly complete nitrification yet total nitrogen removal never surpassed 58% 

and TN concentrations were never less than 40 mg-N·L-1. 

There were multiple objectives for the 2015-2016 and 2016-2017 research 

seasons. Foremost was to increase the system’s total nitrogen removal efficiency by 
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recycling nitrate-rich water effluent to the first stage cells and saturating the lower depths 

to enhance denitrification. Experiments were performed on several levels of saturation to 

determine an optimal denitrification efficiency. The effect of varied dose load and recycle 

ratio on denitrification and TN removal were also evaluated. A second focus was to 

determine the limiting parameters on the system capacity by systematically increasing the 

flow rate through the season. The effect of increasing the flow rate on denitrification in 

the first stage cells and nitrification in the second stage cells was evaluated. Lastly, the 

overall performance of the VF TW for COD and total nitrogen removal was evaluated to 

determine its efficacy as a treatment system specifically for Bridger Bowl.   

The findings from the VF TW project at Bridger Bowl should be beneficial to 

wetland scientists and engineers at the local and international level. The Bridger Bowl 

wetland project is an excellent case study of VF TW implementation for secondary 

treatment throughout rural communities in Montana. TW in Montana could be an 

upgrade to existing wastewater treatment systems such as lagoons or as a new wastewater 

treatment system. In addition, the results from the Bridger Bowl wetland project could 

provide groundbreaking data to the international wetland community regarding 

performance of VF in cold climates and high strength inputs. 

This thesis is comprised of several chapters. A literature review focuses on the 

various nitrogen removal pathways in treatment wetlands, and the effect of operational 

parameters on components of the nitrogen cycle. The next section presents the 

operational, field and laboratory methods used throughout the project. Succeeding the 

methodology, the results of the 2015-16 and 2016-17 ski seasons intertwined with a 
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comprehensive discussion will be presented. Lastly, a unifying message of the 

investigation will be discussed in a conclusion. 
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LITERATURE REVIEW 

 
Introduction 

 
 

The nitrogen cycle in a TW is a multifaceted and dynamic process. Multiple 

biological and physiochemical pathways define the nitrogen cycle, which removes and 

stores nitrogen within the TW. Specific pathways are influenced by TW operational 

parameters, such as dosing frequency, recirculation rates and saturation levels. The 

complexity of the biological and physiochemical nitrogen removal pathways in addition 

to the diversity of possible operational schemes make it difficult to predict nitrogen 

effluent concentrations for a given system. Therefore, it is important to understand the 

various nitrogen removal pathways to appropriately design and efficiently operate a TW. 

This literature review will first evaluate biological and physiochemical nitrogen removal 

in TW followed by how operational parameters can affect nitrogen removal. Lastly, 

various full-scale pilot scale systems will be evaluated based on their system 

characteristics and nitrogen removal efficiencies.  

 
Biological and Physiochemical Nitrogen Removal 

 
 

Nitrogen exists in water, soil and air in organic and inorganic forms of solids, and 

dissolved or gaseous compounds that are converted between these forms via the 

biogeochemical nitrogen cycle. Biological processes, driven primarily by microbial 

activity, contribute the most to total nitrogen removal (Kadlec & Wallace, 2009). 

Biological processes include ammonification, nitrification of ammonium, anammox, 



9 
  
dissimilatory reduction, plant and microbial assimilation, and denitrification (Molle et al., 

2008). Physiochemical processes include adsorption and ammonia volatilization (Saeed 

& Sun, 2012). The various biological and physiochemical processes interact with the 

three main microbial community locations within the wetland: the biofilm on roots 

(rhizosphere), the biofilm on the sand/gravel media and the microbes in interstitial water 

(Weber, 2016). The interaction of these microbial communities with nitrogen makes it 

difficult to evaluate the efficiency of nitrogen removal for a wetland system as a result of 

nitrogen storage that can occur in the system (Molle et al., 2008). Yet, these complex 

interactions have been studied by wetland scientists and researchers worldwide to 

understand the capability of these systems for water treatment. Before examining the 

nitrogen removal pathways in TW, it is first important to understand the role of 

macrophytes in TW systems.     

 
Role of Macrophytes 

Macrophytes (aquatic plants) are the foundation of treatment wetlands, and they 

function as a multifaceted component to TW at the macro and microscopic scale. 

Macrophytes can be classified into four groups: emergent, floating-leaved, submersed 

and freely floating plants (Kadlec & Wallace, 2009). Emergent macrophytes are used in 

VF TW. Phragmites australis (common reed) is the preferred choice of macrophyte 

throughout Europe, although other emergent macrophytes have been used in full-scale 

systems including Typha latifolia (broad-leaved cattail), Cyperus papyrus (paper reed) 

and Canna (Abou-Elela & Hellal, 2012; Pelissari et al., 2017; Vergeles et al., 2015). 
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At the macroscopic scale, the role of macrophytes are important to TW design, 

but the specific role varies depending on the TW configuration (FWS, VF or HF). For VF 

wetlands, they help prevent clogging by increasing porosity and help stabilize the bed 

surface (Abou-Elela & Hellal, 2012; Brix, 1994). During the winter, the dormant plants 

act as layer of insulation and they help keep the wetland bed frost-free (Brix, 1994). 

Furthermore, macrophytes provide an aesthetic component to the treatment system 

(Abou-Elela & Hellal, 2012; Brix, 1994). 

At the microscopic scale, the role of the roots and rhizomes within rhizosphere are 

for nitrogen removal. First, the rhizomes provide a surface area for the growth of 

microorganisms in the rhizosphere. Therefore, macrophytes with an abundance of 

subsurface biomass are best suited for TW. Second, oxygen and carbon are supplied to 

the rhizosphere via root exudation (Saeed & Sun, 2012). The oxygen and carbon that is 

released into the surrounding medium supplies essential components for metabolic 

activity of the biofilm (Saeed & Sun, 2012). One study suggested that the rate of 

dissolved organic carbon released by the rhizomes can fuel denitrification for systems 

that are lightly loaded with nitrate rich water (Zhai et al., 2013), but more research has 

focused on oxygen release. The oxygen supplied at the root is sourced via an internal 

movement through the plant, through either convection or diffusion. More oxygen 

transfer occurs in species with convective properties (Brix, 1997). Venturi-induced 

convection drives oxygen movement in dead, damaged or dormant plants when gradients 

in wind velocity drives oxygen flow into the plants. This convective property also occurs 

during the night and in the winter (Brix, 1994). However, it is unclear how much oxygen 
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is released into the rhizosphere. Saeed & Sun (2012) reported variable oxygen release by 

P. australis. Due to the limited agreement in this research topic, it is assumed that the 

amount of oxygen that is released into the rhizosphere is small and most of the oxygen is 

utilized by root metabolism (Kadlec & Wallace, 2009).  

Studies have been conducted to analyze the effect of macrophyte species and 

season on plant metabolism of nutrient uptake and pollutant removal. Abou-Elela & 

Hellaal (2012) discovered that different types of macrophytes planted in a VF system had 

different removal rates of pollutants (COD, BOD, TSS, N and TP). The study specifically 

evaluated plant uptake and found that phosphorus and nitrogen uptake varied between 

Canna and P. australis (Abou-Elela & Hellal, 2012). This study did not evaluate the 

influence of season on plant uptake. Stein and Hook (2005) proposed that lower air 

temperatures and seasonal dormancy increased oxygen transfer to the roots due to the 

physiological response of some plant species. Therefore, aerobic microbial respiration 

can be favored during dormancy and cold temperatures. Furthermore, the effect of (cold) 

temperature on plants is related to the plant species. Taylor et. al, 2010 found that plant 

effects were greater at lower temperatures for COD removal. The study suggested that 

there was a minimal effect of plant species on COD removal at 16°C/24°C. However, at 

4°C, there was a strong correlation between plant species and COD removal. Specifically, 

C. utriculata had a high COD removal at 4°C; the removal increased as the temperature 

decreased (Taylor et al., 2010). These findings suggest that species selection is more 

important for cold temperature performance than for warm temperatures.  
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Plant nitrogen uptake is perceived to be insignificant for nitrogen removal in TW. 

Although plants utilize ammonia and nitrate for nutrients (ammonia being more 

favorable), most VF systems are so heavily loaded with nutrients that plant uptake can be 

neglected as a significant removal process (Brix, 1994; Kadlec & Wallace, 2009). 

However, for lightly loaded wetland systems plant uptake can be substantial enough to 

account as a major removal pathway (Kadlec & Wallace, 2009).  

Macrophytes are the key component to the success of TW. Planted filter beds 

have outperformed non-planted filter beds (Brisson & Chazarenc, 2009). Season, 

macrophytes species, root exudates and microorganisms in the biofilm of the rhizosphere 

all contribute to the complexity of the role that macrophytes have in TW systems. The 

biofilm development on the rhizomes and media is important for biological removal 

pathways. The biofilm supports a host of microorganisms that perform nitrification and 

denitrification, two major process of the nitrogen cycle that remove and transform 

nitrogen.    

 
Classic Nitrogen Transformations 
 

The six classical pathways of nitrogen transformation in the environment are 

nitrogen fixation, assimilation, mineralization (ammonification), nitrification, 

denitrification, and decomposition (Bitton, 2005; Kadlec & Wallace, 2009). 

Ammonification, nitrification and denitrification are dominant processes in TW treating 

domestic wastewater and thus will be thoroughly discussed; the other pathways will be 

only briefly examined.   
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Ammonification: Nitrogen is predominantly in the form of ammonia (NH3/NH4
+) 

and organic nitrogen in raw domestic wastewater (Bitton, 2005). Organic nitrogen is 

comprised of amino acids, purines, pyramides, urea and uric acid, and can be readily 

hydrolyzed to ammonia (Kadlec & Wallace, 2009). The hydrolysis of urea (animal urine) 

is an important and very common reaction because urine is commonly found in domestic 

wastewater. A basic reaction of ammonification is as follows (Manual: Nitrogen Control, 

1993): 

Organic Nitrogen (urea, proteins, amino acids) + Microorganisms à NH3/NH4
+ 

The mineralized organic nitrogen is transformed into one of two forms of ammonia, 

ionized and un-ionized. Ionized ammonia (NH4
+) predominates in acidic and neutral 

environments, such as in domestic wastewater. Whereas, un-ionized ammonia (NH3) 

predominates at a higher pH (pKa =9.3, 25° C) and is released into the atmosphere 

(Strumm & Morgan, 1996). Overall, the degree of ammonia ionization depends on pH 

and temperature (Kadlec & Wallace, 2009).  

 
Nitrification: Nitrification is the transformation of ammonium (NH4

+) to nitrate 

(NO3
-); however, this is completed in multiple steps with two being dominant. The first 

major step is the conversion of ammonium (nitritation) to nitrite that is carried out 

primarily by ammonia oxidizing bacteria (AOB). AOBs are predominately autotrophic 

bacteria which include Nitrosomonas, Nitrosococcus, Nitrosospira, and Nitrosovibrio 

(Bitton, 2005). Shown below is a simplified reaction of ammonium to nitrite (Manual: 

Nitrogen Control, 1993).   

NH4
+ + 1.5O2 à 2H+ + H2O + NO2

- 
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The second step is the conversion of nitrite to nitrate (nitratation) that is carried 

out primarily by nitrite oxidizing bacteria (NOB). NOBs, which include Nitrobacter, 

Nitrospina, Nitrospira and Nitrococcus, are also predominately autotrophic bacteria. 

Below is a simplified reaction for nitrite to nitrate (Manual: Nitrogen Control, 1993). 

NO2
- + 0.5O2 à NO3

- 

All nitrifying bacteria are chemolithotrophic organisms, most of which are 

autotrophic that obtain energy from inorganic carbon sources such as CO2, bicarbonate or 

carbonate (Bitton, 2005). In addition to inorganic carbon, nitrification is fueled by the 

presence of oxygen. Oxygen is consumed in both steps of nitrification, at an overall 

requirement of 4.6 mg·O2 mg-1 ammonia oxidized to nitrate (Manual: Nitrogen Control, 

1993). In addition to oxygen, the nitrification rate is increased when high ammonia and 

low BOD concentrations are present (Bitton, 2005). Overall, nitrification can be 

measured by the disappearance of NH4
+.  

 
Nitrification in Wetlands: VF wetlands favor nitrification due to the high oxygen 

transfer capacity between intermittent loadings (Pelissari et al., 2017). Dosing 

frequencies are typically separated with enough time between each dose to drain before 

the next dose is applied (Kadlec & Wallace, 2009). This operational strategy allows 

oxygen to be trapped in the wetland bed between each dose. The optimal range of water 

temperature for nitrification is between 25°C and 30°C (Bitton, 2005). Nitrification was 

negatively impacted with a decrease of water temperature in a two-stage VF system 

under influent total nitrogen mean concentration of 67.4 mg·L-1. (Langergraber et al., 

2009). For effluent temperature >8°C, the system was capable of full nitrification. 
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However, with temperatures <5°C, not all ammonia was nitrified and the system 

nitrification capacity was approximately 73%, with a residual concentration of 14.3 mg 

NH4
+-N×L-1 in the effluent (Langergraber et al., 2009). On the contrary, several studies 

have suggested that there is limited effect of water temperature on nitrification efficiency 

in VF beds (Brix et al., 2003; Molle et al., 2008; Silveira et al., 2015). A study conducted 

on a two stage VF suggested that there was no difference in nitrification rates between 

2°C and 10°C (Brix et al., 2003). Overall, there is overwhelming support that nitrification 

in VF TW will not cease in cold temperatures (<5°C) (Brix et al., 2003; Molle et al., 

2008; Silveira et al., 2015). 

Other factors that may affect nitrification in wetlands are pH and alkalinity. The 

optimum range of pH is between 7.5 and 8.5 for Nitrosomonas and Nitrobacter bacteria 

(Bitton, 2005). Painter and Loveless (1983) reported that nitrification ceased below a pH 

6.0 (Painter & Loveless, 1983). The effect of pH on nitrification is typically not a concern 

in TW for the treatment of domestic wastewater, which has an average pH of 6.8 (Peirce 

et al., 1998). However, nitrification has been known to lower the pH by consuming 

alkalinity. Nitrification consumes alkalinity at a rate of 7.1 mg CaCO3 / mg of NH4+-N 

(Manual: Nitrogen Control, 1993). Therefore, there should be sufficient alkalinity in the 

wastewater prior to nitrification to account for any gain in acidity (Bitton, 2005). 

 
Denitrification: The process of denitrification converts nitrate (NO3

-) to gaseous 

nitrogen (N2) with nitrite (NO2
-), nitric oxide (NO) and nitrous oxide (N2O) as 

intermediates (Kadlec & Wallace, 2009). Denitrification is characterized by the following 

reduction series (Bitton, 2005): 
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NO3
- à NO2

- à NO à N2O à N2 

The bacteria that perform denitrification are primarily heterotrophic, and these 

microorganisms require organic compounds to serve as the electron donor. There are a 

diverse groups of organisms that are capable of denitrification; however, the genus 

Pseudomonas is most commonly found in wastewater (Bitton, 2005). The optimum 

carbon level is 2.3 g BOD/g NO3-N (Kadlec & Wallace, 2009). Denitrification is an 

anoxic process and the ideal DO concentration is ≤0.3-0.5 mg L-1 (Saeed & Sun, 2012). 

Oxygen must be limited for denitrification because oxygen, when present, will be favored 

over nitrate as a terminal electron acceptor. In addition to organic matter, denitrification 

is favored when there is a substantial concentration of nitrate to serve as the electron 

acceptor (Bitton, 2005). Denitrification can be measured by the disappearance of NO3
-. 

 
Denitrification in Wetlands: Denitrification is not typically favored in VF 

wetlands due to the elevated concentrations of oxygen from intermittent loadings. Since 

oxygen competes with nitrate as the final electron acceptor for denitrifying bacteria, 

denitrification can be inhibited by the presence of oxygen (Bitton, 2005). However, 

denitrifying bacteria were found in all horizontal layers of a 0.7 m VF bed (with a 

saturated zone of 0.2 m) while nitrifying bacteria (AOB & NOB) were only found on the 

top layers of the bed (Pelissari et al., 2017). These findings are similar to the results of a 

French System VF bed. Heterotrophic biomass was located in 3 out of 4 layers VF layers 

(or first 0.5m) while autotrophic biomass was concentrated only in the top layer of the 

bed (Morvannou et al., 2014). Though denitrifying bacteria were found in the top layers 

of the wetland, denitrification did not occur due to the presence of oxygen. However, 
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both studies claim that denitrification occurred in the bottom layer of the wetland where 

oxygen was limited. 

Denitrification increases the pH and alkalinity, the opposite of what is observed 

for nitrification (Bitton, 2005). The optimum pH is comparable to nitrification at a value 

between 7.5 and 8.0 (Metcalf & Eddy, 2003). The effect of temperature on denitrification 

has not been as intensively studied as on nitrification, but it is known to occur at 

temperatures as low as 5°C (Bitton, 2005).   

 
Physiochemical 
 

Physiochemical nitrogen removal in TW includes ammonia volatilization and 

adsorption. The process of ammonia volatilization requires the pH of the wastewater to 

be greater than 9.3; therefore, this removal process is normally neglected in domestic 

wastewater with pH values below 9.3 (Saeed & Sun, 2012). Adsorption is a process that 

occurs between the wetland media with a cation exchange capacity and the ammonium in 

the water (Saeed & Sun, 2012). The ammonium cations attach to the media, and can be 

subsequently nitrified by the surrounding biofilm. This is a main ammonium removal 

mechanism in the first stage of the French Systems (Paing et al., 2015). It is important to 

note that some nitrogen is stored in the wetland bed via media adsorption. The main 

benefit of adsorption is to store ammonium during a dose cycle when conditions are not 

favorable for nitrification allowing nitrification to occur during the more favorable 

resting phase. 

The pathways shown in Figure 1 emphasize the intricacy of nitrogen removal in 

TW. Other typically insignificant nitrogen removal pathways in TW include assimilation 
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(uptake of NH4

+ by heterotrophic and autotrophic bacteria) and dissimilatory nitrate 

reduction (nitrate à nitrite à ammonium). Nitrogen fixation and decomposition are 

important processes of the nitrogen cycle in ecosystems, including natural wetlands.  

 

 

Figure 1. Nitrogen removal pathways in a treatment wetland (Saeed & Sun, 2012). 
 
 

Operational Parameters 
 
 

Like most wastewater treatment systems, vertical flow treatment wetlands (VF 

TW) have operational parameters that are set by treatment operators or researchers. 

Operational parameters for the VF TW include dose frequency and dose volume 

(hydraulic loading), recirculation rate, and saturation level. The VF TW effluent water 

quality including nitrogen quantity and species can often vary depending on how these 

operational parameters are established. 
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Hydraulic Loading/Loading Frequency 
 

Hydraulic loading rates and loading frequency can affect nitrification. Hydraulic 

loading is a measure of volume of wastewater applied to the surface area of the wetland 

bed, typically represented as cm·d-1. Loading frequency is how often the wetland bed is 

given a dose of water. Molle (2008) concluded that an increase in hydraulic loading has a 

negative impact on nitrification. This is because adsorption (which affects nitrification) 

can be limited with an increase in hydraulic loading due the rapid flow velocity, which 

reduces the contact time between the water and media (Molle et al., 2008; Prost-Boucle 

& Molle, 2012). Prost-Boucle & Molle (2012) also suggested that systems could be 

hydraulically overloaded and limit nitrification potential, especially at low temperatures 

in winter. This study indicated that when loading rates were greater than 70 cm×d-1 in the 

winter, total Kjeldahl nitrogen (TKN) removal dropped by 20-30% (Prost-Boucle & 

Molle, 2012). Additionally, Paing (2014) found that the performance for COD and TKN 

decreased when loads were greater than 60 cm×d-1 for a two stage French System. This is 

most likely due to the limited oxygen renewal between each batch (dose) feeding. 

Furthermore, Prochaska (2007) found that lower applied hydraulic loads produced lower 

mean values in effluent TN concentrations for a pilot scale VF wetland.  

Short and frequent dosing are believed to help maintain aerobic conditions in the 

VF bed for nitrification. Brix et al. (2003) suggested that 85-90% of each load should be 

drained by gravity before the next load is applied. This allows the filter bed to refill with 

air between doses. The Danish design guidelines (Brix & Arias, 2005) suggest that the 

loading frequency should be 16-24 pulses·d-1 (pulse is synonymous to dose). However, 
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Dotro et al. (2017) suggest that dosing intervals should be between 3-6 hours or only 4-8 

pulses×d-1. The difference between 16-24 and 4-8 doses per day accentuates the lack of 

consensus on loading frequency. Optimal dosing frequency is likely dependent on both 

the overall loading rate, the volume of the dose applied and the media size, which gives 

reason to the lack of consensus for an appropriate dose frequency.  

 
Recirculation 
 

Due to the reasons described above, typical effluent of a VF TW is highly 

nitrified with low organic carbon availability. Recirculation has been shown to enhance 

total nitrogen removal by mixing nitrified effluent with carbon rich influent to promote 

denitrification (Arias et al., 2005; Brix et al., 2003). However, recirculation also has an 

effect of dilution, which might decrease reaction rates and lower effluent quality. 

Additionally, recirculation makes effluent water quality more consistent while inlet 

concentrations may vary (Prost-Boucle & Molle, 2012). For these reasons, recirculation 

typically has a positive effect on nitrogen transformation and removal in VF TW. A 

recirculation flow rate (RFR) can be determined by the following equation: 

%"#" = 	"&'()'*+,-(./	0.+*1&2/3+*&/-	0.+*1& ×100 

Thus, a RFR of 100% doubles the hydraulic load rate as all flow passes through 

the system twice and a RFR of 200% triples the hydraulic load rate. A VF TW can be 

hydraulically overloaded as the RFR increases. As previously discussed, nitrification 

capacity can decrease by hydraulically overloading the system, and thus decrease TN 

removal (Brix et al., 2003). Conversely, at low RFR, the efficiency of total nitrogen 



21 
 
removal can also decrease (Arias et al., 2005). The optimum recirculation ratio has been 

investigated in numerous experimental studies. Researchers recommended an optimal 

recycling ratio within the range of 100% to 200% for a two stage VF TW (Arias et al., 

2005; Prost-Boucle & Molle, 2012). At these RFR, the results suggested that the system 

could achieve adequate total nitrogen removal without being overloaded hydraulically. 

The TN removal increased from 52% at 100% RFR to 66% at 200% RFR (Arias et al., 

2005). Another study recommended a design RFR of 100% for a single stage French VF 

system (Prost-Boucle & Molle, 2012). A concern for recirculation is that the treated 

effluent is highly saturated with oxygen and this can affect the requirement for low DO 

for denitrification. 

 
Saturation Levels 
 

Most single and two-stage VF wetlands are operated completely unsaturated to 

provide maximum oxygen transfer and nitrification potential in the main treatment layer. 

However, because they are highly aerobic, they are only moderately capable of 

denitrification. Hybrid systems consisting of a VF wetland followed by a HF wetland are 

traditionally used to increase the effectiveness of total nitrogen removal. However, HF 

systems require a relatively large area, thus hybrid systems can be costly (Silveira et al., 

2015). To enhance denitrification, the water level can be raised (from the bottom of the 

VF TW) to provide an anoxic zone in the bottom of the wetland bed. Recent studies have 

been conducted to evaluate the performance of partially saturated wetland beds for VF 

systems. Molle (2008) found that oxygen availability in the media could decrease from 

10% in the unsaturated VF bed to 1- 4% in an unsaturated layer when the lower part of 
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the bed is saturated. This has a positive impact on denitrification (Kim et al., 2014; 

Silveira et al., 2015). Not only does the saturated layer support an anoxic environment 

conductive to denitrification, it also increases the hydraulic retention time allowing an 

increase in the contact time between microorganisms and substrate for denitrification 

(Langergraber et al., 2009). 

A study conducted by Silveira (2015) concluded that increasing the saturation 

level from 15 cm to 25 cm positively impacted pollutant removal, including TSS and 

dissolved COD, and increased the efficiency of denitrification. The total depth of the bed 

was 70 cm. However, ammonium removal was not affected by a change in saturation 

level. Wetland bed saturation level and recirculation are operational parameters to 

enhance denitrification. However, many other parameters affect denitrification including 

temperature, pH, redox potential, carbon source and retention time (Silveira et al., 2015).  

 
Full Scale/Pilot Scale Systems 

 
 

System Performance – Water Quality 
 

The performance of systems in terms of effluent water quality varies due to the 

unique characteristics of a specific system. As previously discussed, these characteristics 

consist of the arrangement of the VF system (hybrid, two-stage, single-stage, French 

system, etc), the climate, and operational parameters. Additional differences among 

wetland systems could include construction work quality and influent concentrations 

(Vergeles et al., 2015). Table 1 shows the variation in removal efficiencies of organics 

(COD, BOD), nitrogen (TN, TKN, NH4) and TSS from selected studies.  
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Table 1. Removal efficiencies of full-scale wetlands for selected water quality parameters 
 Two-Stage 

VF in 
Austria1 

169 Two- 
Stage VF 
French  
Systems 
in France2 

Single Stage 
VF 
Saturated 
(with 25 
cm) in 
France3 
 
  

Single 
Stage VF 
in Egypt4 

VF HF 
Hybrid 
System in 
Denmark5 
 

9 VF HF 
Hybrid 
Systems 
in East 
Ukraine6 

COD 95.9% 93% 50% 
(dCOD)* 

88% 78% 77.3% 

BOD 98.7% 98% NA 90% 96% 82.6% 
TSS  NA 96% 88% NA 99% 72.1% 
TN 53.2% 39% NA NA 61% 50.1% 
TKN NA 93% 60% 31-70%, 

avg 53% 
NA NA 

NH4
+ 99%( >8°C) 

67%(<5°C) 
NA 52% NA 97% 51.5% 

*Dissolved COD 

1(Langergraber et al., 2009) 
2(Paing et al., 2015) 
3(Silveira et al., 2015) calculated 
4(Abou-Elela & Hellal, 2012) 
5(Vymazal, 2005) from Table 7 
6(Vergeles et al., 2015) 
 

The VF systems, despite their different characteristics, are uniformly efficient at 

removing TSS and organics. However, reduction in TKN and NH4
+ varies from 51.5% to 

99%. The single stage systems average around 50% reductions in TKN and NH4
+. 

However, the two-stage systems remove more than 90%. Again, this difference 

emphasizes the complexity of these systems, specifically to nitrogen removal and 

transformation. Design parameters of wetland systems including treatment media size, 

wetland bed size, and macrophyte species selection are important parameters that can 

influence effluent water quality.    
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Design guidelines for VF systems have been established in Denmark, Germany, 

Austria and France. By following these guidelines, the effluent water quality will be 

guaranteed to achieve specific effluent criteria established by the specific country. For 

example, the Danish guideline guarantees a BOD and ammonia removal of 95% and 

90%, respectively, if the TW is built per the design standards (Dotro et al., 2017). Most 

European guidelines are based on wastewater pollution loads determined by population 

equivalent (PE, with the unit expressed as number of inhabitants). The minimum size and 

surface area for wetland systems are based on PE. For example, in Germany, the surface 

area requirement for a VF is 4 m2×PE-1. Treatment media size, depth of wetland bed, 

maximum organic loading rate, details of distribution system and conditions for primary 

treatment are all design parameters specified in the guidelines in addition to surface area 

requirement (Dotro et al., 2017).  

 
System Performance – Mass Removal  
 

The removal efficiencies displayed in Table 1 were calculated based on 

concentrations (in mg·L-1) between the inlet and outlet concentrations. This represents 

how well the system operated regarding the effluent water quality. However, mass 

loading and mass removal more accurately represent how well the system performed 

relative to system size. The most common units of mass removal and loading are  

g·m-2·d-1; thus, are calculated based on the surface area of the wetland bed and the 

concentration of the particular parameter. Mass load and mass removal allows for a more 

consistent foundation when comparing performance of treatment systems.  
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System Performance – Two Stage Systems 
 

The performance of a two-stage VF system in Montana, USA (Moss, 2016) is 

compared against a two-stage VF system in Austria (Langergraber et al., 2009) based on 

their similarities. Both wetland systems are a two-stage VF TW, they were operated in a 

cold climate where the water temperature can reach below 5°C, and they were 

intermittently loaded. The systems have distinct differences, the first being their location, 

and the second being that the system in Montana was operated and tested under 

recirculation whilst the other was not. Additionally, the Austrian system had an 

impounded drainage layer in the first stage.  

The organic load (COD) to the Austrian system averaged 40.7 g×m-2×d-1. However, 

the COD mass loading rate was much greater on the Montana system and ranged from 

approximately 50 to 350 g×m-2×d-1. Removal rates (based on concentration) of both 

systems were the same at 91% during the winter season.  However, the Montana system 

had much more COD mass applied; therefore, it was removing a greater mass of organics 

despite similar removal efficiencies based on concentration. 

When nitrification efficiency is compared between systems in the winter season 

(< 5°C), the results suggest that the Montana system performed better. In the Austrian 

system, nitrification occurred in both the first and second stage of the system. 

Ammonium removal was 74% with 56% occurring in the second stage. In the Montana 

system, only limited ammonium removal (nitrification) occurred in the first stage 

however, the second stage efficiency was 82%; thus suggesting that the Montana system 
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did a better job at ammonium removal. It is important to note that the Austrian system 

could achieve full nitrification during the summer.   

The TN load for the Austrian system averaged 4.26 g-N·m-2·d-1 in the winter with 

a removal of 1.63 g-N·m-2·d-1. This represents an average mass removal of 38%. The TNI 

(total nitrogen ion) load for the Montana system was again much greater than the 

Austrian system and ranged from 10-70 g-N·m-2·d-1 in the first stage and  

10-25 g-N·m-2·d-1 in the second stage. The average mass removal was 23% and 17%, 

respectively, which is lower than the Austrian efficiency. Overall, the mass loads of the 

Montana system were much greater than the Austrian system; yet, the removal 

efficiencies were less than the Austrian system. Overall, the comparisons between the 

two systems suggests that operational parameters such as recycle ratio or design such as 

size of treatment media do affect treatment performance.  

 
Conclusion 

 
 

Biological processes are the foundation of nitrogen removal in TW with 

physiochemical processes such as sorption playing important secondary roles. The 

presence of macrophytes encourages these processes, mainly by promoting the growth of 

heterotrophic and autotrophic bacteria in the rhizosphere. These processes can be 

encouraged by changing the operational parameters including saturation level, 

recirculation, dose frequency and dose volume. Yet, the complexity of natural biological 

treatment and human manipulated processes makes nitrogen removal in TW a convoluted 

process.  
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METHODS 
 
 

Site Description 
 
 

The Bridger Bowl Ski Area is located on the east slope of the Bridger Mountain 

Range, approximately 19 km northeast of Bozeman, Montana (Figure 2). The full-scale 

pilot VF treatment wetland system is located adjacent to the Coyote Flats ski run, 

approximately 700 linear meters from the base area (Figure 3) ("CalTopo," 2017). The 

system typically operates only during the ski season (December to April), during which, 

the maximum and minimum air temperatures can vary substantially between 13°C and  

-34°C, respectively. These ambient air temperatures were recorded during the 2017 ski 

season at the Alpine Lodge, which is approximately 300 meters higher in elevation than 

the wetlands ("CalTopo," 2017). Due to its latitude (45°49’04”) and elevation (1,860 m) 

the Bridger Bowl Ski Area receives approximately 9 m of annual snowfall and snow may 

be present as early as October and may not melt until May ("Bridger Bowl," 2017; 

"CalTopo," 2017). The combination of operating season, ambient air temperatures and 

heavy snowpack provides a challenging environment for a successful wastewater 

treatment system that relies on root zone technology. 
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Figure 2. Location of Bridger Bowl Ski Area with respect to the City of Bozeman, MT 

(Birkeland & Mock, 1996). 
 
 

 
Figure 3. The VF TW system location at Bridger Bowl Ski Area in relation to the base 

area and the top of the Bridger chair lift ("Google Maps," 2017) 

Wetlands 

Base Area 

Top of Bridger Lift 
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Research Design 
 
 

Overall Design 
 

The pilot system is a two-stage (A first stage and B second stage) vertical flow 

system. Each stage consists of two identical cells each in parallel (Figure 4). The system 

has recirculation capability, in which effluent water can be pumped onto the A cells. The 

system was conservatively designed for an influent flow rate of 1000 gal×d-1 (3800 L×d-1).  

 

 
Figure 4. Schematic of the Bridger Bowl VF TW system. The red stars indicate the 7 

sampling locations. 
 
 

A series of septic (sedimentation) tanks with a total capacity of 8.7 m3 (23,000 

gal) collect the wastewater produced from the Jim Bridger and Saddle Peak base area 

lodges. Water conservation measures, coupled with primary sources being lavatories and 

kitchens creates a wastewater that is classified as high strength. After primary treatment 

in these sedimentation tanks, water is pumped to a holding tank adjacent to the wetland 

site, herein referred to as the septic tank of 3.8 m3 (1000 gal) capacity. The water from 

the septic tank is then pumped onto the first stage of the so-called “A cells”. Effluent 

from both A cells is collected in a transfer tank of 3.8 m3 (1000 gal) capacity from which 

it is then pumped onto the second stage of the so-called “B cells”. Effluent from both B 
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cells is collected in a 5.7 m3 (1500 gal) capacity recirculation tank. The water in the 

recirculation tank is considered the final effluent of the system which can either be 

discharged or recirculated back into the system by pumping on the A cells. A photograph 

of VF TW system during the summer is shown in Figure 5.   

 

 
Figure 5. The VF TW A and B cells that are delineated by the fence on the right and left, 

respectively. 
 
 
Cells 
 

The surface area of each square cell is 23.8 m2 with vertical sidewalls of 

approximately 1.1 m. All cells were lined with a watertight geotextile membrane to 

prevent seepage out of the wetland. The media in each cell is layered and consists (from 

bottom to top) of drainage, transition, treatment and protective layers. Collection pipes 

are distributed within the drainage layer and distribution pipes are at the transition 

between the protective and treatment layers (Figure 6).  
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Figure 6. A general cross section of a wetland cell at Bridger Bowl. 
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The protective layer is coarse gravel (d50 » 5 mm) approximately 10 cm in 

thickness. This layer acts as a barrier against human contact with wastewater and 

provides thermal insulation during the winter. The treatment layer is where the bulk of 

microbial activity occurs. The media composition selected for the A and B cells is the 

only design difference between the two stages. The treatment layer is approximately 61 

cm thickness and in the A cells contains gravel with a d50 ≈ 5 mm (same as the protection 

layer), and the B cells contains sand with a d50 ≈ 0.6 mm. The choice of media and media 

sizes were selected based on availability; the A and B cell treatment layers are near the 

upper and lower limits of Danish guidelines, respectively (Brix & Arias, 2005). The 

potential for clogging led to the selection of coarser material for the A cells to account for 

the possibility of primary solids carryover from the septic tank. The transition layer 

consists of d50 » 10 mm pea gravel and prevents the migration of media from the 

treatment to drainage layer. Lastly, the drainage layer (d50 » 5-10 cm) at the bottom of the 

filter bed provides drainage and permits oxygen flow to the bottom of the bed. Both the 

transition layer and the drainage layer are approximately 10 cm thick.  

The distribution system is pressurized through mechanical pumping to ensure that 

flow is evenly distributed across the surface of the filter bed. The network of distribution 

pipes consists of a 2-inch line through the center of each cell branched with 1 ¼ -inch 

lateral pipes spaced 50 cm apart. Collection pipes are in the drainage layer in a similar 

pattern to the distribution system. The piping is 4-inch standard perforated drainpipe. 

Additionally, an Agri-drain© inline water level control structure was installed in each cell 

to manage the water level manually.  
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In June 2013, the wetland cells were planted with two macrophyte species: Carex 

utriculata (beaked sedge) and Schoenoplectus acutus (hardstem bulrush) with 

monocultures of one species planted in opposing quadrants. These macrophytes were 

selected because the species are native to the region and tolerate winter conditions. 

Additionally, Carex and Schoenoplectus demonstrated equal or better COD removal than 

Phragmites australis (Common reed) in previous research studies at MSU (Taylor et al., 

2010). A fence was constructed around the wetlands to protect the macrophytes from 

herbivory activity in the summer and to prevent skiers from tampering with the wetlands 

in the winter.  

The A and B cells were constructed with the capability to examine treatment 

performance as a function of depth. Each cell (four in total) contains in-cell sampling 

ports at three different depths at approximately 8, 20, 38 cm (3, 8, 15 inches) from the top 

of the treatment layer (Davis, 2013). Moss (2016) reported incorrect depths and the 

values of Davis are accurate.  

The system is designed to allow for independent loading of the two parallel cells 

in both A and B stages by use of a ball valve, thus unique loadings and/or dose 

frequencies can be examined simultaneously for identical influent concentrations and 

environmental conditions. Moreover, the ball valve can be removed and equal flow will 

be distributed onto both cells in each stage.   
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Operation 
 
 

The ski season runs from December through April, approximately 115 days and 

wetland system performance data has been collected for full ski seasons since the 2014-

2015 season. Data was collected intermittently during wetland construction and system 

start-up, prior to 2014. This thesis focuses on data collected from the 2015-2016 and 

2016-2017 winter ski seasons; previous data and data analysis is found in Davis (2013) 

and Moss (2016). Results from multiple combinations of several controllable operating 

parameters including influent flow volume, dosing frequency, recirculation ratio and 

saturation level have been evaluated. Each combination of these parameters is hereafter 

referred to as an operational “scheme” to distinguish one from another as shown in Table 

2. The goal of each scheme was to compare total nitrogen removal and determine which 

operational parameters enhanced denitrification. Henceforth, the recirculation (recycle) is 

presented as a ratio and not as a percentage as previously discussed in the literature 

review. The recycle ratio is the recycle volume to the septic volume (R:S). Even though 

there is capability to perform different experiments on each side of the A and B cells, 

both sides of the A and B cells were operated identically and can be considered 

replicates.  

A secondary study to test performance using domestic strength wastewater 

influent concentrations was performed during fall (Oct-Nov) and spring (May-June) 

2016. The fall campaign was used to develop experimental protocols; therefore, only 

results from the experiment conducted spring 2016 are reported herein. The operational 

parameters for the domestic wastewater experiment is displayed in Table 3. 
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Table 2. System Year 2016 and 2017 operational schemes for high-strength wastewater 
System 
Year 

Scheme 
Date 

Scheme 
# 

Septic 
Volume 
(gal·d-1) 

Re-
cycle 
Ratio 

Septic 
Doses 
per 
Day 

Septic 
Hydraulic 
Load  
(cm·d-1) 

Septic 
Dose 
Load  
(cm) 

Recycle 
Dose 
Load  
(cm) 

Transfer 
Hydraulic 
Load 
(cm·d-1)  

Transfer 
Dose 
Load 
(cm) 

Pump Schedule† 

2016 

12/18 – 1/13 1 342 1 4 2.72 0.68 0.70 5.53 1.38 R – S –T  
1/13 – 2/11 2 684 1 8 5.44 0.68 0.70 11.07 1.38 R – S – T  
2/11 – 3/10 3 1791 1 12 14.25 1.19 1.18 28.35 2.36 S – R – T  
3/10 – 3/25 4 981 2 12 7.81 0.65 1.48 25.58 2.13 R – S – T 
3/25 – 4/12 5 1120 2 6 8.92 1.49 1.05 27.90 4.65 S – R – R – R – T  

2017 
12/12 – 1/25 6 1120 2 6 8.92 1.49 1.05 27.90 4.65 S – R – R – R – T 
1/25 – 2/23 7 1295 2 12 10.3 0.86 0.65 33.62 2.80 S – R – R – R – T 
2/23 – 4/2 8 1701 2 12 13.5 1.13 0.82 43.17 3.60 S – R – R – R – T 

 
 
 
 
Table 3. Domestic wastewater experiment spring 2016 

System 
Year 

Scheme 
Date 

Septic 
Volume 
(gal·d-1) 

Recycle 
Ratio 

Septic 
Doses 
per 
Day 

Septic 
Hydraulic 
Load  
(cm·d-1) 

Septic 
Dose 
Load 
(cm) 

Recycle 
Dose 
Load 
(cm) 

Transfer 
Hydraulic 
Load  
(cm·d-1) 

Transfer 
Dose 
Load 
(cm) 

Pump Schedule† 

Spring 
2016 

6/10 – 6/23  1120 2 6 8.92 1.49 1.05 27.90 4.65 S – R – R – R – T  

 
 
† S =  Septic tank dose  / R = recirculation tank dose / T = transfer tank dose
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 The pump schedule for each scheme in Table 2 and 3 were repeated on a cycle, 

for example, every 4 hours. For example, on the first minute of the cycle of Scheme 6, 

the septic tank would pump and a dose of 1.49 cm would be applied to the A cells. After 

30 minutes, leaving enough time for the A cells to drain, the recirculation tank would 

pump and a dose of 1.05 cm would be applied. Another recirculation dose would be 

applied another 30 minutes later, and again another 30 minutes later. Finally, the transfer 

tank would pump a dose of 4.65 cm, which is the sum of the septic and recycle doses. 

This entire loading scheme (S-R-R-R-T) would be repeated 12 times a day, for a total of 

12 septic doses, 36 recycle doses and 12 transfer doses.  

 
Field Methods 

 
 

The Bridger Bowl pilot system was designed and constructed to facilitate a major 

research component with the capability to perform experimental and observational 

studies. A supervisory control and data acquisition (SCADA) system was created to 

monitor and control the pilot wetland system. The SCADA monitoring and control 

interface includes the pump and valve controls, autosampler controls, and the opportunity 

to obtain hydrograph and redox measurements. The pump and valve controls in the 

SCADA system allow for flexibility to experiment with operational parameters, including 

hydraulic loading (dose volume and dose frequency) and recirculation ratio.  

The autosampler controls in the SCADA system allow for collection of up to a 

maximum of 40 individual samples in 500 mL Nalgene bottles (Figure 7) before retrieval.  
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Figure 7. The autosampler and computer equipped with the SCADA system.  

 
 

A sample from each location was taken twice a day (approximately 12 hours apart) and 

combined to create a composite sample. The red stars indicated on Figure 4 are the 7 

sampling locations: septic tank, effluent from A1, effluent from A2, transfer tank, 

effluent from B1, effluent from B2 and recirculation tank. Systematic composite samples 

were collected every other day (i.e. Thursday, Saturday, and Monday). All composite 

samples collected via autosampler were acidified with sulfuric acid for sample 

preservation. EPA wastewater preservation methods recommend preserving wastewater 

samples using sulfuric acid to reduce the pH<2, along with cooling the sample to 4°C 

(Handbook for Sampling and Sample Preservation of Water and Wastewater, 1982). 

Under these conditions, the sample can be analyzed within 28 days for ammonium, TKN, 

COD and nitrate/nitrite. A volume of 10 mL of 1.8 M sulfuric acid was dispensed into 

each sample bottle before placing it in the autosampler. Therefore, the sample was 

immediately acidified and preserved upon being dispensed into the sample bottle. Grab 
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samples collected to analyze TSS, BOD and orthophosphate were manually collected 

with a dip stick in 500mL or 1000mL Nalgene polyethylene bottles. All grab samples 

were temporarily placed in the snow for sample preservation prior to being transported in 

a cooler to the laboratory.  

Onset ® HOBO Data Loggers were used through the 2016-2017 ski season to 

collect water temperature data. The data loggers were placed in the septic (influent) and 

recirculation (effluent) tanks.  

 
Domestic Strength Experiment: Additional measures were implemented to 

conduct the domestic strength wastewater experiment. During the off-season (April-

November), wastewater flows range approximately from 100-400 gal·d-1. The wastewater 

flow was increased at the base by turning on a faucet in Saddle Peak Lodge. The faucet 

flow was calibrated to approximately 1120 gal·d-1. The continuous faucet flow resulted in 

a dilution of the wastewater in the septic tank at the base and the nutrient concentrations 

fell below domestic wastewater concentrations. To account for the dilution, synthetic 

nitrogen and carbon sources were added at the wetland septic tank to meet a target 

domestic concentration of 35- 40 mg-N·L-1 of total nitrogen and 300-450 mg·L-1 of COD. 

Non-analytical grade ammonium chloride and denatured 100% ethanol were used as the 

total nitrogen and COD sources, respectively. Ethanol is suggested as external carbon 

source for nitrogen removal in wastewater treatment that has a COD concentration of 

1,650,000 mg·L-1 (Wastewater Treatment Fact Sheet: External Carbon Sources for 

Nitrogen Removal, 2013). Both sources were pumped independently, via peristaltic 

pumps, into the backflow line of the autosampler, which drains into the septic tank 
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(Figure 8). A solution of 32.85 g·L-1 ammonium chloride was pumped with a target flow 

of 2 mL·min-1, and denatured 100% ethanol was pumped with a target flow of 0.55 

mL·min-1 to achieve their respective target influent bulk concentration.   

 

 
Figure 8. Containers filled with ammonium chloride (left) and ethanol (right) that are 

being pumped into septic tank during domestic strength experiments.    
 
 

Laboratory Methods 
 
 

System performance was measured by water quality analysis. Various water 

quality constituents were analyzed at the Environmental Engineering Lab at Montana 

State University (MSU), including organics (BOD and COD), nitrogen species and total 

suspended solids (TSS). When applicable, the standard methods (Standard Methods For 

The Examination of Water and Wastewater, 1992) were used. Grab samples and 
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composite samples were transported in a cooler and backpack, respectively, to MSU. 

Upon arrival to the lab, all samples were immediately moved into a 4°C refrigerator.  

 
Organics 
 

The 5-day biological oxygen demand (BOD5) and chemical oxygen demand 

(COD) tests were performed to measure the concentration of organic matter in the 

wastewater. Urea, proteins, carbohydrates, oils and fats are common organic matter found 

in wastewater (Metcalf & Eddy, 2003). Standard Method 5210-B (EPA Method 405.1) 

was the protocol used for BOD5, which determines the concentration of biodegradable 

organics. Standard Method 5220D (Hach Method 8000) was used to determine the 

chemical oxygen demand. High range COD digestion vials were purchased from Hach® 

that contained pre-aliquoted chemical reagents, including potassium dichromate, 

necessary for the oxidation of organic matter. In comparison to BOD5, the COD test 

measures non-biodegradable organics in addition to biodegradable organics.  

 
Nitrogen 
 

Three ionic forms of nitrogen (nitrate, nitrite and ammonium) were analyzed to 

determine the various oxidation states of nitrogen throughout the wetland system. 

Additionally, total Kjeldhal nitrogen (TKN) and total nitrogen (TN) were measured to 

acquire insight on the concentration of organic nitrogen in the wastewater. Nitrate and 

nitrite were analyzed under Standard Methods 4110, the determination of anions by ion 

chromatography (IC). A Metrohm IC with a Dionex AS22 fast column was used for the 

analyses. Ammonium was analyzed through a colorimetric assay using the Berthelot 
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reaction, in alignment with Standard Methods 4500. The protocol, “2-Phenyphenol 

Method for Determination of Ammonium” was used for the colorimetric assay (Rhine et 

al., 1998). TKN and TN was measured using Hach Method 10242. A simplified TKN vial 

test kit was purchased from Hach® and TKN was determined through a peroxodisulfate 

digestion by taking the difference of nitrate concentrations from two different vials. In the 

first vial, a peroxodisulfate digestion oxidizes all inorganic and organic nitrogen into 

nitrate. The nitrate ions that are in solution react with 2,6-dimethylphenol to form 

nitrophenol. In the second vial, nitrate and nitrite in the original sample are determined 

and then subtracted from the first vail to obtain TKN. TN was calculated by a calculated 

sum of TKN and nitrate/nitrite.  

 
Total Suspended Solids  
 

Total suspended solids (TSS) were analyzed to determine the effectiveness of 

vertical flow wetlands to filter residual solids from primary treatment. Standard Methods 

2540-D (EPA Method 160.2) was followed to determine the concentration of total 

suspended solids in the wastewater. The filters were dried at 103-105°C for 24 hours. An 

increase in filter weight after the drying period, determined the quantity of TSS present in 

the sample.  

Data Analysis 
 
 
Detection Limit 
 

Approximately 25% of both the ammonium and nitrate samples from the 2015-

2016 and 2016-2017 season were below the detection limit of the specific test used. EPA 
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guidelines suggest various statistical analysis methods to account for sample values 

below the detection limit (nondetects) depending on the percentage of nondetects in the 

data. For nondetects ranging between 15-50% of total samples the EPA recommends 

methods such as the trimmed mean, Cohen’s adjustment and Winsorized mean and 

standard deviation. However, a study concluded that the more simple replacement 

equation, !"#"$#%&'	)%*%#	(!))/√2 is adequate when nondetects are approximately 

~25% of the samples (Croghan & Egeghy). Therefore, the substitution method of !)/ 2 

was used to quantify all data below detection limit from the 2015-2016 and 2016-2017 

seasons. 

 
Statistical Analysis 
 

The majority of statistical analysis and figure graphics was completed in R, 

version 3.4.0, a software for statistical computing and graphics. Linear regression models 

were fit in R and non-linear regression was used when appropriate. Additionally, 

Microsoft Excel was used on occasion for basic computation and analysis.  
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RESULTS & DISCUSSION 

 
Water Quality 

 
 

The water quality at various points (Figure 4) within the VF TW was evaluated 

for the 2015-2016 and 216-2017 ski seasons. Ski season is hereon referred to as system 

year (2016 and 2017 respectively). These results will help determine the applicability of 

the VF TW as a secondary treatment system for Bridger Bowl Ski Area as well as 

provide information for future use by designers of the VF TW systems. Despite the fact 

that the wetland influent undergoes primary treatment, the influent COD concentration 

averaged 900 and 969 mg·L-1 for the 2016 and 2017 system year, respectively. The 

influent nitrogen is primarily in the form of TKN (organic nitrogen and ammonia) with 

minimal quantities of nitrate and nitrite. The average influent TKN concentration was 

approximately five times greater than the concentration of typical domestic strength 

wastewater (186 and 202 mg·L-1-N for the 2016 and 2017 system year, respectively). 

The average influent and effluent concentrations for nutrients (organics, 

phosphorus, nitrogen) and suspended solids for each system year (2016 and 2017) were 

compared against one another to gain insight on the overall water quality performance of 

the VF TW (Table 4).  
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Table 4. Overall water quality of the VF TW in 2016 and 2017. The influent and effluent 
concentrations are the calculated mean with their corresponding standard error of the 
mean (SE).    

2016 

Parameter Influent SE† n Effluent SE† n % Removal 
COD (mg·L-1) 899.6 35.1 23 62.7 3.9 24 93.0 
BOD5  (mg·L-1) 607.2 48.3 5 3.8 0.6 3 99.4 
TN (mg·L-1) 188.3 6.7 16 57.4 3.2 18 69.5 
TKN (mg·L-1) 186.3 6.7 16 2.4 0.9 18 98.7 
NH4

+ -N (mg·L-1) 145.2 6.9 35 3.8 0.2 40 97.4 
NO3

- -N (mg·L-1) 2.4 0.1 37 52.5 1.9 42 -2073 
TSS (mg·L-1) N/A* N/A* 0 N/A* N/A* 0 N/A* 
PO4

3- -P (mg·L-1) 13.3 0.9 6 8.8 0.6 6 33.7 
*Not measured 
 

2017 

Parameter Influent SE† n Effluent SE† n % Removal 
COD (mg·L-1) 968.5 13.9 43 49.6 1.1 47 94.9 
BOD5  (mg·L-1) 575.0 39.9 8 2.4 0.2 7 99.6 
TN (mg·L-1) 204.9 9.4 9 51.6 6.0 9 74.8 
TKN (mg·L-1) 201.7 9.2 9 6.6 3.7 9 96.7 
NH4

+ -N (mg·L-1) 173.6 3.6 45 3.4 0.5 50 98.0 
NO3

- -N (mg·L-1) 1.7 0.03 45 40.6 1.5 50 -2303 
TSS (mg·L-1) 59.8 3.9 8 1.3 0.3 7 97.8 
PO4

3- -P (mg·L-1) 18.9 2.8 13 12.4 2.4 10 34.3 
†01 = 3

4 

Overall, the VF TW effectively removes most organics, TKN, ammonia and TSS (all 

>90%), but is less efficient at removing orthophosphate and produced nitrate due to 

internal nitrogen transformations. The consistency in water quality performance between 

2016 and 2017 suggests that, despite variations in yearly environmental factors (water 
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temperature, snowpack, etc.) and operational differences, the VF TW can produce an 

effluent quality that meets the current discharge standards of the Bridger Bowl permit.  

Removal of biodegradable organics (measured by BOD5) was over 99% in both 

system years. Since the VF TW removed nearly all biodegradable organics, it can be 

assumed that the remaining organics in the effluent (measured by COD) are categorized 

as non-biodegradable. This assumption can be confirmed by the following set of 

calculations (Metcalf & Eddy, 2003). Assuming that the equations: 

Biodegradable COD = 1.6 (BOD5) 

Total COD = Biodegradable COD + Non-Biodegradable COD 

are valid, and using the measured mean influent concentration of BOD5 in 2017 (575 

mg·L-1), the calculated biodegradable COD in the influent is 920 mg·L-1. The estimated 

non-biodegradable fraction of influent COD in 2017 is estimated to be 48.5 mg·L-1 and 

calculated by subtracting the calculated biodegradable COD (920 mg·L-1) from the 

average total influent COD (968.5 mg·L-1). The measured average COD in the effluent in 

2017 was 49.6 mg·L-1 which is very close to the calculated non-biodegradable COD (48.5 

mg·L-1). These calculations and observations combined with the observation that effluent 

BOD5 is close to zero (2.4 mg·L-1) suggests that the VF TW effectively removed all 

biodegradable organics, and most of the COD in the effluent is non-biodegradable and no 

future reduction is likely. 

The measured concentration of COD in the septic, transfer and recirculation tank 

measured throughout each system year is presented in Figure 9.     
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Figure 9. Time series of the concentration of COD in the septic, transfer and recirculation 

tank for the system year 2016 and 2017. 
 
 
Most of the COD is removed by the A cells. Moreover, the remaining biodegradable 

organics are removed by the B cells. 

Nitrate was the predominant form of nitrogen in the effluent due to nitrification 

that occurred primarily in the B cells. Approximately 97.4% (2016) and 98% (2017) of 

ammonium was transformed to other nitrogen forms or removed by the system. 

Nitrification is believed to be the primary transformation mechanism of ammonium in the 

VF TW, yet the ammonium could also be sorbed to the treatment media. However, any 

ammonium that is desorbed most likely still undergoes nitrification based on the nominal 

concentrations of ammonium in the effluent. Plant uptake of ammonium is believed to be 
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negligible because the macrophytes are dormant during the winter months when 

operation and testing occurs. The mean ammonium concentration and standard deviation 

in the recirculation tank (effluent) was 3.8 ± 1.2 mg-N·L-1 in 2016 and 3.4 ± 3.7 mg-N·L-1 

in 2017. It is important to note that 83% and 84% of the ammonium samples from the 

recirculation tank were below detection limit in 2016 and 2017, respectively.  

The TN removal increased from 69.5% to 74.8% between the 2016 and 2017 ski 

seasons and was the parameter showing the greatest difference between years. This is 

likely attributable to the operational parameter changes made in 2017 to enhance 

denitrification.   

The concentration of total nitrogen ions (TNI) in the septic, transfer and 

recirculation tank in each system year as a function of time are presented in Figure 10. 

TNI is defined as the sum of nitrate, nitrite and ammonium. 
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Figure 10. Time series of the concentration of total nitrogen ions in the septic, transfer 

and recirculation tank for the system year 2016 and 2017. 
 
 

The time series shows the reduction of TNI from the influent (septic tank) to the 

effluent (recirculation tank). The scatter of the data from 2016 is because of multiple 

factors. First, septic tank input was more variable, likely due to variation in skier visits 

during the year. Variation in transfer and recirculation tank concentrations is further 

enhanced because more operational schemes were employed in 2016 including a 

variation in recycle ratio of 1:1 and 2:1 which greatly varied the quantity of nitrogen 

applied to the A cells. There were fewer schemes in 2017 and the variation in septic 

hydraulic loading was the only variable. Thus, the tightened results reflect more 

consistent operational parameters in 2017. Second, all ammonium analysis was 
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performed on samples frozen for preservation in 2016. Some COD, TKN and nitrate 

analysis was also performed after the samples were frozen. Spot-checking of duplicate 

samples determined that freezing often affected measured concentrations and this practice 

was discontinued in 2017. The effects of freezing on sample analysis is further discussed 

in Appendix A.  

There is a noticeable increase in septic tank TNI and COD strength during the 

first month of both seasons as shown in Figures 9 and 10. The concentration of the 

wastewater increases throughout the month of December as the number of skier visits 

increases and can be considered a start-up period of the VF TW.  

The Bridger Bowl Ski Area operates under a groundwater class I permit issued by 

the Montana Department of Environmental Quality (MDEQ) ("Ground Water Discharge 

Permits," 2017). The wastewater is discharged into a drainfield approximately 270 linear 

meters from the VF TW ("CalTopo," 2017). A new permit issued in November 2017 

limits a total nitrogen loading of 5.2 lbs-N·d-1 and requires monitoring of, but no 

limitations on, total phosphorus, the nitrogen species, ammonia, nitrate + nitrite, and 

TKN. Therefore, to meet the discharge requirement of 5.2 lbs-N·d-1 under a maximum 

flow of 10,200 gal·d-1, the effluent maximum TN concentration is 61 mg-N·L-1. The 

average effluent TN concentrations in 2016 and 2017 system year were 57.4 and 51.6 

mg-N·L-1, respectively. Therefore, a full-scale VF TW should be able to meet the current 

discharge requirements of MDEQ.  

The discharge permit issued in November 2017 will expire in 2021. Consistent 

yearly increases in skier visits, new building renovations and new construction is 
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evidence of continual growth of Bridger Bowl Ski Area. This growth directly affects 

wastewater flows and it is conceivable that Bridger Bowl will need to meet a stringent 

Level 2 treatment in the future. According to Montana State Rule 17.30.702, section 11,  

“Level 2 treatment” means a subsurface wastewater treatment system that: 
(a) Removes at least 60 percent of total nitrogen as measured from the raw 
sewage load to the system; or (b) Discharges a total nitrogen effluent 
concentration of 24 mg/L or less.  
 

As shown in Table 4, TN removal in the VF TW as currently operating was 70% and 

75% for 2016 and 2017 respectively; thus, could meet the Level 2 treatment criteria of 

60% reduction.  

Herein analysis of reduced nitrogen forms is based solely on ammonium and not 

TKN. This reason is a two-fold. First, laboratory testing and analysis was more cost-

effective for ammonium rather than TKN. Second, a regression analysis confirmed that 

regardless of sample location, the vast majority of TKN is ammonium. The ratio of NH4
+ 

to TKN concentrations was plotted against the concentration of NH4
+ for the data from 

the septic and transfer tank (Figure 11). A slope of zero would indicate the ratio does not 

vary over the range of observed concentrations and if the slope is zero the mean ratio is a 

measure of the fraction of TKN in the form of ammonium.  
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Figure 11. The proportion of influent ammonium to TKN as a response to the 
concentration of ammonium in the septic and transfer tanks.  

 
 
In the septic tank, the slope (the change in proportion for every mg-N×L-1 in ammonium) 

is between 5.01E-03 and 2.78E-03 at a 95% confidence interval while the mean 

proportion was 85%, suggesting that 85% of TKN is in the form of ammonium. In the 

transfer tank, the slope is between 1.7E-05 and 9.363E-03 at a 95% confidence while the 

average proportion of ammonium to TKN is 0.93. Note that some data points describe a 

physically impossible ratio greater than one due to discrepancies between the two 

different laboratory methods that were used to analyze TKN and ammonium. Considering 

this and realizing the slopes even with this discrepancy are very close to zero it can be 

assumed that the mean ratios accurately reflect the fraction of TKN in the form of 
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ammonium in the influent and effluent. In addition, some soluble non-biodegradable 

nitrogen will exist after biological treatment, (<3% TKN influent concentration) (Metcalf 

& Eddy, 2003). Thus, for practical purposes the ammonium concentration is a close 

representation of TKN, especially in the effluent.  

 The following sections will more closely examine the performance of each stage 

of the two stage VF TW when operated with recycle. The A cells were partially saturated 

for both system years to encourage denitrification, and the B cells were unsaturated to 

maximize nitrification. The general success of this configuration is readily apparent by 

observing the forms of nitrogen entering and leaving each cell in the system averaged 

over both years (Figure 12). 

 

 

Figure 12. Mean 2016 and 2017 nitrate and ammonium concentrations of the 7 sampling 
locations at the VF TW. 
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The effluent from the A cells was primarily ammonium coming from the septic tank, 

while the effluent from the B cells is almost exclusively nitrate with very little reduction 

in total nitrogen compared to B cells inflow. The wastewater actually applied to the A 

cells was a combination of primary treated water rich with ammonium (septic) and 

nitrate-rich water recycled from the recirculation tank which is not reflected in Figure 12.  

Within each system year, changes to the septic and recirculation dose load, and 

the recycle ratio were made with the focus of experimentation on performance of the A 

cells for denitrification. Depth of saturation and timing and volume of septic and recycled 

water doses were the other major operational parameters varied during these years (Table 

2). 

Both the A1 and A2 cells were operated with a saturated layer in 2016 and 2017. 

In 2016, both A1 and A2 were saturated to a level of 53 cm (measured from bottom) with 

28 cm of unsaturated media in the cell above. Though both levels were the same an 

artifact that proved to be significant is that the water level was raised to 53 cm in A2 on 

October 6, 2015 (70 days before wastewater application began) but was not raised in A1 

until December 15, 2016 (at the same time the year began). In 2017, A1 remained at a 

saturation level of 53 cm and the saturation level of A2 was increased to 71 cm on July 8, 

2016 (157 days before wastewater application began) leaving approximately 10 cm of 

unsaturated media above. An evaluation of performance of both stages for COD is 

followed by performance of the B cells for nitrification, nitrogen transformations in the A 

cells and finally an analysis of the effect of different operational schemes on nitrogen 

transformations and removal in the following sections. 
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System Performance of Organics Removal 
 
 

The performance of the system for organics removal was evaluated by examining 

the mass load and mass removal of COD in the A cells and B cells over the 2016 and 

2017 system years. A linear regression model was fit for both scatterplots. Because a 

portion of the COD is non-biodegradable, it is unlikely that all COD could be completely 

removed from the VF TW. Thus, the linear model has a non-zero y-intercept. The mass 

load of COD applied to the A cells in 2016 ranged from 12.6 g·m-2·d-1 to 165.1 g·m-2·d-1 

(Figure 13). The maximum mass loading applied to the A cells is approximately six times 

greater than the recommended maximum organic loading rate in the Danish guidelines 

for VF TW (Dotro et al., 2017). COD was evaluated as the constituent of organics 

because a greater number of samples were collected than BOD5. The laboratory test for 

COD was an easier method of analysis resulting in quicker results than BOD5. 
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Figure 13. The mass removal of COD as a function of mass load of COD to the A cells in 

2016. The dashed line (---) is the 100% removal line. The shaded area (    ) is the 95% 
confidence interval.  

 
 

The A1 and A2 cells were saturated to a level of 53 cm and though the timing of 

saturation differed, this made little difference in COD removal. The regression coefficient 

of the two regression lines are close to one another at 0.64 and 0.61 for A1 and A2, 

respectively. The COD applied to the A cells in 2017 was less variable and ranged from 

67.7 g·m-2·d-1 to 162.6 g·m-2·d-1 (Figure 14). 
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Figure 14. The mass removal of COD as a function of mass load of COD to the A cells in 
2017.  The dashed line (---) is the 100% removal line. The shaded area (    ) is the 95% 

confidence interval.  
 
 

The COD removal in A1 (53 cm saturated) is greater than A2 (71 cm saturated), 

based on the regression model and regression coefficient. This suggests that increasing 

the saturation level, while beneficial to denitrification (as discussed in a following 

section) has a negative effect on COD removal.  

The mass removal of COD was also evaluated for the B cells for system year 

2016 and 2017 (Figure 15 and 16, respectively). The mass load of COD to the B cells 

was significantly less than the COD applied to the A cells because most of the COD was 

removed in the A cells.  
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Figure 15. The mass removal of COD as a function of mass load of COD to the B cells in 
2016.  The dashed line (---) is the 100% removal line. The shaded area (    ) is the 95% 

confidence interval.  
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Figure 16. The mass removal of COD as a function of mass load of COD to the B cells in 
2017.  The dashed line (---) is the 100% removal line. The shaded area (    ) is the 95% 

confidence interval.  
 
 

Complete organics removal, measured by COD, is difficult to achieve in a TW 

because a portion of the organics are non-biodegradable. As previously discussed, the 

effluent concentration of COD is nearly equivalent to the concentration of non-

biodegradable COD. Therefore, it is unlikely that the mass removal of COD from the 

system (a combination of both A and B cells) can achieve a greater removal efficiency.  

The high concentration of organics in the influent wastewater presents a concern 

of clogging in the treatment layer of wetland bed. The potential for clogging led to the 

selection of a coarser bed material for the A cells to account for the possibility of primary 

solids carryover from the septic tank. Solids carryover was deemed to be less of a threat 
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in the B cells, therefore the treatment layer was designed to be a medium sand (Moss, 

2016). However, organic overloading in addition to primary solids carryover can cause 

clogging and one B cell clogged in the 2013-2014 system year (Moss, 2016). Clogging 

occurred due to poor COD removal in the A cells which in turn was caused by large 

septic dose volumes. These large doses led to a carbon breakthrough of the A cells and 

high COD concentrations in the transfer tank, which is the influent to the B cells. At the 

time of clogging, the A cells were completely unsaturated and the influence of a saturated 

layer on organic carbon breakthrough is unknown, but likely lessens the concern as there 

is a volumetric buffer to carbon breakthrough. Regardless, since the incident of clogging, 

the A cells have been dosed with relatively small and frequent dose volumes to minimize 

carbon breakthrough to the B cells and no clogging has been observed since the 2013-

2014 system year.  

 
System Performance of Nitrogen in the B Cells 

 
 

The B cells were operated completely unsaturated in 2016 and 2017 to maximize 

aerobic activity for nitrification. Both cells were operated in exactly the same manner in 

both seasons and loaded with large doses of ammonium-rich water from the transfer tank 

every 2-6 hours (depending on the scheme operation). The media in the B cells is sand 

(d50 » 0.6 mm), and it takes a few hours for the water to drain completely from the 

wetland bed. The long duration between each dose allowed the wetland bed to gravity 

drain completely which allowed the maximum capacity of oxygen to refill the voids in 

the wetland bed. The performance of the B cells as a nitrification reactor is explored in 
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more detail by examining the mass ammonium removal versus mass loading for system 

year 2016 and 2017 (Figure 17 and 18 respectively).  

 

Figure 17. The mass removal of ammonium as a function of mass load of ammonium to 
the B cells in 2016.  The dashed line (---) is the 100% removal line. The shaded area (    ) 

is the 95% confidence interval. 
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Figure 18. The mass removal of ammonium as a function of mass load of ammonium to 
the B cells in 2017.  The dashed line (---) is the 100% removal line. The shaded area (    ) 

is the 95% confidence interval. 
 
 

The linear regression model in Figure 17 and 18 was fit with an intercept 

however, because the value of the intercept is so small and the data is well fitted (r2>0.98) 

for all four graphs, a zero intercept can be assumed. The approximate removal efficiency 

is extracted from the regression coefficient. The 2016 mass removal efficiency of 

ammonium is approximately 88% and 94% in B1 and B2, respectively. In addition, the 

removal efficiency increases in 2017 to 97% for both B1 and B2. Improvement in 2017 

could be attributed to the consistency of operating schemes. The dosing schedule to the B 

cells remained relatively constant throughout the operating year, whereas the dosing 

schedule (frequency and dose load) was more variable in 2016.  The regression slopes 
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were always greater than 0.88 indicating a high efficiency for nitrification in the B cells; 

almost all ammonium incoming to the B cells was converted into nitrate. Both cells show 

a slight increase in mass removal during the 2017 season (Figure 18) despite similar 

loading rates suggesting that system maximum performance has not been achieved even 

in the fourth year of operation as a planted wetland bed. The maximum mass load of 

ammonium applied to the B cells was 22.3 g-N·m-2·d-1 in 2017 with a corresponding 

removal of 21.3 g-N·m-2·d-1. Thus, the maximum mass removal capability of the system 

has not yet been determined, and these results confirm virtually complete nitrification 

despite the cold climate and cold water temperatures (mean » 4°C in 2017). Therefore, 

the results support the premise that water temperature has limited effect on nitrification 

efficiency in VF TW.  

The Danish design guidelines for VF TW guarantees 90% nitrification, however, 

the influent wastewater composition is domestic strength and the loadings of nitrogen 

(~4.1 g-N·m-2·d-1) are less than what is applied to the VF TW system at Bridger Bowl 

(Brix & Arias, 2005). Thus, the VF TW at Bridger Bowl is capable of exceeding the 

expectations of the Danish guidelines. Additionally, the VF TW at Bridger Bowl exceeds 

the results from the two-stage VF TW system in Austria. The Austrian system achieved a 

74% nitrification of the influent ammonium at temperatures less than 5°C (calculation 

based on median value concentrations), with a median effluent concentration of 14.3 

mg·L-1 of NH4
+-N (Langergraber et al., 2009). Conversely the VF TW at Bridger Bowl 

was capable of achieving 97% nitrification in the B cells in 2017 with temperatures 

consistently less than 5°C.   
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System Performance of Nitrogen Removal in the A Cells 
 
 

 Performance of the A cells is evaluated independently for the 2016 and 2017 

system year due to the unique operational parameters that were investigated each year.  

 
2016 System Year  
 

Nitrate mass removal in the A cells is compared to nitrate mass load in Figure 19. 

Results reflect the nitrate removal capability of each cell without regard to the operational 

parameters that were varied throughout the season.  

 

Figure 19. The mass removal of nitrate (as N) as a function of mass load of nitrate to the 
A cells in 2016. Both A cells were saturated to 53 cm. The dashed line (---) is the 100% 

removal line.  
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A stark decrease in mass removal is shown in both the A1 and A2 cells when the 

mass load is greater than about 10 g-N·m-2·d-1 (highlighted in shaded red in Figure 20). 

 

Figure 20. Mass load and mass removal of nitrate in the A cells in 2016 with a red box  
(    ) that delineates a marked reduction in removal. 

 
 

A first postulation describing this trend is that the mass removal efficacy 

decreases when mass loading exceeds 10 g-N·m-2·d-1. However, upon further 

investigation it is clear that the highlighted data represents the first scheme after the 

recycle ratio was increased from a 1:1 to 2:1 (Figure 21). 
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Figure 21. Nitrate mass removal versus mass load with different septic loads delineated 
by color and different recycle ratios delineated by symbol shape. 

 
 

The system was operated under a 1:1 recycle ratio with systematic increases in 

septic load for the first three months of the 2016 system year, while during the fourth 

month it was operated under a 2:1 recycle ratio. Based on this, a second postulation was 

that the sudden decrease in the carbon to nitrate ratio corresponding to increasing the 

recycle ratio caused a dramatic decrease in mass removal to approximately 2.5 g·m-2·d-1 

and 3 g·m-2·d-1 for A1, and A2 respectively. Moreover, this was followed by a gradual 

recovery to approximately 6 g·m-2·d-1 as the system gradually equilibrated to the new 

condition. This assumption was reinforced by noticing that subsequent data collected at a 

2:1 recycle ratio but with the septic dose increased to 8.9 cm·d-1 (Scheme 5, represented 

by the blue triangles on Figure 21) appeared to revert to the trend for the data collected at 
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1:1 recycle. Yet, this assumption also proved to be false by evaluating the time trends 

within Scheme 4 (Figure 22). 

 

Figure 22. The mass load and mass removal of nitrate for the septic load of 7.8 cm·d-1 and 
a recycle ratio of 2:1 (Scheme 4). The adjacent numbers to the green triangles represent 

the number of days that passed after the VF TW was changed to 2:1 recycle. 
 
 

As the number of days increased, the mass removal decreased suggesting that the 

system was not equilibrating with time but that some other operational parameter was 

decreasing performance during Scheme 4 and was then ‘corrected’ during Scheme 5, the 

last scheme of the season. The principal difference in operation between these two 

schemes was the method of how the A cells were loaded with septic and recycle doses, as 

shown in Table 5. 
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Table 5. Operational parameters of the A cells during Schemes 4 and 5  
Scheme 
Date 

Scheme 
Number 

Recycle 
Ratio 

Septic 
Hydraulic 
Load  
(cm·d-1) 

Septic 
Dose 
Load 
(cm) 

Recycle 
Dose 
Load 
(cm) 

Dose Schedule 

3/10 – 3/25 4 2 7.81 0.65 1.48 R – S – T  
3/25 – 4/12 5 2 8.91 1.49 1.05 S – R – R – R – T  

 
 
Scheme 4 was loaded with a large recirculation dose load of 1.48 cm·dose-1 followed by a 

septic dose load of 0.65 cm·dose-1. Scheme 5 was first loaded with a septic dose load of 

1.49 cm·dose-1 followed by three small recycle doses of 1.05 cm·dose-1. This suggests 

that denitrification removal is favored by small and frequent recycle doses under a 2:1 

recycle operation.  

After investigation of the schemes with a 2:1 recycle, the mass removal as a 

function of mass load for nitrate were reevaluated only for the schemes that operated with 

a similar dose schedule and a 1:1 recycle in 2016 (Figure 23).   
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Figure 23. The mass removal of nitrate as a function of mass load of nitrate to the A cells 
in 2016.  The dashed line (---) is the 100% removal line. The shaded area (    ) is the 95% 

confidence interval. 
 
 

The slope of each regression line is nearly the same, 0.97 and 0.96 for A1 and A2 

respectively, however, the y-intercept values are different. The mean mass removal 

between the two cells are significantly different supported by a paired t-test (p-

value=4.9E-16, α=0.05) across each mass load despite the same level of saturation. The 

mass removal was often negative at low loadings in A1, indicating that nitrate was being 

produced and not removed. The difference in results (i.e. regression lines) is attributed to 

an unintended confounding variable: the time when the cells were saturated. A2 was pre-

saturated for 70 days prior to the start of the VF TW experimentation in December, and 

A1 was saturated on the start date of experimentation on December 15, 2015. Time 
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between partial bed saturation and start of operation, as a confounding variable is readily 

apparent in the time series of the nitrogen species throughout the 2016 season (Figure 

24).  

 

Figure 24. Time series of nitrogen concentration (nitrate and ammonium) in the effluent 
of A1 and A2 throughout the 2016 system year. 

 
 

Early in the season, the newly saturated A1 cell had higher nitrate and lower 

ammonium concentrations in the effluent, but as the season progressed, concentrations in 

A1 gradually trended toward those observed in A2. This implies that the microbial 

community in the recently saturated A1 cell took time to switch from a nitrifying to 

denitrifying community, whereas the heterotrophic denitrifying community in A2 had 

been developing for approximately two months.   
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A sudden decrease in effluent nitrate concentration associated with Scheme 3 that 

started on February 11th and ended on March 10th occurred in both A1 and A2. The 

average effluent nitrate concentration was 6.7 mg·L-1 and 2.6 mg·L-1, from A1 and A2 

respectively. Perhaps, the operational parameters in Scheme 3 are best suited for 

denitrification in the A cells. The increase in nitrate concentration in mid-March 

correlates to when the system changed to a 2:1 recycle ratio (Scheme 4), and is likely due 

to dose volumes as previously discussed.  

The mass removal of ammonium in the A cells was marginal and highly variable 

compared to the mass loading (Figure 25).  

 

Figure 25. The mass removal of ammonium as a function of mass load of ammonium to 
the A cells in 2016.  The dashed line (---) is the 100% removal line.  
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The mass loading of ammonium ranged from 2.1 to 28.7 g·m-2·d-1; yet, the mass 

removed across A1 and A2 ranged from -6.2 to 16.5 g·m-2·d-1. On some occasions, the 

mass removal of ammonium was negative suggesting that ammonium was produced 

within the cell. One hypothesis is that ammonium could have been adsorbed onto the 

media and later desorbed without undergoing nitrification but this hypothesis is difficult 

to investigate from the available data. Nonetheless, the generally positive correlation 

suggests that nitrification occurred in a portion of the A cells, most likely in the top layer 

of the cells that are unsaturated where there is an ample supply of oxygen.    

 
2017 System Year 
 

The mass load of nitrate applied to the A Cells was compared against the mass 

removal of nitrate in A1 and A2 for the 2017 season during which both cells were 

partially saturated for 157 days before the season started (Figure 26).  
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Figure 26. The mass removal of nitrate as a function of mass load of nitrate to the A cells 
in 2017.  The dashed line (---) is the 100% removal line. The shaded area (    ) is the 95% 

confidence interval. 
 
 

The linear regression model in Figure 26 was fit with an intercept however, 

because the value of the intercept is so small, a zero intercept can be assumed. The 

approximate removal efficiency is extracted from the regression coefficient. In 2017, the 

A1 cell, which was saturated to a depth of 53 cm, achieved approximately 78% removal 

of nitrate while A2, which was saturated to a depth of 71 cm, achieved approximately 

98% removal of nitrate. This suggests that nitrate removal, or denitrification, is more 

favored under a 71 cm saturation level than a 53 cm saturation level. Despite differences 

in the overall mass nitrate removal efficiencies, an observation of temporal changes 
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within the season suggests that the performance of the A1 cell approached that of the A2 

cell as the season progressed (Figure 27). 

 

Figure 27. Time series of nitrogen concentration (nitrate and ammonium) in the effluent 
of A1 and A2 throughout the 2017 system year. 

 
 

This suggests that a wetland bed with a 53 cm saturation level (A1) has the 

capacity to achieve the same effluent nitrate concentration as a wetland bed with a 71 cm 

saturation level (A2). This observation is supported by a separate paired t-test between 

cells for total nitrogen ions (TNI) for the first and second halves of the year. For the first 

half of the system year (12/12/16 through 2/13/17) the A1 cell TNI concentrations are 

greater, on average than the A2 cell TNI concentrations (p-value = 1.63E-07, α=0.05). 

The second test was conducted for the second half of the season (2/15/17 through 4/5/17). 
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The evidence fails to suggest that A1 TNI concentrations are greater, on average, than A2 

TNI concentrations (p-value = 0.789, α=0.05).  

In the absence of a more detailed microbial analysis one can only speculate why 

the performance and effluent water quality of A1 (53 cm saturation) was nearly identical 

to A2 (71 cm saturation) by the end of the season.  Though denitrification is dominated 

by heterotopic bacteria in anoxic environments, nitrate reduction can occur in the 

presence of oxygen (Bitton, 2005; Kadlec & Wallace, 2009). The first theory is that the 

activity of aerobic denitrifers such as Paracoccus denitrificans could have increased in 

the unsaturated zone of A1 with time (Kadlec & Wallace, 2009). The second theory is the 

development of assimilatory nitrate reduction, another denitrification process, in which 

enzymes convert nitrate into proteins and nucleic acids with ammonia as an intermediate. 

This process is not affected by oxygen (Bitton, 2005). Third, the spatial zones in a 

wetland bed are complicated and aerobic and anaerobic processes can occur in the same 

vicinity (Kadlec & Wallace, 2009). Thus, an increase in anaerobic processes in the 

unsaturated zone could have occurred near the sediment-water interface due to constant 

abundance supply of carbon. Lastly, the abundance of denitrifying bacteria in the 

saturated zone could have increased with time resulting in an increase in nitrate reduction 

efficiency. Overall, it is difficult to conclude the correct hypothesis without exploring the 

microbiology of the wetland cell.  

It is also apparent in Figure 27 that the ammonium concentration decreased with 

respect to time in both A1 and A2 cells. However, the mass loading of ammonium 
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generally increased throughout the system year from 14.9 g-N·m-2·d-1 to 27.8 g-N×m-2·d-1 

as the septic hydraulic load increased throughout the year from 8.92 cm·d-1 to  

13.5 cm·d-1; hence, there is a positive correlation of ammonium mass removal with time 

(Figure 28).  

 

 
Figure 28. Time series of ammonium mass removal of A1 and A2 in 2017. 

 
 

In A1, the average mass removal of ammonium in January, February, March and 

April was 1.7, 3.0, 4.2 and 6.1 g-N·m-2·d-1, respectively. The same increase of mass 

removal with each month occurred in A2. In A2, the average mass removal in January, 

February, March and April A2 was 1.5, 3.0, 3.9, and 4.6 g-N·m-2·d-1 respectively. One 

speculation is that the efficiency of nitrification in the unsaturated layer within both A 
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cells increased with time either because of increased activity and/or abundance of 

bacteria.  

Furthermore, a decrease in TNI across the entire VF TW over the system year is 

apparent in Figure 29.  

 

 

Figure 29. Concentration of TNI in the effluent of A1, A2, B1 and B2 as a function of 
time in the 2017 system year. 

 
 

The TNI in the effluent of the A cells and B cells decreased as the system year 

progressed. The data prior to January is directly correlated to the increase in strength of 

the influent wastewater and the start-up period of the system. Thereafter the decrease in 

TNI concentration of the B cells with time is most likely a response to the decrease in 

both the ammonium and nitrate concentration in the effluent of the A cells. The B cells 
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are nitrifying all ammonium received from the A cells (Figure 17 and 18), thus overall 

performance appears to be related to changes in A cell performance with time.  

The A cells’ ammonium mass loadings are compared against the mass removal in 

2017 (Figure 30). The results are comparable to the results of 2016.  

 

Figure 30. The mass removal of ammonium as a function of mass load of ammonium to 
the A cells in 2017. 

 
 

The mass removal of ammonium is marginal and highly variable compared to the 

mass loading. The mass loading ranged from 14.9 to 27.8 g·m-2·d-1; yet, the mass removal 

across A1 and A2 ranged from -0.16 to 9.1 g·m-2·d-1. Some ammonium was removed by 

the A cells suggesting that there was nitrification occurring in the top unsaturated layer, 

as previously mentioned. 
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Evaluation of Schemes  
 

Eight different schemes reflecting unique combinations of operational parameters 

were tested across the 2016 and 2017 seasons (Table 2). Average performance for 

nitrogen transformations and removal (mass load of nitrogen species at each measuring 

point) is compared across schemes in Table 6 and complemented by Figure 31. To better 

represent relative performance of each scheme regardless of the influent hydraulic 

loading rate, the measured masses at the point of each scheme were normalized to that 

scheme’s influent mass load. The normalized data are shown in Table 7 and 

complemented by Figure 32. Though the data are the same, Table 6 and Figure 31 better 

reflect the total mass removal of each scheme while Table 7 and Figure 32 more 

effectively capture the effect of operational parameters varied between schemes.  
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Table 6. Average (mean) mass loading of nitrogen ± standard error of the mean applied to the A1 and A2 cells, for each scheme 
 

 

*No standard error for Scheme 5, only 1 campaign 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme Influent Effluent A1 Effluent A2 
 Sum TNI 

Load 
(g m-2 d-1) 

NH4
+ Load 

(g m-2 d-1) 
NO3

- Load 
(g m-2 d-1) 

NH4
+ Out 

(g m-2 d-1) 
NO3

- Out 
(g m-2 d-1) 

TNI 
Removed 
(g m-2 d-1) 

NH4
+ Out 

(g m-2 d-1) 
NO3

- Out 
(g m-2 d-1) 

TNI 
Removed 
(g m-2 d-1) 

1 5.3 4.0 ±0.8 1.3 ±0.2 0.9 ±0.3 1.6 ±0.2 2.7 ±0.9 1.9 ±0.5 0.4 ±0.1 2.9 ±0.7 
2 13.2 9.3 ±1.2 3.9 ±0.2 4.2 ±0.4 2.9 ±0.2 6.1 ±1.2 5.9 ±0.6 1.0 ±0.1 6.3 ±1.4 
3 27.4 20.2 ±3.4 7.2 ±0.7 13.4 ±1.9 1.9 ±0.3 12.4 ±3.2 17.8 ±1.7 0.7 ±0.1 8.9 ±2.3 
4 21.7 10.6 ±1.3 11.2 ±0.9 7.8 ±0.7 7.2 ±1.8 6.7 ±1.4 8.9 ±2.6 6.4 ±1.8 6.3 ±1.7 
5* 21.0 13.6  7.4 8.1 0.9 12.0 10.1 0.5 9.5 
6 26.3 17.2 ±1.0 9.1 ±1.9 13.9 ±1.6 2.2 ±0.6 10.2 ±0.6 14.0 ±2.4 0.6 ±0.1 11.7 ±0.5 
7 30.1 19.2 ±0.4 10.9 ±0.4 17.1 ±0.5 2.6 ±0.3 10.4 ±0.7 16.7 ±0.4 0.6 ±0 12.8 ±0.5 
8 32.9 21.9 ±1.4 10.9 ±0.4 17.3 ±1.3 0.9 ±0.1 14.7 ±0.9 18.0 ±1.1 0.7 ±0.05 14.1 ±0.8 
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Figure 31. Mass of the nitrogen species ammonium and nitrate in the influent and exiting 

cells A1 and A2 on a loading basis separated by scheme. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

81 

Table 7: Normalized mass load applied to A1 and A2 for each scheme and the normalized mass removed and mass out for A1 and A2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*No statistical test for Scheme 5, only 1 campaign 
 
Statistical paired t-test results: 
§/ª - A1 and A2 both have club (§)  = not statistically significant (p-value > 0.05) 
          A1 and A2 have opposite suits, club (§) and spade (ª) = statistically significant (p-value < 0.05)  
¨/© - A1 and A2 both have diamond (¨) = not statistically significant (p-value > 0.05) 
          A1 and A2 have opposite suits, diamond (¨) and heart (©) = statistically significant (p-value < 0.05) 
 
 

Scheme Influent Effluent A1 Effluent A2 
 Sum TNI 

Load 
(g m-2 d-1) 

NH4
+ 

Load 
Ratio 

 

NO3
- 

Load 
Ratio 

 

NH4
+ Out 

Ratio 
 

NO3
- Out 

Ratio 
 

TNI 
Removed 

Ratio 
 

NH4
+ Out 

Ratio 
 

NO3
- Out 

Ratio 
 

TNI 
Removed 

Ratio 
 

1 5.3 0.75 0.25 0.20 § 0.24 ¨ 0.56 0.36 ª 0.07 © 0.57 
2 13.2 0.7 0.3 0.32 § 0.22 ¨ 0.46 0.41 § 0.07 © 0.52 
3 27.4 0.75 0.25 0.45 § 0.07 ¨ 0.48 0.62 § 0.03 © 0.35 
4 21.7 0.49 0.51 0.36 § 0.33 ¨ 0.31 0.31 § 0.35 © 0.34 
5* 21.0 0.65 0.35 0.39  0.04  0.57 0.52  0.02   0.45 
6 26.3 0.65 0.35 0.53 § 0.08 ¨ 0.39 0.53 § 0.02 ¨ 0.44 
7 30.1 0.64 0.36 0.57 § 0.09 ¨ 0.35 0.56 § 0.02 © 0.43 
8 32.9 0.67 0.33 0.53 § 0.03 ¨ 0.45 0.55 § 0.02 ¨ 0.43 
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Figure 32. Mass of ammonium and nitrate nitrogen in the A cell influents and the effluent 
from the A1 and A2 cells divided by the total mass input into the system for each scheme 
tested. The data show the fraction of each species and total removed relative to the total 

nitrogen input into the system. 
 
 

An assessment of which scheme is “best” depends on the criteria. For example, 

most heavily loaded Scheme 8 removed the greatest mass of total nitrogen (14.7 and 14.1 

g-N·m-2·d-1 for A1 and A2, respectively), but lightly loaded Scheme 1 had the best TN 

removal ratio (56% and 57% for A1 and A2, respectively). The following analysis 

compares schemes by mass loading, recycle ratio and dose volume, and explores 

differences in ammonium and nitrate transformations between schemes.  

The mass of ammonium applied depends primarily on the septic loading rate 

while the mass of nitrate applied depends mostly on the recycle ratio, but also on the 
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septic loading rate and efficiency of both the A and B cells. At a 1:1 recycle ratio 

(Schemes 1-3), the wastewater applied to the A cells contained approximately 25% 

nitrate and 75% ammonium. At a 2:1 recycle ratio (Schemes 4-8), the wastewater applied 

to the A cells contained approximately 50% each when septic loading was low (Scheme 

4) and approximately 35% nitrate and 65% ammonium at higher loading rates (Schemes 

5-8).  

Scheme 1 had the highest percentage of total nitrogen removal and the greatest 

reduction in ammonium; however, compared to all other schemes, it received the smallest 

loading (5.3 g·m-2·d-1 of TNI). Since this was the first scheme of the season, temporarily 

increased ammonium adsorption combined with the light loading may have increased the 

ammonium removal. In addition, the light loading may have allowed for abundant 

nitrification in the unsaturated layer and subsequent denitrification in the saturated layer. 

Differences between cells is likely due to the length of pre-saturation as discussed 

previously.  

Total nitrogen ion loading increased by a factor of 2.5 to 13.2 g-N·m-2·d-1 in 

Scheme 2 and increased again by two to 27.3 g-N·m-2·d-1 in Scheme 3 with relatively 

little change in the fraction of total N removed or nitrified between changes, though a 

noticeable difference is apparent between Schemes 1 and 3. In general, as loading 

increases, the fractional total of N removed is reduced but the fraction remaining as 

nitrate is also reduced. Reduced nitrate concentrations suggest that the nitrification 

process is inhibited relative to denitrification, which makes sense since higher loading 

simultaneously increases the COD load. However, since the fraction of TNI removed is 
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always greater than the fraction of nitrate applied, it is apparent that some nitrification is 

still taking place even at the highest TNI loading. 

Schemes 4-8 were all operated under a 2:1 recycle ratio. Scheme 4 was the 

poorest performing in terms of TNI removal and nitrate removal. As discussed previously 

(Figure 19-22) large dose loadings of recycled nitrate dramatically reduced denitrification 

in this scheme hence comparison should be made with caution. The reduction in septic 

loading from 1791 to 981 gal·d-1 (Scheme 3 to 4) appears to have enhanced the 

nitrification potential of Scheme 4 as evidenced by the reduction in ammonium leaving 

the A cells. Scheme 5 and 6 were operated at virtually identical conditions (the only 

differences being the depth of saturation), but Scheme 5 was at the end of the 2016 

system year and septic concentrations were decreasing relative to previous schemes and 

only one sampling campaign with a suite of all 7 sampling locations occurred. 

Schemes 6-8 reflect high mass loads (all greater than 26.3 g-N·m-2·d-1 of TNI) 

with a systematic increase in TNI loading of 3-4 g-N·m-2·d-1 between schemes for 

otherwise similar operating conditions. During these schemes, A1 was operated at 53 cm 

saturation and A2 was operated at 71 cm saturation. Compared to previous schemes, 

minimal nitrate was observed in the effluent and the reduction in ammonium is relatively 

small indicting that both cells were behaving primarily as denitrification reactors. 

However, in all cases, there is a slight reduction in ammonium indicating measurable 

nitrification occurred. Insignificant ammonium differences in the effluent between cells is 

indicates that the extra 18 cm of unsaturated bed in A1 did not increase nitrification. 
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These results are in agreement with the study conducted by Silveira (2015) who found 

that ammonium removal was not affected by a change in saturation level.  

Saturation level did have a small influence on denitrification however, in Schemes 

6 and 7 somewhat more nitrate exited the less saturated A1 cell, but at the highest TNI 

loading (Scheme 8) both A cells had very little nitrate in the effluent. It is likely that the 

influence of depth of saturation interacts with septic loading rate as the ratio of COD to 

nitrate in the underlying saturated layer will be influenced by the effectiveness of the 

overlying unsaturated layer in removing COD. A larger unsaturated layer would 

presumably remove too much COD at lower loading but may pass sufficient COD to 

enhance denitrification at higher loading.   

A paired t-test was conducted on A1 and A2 cells for the mass out of nitrate and 

ammonium. The results are shown in Table 7. The evidence suggests that the true 

difference in means of mass nitrate out for A1 and A2 cells, on average, is not equal to 

zero for all schemes except Scheme 6 and Scheme 8. For Schemes 6 and 8, the evidence 

fails to suggest that the true difference in means of mass nitrate out is not equal to zero. 

For all except Scheme 1, the evidence fails to suggest that the true difference in means of 

mass ammonium out is not equal to zero.  

A comparison of schemes clearly shows that nitrate and ammonium mass removal 

increases as mass loading increases as previously shown in Figures 23, 25, 26 and 28. 

Also apparent is that more nitrate is removed at a 2:1 recycle ratio than 1:1. Considering 

that B cells were capable of nearly complete nitrification, optimization of the A cells for 

denitrification would appear to be the best approach for increased TNI removal. 
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Operational Parameters  
 

The effects of specific operational parameters on nitrogen transformations and 

removal in the A cells will be examined in this section. Though the results of a few 

operational parameters have already been addressed, they are repeated in this section for 

further discussion.   

 
Recycle Ratio: To determine the most suitable recycle ratio for the A cells in the 

VF TW, the effect of recycle ratio on mass load and removal of nitrate was evaluated in 

Figure 33. To minimize confounding variables, only data from cell A2 in 2016 and cell 

A1 in 2017 are compared. In both cases, cells were pre-saturated to a depth of 53 cm and 

similar dose times and volumes were used, but the 2016 data represents a 1:1 recycle 

ratio while 2017 data reflects a 2:1 recycle ratio.  
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Figure 33. Nitrate mass removal as a response to nitrate mass load with recycle ratio and 
septic load as factors. The dashed line (---) is the 100% removal line. The solid red line 
(    ) is the regression line for the 1:1 recycle ratio and the solid blue line (    ) is the 
regression line for the 2:1 recycle ratio.  
 
 

If the y-intercept is neglected, the comparison between the regression coefficients 

can be analyzed to determine the most suitable recycle ratio. The 1:1 recycle ratio has an 

approximate nitrate removal of 96%. Whereas the 2:1 recycle ratio has an approximate 

nitrate removal of 78%. This suggests that a 1:1 recycle has a better removal efficiency 

than 2:1 recycle. However, at a 2:1 recycle ratio a higher nitrate mass load can be 

applied, thus achieving a higher mass removal, consistent with the results of Table 6 and 

Figure 31. Overall, a 2:1 recycle ratio can increase the TNI removal efficiency by 

removing more nitrate.  
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Septic Hydraulic Load: The data collected in both years suggest that the septic 

hydraulic loading has little effect on nitrate mass removal in the A cells over the range 

evaluated; linear relationships between nitrate mass removal and loading over a range of 

hydraulic loadings are shown in Figures 23 and 26. However, the effect of hydraulic load 

is complex, increased loading also increases COD and ammonium loading, but variations 

in influent concentrations allows for a certain independence between hydraulic and 

constituent mass loadings. It is reasonable to expect increased denitrification at higher 

septic hydraulic loading when nitrate loading is high and when depth of saturation is 

increased, as there should be more organic carbon available for the increased nitrate 

loading in the denitrifying saturated zone. Because denitrification was generally good in 

all cases, all that can be said is that the A cells can successfully denitrify the applied 

nitrate for septic hydraulic loads up to 14.3 cm·d-1.  

 
Dose Load: As previously discussed, large recirculation dose loads negatively 

impacted denitrification (Table 5 and Figure 21-22). Additionally, the order of doses 

from the recirculation and septic tank to the A cells can affect the performance. While an 

optimal dose load sequence is largely a trial-and-error exercise, the data suggests that a 

relatively large septic dose load followed by a series of smaller recycle doses is better. 

This is logical, as relatively large septic doses should deliver more organic carbon to the 

denitrifying saturated zone because most water passes through the aerobic zone too 

quickly for significant aerobic degradation. However, it is important that the septic dose 

volume not be too large, which might allow for organic carbon breakthrough to the B 

cells, increasing the risk of clogging. Smaller recycle doses insure that the applied nitrate 
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has time to react with the available organic carbon in the saturated layer. The dose 

sequence of Schemes 5-8 was the best of the evaluated options but it remains to be seen if 

this is best for denitrification while preventing clogging of the B cells.  

 
Saturation Level: The results of nitrate reduction in the A cells across the two 

system years support the premise that increasing the saturation level increases 

denitrification. In 2017, 98% of the applied nitrate was removed in the A2 cell saturated 

to a level of 71 cm, while only 78% of nitrate was removed by A1 with a saturation depth 

of 53 cm (Figure 26). However, it is interesting to note that the A1 cell was better during 

Scheme 8 (Figure 31) when the septic hydraulic load was at a maximum (13.2 cm·d-1). It 

is conceivable that as septic hydraulic (and COD) loading increases, shallower saturation 

depths are equal (or better than) deeper depths to keep the C:N ratio in the saturated layer 

from becoming too high.  

 
C:N Ratio: The biodegradable COD to nitrate ratio (COD:NO3) of the influent 

was investigated to determine if there was an optimal value for the process of 

denitrification. The COD:NO3 ratio was evaluated as a predictor variable to mass 

removal of nitrate (Figure 34).  
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Figure 34. Ratio of biodegradable COD to nitrate as a response of nitrate mass removal 

across the two saturation levels in the 2017 season.  
 
 

The COD:NO3 was compared across the two saturation levels (53 cm and 71 cm) 

in the A Cells. The data was fit to a quadratic regression with the objective that the vertex 

of the parabola would show the optimum COD:NO3 ratio for a maximum removal of 

nitrate. Separate regressions for the 53 cm and 71 cm saturation level were conducted 

under the assumption that a lower ratio would be optimal for higher levels of saturation. 

While the scatter is rather large, it is clear that the regressions capture the increased 

removal efficiency for the greater saturation level and that the optimal COD:NO3 ratio is 

indeed lower at the greater saturation level (8.5 versus 10.9 for 71 and 53 cm, 

respectively). It would be ideal to obtain the COD:NO3 ratio at the surface of the 
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saturated layer to specifically target denitrification in the saturated layer, however, the 

collection of that data was not possible. Nonetheless, the results suggest that septic 

loading rates higher than tested may be possible without negatively affecting 

denitrification at lower saturation levels, though negative impact as observed at either 

saturation level.  

 
Water Temperature 
 

The water temperature in the septic tank (influent) and recirculation tank 

(effluent) was recorded from January 25, 2017 to April 5, 2017 (Figure 35).  

 

Figure 35. The water temperature in the septic and recirculation tank measured from 
January 25 to April 5, 2017. 
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The influent water temperature ranged from 2.62 °C to 7.78 °C, with a mean of 

5.42 °C. There is a diurnal cycle in water temperature in the septic tank, which closely 

follows both the diurnal cycle in ambient air temperature and the diurnal cycle of 

wastewater generation. The water temperature decreases from about midnight (when 

water stops being pumped from the sedimentation tanks at the base lodge) until 8:00 or 

9:00 AM, which roughly corresponds to when water starts flowing from the base lodge 

again. Thus, the water in the septic tank at the wetlands site sits and cools for much of the 

night until wastewater is produced again in the morning delivering the water at a warmer 

temperature again.  

The water temperature in the recirculation tank is consistently colder than the 

influent wastewater ranging from 3.58°C to 6.16°C, with mean of 3.89°C and shows little 

variation. The results suggest that as the water moves throughout the wetlands, it 

becomes colder but reaches a minimum value considerably warmer than the ambient air 

temperature.  

 
Domestic Wastewater Experiment 

 
 

An experiment conducted in the spring 2016 was used to assess possible 

differences in the efficacy of VF TW system when influent organic carbon and nitrogen 

concentrations were more representative of typical domestic strength wastewater. The 

system operated at a septic hydraulic load of 8.92 cm·d-1 with a 2:1 recycle ratio during 

experimentation, which is synonymous to Scheme 6.  A synthetic wastewater solution 

comprised of ammonium chloride (nitrogen source) and ethanol (carbon source) was 
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added to the septic tank at the VF TW. The target concentrations of TN and COD were 

35-40 mg-N·L-1 and 300-450 mg-N·L-1, respectively.  Average measured concentrations 

were 32.6 mg-N·L-1 and 510 mg-N·L-1, or slightly higher and lower than target values, 

respectively. The results suggest that the performance of VF TW system improved 

compared to when the system received high-strength Bridger Bowl wastewater 

concentrations (Table 8). 

 
Table 8. Water quality results for the domestic strength experiment from June 10-23, 
2016 

Domestic Wastewater 

Parameter Influent S.E. Effluent S.E % 
Removal n 

COD (mg/L O2) 510 55.6 10 2.6 98.0 6 
BOD5  (mg/L O2) 363.6 NA <2 NA 99.7 1 
TN (mg/L-N) 32.6 2.1 7.3 0.3 77.5 6 
TKN (mg/L-N) 32.0 2.1 0.4 0.1 98.7 6 
NH4

+ (mg/L-N) 17.2 3.4 0.7 0 95.9 6 
NO3

-  (mg/L-N) 1.75 0 5.9 0.3 -237 6 
 
 

Concentration based removal of COD was 98% for the domestic wastewater 

experiment; compared to 93% and 95% for 2016 and 2017 high-strength wastewater 

seasons, respectively. TN removal was 78%, compared to 70% and 75% for the 2016 and 

2017 high-strength wastewater season, respectively. A caution to this result is that the 

sources of COD and nitrogen were ammonium chloride and ethanol, which are readably 

biodegradable. Additionally, the mass loading of carbon and nitrogen were significantly 

less than the mass loading of nutrients during the typical ski season. Figure 36 shows the 

mass removal of nitrate with respect to the mass load of nitrate in the A cells.  
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Figure 36. The mass removal of nitrate as a function of mass load of nitrate to the A cells 
in the domestic waste experiment.  The dashed line (---) is the 100% removal line.  

 
 

Regression analysis suggests that a majority of the applied nitrate, (Figure 36) 

was removed in the A cell but these results underestimate the actual removal because 

every A cell effluent sample was below the detection limit and thus assigned a value of 

1.75 mg-N·L-1 based on detection limit protocols. Overall, the data suggests that almost 

complete denitrification was occurring the A cells.  

Detection limit issues also influence the ammonium removal results in the B cells 

(Figure 37).  
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Figure 37. The mass removal of ammonium as a function of mass load of ammonium to 
the B cells in the domestic waste experiment.  The dashed line (---) is the 100% removal 

line.  
 
 
Again, every sample point was below the detection limit and assigned a value of 0.7 mg-

N·L-1 based on detection limit calculations. Overall, the data suggests that the B cells 

were performing almost complete nitrification.   

Nitrogen transformations through the system shown in Figure 38 are similar to 

results from the two ski season system years; demonstrating significant denitrification in 

the A cells and virtually complete nitrification in the B cells. The most significant 

difference is that the A cells demonstrated very effective nitrification as well as 

denitrification when inputs more closely resemble domestic wastewater strength.  

 



96 
 

Figure 38. Mean nitrate/nitrite and TKN concentrations of the 7 sampling locations at the 
VF TW in the domestic wastewater experiment. 

 
 

It is interesting to note that the total nitrogen concentration in the effluent of the B 

cells is slightly higher than the effluent concentration of the A cells. One speculation is 

that ammonium adsorbed to the B cell media during the preceding winter operation at 

high strength was being nitrified, or could be attributed to biomass breakdown. The other 

speculation could be attributed to error in the laboratory test used to measure TKN and 

nitrate/nitrite. Overall, this experiment verified that the VF TW can successfully perform 

secondary treatment on domestic strength wastewater achieving an effluent TN 

concentration of about 5 mg-N·L-1, all in form of nitrate.  
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ORP data was recorded during the domestic strength experiment. Platinum redox 

probes were placed in the Agri drain water level control. The measured ORP in the field 

was corrected for the electrode potential for the Ag/AgCl reference electrode that was 

used in the field. A correction of +220 mV was added to the field readings (Strumm & 

Morgan, 1996).  The average Eh in the A1 and A2 cells were, -227mV and -175mV 

respectively. Differences between the cells is likely due to the probes being placed at 

different depths, 27.3 cm and 42.5 cm below the water level in A1 and A2, respectively. 

The redox measurement suggests that the water is anoxic as it exits the A cells. The 

average Eh in cell B2 was +567mV, suggesting that the water is aerobic as it exits the B 

cells.  
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CONCLUSION 

 
The VF TW system at Bridger Bowl Ski Area has exceeded the expectations for 

nitrogen removal given the harsh climatic conditions during the ski season operation. 

Specifically, the investigation confirmed that nitrification occurred when the water 

temperature was approximately 4°C. The system was capable of achieving 98% 

ammonium removal, which is remarkable performance. Additionally, with recycle ratios 

of 1:1 and 2:1 and a saturated lower depth of the first stage of the VF TW has 

demonstrated significant efficiency as a denitrification reactor despite its configuration as 

vertical flow. TN removal of the entire system was 70% and 75% in 2016 and 2017 

respectively. Based on the nitrogen performance from the 2016 and 2017 system years, a 

VF TW can be an effective approach to secondary wastewater treatment in cold climates. 

More specifically, the results indicate that this technology could be successfully 

implemented throughout rural Montana, potentially serving small communities 

throughout the state, either as an upgrade to existing wastewater treatment systems such 

as lagoons or as a new wastewater treatment system. Certainly, a VF TW system with 

recycle can meet both Level 1 and Level 2 MDEQ groundwater discharge requirements. 

Denitrification in the saturated layer of the A cells was limited by the quantity of 

nitrate applied, thus an increase in the nitrate load could increase TN removal. Nitrate 

load could be increased by increasing the recycle ratio or by increasing the nitrification 

potential of the unsaturated layer of the A cells. However, increasing the recycle ratio for 

the same septic load increases the risk of hydraulically overloading the system. Hydraulic 

overload could decrease the denitrification performance and/or negatively impact COD 
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removal in the A cells thus increasing the risk of clogging the B cells. TN removal could 

also be improved by increasing nitrification in the unsaturated layer of the A cells. 

Strategies to do that include reducing the septic load for that same recycle ratio or 

decreasing the depth of saturation but either might negatively impact the denitrification 

process. A key parameter to better simultaneous ammonium and nitrate removal 

optimization is the COD to nitrate ratio delivered to the denitrification zone of the A 

cells. That is a difficult parameter to measure and can only be surmised by the COD to 

nitrate ratio delivered to the surface of the A cells.  

A microbial analysis to determine the interactions at the water-media interface in 

the two zones of the A cells could provide insight what is bacteria are present in the 

subsurface. Additionally, an analysis of water quality as it moves through the wetland 

with depth would provide insight on what is happening in the wetland cell. Since the 

results from in-cell sampling ports that are currently installed in the wetland did not 

provide a clear understanding to the nitrogen reduction and transformation as a function 

of depth (Appendix B), another method of sample collection is recommended. In the B 

cells, saturating a small layer, i.e. drainage and transition layer, could also increase TN 

removal over the entire system. In theory, the 20 cm of saturated layer in the B cells 

would denitrify the nitrate that was produced in the top unsaturated layer, but only if 

additional organic carbon were added.  

A primary goal of the investigation was to determine the optimal operational 

parameters for nitrogen removal. This was difficult to achieve because it was challenging 

to change only one parameter (dose load, pump schedule, dose load, hydraulic load, etc.) 
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at a time throughout the system year. Additionally, the short system year (approximately 

115 days) leaves minimal time to change operational parameters only one at a time, 

especially when data should be collected for at least 2 weeks for each change in 

operational parameter. Since multiple parameters were often changed at once, i.e. dose 

load and pump schedule, their individual effect on system performance was difficult to 

analyze. A recommendation for future investigation is to focus on the effect of only one 

operational parameter at a time. One operational parameter that had a dramatic effect on 

system performance in 2016 was the dose load. Further investigation of the optimal septic 

and recycle dose load applied to the A cells could contribute to further insight on TN 

removal, and perhaps simultaneous ammonium and nitrate removal.  

Another recommendation for future investigation is to determine the septic and 

total hydraulic load capacity of the VF TW. The VF TW system was capable of treating a 

septic hydraulic load up to 14.3 cm×d-1. Under that hydraulic load and with recycle, the A 

cells and B cells were able to denitrify and nitrify the influent nitrogen, respectively. The 

maximum hydraulic load capacity is imperative to identify to appropriately size and 

design in the future.  

The system has met the need for a high performance natural treatment system 

during the winter ski season at Bridger Bowl Ski Area. The VF TW requires minimal 

operation and maintenance. Additionally, operation is straightforward and multiple 

employees at Bridger Bowl could be easily trained.  
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APPENDIX A 
 
 

EFFECTS OF FREEZING ON WASTEWATER SAMPLES 
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Water quality samples from the 2016 season samples were routinely frozen after 

analysis for nitrate but before analysis of ammonium. However, some samples were 

analyzed for COD, nitrate and ammonium before and after freezing. Because the number 

of samples available for this before and after analysis was limited in 2016, selected 

samples from the 2017 system year were also analyzed to confirm trends. The samples 

were frozen for a minimum of 125 days and a maximum of 226 days before re-analysis. 

Prior to re-analysis, the frozen samples were thawed for approximately 48 hours in a 

refrigerator at 4°C.  

Differences between pre- and post-freezing varied widely for COD and 

ammonium. The difference in COD concentrations ranged from -9.62% to 64.4% of the 

pre-frozen value (n=18) and, difference in ammonium concentrations ranged from  

-10.66% to 74.48% (n=12) of the pre-frozen value. Nitrate differences ranged from  

-14.89% to 87.86% (n=12). Separate paired t-tests were performed on the pre- vs post- 

frozen samples from COD, ammonium and nitrate. Results suggest that the pre-frozen 

COD and ammonium samples are significantly greater in concentration, on average, than 

post-frozen samples (p=0.002 for COD and p=0.0035 for ammonium) but there was no 

significant difference due to freezing for nitrate samples (p=0.16). There were no 

temporal trends in COD due to time of being frozen (Figure A-1) and sample location or 

concentration magnitude appeared to be random variables in regard to differences.  
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 Figure A-1: Ratio of pre- to post-frozen COD as a response to the days since the 
samples were re-analyzed after being stored in a freezer. 

 
 

It would appear that COD and ammonium were consumed but nitrate was neither 

consumed nor created while samples were frozen. There is very little academic research 

on the effects of freezing on wastewater samples and it is not obvious why measured 

COD and ammonium concentrations might decrease due to freezing. Microbial activity 

was unlikely in frozen storage because the pH of the samples were <2 and the storage 

temperature ranged from -28°C to -18°C. This is especially true for possible autotrophic 

activity since there was no increase in nitrate concentration with ammonium removal. 

Ammonium volatilization is also unlikely due to the low pH. No correlation between 

sample location, length of time frozen, etc. could be found. Perhaps there is something in 

the actual freezing process that influences results, but no samples were measured after 

freezing for only a few days.  
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The effect of freezing on measured concentration is a complicating factor in 

virtually all samples collected in 2016. Implementing a correction factor to correct for 

freezing samples was considered, but the results of pre-frozen vs post-frozen were too 

variable. Therefore, all reported results from 2016 have the effect of freezing as an 

uncontrollable variable. All samples collected in 2017 were analyzed for all water quality 

constituents within 2 days of collection from the autosampler; no samples were analyzed 

for freezing except to assess the effect of freezing.  

From this experience, freezing is not recommended as a method for wastewater 

sample preservation. The Handbook for Sampling and Sample Preservation of Water and 

Wastewater only recommends to lower the pH<2 with sulfuric acid, after which samples 

should be food for analysis of nutrients and organics when stored for up to 28 days at 4C. 

It was assumed that acidification in addition to freezing the samples would preserve the 

samples for an extended period of time, but this was clearly not the case. Why freezing 

influences the results is not apparent from the limited data collected in this study.  
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APPENDIX B 
 
 

IN-CELLS SAMPLING PORTS 
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The in-cell sampling ports were utilized in A1 and A2 during the 2017 system 

year to gain insight on the concentration of organics and nitrogen as a function of depth.  

It was hoped that the results would show a decrease in organics and nitrogen 

concentration with depth (from top to bottom) as well as nitrogen transformation.  

Prior to a collection of a grab sample from inside the wetland cell, the in-cell 

sampling ports were emptied the best they could before the next dose. Once emptied, a 

sample would be drawn approximately 5 minutes after a septic or recirculation dose 

occurred. Samples from A2 were collected on three different days and samples from A1 

was only collected once. The results are shown in Table B-1 and B-2 below. 

 
Table B-1. A2 In-cell sampling port results 
Sample  
Date  

5 min 
after Dose  

cm from 
Bottom of 
Wetland Cell  

NH4  
(mg-N·L-1) 

NO3  
(mg-N·L-1) 

COD  
(mg·L-1) 

2/15 Septic 73 56.2 0.8 198 
2/15 Septic 61 51.4 1.1 136 
2/15 Septic 43 50.4 0.6 115 
2/15 Recirc 73 55.0 0.5 194 
2/15 Recirc 61 48.8 0.8 134 
2/15 Recirc 43 52.2 0.5 98 
2/20 Septic 73 53.1 0.6 95 
2/20 Septic 61 42.4 5.7 106 
2/20 Septic 43 48.3 0.4 105 
2/20 Recirc 73 52.1 0.4 98 
2/20 Recirc 61 49.2 0.4 112 
2/20 Recirc 43 46.4 0.3 90 
3/1 Septic 73 47.4 2.4 112 
3/1 Septic 61 45.8 ND 146 
3/1 Septic 43 42.8 ND 113 
3/1 Recirc 73 46.6 6.6 134 
3/1 Recirc 61 56.4 1.3 122 
3/1 Recirc 43 45.6 0.1 112 

 
 
 



113 
 
Table B-2. A1 In-cell sampling port results 
Sample  
Date  

5 min 
after Dose  

cm from 
Bottom of 
Wetland Cell  

NH4  
(mg-N·L-1) 

NO3  
(mg-N·L-1) 

COD  
(mg·L-1) 

3/1 Septic 73 43.0 3.9 172 
3/1 Septic 61 43.9 2.7 124 
3/1 Septic 43 45.1 0.9 113 
3/1 Recirc 73 44.2 ND 188 
3/1 Recirc 61 43.1 4.1 90 
3/1 Recirc 43 42.6 1.6 105 

ND = Non-detect 
 
 

The results do not show a strong correlation between the depth of the in-cell 

sampling port and COD, ammonium or nitrate concentration. The concentration of nitrate 

remained constant throughout each in-cell port despite if the dose came from the septic or 

recirculation tank. Additionally, the concentration of nitrate was lower than expected, 

especially in the top layer of the wetland (73 cm sampling port) where it is unsaturated 

and receives high concentrations of nitrate from the recirculation tank. The concentration 

of ammonium remained relatively constant throughout the wetland bed as well. These 

results suggest that there is substantial amount of mixing occurring in the wetland cell. 

Upon further investigation, the volume of the in-cell sampling port has a capacity to hold 

4 to 5 L of water (Figure B-1 below). 
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Figure B-1. The in-cell sampling port during installation (top). The in-cell 
sampling port holding 4 L of water (bottom). 

 
 

However, only approximately 3-4 L was emptied in-cell sampling port prior 

taking a sample. Additionally, if the in-cell sampling port was completely emptied, the 
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volume of water applied from a dose would not fill the in-cell sampling port. The septic 

dose load was 1.13 cm dose-1 and the recirculation dose load was 0.82 cm dose-1 during 

the collection of the in-cell samples. The area of the in-cell sampling port is 

approximately 182.41 cm2. Therefore, only 206 mL and 150 mL of water would enter the 

in-cell sampling port after each septic and recirculation dose. If the port was not 

completely emptied, a substantial amount of mixing would occur. Additionally, a volume 

of 500mL was collected for each sample; therefore, this indicates that the sample that was 

retrieved was a combination water from the dose and water existing in the cell. Overall, 

the results collected from the in-cell sampling ports during the 2017 system year provided 

minimal insight on the nitrogen transformation and organics consumption with depth.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


