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Abstract 

 
Regulations with respect to the storage and handling of animal waste by livestock operations 

state that no person shall keep animals in a permanent confinement area unless there is a nutrient 

management strategy. Various studies indicate that constructed wetlands and vegetative filters are 

effective add-on technologies to supplement the treatment provided by conventional sedimentation 

pond systems in livestock operations. Seven months of data from a Pond/Wetland/Vegetative Filter 

system receiving cattle feedlot runoff were used to i) evaluate its efficiency removing organic matter, 

solids and nutrients from water, (ii) quantify constructed wetland kinetic removal rates described by 

the P-C-k model and examine the impact of temperature, (iii) evaluate and compare the performance 

of a two types of vegetative filter systems at different hydraulic loading rates; and (iv) recommend 

an optimum management option with design loading for beef producers. Results indicate that the 

effect of isolated rain events on the performance of the wetland showed to be contingent on the 

intensity of the event, former humidity conditions of the feedlot and the hydraulic capacity of the 

wetland. This experiment suggests that even relatively small VFSs or short FPs can markedly improve 

quality of runoff from livestock operations, and that it is possible to achieve significant mass and 

concentration removals if they are properly operated and maintained in conjunction with a pre-

treatment system. The Pond/Wetland/Vegetative Filter system was effective at reducing Chemical 

Oxygen Demand COD (+92%), Total Phosphorus (+93%), Orthophosphate as P (+91%), Total 

Inorganic Nitrogen (+96%), Ammonia as N (+97%) and Nitrate as N (+82%) from manure and 

exercise yard runoff, providing a cost-effective treatment option for beef producers.  
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Chapter I.  

1. Introduction 

 

1.1 Background 

In the last 25 years, global meat production has doubled (FAO, 2018), and with it the threats to the 

water, soil and air from released and leached animal waste. Many regions, especially developing 

countries, have seen the largest increases in livestock production. The densification of meat 

producing farms has resulted in an increase in the production and accumulation of animal waste that 

was not previously the case (FAO, 2005). In 2005, countries like the Netherlands already generated 

15 million tonnes more manure than it could apply to its land each year (FAO, 2005). This accelerated 

accumulation of animal waste has a negative impact on the environment when it is not well managed.  

The problem is not restricted to large livestock producers. In a study carried out in 2000, it was 

concluded that although the large-scale swine operations could represent a greater environmental 

risk than small-scale ones, due to their awareness, they were not necessarily any worse polluters 

than small operators (Hassinger II et al., 2000). Many regulations governing animal feeding 

operations (AFOs) do not address pollutants from a vast majority of livestock producers (OMAFRA, 

2002; EPA, 2003; European Council, 2008). In the USA, of the estimated 1.3 million U.S. farms with 

livestock, only 238,000 are considered animal feeding operations and only 15,500 (1.2%) are 

regulated. These remaining non-regulated operations are considered small livestock producers, 

which although smaller in size continue to significantly contribute to water pollution in many 

watersheds (EPA, 2003). 

Currently, there are laws that regulate the storage and use of manure in different countries, and 
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propose the implementation of management practices that help reduce the impact of these wastes 

on natural resources. To effectively implement these practices, it is necessary to have clear design 

guidelines that provide livestock producers with viable treatment alternatives that adjust to the 

changing nature of their waste. 

1.2 Impacts of livestock operations runoff  

Precipitation reaching uncovered livestock operation areas such as confinement pens, feed storage 

manure storage and land spreading, can transport contaminants into the environment. Concentrated 

runoff can cause “exceedances” of water quality standards, threatening drinking water supplies and 

posing a risks of degradation of aquatic life (EPA, 2011). Major forms of pollution associated with 

manure management in livestock production include: eutrophication of surface water; leaching of 

nitrates and pathogens into groundwater, and the buildup of excess nutrients and heavy metal in the 

soil. 

The accumulation of manure and urine in livestock farms generates significant impacts on the 

environment and society (Steinfeld, 2006; Vaillant et al., 2009; Márquez Molina et al., 2014). Cattle 

excrete approximately 5-6% of their body weight per day, excreting 70-80% of the nitrogen and 90% 

of the phosphorus from their diet (Vaillant et al., 2009). It is estimated that in the US livestock are 

responsible for an estimated 33% of the load of nitrogen and phosphorus into freshwater resources 

in the US, and that in China this percentage reaches 72% for N and 94% for P (Steinfeld, 2006). These 

residues can potentially contribute to environmental pollution from nutrients (nitrogen and 

phosphorus), organic matter, sediments, pathogens, trace elements, hormones and antibiotics to 

either surface or groundwater resources. 

The increasing rate at which nutrients and organic matter enter ecosystems accelerates 

eutrophication events in receiving environments. This can result in the development of harmful algae 
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blooms which can produce cyanotoxins that may pose a risk to human health. As well, a decline in 

dissolved oxygen levels in surface water bodies can affect the proper functioning of ecosystems and 

poses risks to aquatic life. All this results in increased operating expenses of public water supplies, 

loss of domestic and recreational use opportunities, and shifts in habitat characteristics which 

directly affects biodiversity (Steinfeld, 2006; Burkholder et al., 2007; Wang and Wang, 2016).  

The potential effects reported on the accumulation of nutrients in the groundwater by the operation 

of livestock farms are varied. According to the United Stated Geological Survey (USGS) report for the 

National Water-Quality Assessment Program in 2012, concentrations of dissolved phosphorus in 

agricultural watersheds in the states of Washington and Nebraska exceeded the recommended 

regional criteria for total phosphorus, established by the U.S. Environmental Protection Agency 

(USEPA), in over 75 percent of the stream samples (USGS, 2012). The criteria differ among the sites 

because of natural variations in background concentrations, but ranges between 0.022 mg/L to 0.076 

mg/L in the U.S. (USGS, 2012). At sites with high concentrations in groundwater, groundwater 

discharge into streams located in the same watershed increases the concentrations of nutrients in 

the streams. Thus, nutrient losses into groundwater can also trigger noxious algal blooms or 

eutrophication processes. 

Exposure to nitrate can occur in both private wells and community water supplies, and may present 

health risks. In a survey conducted between 1991 and 1992 in Ontario, Canada, out of 1292 wells that 

were tested where 50% of the land area was used for agricultural production, 14% contained nitrate 

concentrations above 10 mg/l (as N) limit (Goss, Barry and Rudolph, 1998). In Europe,  the European 

Commission’s report on Nitrates Directive implementation for the period 2004-2007 revealed that 

15% of groundwater monitoring stations in the 27 European Union member states (EU-27) found 

nitrate levels above the limit of 50 mg NO3-/L (11.3 mg/L as N) (European Commission, 2010). Also, 

Molina et al. (2014) analyzed the distribution of nitrate in groundwater near livestock feeding lots in 
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Argentina and found concentrations between 6 and 56 mg/L (Márquez Molina et al., 2014). Likewise, 

a study in the US revealed that in 200 wells of mainly residential use in areas of Delaware where land 

use was mostly from poultry production, the average concentration of nitrate was 21.8 mg/L (Ritter 

and Chirnside, 1987). These values are considered highly toxic according to the World Health 

Organization (WHO), which provides a guideline value for nitrate concentration in drinking water of 

only 10 mg/L (as N), and states that higher concentrations can cause methemoglobinemia in children, 

or stomach cancer, reproductive problems and insulin-dependent diabetes in adults (Burkholder et 

al., 2007; WHO, 2011).  

1.3 Legislation and Regulation 

There is a wide range of laws and policies at the international, and national level, which aim to control 

and mitigate the risks of water pollution caused by the loss of agricultural contaminants to aquatic 

environments. The Nitrates Directive (1991) forms an integral part of the Water Framework 

Directive of the European Union and represents one of the main tools to protect waters against 

agricultural pressures (European Commission, 2010). The Directive aims to protect water quality 

across Europe by preventing nitrates from agricultural sources polluting ground and surface waters.  

In the US, the unified National Strategy for Animal Feeding Operations developed jointly by the U.S. 

Department of Agriculture (USDA) and EPA, enforces the National Pollutant Discharge Elimination 

System by requiring the largest animal feeding operations (AFOs) to obtain permits under the 

authority of the Clean Water Act (USDA and EPA, 1999). In Canada, water quality is protected under 

the Fisheries Act at a federal level or under the provincial management acts at a provincial level. In 

the province of Ontario specifically, water quality is protected under the Nutrient Management Act 

by the Ontario Ministry of Agriculture and Rural Affairs (OMAFRA) as well as more generally through 

the Water Resources Act by the Ontario Ministry of Environment, Conservation and Parks (MOECP).  

All these regulations recognize that the treatment objectives for contaminants coming from livestock 
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producers depend on the context in which the operations are developed. Removal criteria should be 

linked to the background concentration of each pollutant, climate conditions, soil characteristics, 

water body dilution factors and the assimilation capacity of the local environment. Therefore, 

regulatory agencies and policies promote the creation of programs based on the limitations of each 

operation or region. The Nitrates Directive (1991) designates Nitrate Vulnerable Zones (NVZs) to 

generate compulsory action programs, and promotes the establishment of a Code of Good 

Agricultural Practice (CGAP), defined by every State Member, to be implemented by farmers on a 

voluntary basis. Similarly, the US National Strategy for AFOs and the Ontario Nutrient Management 

Act expects AFOs owners and operators to develop and implement technically sound and 

economically feasible comprehensive Nutrient Management Plans (NMPs), which balance land 

application of manure with crop nutrient requirements.   

In the case of beef operations, CGAPs and NMPs should include strategies for the management and 

treatment of runoff. The vast majority of these operations maintain their animals in open lots that 

expose large areas to precipitation (EPA, 2003). The runoff produced in feedlots and exercise yards, 

in conjunction with permanent nutrient storage facilities, such as open-top manure stockpiles,  

generate the need to collect and handle highly loaded wastewater after rain events (EPA, 2003). The 

inadequate collection, management and treatment of this type of wastewater can endanger water 

supplies. In Canada, of the 229 manure spills recorded by the Ontario Ministry of the Environment 

that impacted surface water bodies in the South West Region of Ontario between 1988 and 1999, 

17% were attributed to problems with manure handling and storages (Goss et al., 2001). Thus, 

regulations require that any permanent nutrient storage facility must be equipped with a runoff 

management system capable of handling all the liquid generated by the facility (EPA, 2003; OMAFRA, 

2017). Given that manure runoff management has broad goals, the proposed treatment technologies 

vary among regions, depending on the specific context of each operation. 
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1.4 Proposed Treatment Technologies 

CGAPs and NMPs identify the action required for meeting nutrient management goals at specific 

agricultural operations and give a set of recommended Best Management Practices (BMPs) that the 

operators can implement. Constructed wetlands (CWs) have been demonstrated to be effective add-

on technologies to supplement the treatment provided by conventional sedimentation pond systems, 

and are under study as a BMP to treat manure storage runoff (Pries and McGarry, 2001; Riemersma, 

2001; Kadlec and Wallace, 2009). Sedimentation ponds or basins are man-made depressions 

confined by earthen structures that are used to remove settleable matter from water and protect 

downstream treatment structures from clogging. Ponds can also be used to remove contaminants 

from water by means of plant-uptake or biological activity (EPA, 2009). Wetlands are ecosystems 

that are inundated by water either permanently or seasonally because of their location in the 

landscape and that, given a high rate of biological activity, can transform common water pollutants 

into harmless byproducts. Modern treatment wetlands, or CW, are systems that have been designed 

to emphasize specific characteristics for improved treatment capacity (Kadlec and Wallace, 2009). 

Where further polishing of wetland effluent needs to be accomplished due to stringent discharge 

requirements, vegetative filters (VFs) are being considered as an alternative treatment technology to 

prevent contaminants to be discharged into de environment (Riemersma, 2001). VFs are vegetative 

areas such as pastures or grassed waterways that are used for treating runoff by settling, filtration, 

adsorption of pollutants and infiltration (Dickey & Vanderholm, 1980). Compared with many 

conventional technologies that rely on inputs of fossil fuels, natural treatment technologies, such as 

ponds, CWs and VFs, may provide livestock operators with viable, cost-effective solutions to manage 

feedlot runoff.  
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The treatment mechanisms of treatment ponds, CW and VFs are natural processes driven by solar 

radiation, kinetic energy of wind, and the storage of potential energy in biomass that make these 

technologies appropriate for use by livestock producers (Kadlec and Wallace, 2009). However, their 

design requirements and models used to design and evaluate CWs and VFs, such as kinetic constants 

and optimal hydraulic loading rates, have been largely based on municipal systems, with a scarcity 

of data from livestock wastewater treatment systems and even fewer studies focused on cold-climate 

applications.  

In the case of CWs, there are two globally recognized models for their design: Reed et al. (1995) model 

(Equation 1.1) and Kadlec & Knight (2009) P-C*-k model (Equation 1.2), both based in first-order 

kinetics where the wetland is considered as an attached growth biological reactor.  

𝐿𝑛 (
𝐶𝑖

𝐶𝑒
) = 𝐾𝑇 ⋅

𝑉 ⋅ 𝑛

𝑄
 (1.1) 

𝐶𝑖: influent constituent concentration, mg/L 
𝐶𝑒: effluent constituent concentration, mg/L 
𝐾: volumetric first-order kinetic rate constant, d-1 
𝑉: treatment volume of the wetland, m3 

𝑛: porosity (percent, expressed as a decimal fraction) 
𝑄:  average flow rate through the wetland, m3/d 

 

 

𝐶𝑒 − 𝐶∗

𝐶𝑖 − 𝐶∗
=

1

(1 + 𝑘 [𝑃 ∙ 𝑄/𝐴)]⁄ )𝑃
 (1.2) 

𝐶∗: constituent background concentration, mg/L 
𝑘: areal first-order kinetic rate constant, m/yr 
𝑃: is the apparent number of tanks in series (TIS) 
𝐴: treatment surface area of the wetland, m2 

 

 

 

The main differences between the models are that Reed’s equations use a volumetric basis for the 

rate constant and a plug-flow approach, as opposed to an areal basis and a tanks-in-series approach 
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as used in the P-C*-k model (Reed et al., 1995). Plug-flow will theoretically provide more pollutant 

removal than a completely mixed reactor for the same reactor volume and, intuitively, could describe 

better the flow in a wetland.  However, ideal plug-flow can never be achieved in practice and it has 

been noted that observed weathering behavior in real wetland environments may be represented by 

a tanks-in-series model more accurately (Kadlec and Wallace, 2009). Given that some water quality 

parameters are in fact mixtures of different chemical compounds that are lumped as the same class 

of materials due to measurement procedures, they can be weathered upon exposure to outdoor 

environments. Weathering refers to the gradually selective stripping of individual components from 

a mixture of contaminants, or water constituents, such as BOD or TSS, and that can be degraded or 

removed at different rates (Kadlec and Wallace, 2009). The P-C*-k model includes the parameter P 

to account for this phenomenon, and thus, is more widely accepted than other models or design 

procedures for the design of constructed wetlands, mainly for the treatment of domestic and 

municipal wastewater. 

As for vegetative filters, the literature offers a varied list of design considerations, but there is not yet 

a globally accepted procedure. Koelsch et. al (2006) present a summary of sizing recommendations 

for VFs based on past research and field demonstration projects. Within the listed criteria are 

included: minimum infiltration areas to accommodate precipitation events with specific intensities 

and return periods (from 1-yr, 2-hr to 25-yr, 24-h storms); minimum flow through times (from 5-

min to 2-hr); specific hydraulic loading rates (from 4.5 mm/day to 5cm/week); nutrient loading rates 

equal to crop nutrient utilization; infiltration area to drainage area ratios (from 2:1 to 10:1); 

minimum filter length per percent  slope unit (200ft/ 1% slope); and even minimum infiltration area 

per cattle head (from 1 ha/200 head to 1 ha/1000 head).  Most of the design criteria reported in the 

literature come from experience but lack a scientific basis, which makes them difficult to be 

implemented under different influent concentrations or flow and soil conditions. Given the lack of 

consensus, high safety factors must be applied, which usually leads to over-estimation of filter areas.  
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In this research, data from an experimental pond-CW-VF system treating beef manure pile and 

exercise yard runoff in eastern Ontario, Canada, is studied. The pond, CW and VF technologies were 

monitored individually and simultaneously in this research, however, for analysis purposes the 

system was divided in two components: 1) pond-CW system, and 2) VFs infiltration systems. This 

segmentation in the analysis was possible given that the operation parameters of both treatment 

stages were independent from each other.  

1.5 Research Objectives 

It is hypothesized that constructed wetlands in conjunction with vegetative filter systems can 

achieve significant mass and concentration removals from manure pile and exercise yard runoff and 

that a pond-CW-VF system would to be a cost-effective treatment option for beef producers in 

Canada. 

The goal of this research is to enhance our current understanding of treatment solutions for livestock 

production waste through the study of a pond-CW-VF application, and to strengthen the confidence 

with which the CWs and VFs designs are developed. This research will provide new knowledge for 

the design and operation of pond-CW-VF treatment systems applied to livestock production wastes. 

As immediate objective of this study was to identify appropriate operating conditions for which these 

technologies were optimal.  

Specific objectives include the following: 

1. To characterize beef farm manure pile and exercise yard runoff; 

2. To evaluate the pond-CW system performance in treating water quality constituents;  
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3. To quantify CW kinetic removal rates described by the P-C-k model and examine the impact 

of temperature; 

4. To evaluate and compare the performance of a two types of VF systems across various loading 

rates in removing nutrients and organic matter from pretreated beef farm runoff; 

5. To recommend an optimum management option with design loading for beef producers. 

1.6 Thesis Outline 

The thesis is organized in manuscript style. Chapter II presents the data and results from the full scale 

pond-CW system treating livestock runoff evaluated over a seven-month period. This Chapter 

addresses objectives 1, 2 and 3. Chapter III presents the efficiency results of two VF systems receiving 

wetland effluent at different hydraulic loading rates and describes the side-by-side-comparison 

between the them. This Chapter addresses objectives 4 and 5. Chapter IV synthesizes the data and 

integrates the material addressed in previous chapters. Finally, Chapter V provides a global summary 

and analysis of the thesis findings as well as recommendations for future research.  
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Chapter II. 

2. Performance and Kinetics of a Pond-Constructed 
Wetland System Treating Beef Manure Pile and 
Exercise Yard Runoff in Eastern Ontario 
 

 

2.1 INTRODUCTION 

The recycling of nutrients, implicit in the use of animal manure as an agricultural fertilizer, has always 

been a central component to sustainable livestock production. However, beef producers often store 

manure in uncovered piles and keep animals in outdoor confinement areas, giving rise to the 

generation of manure pile and exercise yard runoff. Regulations with respect to the storage and 

handling of animal waste by livestock operations requires the implementation of waste storage and 

treatment systems to prevent discharges from production areas where animals are kept in 

permanent confinement (USDA and EPA, 1999; OMAFRA, 2002; European Commission, 2010). 

Conventional uncovered manure storage facilities, permanently exposed to rainfall, represent a 

challenge for farmers given the significant quantity of runoff. Therefore, innovative, energy efficient 

and low-cost management practices are required to meet the economic constraints of livestock 

operations. Generally, the availability of space is not a constraint on many farms, which is why the 

implementation of constructed wetland technology can provide an appropriate solution. Compared 

with many conventional technologies that rely on the use of fossil fuels, the treatment mechanisms 

of constructed wetlands are natural processes driven by solar energy, and have been demonstrated 

to be effective add-on technologies to supplement the treatment provided by settling pond systems 

(Pries and McGarry, 2001; Riemersma, 2001; Kadlec and Wallace, 2009). Several key removal 

mechanisms for organic matter and nutrients are dependent on the presence or absence of oxygen 



 14 

in the system, especially nitrogen conversion processes. Free-water surface constructed wetlands 

(FWS CWs) can provide these conditions as a continuum of aerobic to anoxic phases are present in 

the water column and benthic layer. As well, FWS CWs can attenuate pulse flows from storm events 

and can tolerate variable water levels. FWS CWs meet livestock producer’s preference for low cost 

and low labor requirements, while using the land available on farms (Bosak et al., 2016). 

The P-C*-k model, described by Kadlec and Wallace (2009) is a widely used model to design and 

characterize the performance of constructed wetlands treating domestic wastewater. Recent studies 

also demonstrate its applicability in the design of agricultural operation treatment FWS CWs 

(Jamieson et al., 2007; Beutel et al., 2014); however, data from livestock applications remains scarce. 

In this study, data from an experimental pond-FWS CW system constructed in 2014 treating beef 

manure pile and exercise yard runoff in eastern Ontario, Canada is presented and discussed. The 

objectives of this study are: (i) to characterize manure pile and exercise runoff, (ii) to evaluate the 

pond-FWS CW system performance in treating water quality constituents, and (iii) to determine 

wetland kinetic removal rates described by the P-C*-k model and to examine the effect of 

temperature on kinetic rates. It is intended that the results derived from this study will serve to 

broaden our current understanding of runoff treatment wetland systems and to strengthen the 

confidence with which the constants are applied in the design of future treatment systems. 

2.2 METHODS  

2.2.1 Site Description and Operation 

The pilot scale pond-FWS CW constructed wetland system evaluated in this study is located at the 

Pemdale beef farm in Winchester, Ontario, Canada (approx. 60 km south-east of Ottawa, ON, Canada), 

which comprises an average of 30 cattle. Over the wetland operating season from May to November, 

30-year climate normals vary from 1.3°C in November to 20.5 °C in July with an average of 13.4 °C 
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and average precipitation of 610 mm. The 2017 operating season had a somewhat above average 

daily temperature of 15.2°C and was an abnormally wet year, with the farm receiving 922 mm of 

rainfall from May to November.  

The manure is piled on an uncovered 1000 m2 concrete pad and spread onto the surrounding fields 

every three years as fertilizer. Manure and exercise yard runoff are discharged from the concrete pad 

into a concrete pump chamber (PC) and then pumped into a primary treatment pond (P1), through 

a header pipe. The pond has an area of 109 m2 and a depth of 1.5 m. An overflow weir in vegetated 

clay soil runs the entire width of the pond with the effluent flowing into a surface flow wetland (W). 

Both P1 and W were constructed in the native clay soil compacted with an excavator shovel. The 

constructed wetland spans approximately 9.0 x 11.5 m (103.5 m2) and has an average depth of 0.3 

m. The wetland contains mainly cattails (Typha sp.) that start re-growing during April and reach full 

growth by June. The wetland effluent is stored in an existing farm pond (P2) where it flows to an 

existing farm surface drain. The pond-FWS CW was constructed during the fall of 2014 and is 

depicted in Figure 2.1. 

 

Figure 2.1. Plan view of the exercise yard and Pond/Wetland system in the Pemdale farm, Winchester, 

ON. Google Earth V 7.3.1.4507 imagery (September 2nd 2016, eye alt 137 m). 
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A total of 44 sampling visits were conducted throughout seven months, from the beginning of the 

growing season in May until the beginning of freeze-up in November. Cumulative pump runtime data 

was recorded during every visit and in-situ measurements of water temperature, dissolved oxygen 

and pH were conducted with a HACH-HQ40D multimeter (LDO101 probe for DO and pH PHC101 

probe for pH) in PC, P1 and W. Grab samples were collected once or twice a week from May to 

November of 2017 and immediately transported to the Environmental Engineering Research 

Laboratory at the University of Ottawa for analysis. The following analyses were conducted using the 

procedures outlined in the Standard Methods for the Examination of Water and Wastewater (APHA, 

2005): Chemical oxygen demand (COD) - method 5220; biochemical oxygen demand (BOD5) - 

method 5210 B; total phosphorus (TP) – method 4500 B & C; phosphates (PO43- as P) – method 4500 

P; and total suspended solids (TSS) – method D & E. For nitrogen species the following analysis 

methods were used: total nitrogen (TN) – Hach method 10072; ammonia (NH4+ as N) - Nessler 

method; nitrates (NO3- as N) – Hach method 10206 TNT 835. In the case of NH4+ and NO3-, the samples 

were filtered prior to analysis to avoid turbidity interference. Duplicate samples of TN and TP were 

also filtered prior to analysis to determine the soluble organic nutrient fractions.  

Data from the meteorological station of Kemptville, ON, (25 km from the site) was used as an 

approximation of local precipitation, air temperature, wind speed and relative humidity during May. 

The Winchester Agricultural Research Station (adjacent to the Research Site) provided the 

meteorological data for the rest of the study period (June-November).  

2.2.2 Data Analysis 

The information collected was divided into six periods to study temporal variation in temperature 

on system performance, isolate periods of consistent precipitation and reduce variability due to 

short-term variations of inflow and outflow quality. A lag time, based on a three tank in series model 

(Kadlec, 1994), was utilized to align the W inlet and outlet samples collected for each of the 44 sample 
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dates (Fig. 2.2a-b). The pond was assumed to be completely mixed, so no lag correction between PC 

to P1 samples was applied. To calculate residence times, a volumetric efficiency coefficient of 0.82 

was used for W (Kadlec and Wallace, 2009).  

Given that the flow was dependent on the intensity and frequency of precipitation events, the 

hydraulic loading rate (HLR) and the hydraulic retention time (HRT) in each subsystem were 

variable. The average flow varied from 0.7 to 7.1 m3/d in P1 and from 1.2 to 7.9 m3/d in W. The slight 

increase in the flow values in W is due to the water mass balance that considers the volume of daily 

precipitation and daily evaporation of P1 in the calculation of the W influent. This mass balance was 

also used to correct for any effect of dilution or concentration of the constituents in W, given that its 

small volume was more sensitive to any change due to precipitation or evapotranspiration. To 

calculate the daily evaporation rates in P1, the formula developed by Hargreaves (1968) was used as 

it has been found to provide a reasonable estimate of evaporation in Northern Ontario regions 

(Rondon, 1972; Panu and Nguyen, 1994). The retention time ranged between 15.3 - 149.0 days and 

3.9 – 25.0 days in the P1 and W, respectively. Table 2.1 shows these values for each of the six periods 

analyzed, as well as the monthly-averaged water temperature used for further correction of kinetic 

constants. 
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Table 2.1. Means of flow, HLR, HRT and water temperature for the six monitoring periods in the pond-

FWS CW system. 

Period Label n Q PC & P1 Q W HLR P1 HLR W HRT P1 HRT W Temp 

  #   (m3/d) (m3/d) (L/m2-d) (L/m2-d) (d) (d) (°C) 

May 11 - Jun 12 1 7 4.7 4.4 42.9 42.9 23.3 7.0 18.3 

Jun 13 - Jul 17 2 8 4.5 5.2 41.4 49.9 24.2 6.0 21.0 

Jul 18 - Aug 21 3 10 6.1 6.7 56.3 64.6 17.8 4.6 18.9 

Aug 22 - Sep 26 4 9 0.7 1.2 6.7 12.0 149.0 25.0 15.9 

Sep 27 - Oct 24 5 5 1.7 2.4 15.8 23.0 63.3 13.1 12.7 

Oct 25 - Nov 15 6 5 7.1 7.9 65.5 76.6 15.3 3.9 6.9 

Mean   4.1 4.6 37.4 44.1 46.1 9.6 14.8 

St.Dev     2.3 2.3 20.9 22.4 48.1 7.4 5.2 

 

To characterize the performance of W in reducing contaminants, the P-C*-k model (Kadlec and 

Wallace, 2009) was used. The P-C*-k model, or relaxed Tanks in Series (TIS) concentration model is 

defined to be:   

𝐶𝑒 − 𝐶∗

𝐶𝑖 − 𝐶∗
=

1

(1 + 𝑘 [𝑃 ∙ 𝐻𝐿𝑅)]⁄ )𝑃
 (2.1) 

where 𝐶𝑖 is the inlet concentration (mg/L), 𝐶𝑒 is the outlet concentration (mg/L), 𝐶∗is the background 

concentration, P is the apparent number of tanks in series (TIS), and k is the first-order areal rate 

constant (m/yr). Considering the potential for dependence of the kinetic constants on temperature, 

the Arrhenius temperature coefficient 𝜃 was incorporated in the formula to normalize k for 

temperature effects. The k values are reported at 20°C: 

𝑘 = 𝑘𝑇 ∙ 𝜃𝑇−20 (2.2) 

where 𝜃 is the Arrhenius temperature coefficient.  
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These two formulas were used to calibrate the parameters of the P-C*-k model that best predict the 

concentration values observed in the W effluent for each of the constituents for the six periods from 

May to November.  

A routine was programmed to uniformly generate random values of the parameters C*, P, 𝜃, and k 

and evaluate iteratively the function described in the P-C*-k model for each constituent. The ranges 

used to generate the array of values for each parameter were: [1 – 4] for P as used by Kaldec & 

Wallace (2009); [0 – 68 m/y (BOD5 and COD); 0-18 m/y (TP and PO4
-3); 0-32 m/y (TN); 0-26 m/yr 

(NH4+); 0-9.2 m/y (NO3-)] for k from the maximum values found in literature for each constituent 

(LWDB, 1994; Rozema et al, 2016); [0 – 12 mg/L (BOD5); 0 – 240 mg/L (COD); 0-5 mg/L (TP and PO4-

3); 0-18 mg/L (TN); 0-2.5 mg/L (NH4+); 0-1 m/y (NO3-)] for C* from the minimum concentration 

values observed in the study for each constituent (Figure 2.2); and [0 – 1.07] for 𝜃 as widest range 

observed by Kaldec & Wallace (2009). In each of the 3000 iterations performed for each constituent, 

the Sum of Squares (SS) between the modeled and observed effluent concentration values was 

assessed. These SS values were then used to rank the goodness of fit of the combinations of C*, 𝜃, P, 

and k, generated with the routine. All the best fit combinations that yielded within 1.5 times the 

lowest SS were used to calculate average model parameters.  

 The F-Test for statistical lack of fit analysis was employed to determine if the model was adequate 

and described well the observed values (Kozak et al., 2008). 

𝐹′ =
𝑀𝑆𝐿𝐹

𝑀𝑆𝑃𝐸
=

(
𝑆𝑆𝐿𝐹
𝑐 − 4)

(
𝑆𝑆𝑃𝐸
𝑛 − 𝑐)

=

(
∑ ∑ (𝑦̅𝑖 − 𝑦̂𝑖𝑗)

2𝑛1
𝑗=1

𝑐
𝑖=1

𝑐 − 4 )

(
∑ ∑ (𝑦𝑖𝑗 − 𝑦̅𝑖)

2𝑛1
𝑗=1

𝑐
𝑖=1

𝑛 − 𝑐 )

 (2.3) 
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Where 𝑛 is the overall sample size,  𝑐 is the number of fitted values (each value corresponding to a 

period) and the null hypothesis (𝐻0: 𝑛𝑜 𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡 𝑙𝑎𝑐𝑘 𝑜𝑓 𝑓𝑖𝑡) is rejected if 𝐹′ > 𝐹(𝑐 − 4, 𝑛 −

𝑐, 0.005 ). 

 

2.3 RESULTS AND DISCUSSION 

The concentration of each of the constituents observed in P1 and W are presented in Figures 2.2a 

and 2.2b. 
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Figure 2.2a. Daily precipitation, average daily air temperature and wetland inflow (P1) and outflow 
(W) concentrations of the following constituents: TP, PO4-3, COD and BOD5, along the six selected 
periods (shaded bands) during the 2017 operating season. 
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Figure 2.2b. Daily precipitation, average daily temperature and wetland inflow (P1) and outflow (W) 
concentrations of the following constituents: TN, NH4+, NO3- and TSS, along the six selected periods 
(shaded bands) during the 2017 operating season 
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The similarity between the W inlet and outlet concentration curves (Figure 2.2), especially in the case 

of PO43- and TP, could indicate that these constituents were not being removed from the system or 

that the HRT was short during periods of operation. Although this last parameter varied by almost 

one order of magnitude over the study period due to precipitation events (Table 2.1), a tracer study 

would have been convenient to detect short circuiting and to quantify any change in the HRT in W.  

Average concentrations of the water constituents in PC, P1 (i.e. inflow of the wetland) and W (i.e 

outflow of the wetland) are provided in Table 2.2. 

Table 2.2. Means of concentrations and percent removal in the Pond/Wetland system (May 5 to Nov 
15, 2017). 

 

 

‡ Calculated from mass balance 

2.3.1 Organic Matter 

The organic matter was analyzed as both BOD5 and COD to reveal potential patterns between their 

respective removals and their ratios throughout the system. The COD/BOD5 ratio observed in PC 

averaged 7.6 with a range of 6.0-14.9; which is similar to reported values in previous cattle manure 

runoff analysis, which ranged from 8.8 to 24.8 (Miner et al., 1966; Loehr, 1967).  

 Avg. Concentration ± St. Dev. (mg/L)  Removal (%) 

 PC P1 W  PC-P1 P1-W PC-W 

BOD5 326 ± 322 114 ± 78 80 ± 61  65 30 76 

COD 3079 ± 1526 1196± 416 970 ± 320  61 19 69 

TP 83.4 ± 39.8 47.0 ± 14.7 43.3 ± 12.5  44 8 48 

PO43--P 72.1 ± 25.2 40.5 ± 10.1 39.6 ± 9.8  44 2 45 

Porg -P ‡ 11.3± 47.1 6.5± 17.9 3.7± 15.9  43 43 67 

TN 145.0 ± 74.0 65.1 ± 21.8 51.5 ± 20.2  55 21 64 

NH4+-N 72.6 ± 42.8 35.2 ± 13.9 21.8 ± 14.7  52 38 70 

NO3--N 27.0 ± 14.1 11.5 ± 3.6 12.9± 5.7  57 -12 52 

Norg -N ‡ 45.4± 86.6 18.1± 26.1 16.2± 25.7  60 4 65 

TSS 220± 146 104 ± 127 148 ± 214  53 -43 33 
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The COD/BOD5 in PC (i.e. raw manure pile runoff) throughout the year shows a high correlation with 

temperature (R2 = 0.96) (Fig. 2.3). It has been demonstrated that with increasing temperature the 

degradation of organic matter in composting piles is accelerated resulting in stability being more 

quickly attained, a lower BOD5 and higher COD/BOD5 (Tian et al., 2012). Stability is achieved when 

the biodegradability of the pile content decreases and subsequently the microbial activity is limited 

by access to readily biodegradable matter. Biodegradability is proportional to the fraction of BOD5 in 

organic matter (Wei et al., 2014), which affects the COD/BOD5 ratio of the pile. Figure 2.3 shows that 

during the warmer months the manure pile resembles a compost pile with a reduced fraction of 

readily degradable organic matter being washed out during rain events. This suggests that the way 

the manure is being stored, the season and the ambient temperature could have a significant impact 

on the composition of the organic matter entering the system and, ultimately, in its stability. 

 

Figure 2.3. Correlation between COD/BOD5 and temperature in PC over 6 periods. 

 

The influent COD/BOD5 ratios are much higher than typical municipal wastewater, which has 

COD/BOD5 ratios ranging from 1.3 to 3.3 (Kadlec and Wallace, 2009; Metcalf & Eddy, 2014); possibly 

due to the high content of cellulose in manure, which is subjected to much slower microbial 

hydrolysis rate than the proteins and lipids commonly found in sewage (Chen et al., 2017). The 

Pond/Wetland system was effective at removing 76% BOD5 and 69% COD, with most removal 
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occurring in the pond (Table 2.2). This is lower than expected in a domestic wastewater surface flow 

CW treatment system, where efficiencies above 80% can be achieved in the wetland stage alone 

(Wang et al., 2017). This may be due to the high COD/BOD5 ratio, which increases throughout the 

system, and indicates that the organic matter becomes progressively more difficult to treat as the 

readily biodegradable fraction is removed (Table 2.3).  

2.3.2 Phosphorus 

Table 2.3 divides TN and TP into particulate and soluble components to better understand nutrient 

removal mechanisms. Soluble TN includes NO3-, NH4+ and soluble organic N, while soluble TP includes 

PO43- and soluble organic P. 

Table 2.3. COD/BOD5 ratio and N, P particulate/soluble components across locations 

 
COD/BOD5 PC 

 TN particulate 

(mg/L) 

TN soluble 

(mg/L) 

 TP particulate 

(mg/L) 

TP soluble 

(mg/L) 

PC 7.6  11.1 133.9  11.5 71.8 

P1 9.8  2.7 62.4  1.9 45.1 

W 11.6  2.0 49.5  0.0 43.3 

 

The Pond/Wetland system was quite effective at reducing TP and PO43- by 48 and 45%, respectively 

(Table 2.2). However, most of the removal occurred in P1, where 9.6 mg/L or 84% of the particulate 

P was removed, likely through sedimentation, and 26.7 mg/L or 37.2% of soluble P was removed 

either through sorption or plant uptake (Table 2.3). In settling or stabilization ponds, sorption 

processes have finite retention capacities and can remove no more phosphorus after reaching 

saturation of active sites. In surface flow wetlands, the median time to saturation is about one year, 

and it is expected to be shorter in ponds since the volume to surface area ratio is larger, and the lack 

of area available limits their sorption capacity (Kadlec and Wallace, 2009). It is presumed that the 

elevated removal of soluble phosphorus observed in P1 was due to plant or microbial uptake related 
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processes, given the soluble nature of PO4
3-, and the lack of evidence of other significant soluble 

phosphorus removal mechanisms under these conditions (Kadlec and Wallace, 2009; Beutel et al., 

2014; Wang and Wang, 2016). This proposed pathway of removal is supported by the observation of 

significant growth of floating macrophytes, or duckweed (Lemna sp.), throughout the monitoring 

period in the pond.  

By contrast, all the remaining 2.1 mg/L of particulate P was removed in W, while only 4% of the 

soluble P was removed. The apparent lack of removal in W could be due to the seasonal translocation 

of phosphorus from rhizomes to aboveground plant parts. During the spring growth spurt, up to 

100% of the plant growth P needs may be withdrawn from storage in the belowground biomass 

(Bernard, 1999, as cited in Kadlec, 2009). Even in warmer months, microbial and plant uptake may 

be operating rapidly, but so are leaching and decomposition processes in litter, reducing the net 

removal rate of this nutrient (Bernard, 1999, as cited in Kadlec, 2009). Overall, the wetland 

performed poorly with respect to phosphorous removal. 

Other researchers have reported low TP treatment efficiencies for wetlands receiving wastewater 

from livestock and agricultural operations, especially as the wetland ages and the sorption sites for 

P reach saturation (Pries and McGarry, 2001; Stone et al., 2002; Jamieson et al., 2007; Kadlec and 

Wallace, 2009; Tunçsiper, Drizo and Twohig, 2015). Stone (2002) indicates that the removal of 

phosphorus from swine derived wastewater can reach 85% at input concentrations of between 1 and 

3 mg/L, but as the concentration increases beyond 40 mg/L, this percentage can drop to 6%, which 

coincides with the removal observed in W in this study. 

2.3.3 Nitrogen 

The TN average concentration in PC was quite elevated at 145.0 mg/L, with 50.1% as NH4
+, 31.3% as 

Norg and 18.6% as NO3-. The average concentration of 27.0 mg/L NO3- –N was higher than literature 
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values, where concentrations of 10 mg/L –N were not exceeded in cattle feedlot runoff (Miner et al., 

1966; Jamieson et al., 2007; Kadlec and Wallace, 2009). NO3- is largely absent in fresh manure; 

however, nitrification can occur in a manure pile if favorable conditions of moisture content and 

oxygen transfer are present. For example, peaks of up to 72 mg/L of NO3--N were observed following 

intermittent low intensity rain (<10 mm / d), such as during period 5 (Fig. 2.2b). These observations 

are supported by both Tian et al. (2012) and Chen et al. (2015), who reported increases in NO3- 

concentrations in manure compost piles of more than 600% on a dry weight basis. The relatively high 

NO3- concentrations observed in this study supports the hypothesis that compositing processes are 

occurring in the manure pile. 

The removal of TN in the system was greater in P1 as compared to the wetland. The nitrogen removal 

mechanisms present in a stabilization pond have been identified by previous research as follows: 

sedimentation of the particulate nitrogen, mainly organic nitrogen (Norg); plant uptake of inorganic 

nitrogen, mainly NH4+ as preferable source of N for assimilation given that it is more reduced 

energetically than NO3-; and the ammonification-nitrification-denitrification cycle (Kadlec and 

Wallace, 2009). The latter depends on dissolved oxygen (DO) stratification in the pond, which 

promotes the conversion of Norg and NH4+ to NO3- on the surface and the stripping of NO3- to N2 (g) in 

the deeper anaerobic zones. In P1 all nitrogen species were reduced by 52 to 60% (Table 2.2), 

keeping their percent distribution almost unchanged from PC to P1. Most of the particulate N (76%), 

was removed through sedimentation, while the remaining 53.4% of soluble Norg was converted to 

NH4
+ or hydrolyzed (Tables 2.2 and 2.3). This suggests that in P1 the removal rate of NH4

+ was greater 

than that of the other nitrogen species given that it had to counteract the simultaneous 

ammonification of Norg to maintain the same concentration ratio. Nitrification processes are inhibited 

at DO concentrations below 1 mg/L (Stenstrom and Poduska, 1980), as was the case in P1 where the 

average DO concentration was 0.52±0.52 mg/L. Given the absence of optimal conditions for 
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nitrification, it is hypothesised that the active net removal of NH4
+ and soluble Norg observed in P1 

was through plant uptake.  

Regarding NO3
- removal, although plant uptake can also play a role, it is more likely that the anaerobic 

conditions of P1 promoted the removal of this form of nitrogen through denitrification. Cedergreen 

and Madsen (2002) found that duckweed has between 2 to 30 times higher affinity and 3 to 11 times 

higher capacity for NH4+ uptake than for NO3- , depending on the plant structure and the availability 

of each nitrogen species. Although NO3
- was also subject to plant uptake in P1, the higher availability 

of NH4+, and the higher affinity of the plant for this species suggests that this mechanism had a 

marginal role in NO3- removal. 

A close correlation between the concentration removal of PO43- and the sum of NH4+ and soluble Norg 

in P1 is observed (R2= 0.97) in Figure 2.4, while this relationship is not evident in W. These 

observations support the hypothesis that the most important sink of nutrients in P1, and in the 

overall system, is linked to plant uptake. Many authors have reported an active role of duckweed in 

the removal of nutrients in stabilization ponds. The N:P ratio in the harvested biomass varies from 

2.55:1 to 3.57:1 in duckweed based treatment applications with livestock wastewater (Cheng et al., 

2002; Mohedano et al., 2012), or up to 4.31:1 in municipal wastewater applications (Zhao et al., 

2014). This relationship has been shown to vary depending on the concentration of nutrients in the 

lagoon (Adhikari, Harrigan and Reinhold, 2015), and therefore, it is related to the type of water that 

is being treated. The same authors report an observed duckweed biomass production of between 18 

and 29 g/m2/day on a dry weight basis. In the present case study, the N:P ratio in the removal of PO4
3-

and the sum of NH4+ and soluble Norg in P1 was 2.65:1 mg / L (Fig. 2.4) and an estimated biomass yield 

of 33 g/m2/day on a dry weight basis based on a duckweed N content of 6.6% (Mohedano et al., 

2012). Considering that the N: P ratio observed in the removal of NH4+ and soluble Norg and PO43- falls 

within the reported N:P range for duckweed and that the biomass yield estimated in P1 is comparable 
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to values reported in literature, it is likely that the observed nutrient removal in P1 was largely due 

to plant biomass growth. The correlation supports this hypothesis since it indicates that the removal 

of both nutrients is subject to a common process, and that the performance in the treatment of both 

P and N responds to the same external factors.  

 

Figure 2.4. Correlation between concentration removal of PO43- and NH4++Norg soluble in P1 for the 6 

study periods during the 2017 operating season 

TN removal was lower in W (21%) compared to P1 (55%). Ammonification and nitrification appear 

to be the dominant processes taking place, with 1.1 mg/L reduction in soluble Norg, a 13.4 mg/L (38%) 

reduction in NH4+-N, and a 1.4 mg/L increase in NO3--N. Average DO concentrations in W varied 

monthly from 0.8 to 2.1 mg/L with an overall average of 1.4 mg/L, which is sufficient for nitrification 

(Stenstrom and Poduska, 1980), while anoxic zones are likely present in the sediment. Although 

there was evidence of nitrification, it is likely that this process could be inhibited by the high 

concentration of organic material in W influent. The high C/N ratio favours the conditions for 

heterotrophs (C-removers) to outcompete autotroph nitrifiers, inducing low nutrients removal.  The 

lower TN removal rates of W as compared to P1 could also be linked to the fact that plant uptake did 

not appear to play a significant role in W due to a lack of commensurate PO43- removal.  
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2.3.4 Suspended Solids 

The system performed poorly with respect to TSS removal. P1 represented the largest net removal 

of this constituent in the system, which may be attributed to longer retention times and a layer of 

duckweed that protected the water from wind action. Generally, wetlands are expected to achieve 

net solids removal higher than 50% in agricultural contexts (Cronk, 1996; Knight et al., 2000), 

however, this case study showed the opposite. Resuspension of solids in the water column of W was 

observed during the last 3 study periods from August 22 - November 15 (Figure 2.2b). Period 5, 

which corresponds to the period with the lowest precipitation coincided with the period of greatest 

removal of solids in P1 (72.3%) as well as with the greater resuspension of TSS in W (most negative 

removal, -198%). Disturbing bottom sediments in W during sampling may have been the cause of the 

elevated TSS concentrations observed. Also, Kaldec and Wallace (2009) argue that in most cases the 

concentration of TSS in the effluent of a wetland is attributed to biological processes, rather than by 

the concentration of TSS in the incoming flow. In particular, the solids leaving the system are often 

generated debris fragments from the accretion by decomposition of leaves and plant material and 

the resuspension of already settled solids in wetland as opposed to the solids entering the system 

(Kadlec and Wallace, 2009). 

2.3.5 First Order Kinetic Rate Constants 

The parameters C*, k and θ recommended in the literature for agricultural runoff are calculated from 

the average values of wetland applications that treat wastewaters from livestock operations of 

different types (swine, cattle, dairy and poultry) and show a high level of variability, likely based on 

wastewater source and climate (LWDB, 1997; Stone et al., 2002; Jamieson et al., 2007). P-C*-k model 

parameters were optimized in this study using sum of squares as a lack of fit minimization function 

with results presented in Table 2.4.  
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Table 2.4. Optimized P-C*-k model parameters and θ coefficients for each water constituent 

  BOD5 COD TP PO43--P TN NH4+-N NO3--N 

n  24 363 126 117 334 186 176 

C* Mean 8.8 125.9 2.5 2.5 10.1 1.7 0.5 

(mg/L) ± 95%CI 1.1 7.3 0.3 0.3 0.6 0.1 0.0 

k20 Mean 8.73 2.42 0.79 0.45 4.07 7.28 -1.00 

(m/yr) ± 95%CI 0.48 0.08 0.04 0.04 0.12 0.14 0.05 

P Mean 2.0 2.4 2.6 2.5 2.3 2.9 2.6 

 ± 95%CI 0.3 0.1 0.2 0.2 0.1 0.1 0.1 

θ Mean 1.061 1.034 1.032 1.035 1.034 1.050 1.035 

 ± 95%CI 0.003 0.002 0.004 0.004 0.002 0.002 0.003 

R2 Mean 0.93 0.60 0.91 0.88 0.69 0.91 0.81 

 Std. Dev 0.01 0.02 0.02 0.01 0.02 0.01 0.02 

F-statistic† =MSLF/MSPE 0.34c 1.57a 0.18c 0.33c 0.65a 0.51b 0.47b 

 

† Null hypothesis (H0:no significant lack of fit) rejected if ratio between Lack of Fit Mean Square (MSLF) and Pure Error 

Mean Square (MSPE) is higher than: a F(2,38,0.05)=3.245; b F(2,37,0.05)=3.252; c F(2, 39, 0.05)=3.238. 

 

The values of C* recommended by Knight (2000), are within the range found in the optimization. 

However, the data show that this parameter is not significant within the ranges stipulated. Although 

the 95% confidence intervals of C* were narrow for most constituents, representing between 5 and 

12% of the mean value, big changes in this parameter did not affect the goodness of fit between the 

observed values and the modelled ones. This indicates that the model is not very sensitive to changes 

in background concentration. 

The incorporation of the parameter P accounts for non-ideal flow patterns typical of treatment 

wetlands. Previous reported k values were calculated assuming a hydraulic efficiency intermediate 

between completely mixed and plug flow, approximated by three completely mixed tanks in series 

for all constituents (Kadlec and Wallace, 2009). However, some authors suggest different P values 
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after studies with tracers or in configurations that minimize short circuiting and promote plug-flow 

(Kadlec, 2009; Beutel et al., 2014). In this study, the optimized P value varied from 2.0 to 2.9 tanks in 

series. As with C*, variation in P showed to be insignificant for the model outcome given that it was 

not able to identify any specific value of P that could minimize the SS of the modeled data.   

The calculated θ coefficients indicates that there is a significant effect of temperature on the kinetic 

constants in W. The value of θ = 1.06 found for the correction of the kBOD contradicts Kadlec and 

Wallace (2009), who recommend a value of θ = 1.00 for the design of domestic wastewater wetlands, 

which suggests k is not temperature dependent. However, Knight et al. (2000) calculated an average 

value of θ = 1.03 from the livestock wastewater database, supporting this study’s findings that 

temperature has an effect on kBOD. The value for kNH4+ of θ = 1.05 is consistent with θ coefficients found 

in the literature of approximately 1.05 (Knight et al., 2000; Kadlec and Wallace, 2009).  

The calculated, optimized values of θ for kTP, kPO4 and kNO3 do not have much physical sense, since the 

kinetic rates for these three parameters are all very low or negative, and were not applied to the data. 

The small (<2% of mean value) standard deviations of R2 in Table 2.4 indicate that all parameter 

solutions within the 95% CI ranges fit the data very closely, therefore parameters with narrow 

confidence intervals are more sensitive in the model. Given that, the θ coefficients found in this study 

confirm the dependence of the performance of W on temperature and the high sensitivity of the 

model to changes of this variable.  

For every constituent, the F- Test for statistical lack of fit analysis accepted the null hypothesis, which 

states that there is no significant lack of fit between the modelled and the observed data. This 

indicates that the model inadequacy is not significantly greater than the experimental error and 

therefore the model describes the observed data. 
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Table 2.5 shows a summary of the k values obtained after optimization compared to average values 

reported in the literature for livestock operations and their corresponding ranges. It should be noted 

that, as indicated in the table, some of the values reported are based on the C *-k model (Kadlec and 

Knight, 1996), which assumes a P value close to 3 in the calculations. Although all the constants fall 

within the wide range of results found in the literature, the TN and TP k20 values are lower than the 

the ones reported by different authors. This is reflected in very similar W inflow and outflow 

concentrations shown in Figure 2.2, especially for TP. Part of the differences between observed 

values and literature may be due to factors such as the origin of the wastewater to be treated, the age 

of the wetlands included in each study, the time horizon used in the calculation of the constants, and 

operational parameters such as the configuration of each system and the level of DO in the water. 

This last factor is critical when predicting the performance of a wetland in the treatment of different 

forms of nitrogen, given that their removal is contingent on chain processes that are very sensitive 

to changes in DO concentration. Constants describing the conversion or removal of different forms 

of nitrogen between different studies should not be comparable unless there is a correction factor 

for DO concentration in each system. 
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Table 2.5. Summary of average and range of first order areal kinetic constants, k, (m/yr) for sizing 

livestock wastewater treatment wetlands. 

 Type BOD5 TP TN NH4+-N NO3-N 

This Study 1 Cattle 
8.7 

(2.3 – 37.5)a 

0.8 

(-3.6 – 2.75) a 

4.1 

(0.5 -8.9) a 

7.3 

(2.7 – 17.0) a 

-1.0 

(-22.3 – 1.5) a 

(LWDB, 1997)2 
All 

livestock 

22 

(7 - 68) 

8 

(2 - 18) 

14 

(5 - 32) 

10 

(-1 - 26) 
- 

(Stone et al., 

2002)2 
Swine - 1.79 8.76 9.19 - 

(Jamieson et 

al., 2007) 
Dairy 

7.0 

(0.64 - 38.7) 

1.6 

(-10.2 - 5.8) 
- 

4.3 

(-0.3 - 17.2) 

-0.2 

(-15.1 - 4.3) 

(Rozema et al., 

2016)2 

Dairy, 

abattoir 

6 

(0.2 - 24.1) 

2.9 

(-1.3 – 15.2) 
- 

3.3 

(-1.1 – 9.1) 

2.5 

(-0.2 – 9.2) 

a. Range from individual period k calculated using optimized C*-P and θ  
1. There is no reference information for kCOD and kPO4, whose averages and ranges in this study were 2.4 (-3.7 - 9.4) 

and 0.5 (-6.3 - 1.31), respectively. 
2. Based on the C *-k model (Kadlec and Knight, 1996). 

 

The k20 value should not change with time in a given wetland since it is characteristic of each system. 

However, by using the C*, P and θ optimized values to recalculate the individual k values from each 

of the 6 defined periods, a high variation was observed, reported as the range of variation of the 

optimized k20 constants in Table 2.5. This shows that although a unique optimized k20 value could 

adjust to some extent the observed and predicted values of concentration of the W effluent on an 

annual scale, the k values varied significantly on a monthly scale (approximate length of each period). 

No clear evidence of correlation between k20 and precipitation, flow, retention times or with input 

concentrations was found, but similar patterns of change were observed in the concentration of the 

constituents in P1 and W after rain events with similar intensity; which could explain the variability 

of k20 observed on a monthly scale. 
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Figures 2.5 and 2.6 show the reduction in the concentration of TN, TP, COD and BOD5 in the wetland 

influent (i.e. P1) and in the wetland effluent (i.e. W) with respect to antecedent rainfall and grouped 

into thresholds 50 and 100% of the system being flushed. Low cumulative rainfall in the preceding 

days since the second-last sampling resulted in increased influent concentrations of all constituents 

with respect to past samples (shaded region A, Fig. 2.5). In contrast, after intense precipitation events 

or after conditions of high cumulative precipitation, the influent concentrations decreased 

significantly with respect to past samples (shaded regions B and C, Fig. 2.5). These patterns of 

concentration change were similar for the wetland effluent (Fig. 2.6). When the volume of recent 

precipitation events approaches or exceeds the volumetric capacity of P1 and W, a displacement of 

untreated but strongly diluted water towards the end of the system is generated. This results in noise 

in the calculation of W efficiency and kinetics in the treatment of pollutants, given that the k20 values 

calculated during periods where this occurs are affected by a dilution factor. For a better 

understanding of the role of the wetland in the net removal of pollutants during these events it would 

be necessary to implement sampling frequencies that are linked to the intensity of precipitation 

events and conduct a separate analysis for each flow event with detailed time series data. 

In a study of the characterization of livestock feedlots Miner et al. (1996) concludes that runoff from 

low-intensity rainfall is generally more heavily polluted than that from an intense rain given that in 

these events the nutrients and organic matter in manure has more time to solubilize in the incoming 

water (Miner et al., 1966). This could explain the large increase in the concentration of all 

constituents even two sampling dates after moderate intensity rainfall events. After W inlet 

concentrations increase, the treatment performance may also be compromised given that there is 

greater oxygen demand in the system that can affect sensitive processes such as nitrogen removal. A 

significant difference between values in regions A, B and C was observed in both Figures 2.5 and 2.6 

(P<0.05).  
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Although it is not ideal to use contemporaneous inflow and outflow values to apply the P-C*-k model, 

the k20 values of all the constituents during each of the rainfall events were calculated to better 

understand how the dilution or concentration of the influent affected the efficiency of the wetland. 

Figure 2.6 shows the average change in the k20 value of the plotted constituents during the rain events 

grouped in each shaded zone. In zone A, which corresponds to a more concentrated influent, there is 

an average increase of 76% in all the constituents k20 value. On the other hand, when the influent is 

more diluted, the change in the kinetic rate of the wetland is negative, showing an average reduction 

of 129% in zone B and 561% in zone C with respect to optimized year-based k20 values reported in 

Table 2.4. Changes in k20 values are more pronounced for BOD, COD and TN; whose removals are 

dependant to common variables, such as DO.  

These changes in k20 values indicate that the kinetics of the wetland are significantly affected by 

rainfall events which affect both constituent input concentration and retention time. Therefore, while 

the P-C*-k model can effectively be used to design event-based systems for average annual 

performance, the model does not adequately account for individual events. As explained by Kadlec & 

Wallace (2009), as loadings increase, pollutant removal mechanisms could change: aerobic processes 

become less of a probable factor and are replaced by anoxic processes. 
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108mm: 
Equivalent 
depth to 
flush 100% 
of P1  

54 mm: 
Equivalent 
depth to 
flush 50% 
of P1  

A B 

C 

 

Figure 2.5. Change in wetland influent concentration under different cumulative precipitation 

scenarios.   
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Figure 2.6. Change in wetland effluent concentration under different cumulative precipitation 

scenarios. k20 percent changes are with respect to optimized year-based k20 values reported in Table 

2.4. 

The number of factors that can affect the performance of a wetland are too many to be described 

accurately by only one constant (k). The high range of reported k values in the limited literature 

reflects the number of operating and external variables, which are not considered in the parameter 

calculation. It is important to note that values for k, C*, P, and θ optimized from insufficient data sets 

may lead to unrealistic parameter estimates. Ideal data sets would include a broad range of inlet 

concentrations and hydraulic loading rates over long enough periods to allow consistent wetland 

performance as indicated by stable outflow concentrations (LWDB, 1997). 

The event-driven nature of the wetland system makes it difficult to determine rate coefficients with 

precision based on a kinetic model for continuous-flow systems. In periods where precipitation 

events are far apart the system may have been functioning as a batch reactor instead of a tank-in-
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series configuration. This is evident in Figures 2.2.a-b between the months of September and October, 

where there was almost no precipitation and effluent concentrations of NH4+, TN, TP and COD 

decreased consistently until in the case of NH4
+ reaching background concentrations. This 

phenomenon can give rise to problems with the interpretation of the k20 values obtained, given that 

rate coefficients in batch systems will differ considerably from those determined under continuous 

flow conditions. In spite of the above, first order models are still recommended to describe nutrients 

and organic matter removal in runoff treatment wetlands over averaged periods of operation (Kadlec 

and Wallace, 2009). 

 

2.4 CONCLUSIONS 

A Pond/Wetland system treating cattle manure pile and exercise yard runoff was evaluated over a 7-

month operating period from May to November to determine kinetic removal rates and to study the 

impact of precipitation events and temperature on treatment kinetics.  

The runoff had a high average COD/BOD5 ratio as well as high NO3- concentrations suggesting that 

the manure pile is acting as a compost system, which plays an important role in the strength of the 

runoff constituents entering the system.  

The pond provided almost all of the removal of dissolved phosphorus in the system. This, in 

conjunction with a close correlation with removal of dissolved NH4+ and soluble Norg combined (R2 > 

0.97) suggests that plant uptake in the pond, likely through the observed prevalence of duckweed, 

was the predominant mechanism in nutrient removal.  

DO levels favored denitrification in the pond and nitrification in the wetland. The latter suggests that 

although having only one pond in the system could bring important organic matter and nutrient 
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removal, the wetland is key to increasing the oxygen levels in the water and to promoting the 

transformation of nitrogen species, which improves the overall treatment. 

The Pond/Wetland system was effective at removing organic matter and nutrients with average 

removal efficiencies of 76% BOD5, 69% COD, 64% TN and 48% TP. The Pond/Wetland system was 

shown to be a viable management practice for cattle manure pile and exercise yard runoff treatment 

in a temperate climate.  

From the optimization of the parameters of the model P-C*-k and θ, it was observed that the number 

of tanks in series and the background concentration are not very sensitive in the model, while most 

of the kinetic rates of removal have a strong dependence on temperature. The k20 values normalized 

to 20°C were 8.8 m/y for BOD5, 2.4 m/y for COD, 0.8 m/y for PO43, 0.5 m/y for TP, 4.1 m/y for TN, 

and 7.3 m/y for NH4+. The computed Arrhenius temperature correction coefficient applied to the k 

values were 1.061 for BOD5, 1.034 for COD and TN, 1.032 for TP, 1.035 for PO43- and NO3-, and 1.050 

for NH4
+. The model was effective (and adequate) at representing average system performance on a 

seasonal to yearly time scale, with all the optimized k constants falling within the ranges reported in 

literature from similar applications. However, high variations were observed when the model was 

applied at a daily to monthly time scale due to the event-based nature of the system.  

The study shows that short-term k20 values increase with low intensity storm events and decrease 

with medium to high intensity storm events as precipitation affects both the hydraulics and the input 

concentrations of the system. The effect of isolated rain events on the performance of the wetland 

showed to be contingent on the intensity of the event, former humidity conditions of the feedlot and 

the hydraulic capacity of the wetland.  

More complex multi-parameter models should be implemented to better represent event-driven 

systems and to better represent the linkages between DO and nitrogen speciation.  Tracer studies are 
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recommended to calculate hydraulic retention times and to detect possible short circuiting within 

the wetland that may affect the treatment capacity of the system. 
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Chapter III. 

3. Side by Side Comparison of a Vegetated Filter and a 
Flow Path Treating Beef Farm Constructed Wetland 
Effluent  
 

 

3.1 INTRODUCTION 

 
Many livestock operations employ outdoor confinement areas and manure storages that, when 

exposed to rain and snow, create runoff that can present a significant risk to receiving water quality. 

Preceded by a well-designed settling basin or constructed wetland, vegetative filter (VF) systems are 

an alternative zero (surface) discharge technology that may address surface and groundwater 

impairment from open livestock operations. VF systems promote infiltration of runoff and pollutants 

into the soil profile, enhance filtration of suspended sediment by vegetation, favor soil adsorption 

and enhance nutrient uptake by plants (Fajardo, Bauder, & Cash, 2001). 

Various studies indicate that VFs are effective and potentially acceptable treatment alternatives for 

livestock operations (Koelsch et al., 2006). However, the wide range of conditions under which such 

systems have been tested, and the wide variability in the effectiveness to remove contaminants have 

made it difficult to determine a uniform criterion to evaluate their performance. Generally, VFs can 

be designed as channelized flow, where flow is concentrated in a relatively narrow channel or flow 

path (FP), or as overland flow, where effluent is dosed through a stationary perforated pipe, allowing 

sheet flow through a 2-5% sloped area, or a vegetated filter strip (VFS), with widths ranging from 5 

to 30 m (Dickey & Vanderholm, 1980). Despite their potential for improving water quality, VF 

performance is contingent on many variables including:  flow regime, slope, sizing, soil type and 
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condition, influent concentrations, hydraulic loading and vegetation (Koelsch et al., 2006; Lim, 

Edwards, Workman, Larson, & Dunn, 1998; Rahman, Rahman, & Wiederholt, 2011). Dickey & 

Vanderholm (1980) show that channelized flow systems require over five times greater flow lengths 

for a similar degree of treatment than overland flow systems treating feedlot runoff. Also, Dillaha et 

al. (1988), demonstrated that VF performance is critically dependent on the flow regime, with a VF 

system removing 70-95%, and 61-70% less P, and N for concentrated flow than for diffuse flow 

(Dillaha, Sherrard, Lee, Mostaghimi, & Shanholtz, 1988). The treatment mechanisms and the design 

parameters for optimal performance have been difficult to define, creating a restriction on livestock 

producer’s ability to implement their use (Dickey & Vanderholm, 1980). 

Currently the literature provides recommendations for the design of this type of vegetative system. 

Based on a summary of design criteria used over the past 40 years, Koelsh et al. (2006) suggests that 

a vegetative filter area to drainage area ratio of 2 is necessary to achieve removals of more than 50% 

in any constituent concentration (Koelsch et al., 2006). Some other criteria are based on the area 

needed to infiltrate runoff from rainfall events of different intensities and return periods, while 

others use minimum contact times and desired treatment levels (Koelsch et al., 2006). In Ontario, the 

main VF design guide restricts the sizing to a maximum hydraulic loading rate (HLR) of 5 cm/week 

or to the infiltration rate of the saturated soil (OMAFRA, 2006). The uncertainty associated with the 

wide variety of design procedures generally leads to oversizing of the filters. Since VF systems 

typically replace land otherwise used for crop or forage production, there is a tendency to minimize 

filter areas. Hence the need to generate science-based knowledge to optimize design criteria for the 

benefit of producers and water quality in areas with open livestock operations.  

In this study, data from an experimental vegetated filter strip (VFS) constructed in 2014 and a 

channelized vegetated filter, or flow path (FP), receiving beef manure pile and exercise yard runoff 

pretreated in a constructed wetland in eastern Ontario is presented and discussed. The study 
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objectives were to: i) evaluate and compare the performance of a VFS and a FP in removing nutrients 

and organic matter from pretreated beef farm runoff and ii) recommend an optimum management 

option with design loading for beef producers.  

 

3.2 METHODS 

3.2.1 Site Description and Operation 

The VFS and FP compared in this study are located at the Pemdale beef farm in Winchester, Ontario, 

Canada (60 km south-east of Ottawa), which comprises an average of 30 cattle. This area has 30-year-

average temperature normals of 13.4°C between May and November (with a maximum average 

monthly temperature of 20.5°C in July and a minimum of 1.3°C in November) and a 30-year-average 

precipitation of 610 mm over the 7 month period (Government of Canada, 2018). In 2017, the 

average daily temperature was slightly above average at 15.2°C while the site received significantly 

higher rainfall of 922 mm. As described in Chapter II, runoff from a 1000 m2 outdoor confinement 

area and manure pile is treated by a Pond/Wetland system and then stored in a second treatment 

pond (P2). Influent from P2 was pumped to the VFS and FP simultaneously via two 0.3HP Goulds 

model PS41 centrifugal sewage pumps. Pump runtime data was collected by means of a 

programmable logic controller.  

The VFS was constructed during the fall of 2014 and is depicted in Figure 3.1. The VFS has two pairs 

of 30 cm zero-tension lysimeters, VFS1A-B and VFS2A-B, installed along its 15.6 m length, and was 

dosed to a header pipe that spans 6 m, defining an infiltration area of approximately 93.6 m2, at a 2-

3% slope. Each pair of lysimeters were aligned and installed at a distance of 2.3 and 11.1 m from the 

header, respectively, and were arranged in two parallel rows (labeled as A and B in VFS, Fig. 3.1). The 

lysimeters are composed of a 30 cm dia. plastic collection funnel installed at a depth of 30 cm and 
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draining through a 3.8 cm braided plastic hose to a 10 L plastic container with a standpipe to the 

surface to allow for sample collection. The collection funnel is filled with 2 cm washed gravel, 0.5 cm 

aquarium stone, silica sand and a geotextile layer to prevent soil migration into the sample container.  

The FP follows the natural drainage path for overland flow from the barnyard and adjacent fields. 

Five lysimeters were installed in a single row at 2.5 m, 9.0 m, 18.2 m, 28.7 m, and 38.7 m from the 

dosing pipe (Fig. 3.1). The path had an approximate width of 2 m, defining an infiltration area of 87.4 

m2.  

In addition to the monitoring lysimeters in each infiltration system, three piezometers were installed 

in the study area. The piezometers consist of 5 cm dia. perforated PVC pipes installed 2.0 m in the 

ground. The first piezometer (Piez1) was located 13 meters away from the last lysimeter of the FP 

and upslope from both infiltration systems and serves to monitor background groundwater quality. 

The other two piezometers (Piez2 and Piez3) were located in the middle of the VFS at 6.6 m from the 

header pipe and in the middle of the FP at 13.6 m from the inlet pipe, respectively. The depth of the 

water table at each of the piezometers was measured during each visit to the farm.  
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Figure 3.1 Plan view of the Pond 2 and the two infiltration systems (Vegetative Filter Strip and Flow 

Path) in the Pemdale farm, Winchester, ON. Google Earth V 7.3.1.4507 imagery (September 2nd 2016, 

eye alt 94 m).  

 

The effluent from the post wetland storage pond (P2) was dosed to both FP and VFS at six different 

loading rates (1.7, 2.5, 3.0, 3.4, 5.0, 6.6 cm/d). Each dosing program operated for approximately one 

month. A total of 40 sampling visits were conducted throughout the 7-month operating period, from 

May until the beginning of freeze-up in November. The dosing schedule is summarized in Table 3.1. 

Lysimeter and piezometer samples were collected by means of a peristaltic pump and immediately 

transported to the Environmental Engineering Research Laboratory at the University of Ottawa for 

analysis. Cumulative pump runtime data was also recorded during each visit. The following analyses 

were conducted using the procedures outlined in the Standard Methods for the Examination of Water 

and Wastewater (APHA, 2005): chemical oxygen demand (COD) - method 5220 and phosphates 

(PO4
3- - P) – method 4500 P. For nitrogen species, the following analysis methods were used:   

ammonia (NH4
+ - N) - Nessler method; and nitrates (NO3

--N) – Hach method 10206 TNT 835. 
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Table 3.1. Dosing schedule for FP and VFS during 2017 operating season  

Period Pump program Flow (m3/d) HLR (cm/d) 

Aug 9 - Aug 25 15 sec/ 1 hr 1.6 1.7 

Aug 26 - Sep 19 22 sec/1 hr 2.3 2.5 

Sep 27 - Nov 10 30 sec/1 hr 2.7 3.0 

May 26 - Jun 19 1 min/2hrs a 3.0 a 3.4a 

Jul 14 - Aug 8 45 sec/1 hr 4.5 5.0 

Jun 20 - Jul 13 1 min/1 hr a 6.0 a 6.6 a 

    

   a FP was not dosed during this period 

 

The soil at the Pemdale farm is a North Gower clay loam and was rototilled to ensure uniformity and 

promote growth of the field grasses. Orchardgrass (Dactilys glomerata) was the predominant grass 

species, however, the presence of dandelion (Taraxacum sp.) and thistle (Cirsium arvense) was also 

observed throughout the field. Grass and soil samples were collected in the vegetated filter area for 

nutrient analysis. Three samples of grass, each representing an area of 1 m2, were taken twice during 

the experiment after reaching full growth and before cutting on May 25th and July 20th. The quadrants 

were selected randomly and were cut by hand. All samples were weighted and dried to calculate their 

water content, and immediately shipped to the University of Guelph Agriculture and Food laboratory 

for nutrient content analysis. Soil samples were collected at four locations in the VFS at the end of the 

experiment: at 3 m behind the header pipe (background), and at 2.3 m, 6.6 m and 11.1 m after the 

header pipe adjacent to VFS1A-B, Piez3 and VFS2A-B, respectively. Also, only for bioavailable-PO43- 

content analysis, soil samples were collected at 5 locations in the FP: at 2.5 m, 9 m, 18.2 m, 28.7 m 

and 38.7 m from the inlet pipe, at the same distances as FP1-5, respectively. Each 45 cm soil core was 

divided into three 15 cm segments. Nitrogen extraction was achieved by mixing for 90 minutes 6 

grams of air-dried soil with 2M KCl (Bremner & Keeney, 1966). Phosphorus extraction was 

conducted using two methods: Mehlich-2 extraction was achieved by mixing for 5 minutes 2 grams 

of air-dried soil with 20 ml of Mehlich-2 solution (Mehlich, 1984); and Olsen extraction was achieved 

by mixing for 30 minutes 2 grams of air-dried soil with 40 ml of NaHCO3 0.5M (Olsen et al., 1954). 
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The extracts were filtered, and laboratory analyses were conducted to measure the concentration of 

ammonium, nitrate and orthophosphate following the methods described above for these 

constituents. 

 

3.2.2 Data analysis 

A volume correction was applied to the VFS and FP efficiency calculations to eliminate the dilution 

effect caused by direct rain in the system. Data from the meteorological station of Kemptville, ON, (25 

km from the site) was used as an approximation of local precipitation, air temperature, wind speed 

and relative humidity during May. The Winchester Agricultural Research Station (adjacent to the 

research site) provided the data for the remainder of the study period (June-November). To calculate 

the daily evapotranspiration rates in the field, the modified version (Rondon, 1972) of the formula 

developed by Hargreaves (1968) was used based on the fact that it has been found to provide a 

reasonable estimates of evaporation in Ontario (Panu & Nguyen, 1994; Rondon, 1972).  

Unexpectedly high concentrations of many constituents were measured in FP3, suggesting an 

alternative source of contamination at this sample location. Although fencing was installed around 

the perimeter of the FP and VFS to keep the cattle from disturbing the experiment, the faeces or 

decaying body of a small animal could explain the anomalous results observed. Additionally, sample 

volumes collected were much lower than at adjacent lysimeters. For these reasons, FP3 data was 

omitted from the mass balance analysis. 

The efficiencies of VFS and FP were compared independently under the different dosing programs 

tested. Data was analyzed using the one-way analysis of variance (ANOVA) test to determine if there 

were significant differences in the concentration of constituents during each dosing program 

throughout each system. In addition, this statistical test was also used to determine significant 

differences between final concentrations under different HLRs.  
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The comparison of the efficiency between both systems was carried out by means of the same 

statistical test taking into account two criteria: linear distance from the inlet and infiltration surface 

area. At equivalent distances or equivalent areas, the average efficiencies achieved during the entire 

study period were compared. In this case, the percent removal with respect to the initial 

concentration of each constituent was used as a comparison parameter since the inlet concentrations 

were different between dosing programs. 

To calculate the degree of correlation between variables and to describe trends during the 

comparison of the efficiency of the systems, the Pearson correlation coefficient was also used in some 

cases. Under this test, highly correlated variables have coefficients above 0.5, where the maximum is 

1.0.  

Finally, mass removal was calculated from the difference of the total mass dosed to the systems and 

the mass captured in the lysimeters. The former value was obtained by multiplying the measured 

(and emptied) water volume captured in the lysimeters by the concentration of each constituent. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Constituents concentration 

 

The concentration data for each constituent are presented in Figures 3.2-5, while removal efficiencies 

are presented in Tables 3.2–4. The values from FP3 (18.2m) should be applied with caution due to 

high standard deviations and low sample volumes.   
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Figure 3.2. COD mean‡ concentrations at different HLRs along: a) VFS; and b) FP 

‡ The labels shown on the average concentration bars corresponding to the VFS2 lysimeter (11.1 m from header) indicate 

whether the final concentrations achieved in VFS at different HLRs are significantly different. The labels corresponding to 

FP4 and FP5 lysimeters (27.8 and 37.8 m from inlet) in addition to comparing the final efficiency of FP at different HLRs, 

also allow to determine whether there are significant differences between the concentrations reached in these last two 

lysimeters. In each system, the average concentrations labeled with the same letter are not statistically different under an 

ANOVA test with a significance level of 95% (p<0.05). 

 

 
 

 
 

Figure 3.3. NH4
+ mean‡ concentrations at different HLRs along: a) VFS; and b) FP 

‡ Means labeled with the same letter are not significantly different by ANOVA test (p>0.05) 
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Figure 3.4. NO3
- mean‡ concentrations at different HLRs along: a) VFS; and b) FP 

‡ Means labeled with same letter are not significantly different by ANOVA test (p>0.05) 

 
 

 
 

Figure 3.5. PO43- mean‡ concentrations at different HLRs along: a) VFS; and b) FP 
 

‡ Means labeled with same letter are not significantly different by ANOVA test (p>0.05) 
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428 ± 82 at 1.7 cm/d to 696 ± 152 mg/L at 6.0 cm/d.  

Significant reduction in COD concentration was observed between Influent and VFS1 and between 

VFS1 and VFS2 under all loading conditions (P<0.05) (Fig. 3.2a). The removal of COD in VFS1 (middle 

of the filter) and VFS2 (end of the filter) averaged 38 ± 5% and 93 ± 2%, respectively, with no 

statistical difference in removal efficiency with loading rate (Table 3.2). This indicates that even a 4-

fold increase in the HRL and a 60% increase in influent concentration did not affect the VFS efficiency 

in removing COD. In all dosing programs, the concentration of COD at the end of the filter was less 

than 100 mg/L with no significant differences observed with the exception of the 3.0 cm/d loading 

rate, which was lower than the others (Fig. 3.2a). Furthermore, average concentrations at VFS2 were 

not statistically different (P>0.05) from background concentrations in Piez 1 at HLRs between 2.5 

and 5.0 cm/d. 

Table 3.2. COD concentration percent removal in both infiltration systems at different HLR. 

HLR Influent  VFS1‡ VFS2  FP1 FP2 FP3 FP4 FP5 

(cm/d) (mg/L)  2.3 m 11.1 m  2.5 m 9.0 m 18.2 m 28.7 m 38.7 m 

1.7 428 ± 82  29a 94b  41±13 50±12 45±24 80±8 79±12 

2.5 540 ± 158  39a 94b  39±16 60±15 69±18 88±2 90±4 

3.0 464 ± 96  44a 97b  38±40 76±7 58±10 75±21 73±14 

3.4 670 ± 129  36a 94b  - - - - - 

5.0 633 ± 102  41a 91b  54±21 55±22 41±26 80±4 83±4 

6.6 696 ± 152  38a 90b  - - - - - 

 Average  38±5 93±2  43±7 60±11 53±13 81±5 81±7 

 

‡ VFS1 and VFS2 means labeled with same letter are not significantly different by ANOVA test (p>0.05) 

 
Flow Path 

In the FP, a general trend of reduced concentration with distance was observed from FP1 to FP5 

across all loading conditions, with the exception of FP3 (Fig. 3.2b). A statistical difference was 

observed between the concentration of the influent and FP1 for all HLRs (p<0.05); however, when 
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significance was tested between FP1 and other sampling locations, differences were found in two of 

four loading rates at FP2, in only one loading rate at FP3 and in all cases at FP4. No significant 

differences were observed between FP4 and FP5 for any of the loading rates, suggesting that 

maximum removal had been achieved by FP4 (29m).  

No clear trend of loading rate on treatment efficiency was observed at any of the sampling locations, 

while average percentage removal increased with distance from 43 ± 7% at FP1 to a maximum of 81 

± 5% at FP4 (Table 3.2). However, a statistical difference was observed between the mean COD 

concentrations measured at HLRs greater than 3 cm/d in FP4 and FP5 with respect to lower HLRs 

(Fig. 3.2b). This suggests that the variation in dosing frequency and intensity has some effect on the 

efficiency of the FP removing organic matter from wastewater. The final COD concentration reached 

in the flow path was 70.2 mg/L on average at HLRs lower than 3 cm/d, and 124.1 mg/L at higher 

HLRs. These results suggest that maximum treatment is achieved at a distance of 29 m, regardless of 

loading rate, and that a treatment effect is observed at loading rates greater than 3 cm/d.  

Comparison between VFS and FP 

The two filters were compared at similar linear distances of 2.3 m (VSP1) and 2.5 m (FP1), with 

average removal rates observed of 38 ± 5% and 43 ± 7%, respectively, and no significant differences 

in concentrations observed at each loading rate (P<0.05). Given the width difference between filters, 

and the insignificant differences in removal rates, the results indicate that the FP was more efficient 

than the VFS on an area basis (normalized per width of the filter) in the first 2.5 meters, due to 

supersaturated soils around the inlet. On the other hand, when comparing the two filters on an 

equivalent area basis at VFS2 (94 m2) and FP5 (87 m2), the VFS showed better performance at all 

loading rates with 93 ± 2% COD removal compared to 81 ± 7% for the FP [F (1, 8) = 13.9, p=0.01]. 

These results indicate that VFS provides better COD reduction than FP; possibly due to better effluent 

distribution in the VFS system.  
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Similar percentage removals in COD concentration compared to the results of this study were 

observed in two different experiments with VFSs at cattle feedlots. Andersen et al. (2009), reported 

COD removals ranging from 47 to 93% in six VFS systems receiving feedlot runoff with 

concentrations between 1,609 and 34,933 mg/L COD. The systems with the highest percent removals 

had drainage to filter area ratios of up to 10:1, a similar value to that used in this study, of 11:1. The 

authors state that beyond the changes in filter design, system management is one of the keys to 

maximizing system performance (Andersen et al., 2009). Similarly, Dickey and Vanderholm (1981), 

reported COD removal rates of more than 80% in both channelized and overland flow systems. They 

found that, as observed in the present study, channelized systems showed lower final removal rates 

than VFS on a linear distance basis from the pipe inlet. The channelized flow system required a flow 

length over 5 times longer than the overland flow systems to achieve a similar concentration 

reduction (Dickey & Vanderholm, 1981). 

 

3.3.3 Inorganic Nitrogen 

Vegetated Filter 

NH4+ influent concentrations generally increased with loading rate and ranged from 5.8 ± 4.6 to 27.7 

± 12.8 mg N/L, while NO3
- influent concentrations showed no trend and less variability with values 

ranging from 5.9 ± 0.9 to 14.1 ± 7.5 mg N/L. This resulted in total inorganic N (TIN) influent 

concentrations increasing with loading rate and ranging from 13.2 ± 4.1 to 34.7 ± 13.6 mg N/L. 

Significant reductions in NH4+ concentrations were observed between the influent and VSF1 at only 

two of six loading rates (3.4 and 6.0 cm/d), while significant reductions were observed between VFS1 

and VFS2 under all loading rates (p<0.05) (Fig. 3.3a). A trend of increasing removal efficiency with 

loading rate was observed between the influent and VFS1, from 19% at 1.8 cm/d to 63% at 6.6 cm/d 

(Table 3.3), which coincides with higher influent concentrations. Almost complete removal of NH4
+ 
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was observed at VFS2 under all loading rates with 96±4% removal and final average concentrations 

of 0.23 mg/L.  

NO3
- concentrations were significantly reduced for all loading rates between the influent and VSF1 

and between VFS1 and VFS2 (Fig. 3.4a). No statistical difference in NO3- removal efficiency was 

observed between loading rates at either VSF1 or VSF2; however, NO3- removal increased from 58 ± 

6% at VSF1 to 94 ± 3% at VSF2 (Table 3.3). Average NO3- concentrations at VFS2 (0.44 ± 0.15 mg/L) 

reached background concentrations observed at Piez 1.  

The two likely mechanisms for inorganic nitrogen removal are nitrification/denitrification in the 30 

cm soil profile and plant uptake. The ammonia and nitrate data at VFS1 suggests limited nitrification 

in the beginning of the VFS with anoxic conditions supporting denitrification, possibly due to 

saturated soils, with removal rates of 50 ± 13% TIN observed (Table 3.3). However, almost complete 

removal of inorganic nitrogen was observed at VFS2 with average TIN reduction of 96 ± 2% (Table 

3.3). The VFS was shown to be highly effective at reducing TIN under variable loading rates of 1.7 to 

6.6 cm/d.    
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 Table 3.3. NH4
+, NO3

- and TIN concentration percent removal in both infiltration systems at different 
HLR. 
 

HLR Influent  VFS1‡ VFS2  FP1 FP2 FP3 FP4 FP5 

(cm/d) (mg/L)  2.3 m 11.1 m  2.5 m 9.0 m 18.2 m 28.7 m 38.7 m 

Ammonia           

1.7 6.1 ± 3.1  19a 93b  25±23 53±17 53±25 86±5 89±6 

2.5 5.8 ± 4.6  29a 96b  48±34 63±27 67±45 94±4 85±16 

3.0 9.0 ± 6.2  45c 90b  42±33 90±10 89±3 98±1 90±6 

3.4 20.5 ± 2.7  63c 98b  - - - - - 

5.0 15.2 ± 10.0  60c 99b  75±17 81±21 72±23 93±4 95±5 

6.6 27.7 ± 12.8  63c 99b  - - - - - 

 Average  46±19 96±4  48±21 72±17 70±15 93±5 90±4 

Nitrate           

1.7 7.1 ± 1.1  48e 93f  43±30 51±14 -34±63 33±47 58±58 

2.5 14.1 ± 7.5  53e 97f  32±25 54±20 20±59 75±7 84±84 

3.0 10.5 ± 4.9  64e 97f  47±23 35±50 -7±95 -69±99 18±18 

3.4 5.9 ± 0.9  60e 94f  - - - - - 

5.0 7.3 ± 0.9  62e 90f  5±60 -29±50 -78±138 56±22 48±48 

6.6 7.0 ± 0.9  61e 94f  - - - - - 

 Average  58±6 94±3  32±19 28±39 -25±42 24±64 52±52 

TIN †           

1.7 13.2 ± 4.1  32p 93q  37±15 52±14 33±34 54±31 71±18 

2.5 20.0 ± 7.3  48p 97q  44±10 63±10 43±48 83±3 86±7 

3.0 21.0 ± 9.5  56r 97q  48±29 67±22 49±40 35±32 61±32 

3.4 26.4 ± 2.9  63r 98q       

5.0 22.5 ± 10.6  62r 96q  59±17 55±15 48±39 84±10 85±9 

6.6 34.7 ± 13.6  63r 98q       

 Average  50±13 96±2  47±9 59±7 43±7 64±24 76±12 

 

† Calculated from mass balance: NH4++NO3-  

‡ VFS1 and VFS2 means labeled with same letter are not significantly different by ANOVA test (p>0.05) 

 

Flow Path 

No significant change in either NH4+ or NO3- concentrations were observed between the influent and 

FP1 (p>0.05) in three out of four loading rates (Fig 3.4a-b). NH4+ removal increased with distance, 
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with concentrations declining from FP1 to FP4, with little to no differences observed between FP4 

and FP5. However, NO3- concentrations showed little to no decline with distance. Given the 

conversion of NH4
+ to NO3

-, an increase in NO3
- levels would not necessarily mean poor filter 

performance in the removal of this constituent, but perhaps a higher nitrification rate compared to 

the denitrification one in the FP.  

NH4+ removal efficiency was higher at higher loading rates in the FP, possibly due to higher initial 

NH4
+ concentrations, while NO3

- removal efficiency was more variable, reflecting the variable flow 

and redox conditions in the soil profile of the FP as compared with the VFS (Table 3.3). No significant 

reduction in NH4+ or NO3- concentration between FP4 and FP5 was observed at any HLR suggesting 

that the FP reaches its maximum treatment capacity before a length of 30 m. An average TIN 

reduction of 76 ± 12 % was achieved in FP5, with no evident impact of loading rate on final removal 

efficiency of the FP.   

Comparison between VFS and FP 

At VFS1, NH4+ concentration percent removals ranged from 19 to 63%, showing a strong relationship 

between the mass loading rate and the efficiency of the filter (Pearson correlation coefficient = 0.71). 

This tendency to have higher removal rates at higher influent concentrations was also observed in 

FP1 at a similar distance (Pearson correlation coefficient = 0.85). This indicates that both systems 

could be subject to the same mechanisms that inhibited or enhanced ammonia removal, such us 

nitrification or plant uptake. At higher ammonia concentrations, C/N loading ratio is lower and hence 

enhanced rates of nitrification could take place. As in the case of COD, although both systems had 

statistically the same percentage removal of NH4+ concentration in the first lysimeters, a significantly 

higher final removal in VFS was observed, making this system more effective on a distance and area 

basis. This could be linked to the superior performance of the VFS removing COD compared to the 

FP: at higher COD removal rates in VFS, the C/N ratio decreases and favours the conditions for 
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autotroph nitrifiers to outcompete heterotrophs (C-removers), inducing higher nitrification rates in 

the VFS than in the FP. In general, both systems achieved removals of more than 85% of NH4+over 

the range of loading rates studied. 

A negative relationship was found between NH4+ levels in the influent and NO3- removal in the FP 

(Pearson correlation coefficient at FP1 = -0.97, FP2 = -0.82, FP3 = -0.79, FP4 = -0.47; FP5 = -0.64). 

This suggests that during conditions of high NH4+ concentration, the nitrifying bacteria activity in the 

filter was stimulated. Such process yielded negative removals (i.e. net production) of NO3
- in some of 

the FP lysimeters during some dosing programs given that at high NH4+ influent concentration the 

NO3- removal rate could not overcome nitrification. This is in contrast to the VFS, where consistent 

nitrate removal was observed at all loading rates. 

Many previous studies also report increases in the initial NO3- concentration, and indicate that in 

spite of it, they did not generate an effluent with concentrations that would violate discharge 

standards (generally 10 mg/L-N) (Dillaha et al., 1988; Koelsch et al., 2006; Rahman et al., 2011). The 

same result was observed in the FP, where the final NO3- concentrations were always below 7 mg /L-

N. Even in cases where negative NO3- removal was observed in lysimeters, the results were 

accompanied by a net TIN reduction in the system. There was no distinguishable pattern of NH4+ and 

NO3- concentration that could suggest there was one specific mechanism that governed the removal 

of TIN in the FP system, which had percent removal ranging from 61 to 86% (Table 3.3). Comparing 

the two filters on a linear distance basis (VF1 vs FP1) shows comparable TIN removal at 50 versus 

47 percent removal, respectively; however, comparing on an equivalent area basis (VF2 vs FP5) 

shows superior performance from the VFS at 96 percent removal versus 76 percent removal in the 

FP. 

It is necessary to mention that all measured concentrations were based on samples collected at 30 

cm depth in the soil, where conditions conducive to both nitrification and denitrification reactions 
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could occur based on changing soil redox conditions with temporal changes in soil saturation. It is 

expected that denitrification would increase at greater depths, decreasing both NO3- and TIN 

concentrations.  

The low concentrations of both NO3- and NH4+ in the closest piezometers to the filters confirm that 

these systems are efficient in mitigating the threat posed by open livestock operations runoff (Table 

3.5). No differences in TIN concentrations were observed at Piez2, which is adjacent to the FP, 

compared to Piez1(i.e. background), while concentrations at Piez3, which is directly below the VFS, 

were significantly higher than Piez1, with TIN concentrations declining from 6.57 to 1.64 mg/L as 

loading rates increased. These values indicate that there was a further reduction in N concentration 

after the first 30 cm in the soil profile, due in part to dilution with groundwater. Despite the change 

in the initial concentration of inorganic nitrogen infiltrated into the soil or the different HLRs used 

during the experiment over the course of 7 months, the quality of the groundwater directly under the 

VFS did not exceed drinking water guidelines and groundwater adjacent to FP showed no impact 

from FP loading. 

 

3.3.4 Inorganic Phosphorus  

Most of the phosphorus in the system is in the form of PO43-, given the sedimentation of organic 

phosphorus during the pre-treatment of water in the Pond/Wetland system prior to Pond 2 (Mejia-

Franco et al., 2018). The influent was consistent across loading conditions with an average 

concentration of 27.0 ± 1.8 mg/L (as P).  

Vegetated Filter  

The VFS was effective at reducing PO43- with an 82 ± 3% removal efficiency and an average 

concentration of 4.8 ± 0.9 mg/L at VFS1, and a 96 ± 1% removal efficiency and an average 

concentration of 0.78 ± 0.2 mg/L at VFS2 (Fig. 3.5a, Table 3.4). No statistical difference in PO43- 
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removal efficiency was observed with loading rate at any point of the VFS. Moreover, no significant 

differences were observed between concentrations at VFS1 or VFS2 indicating that there was no 

effect of loading rate on concentration [F (5,32) = 1.52, p = 0.21 and F (5,31) = 0.9, p = 0.48, 

respectively]. Also, average concentrations at VFS2 were not statistically different from background 

concentrations in Piez 1 during the entire study period [F (6,36) = 0.87, p = 0.53], indicating that 

loading to the VFS did not impact groundwater quality with respect to phosphorus. 

 

Table 3.4. PO4
3- concentration percent removal in both infiltration systems at different HLRs. 

 

HLR Influent  VFS1‡ VFS2  FP1 FP2 FP3 FP4 FP5 

(cm/d) (mg/L)  2.3 m 11.1 m  2.5 m 9.0 m 18.2 m 28.7 m 38.7 m 

1.7 25.6 ± 1.8  81a 96b  20±10 31±20 15±34 80±8 78±9 

2.5 26.5 ± 4.8  77a 98b  9±21 50±16 47±30 83±4 85±3 

3.0 25.6 ± 1.4  86a 96b  47±24 72±16 31±14 81±13 57±14 

3.4 25.7 ± 1.3  81a 95b  - - - - - 

5.0 29.8 ± 3.4  82a 98b  54±11 48±23 20±29 76±8 78±2 

6.6 28.8 ± 2.5  85a 97b  - - - - - 

 Average  82±3 96±1  33±22 50±17 28±14 80±3 74±12 

 

‡ VFS1 and VFS2 means labeled with same letter are not significantly different by ANOVA test (p>0.05) 

 

Flow Path 

Similar to COD and NH4+, a trend of declining concentration with distance was observed between 

Influent and FP4, with the exception of FP3, and a leveling off of treatment between FP4 and FP5, 

where no significant differences were observed between PO43 concentrations at any loading rate (Fig. 

3.5b). This is observed in Table 3.4, with treatment increasing from 33 ± 22% at FP1 to 80 ± 3% at 

FP4, with no further improvement observed at FP5. There does not appear to be a clear effect of 

loading rate on percentage removal, with variable response across all the lysimeters in FP. These 

observations are in line with the other constituents as well as with past studies. In a similar 



 63 

experiment with a narrow vegetative filter (similar to FP) receiving poultry litter runoff, it was 

observed that the effectiveness of TKN and TP removal did not improve after 9.2 m, and NH4+ and 

PO4
3- removal increased up to a filter length of 15.2 m (Chaubey, Edwards, Daniel, & Nichols, 1995).   

Comparison between VFS and FP 

The two systems were compared at similar linear distances (VSF1 vs FP1) as well as at similar loading 

areas (VSF2 vs FP5).  In both cases the VFS outperformed the FP, with 82 ± 3 versus 33 ± 22 percent 

removal, and with 96 ± 1 versus 74 ± 12 percent removal (P< 0.05) (Table 3.4). However, FP had 

been receiving barnyard runoff for many years, which could explain the reduced treatment efficiency 

due to saturation of soil adsorption sites in the first 30 cm of soil along the FP. 

Although in the present experiment VFS is evidently more effective than FP in removing phosphorus 

from water, the superiority in performance of overland flow filters over channelized filters cannot be 

generalized. According to Rahman et. al. (2011), removal efficiency within the first few meters of a 

filter decreases with time as nutrients build up and saturate the soil. The difference in operating time 

between VFS and FP may have generated significant differences in the performance of the systems in 

removing nutrients, as evidenced in the case of NO3- and PO43-. Despite these differences, in 

comparison with previous studies both VFS and FP provided excellent removal of all constituents 

analyzed. 

 

3.3.5 Groundwater 

Groundwater samples were collected in three piezometers, with Piez 1 representing background 

concentrations, Piez 2 representing FP impacted groundwater and Piez 3 representing VFS impacted 

groundwater (Fig. 3.1); with comparisons of constituent concentrations presented in Table 3.5. 

Groundwater level in Piez 1, 2 and 3 varied between 1.0 and 1.3 m, 0.8 and 1.0 m, and 0.5 and 1.0 m, 

respectively. The groundwater level never approached the lysimeters in FP, while it may have 
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impacted the VFS lysimeters on two occasions during rain events. 

COD concentrations in Piez 3 (VFS) were significantly higher than background in four of six loading 

conditions, while in only one of four conditions in Piez 2 (FP). Average COD concentrations were 

similar between Piez 1 and 2 at 22 ± 12 and 24 ± 10 mg/L, respectively, while increasing to 97 ± 26 

mg/L in Piez 3. The higher concentrations observed in Piez 3 likely resulted from the piezometer’s 

location directly below the VFS and its proximity to the VFS header. A pattern of increasing COD 

concentration was observed with loading rate, except at 3.4 cm/d, in all piezometers. However, the 

relatively small increases in COD concentration with loading rate observed at both Piez 1 and 2 

suggest only a minor impact on groundwater quality within a 10-15 m radius of the VFS or FP.     

A similar pattern to COD was observed with NH4+, where concentrations were significantly higher in 

VFS than background in five of six loading conditions, while NH4+ concentrations were only 

significantly higher in FP than background in one of four loading conditions. Average NH4+ 

concentrations were similar between Piez 1 and 2 at 0.06 ± 0.06 and 0.11 ± 0.12 mg/L, respectively, 

while increasing to 2.02 ± 1.83 mg/L in Piez 3. Contrary to the COD observations, NH4+ concentrations 

declined with loading rate in Piez 3, with no trend observed for Piez 1 and 2. NO3- concentrations 

were generally low across the three piezometers; with significant differences in only two of six 

loading conditions between VFS and background and no differences between FP and background 

observed. Average NO3
- concentrations were similar between the three piezometers at 0.53 ± 0.16, 

0.38 ± 0.20, and 1.11 ± 0.49 mg/L in Piez 1, 2 and 3, respectively, with no effect of loading rate on 

NO3
- concentration observed. 

No significant differences in PO43- concentrations were observed between VFS or FP piezometers and 

background at any loading rate, with average concentrations of 0.37 ± 0.15, 0.47 ± 0.08, and 0.72 ± 

0.31 mg/L observed in Piez 1, 2 and 3, respectively. No trend of PO43- concentration with loading was 

observed.   
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Table 3.5. Average concentrations of COD, NH4+, NO3- and PO43- and depth of groundwater in 

Piezometers 1, 2 and 3 during different HLRs. All values of concentration are in mg/L. Depth values 

are in m.  

 

 HLR (cm/d) 1.7 2.5 3 3.4 5 6.6 Avg 

         

C
O

D
 

Piez 1 (Background) 5a 14 16 37 32 27 22 ± 12  

Piez 2 (FP) 16† 20 21 - 38 - 24 ± 10  

Piez 3 (VFS) 91† 101† 100† 50 115† 124 97 ± 26 

N
H

4
+
-N

 

        

Piez 1 (Background) 0.04 0.03 0.18 0.03 0.00 0.05 0.06 ± 0.06 

Piez 2 (FP) 0.04 0.05 0.06 - 0.28a† - 0.11 ± 0.12 

Piez 3 (VFS) 4.23† 4.47a† 1.28† 0.55a† 0.87† 0.69 2.02 ± 1.83 

N
O

3
- 
-N

 

        

Piez 1 (Background) 0.47 0.46 0.44 0.84a 0.40 0.54 0.53 ± 0.16 

Piez 2 (FP) 0.39 0.40 0.35 - 0.36 - 0.38 ± 0.02 

Piez 3 (VFS) 0.84 2.10† 0.99 0.81 0.96† 0.95 1.11 ± 0.49 

P
O

4
3

- -
P

 

        

Piez 1 (Background) 0.38 0.31 0.29 0.39 0.21 0.65 0.37 ± 0.15 

Piez 2 (FP) 0.54 0.54 0.37 - 0.43 - 0.47 ± 0.08 

Piez 3 (VFS) 0.67 0.86 0.47 0.66 0.39 1.25 0.72 ± 0.31 
         

D
ep

th
 Piez 1 (Background) 1.30 1.13 1.06 1.07 1.00 1.05 1.10 ± 0.11 

Piez 2 (FP) 1.00 0.87 0.90 - 0.87 - 0.89 ± 0.06 

Piez 3 (VFS) 0.97 0.80† 0.88† 0.82† 0.72 † 0.50† 0.79 ± 0.17 

 

a Statistically different to concentrations in the same piezometer (same row) at other HLRs   

† Statistically different to background value at the same HLR. 

The recommended regional criteria for phosphorus concentration in groundwater concentrations 

differ among the sites because of natural variations in background concentrations, but for the US it 

ranges between 0.02 to 0.08 mg/L (USGS, 2012) and in the UK is 0.035 mg/L (Mellander et al., 2013). 

Higher concentrations in groundwater can influence concentrations in streams, and thus, trigger 

noxious algal blooms or eutrophication processes. Groundwater quality in this study was an order of 
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magnitude higher than USGS ranges, which is to be expected from an agricultural soil (Domagalski & 

Johnson, 2011). With respect to NO3-, the global guideline value for nitrate concentration in drinking 

water is 10 mg N/L, where exposure to NO3
- through contaminated wells may present health risks 

(WHO, 2011). In this study, NO3- concentrations were well below this threshold. 

Márquez Molina et al. (2014) reported high NO3- and PO43- concentrations in groundwater under two 

uncovered feedlot pens rural Argentina. In their analysis of the spatial distribution of nitrates in soils 

and groundwater at pens with different times of animal confinement, it was found that NO3 and PO43- 

concentration averaged 52.4 mg/L-N and 1.25 mg/l-P, respectively, in pens with longer times of 

confinement (Márquez Molina, Urricariet, Sainato, Losinno, & Heredia, 2014). Likewise, a study in 

the US revealed that in 200 drinking water wells in areas of Delaware where land use was mostly 

from livestock production, the average concentration of NO3- was 21.8 mg/L - N  (Ritter & Chirnside, 

1987). These values show that the system of a constructed wetland followed by vegetative filters 

analyzed in this study represents a significant reduction in the impact that the confinement of 

livestock could generate on the quality of surrounding groundwater.   

 
 

3.3.6 Mass Reduction 

The mass removal of each constituent in each filter, concentration by flow rate normalized per 

surface area (g/m2/d), compared to the initial mass applied during each loading condition is 

presented in Figure 3.6.  
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Figure 3.6. Mass reduction in FP and VFS at different HLRs for: a) COD; b) TIN†; and c) PO43-  

† Calculated from mass balance: NH4++NO3-  

 
  

The FP outperformed the VFS in the mass removal of COD with 66±11% and 51±7% removal, 

respectively [F(1,8)=6.91, p=0.03]. No clear relationship was found between the filters mass removal 

performance and the HLR employed (Fig. 3.6a). The lower COD reduction observed in VFS as 

compared to FP relates to higher relative volumes of sample collected from the first line of lysimeters 

(VFS1), which were closer to the header, had higher concentrations, and thus contributed more to 

the accumulated mass calculated.   
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Average TIN mass percent removals were similar between VFS and FP at 69±10% and 65±15%, 

respectively, despite differences between both systems removing NH4+ and NO3- separately. In the 

case of NH4
+, the removal was 61±17% in VFS and 78±9% in FP, while for NO3

- the removal was 

70±6% in VFS and 37±30% in FP. As with other constituents, no clear relationship was found 

between the filters mass removal performance and the HLR (Fig. 3.6b). 

In contrast to COD removal, the VFS showed significantly higher performance in the removal of PO43- 

than the FP, probably because it is a system with much less time in operation. An average mass 

removal of 85±3% of PO43- was observed in VFS, compared to 56±18% in FP. No clear relationship 

was found between the filters mass removal performance and the HLR employed (Fig. 3.6c). 

The percentage mass removals presented above coincide with the wide ranges reported in other 

studies, where different vegetation types, slopes and application rates were also evaluated (Chaubey 

et al., 1995; Dickey & Vanderholm, 1981; Koelsch et al., 2006). However, most of these studies report 

mass removal efficiencies based on vegetative filters superficial effluent measurements and not on 

infiltrated water, as in the present experiment. Under this criterion, both the VFS and the PF would 

have 100% removal of all constituents by being zero surface discharge systems. 

 

3.3.7 Soil and Grass Analysis 

Nutrient soil analysis from the VFS is presented in Table 3.6. No accumulation of NH4+ was observed 

in the soil, with no significant differences compared with background concentrations. This is 

expected as aerobic conditions in the surface soil layer supports nitrification, and it is expected that 

most of the inorganic nitrogen will be converted to NO3-. A significant accumulation of NO3- and PO4-3 

was observed in the VFS soils as compared to background concentrations. Variability in soil NO3- 

could result from variability in leaching, plant uptake or denitrification in presence of anoxic zones. 

PO43- levels in the control soil section, used as a reference for nutrient background concentration, 
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showed that the farm soil was already optimal for crop growth (Beegle & Durst, 2002). The 

application of the nutrient-rich water generated 2 to 4 times higher phosphorus soil content in the 

VFS field.  

Table 3.6. Nutrients concentration (ppm) in first 30 cm of soil at three different distances from VFS 

header at the end of the experiment. 

 
Constituent Background 2.3 m 6.6 m 11.1 m 

NH4 - N 0.4 ± 0.1 0.2 ± 0.1 0.4 ± 0.2 0.6 ± 0.4 

NO3 - N 1.4 ± 0.4 9.3 ± 1.6 3.9 ± 3.3 12.3 ± 14.5 

Mehlich-2 PO4-3 – P 40.7 ± 12.8 113.1 ± 4.6 113.1 ± 62.3 159.6 ± 8.1 

Olsen PO4-3 – P 12.6 ± 2.7 48.1 ± 3.0 45.3 ± 20.3 65.2 ± 71.2 

 

The values in Table 3.6 correspond only to the first 30 cm of soil, but results of soil extraction show 

that the deepest portion (30 to 45 cm deep) still showed significant nutrients increases. Average 

concentrations at a 0.3-0.45 m depth along the filter were 0.3 ± 0.1 ppm for NH4+, 3.3 ± 2.7 ppm for 

NO3-and 132.3 ± 17.9 ppm for PO4-3. This indicates that the removal of N and P in the filter was not 

restricted in the first 30 cm, and that the above-mentioned filter effectiveness results are partial. It is 

expected that, just as after 30 cm depth in the soil there is still nutrient accumulation, the final 

concentration of the constituents analysed will be even lower at greater depths.  

Bioavailable - PO4-3 concentrations in the VFS and FP are presented in Tables 3.6 and 3.7, respectively, 

as Olsen PO4-3 – P. It was expected that P concentrations obtained under the Mehlich-2 method were 

higher than those obtained using Olsen method since the former combines several extraction 

mechanisms that increase the yield given that is used for multiple nutrients extraction (Mehlich, 

1984; Wuenscher et al., 2016).  Bioavailable - PO4
-3 concentrations in the VFS are between two to 

three times lower than those observed in FP. This supports the hypothesis that the inferior PO4
-3 

removal in FP compared to the VFS is due to saturation of soil adsorption sites in the first 30 cm of 

soil. 
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Table 3.7. Bioavailable-PO4
-3 (ppm) in first 30 cm of soil at five different distances from FP inlet at the 

end of the experiment. 

Constituent 2.5 m 9.0 m 18.2 m 28.7 m 38.7 m 

Olsen PO4-3 – P 196.3 ± 27.1 145.8 ± 95.6 197.7 ± 2.52 96.9 ± 28.7 158.3 ± 18.5 

 

The amount of TN and TP removed by plants for biomass growth was calculated from grass sample 

nutrient content (Table 3.8). It should be noted that the total mass of grass generated at the project 

site was tripled as there were two cuts for cattle feed and three growth of grass during the May-

November growing season. 

Table 3.8. Nutrients content in grass in the infiltration systems fields. 

 

Constituent % weight dry g/m2 

Total N 3.05 ± 0.44 13.3 ± 2.8 

Total P 0.39 ± 0.03 1.7 ± 0.2 

 

A nutrient mass balance on the VFS was performed with the results presented in Table 3.9. Plant 

uptake represented an important pathway for nitrogen removal in the experiment with 25% of 

applied N harvested as cattle feed, while only 2.4% was adsorbed to soil. With 27% N leached, the 

remaining 44.9% N can be attributed to denitrification along with experimental error. 

In the case of phosphorus, the most important removal pathway was adsorption to the soil matrix of 

the filter, representing 27.0% of the total mass applied to the filter, with only 3.1% attributed to plant 

uptake. It is expected that over time the filter will lose its ability to remove this nutrient due to 

saturation of active absorption sites. With 13.9% leached, 56% of applied P is not accounted for in 

the mass balance, which could be attributed to experimental error in either the soil or leachate data. 
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Although more frequent harvesting of grass could improve the removal of soluble nutrients as well 

as increase filtration capacity (Smith, Melvin, Pope, Miller, & Cruse, 2000), these results and other 

studies suggest that plant uptake is not an important removal route for phosphorus (Fajardo et al., 

2001).   

 
Table 3.9. Nutrient mass accumulation in first 30 cm of soil profile, in grass and in leachate collected in 

lysimeters, and percentage corresponding to TN and TP mass applied during the entire experiment. 

 
 Total Nitrogen  Total Phosphorus 

 g %  g % 

Applied 17207 100  18122 100 

In grass 4345 ± 925 25.3  555 ± 66 3.1 

In soil† 408 ± 418 2.4  4884 ± 1181 27.0 

Leachate 2522 27.4  4707 13.9 

    † Mehlich 2 

 

3.4 CONCLUSIONS 

The effectiveness of two types of vegetative infiltration systems in treating effluent from a 

constructed wetland was compared. HLR and influent concentration did not appear to be significant 

factors affecting final concentration reductions in the VFS for any of the constituents analysed. An 

average TIN (calculated as NH4
+ + NO3

-), PO4
3- and COD final concentration reduction of 96 ± 2 %, 96 

± 1 %, and 93 ± 2 %, respectively, indicate that the VFS under variable loading conditions is highly 

effective at removing nutrients and organic matter from water.  

However, the COD and PO43- final concentration percent removal showed to be statistically different 

in FP at HLRs higher than 3 cm/d. The higher sensitivity of the FP performance in the removal of 

PO4
3- to influent changes could be due to the fact that it had been receiving runoff for many years.  

Approximately 93%, 96% and 96% of incoming COD, TIN and PO43- concentrations was removed 

within 11.1 m of the VFS, whereas it took more than three times that length to achieve 81, 76, 74 % 
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reductions in FP. It was found that there was no significant improvement in reducing contaminant 

concentrations in the FP after the fourth lysimeter (at 28.7 m).  

Final percent removals in VFS (at VFS2) were not significantly different at any HLR for any 

constituent. Moreover, there was no observed impact of loading rate on percentage removal, with 

variable response across all the lysimeters in FP. 

At comparable distances from the inlet (in the first 2.5 m), there was no statistical difference between 

the concentration percent removals of COD and NH4
+ in both systems. In the case of PO4

3- and NO3
-, 

the VFS had statistically higher removals, and showed to be more efficient than the FP on a linear 

distance basis from the inlet.  

The VFS was less efficient than FP on an area basis in the first portion of the filter for COD and NH4+ 

removal, likely due to supersaturation of the soil. On the other hand, if the two systems are compared 

considering the removal achieved in their last lysimeters, at comparable areas, percent removals of 

all constituents were always significantly higher in VFS than in FP.  

The PO43- and NO3- concentrations in groundwater did not change significantly over the entire period 

of the experiment, despite the changes in HLR. Also, the concentration of these two constituents were 

not statistically different to background levels over the entire study period in the proximities of FP 

(Piez 2). Groundwater COD and NH4+ values were affected by increases in HLR of the systems, and 

were significantly higher than background concentrations, mostly in Piez3.  

The FP showed better performance in the mass removal of NH4+ and COD than the VFS by a slight 

difference. In contrast, VFS had a higher removal of PO4
3- and NO3

- due to the increased availability 

of active sites for phosphorus adsorption and oversaturated conditions in the soil that could enhance 

denitrification processes. Average TN mass percent removals were similar between VFS and FP in 

spite of differences in NH4+ and NO3- removal.  
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FP average mass removal of TN, PO4
3-, and COD were 69±10%, 85±3%, and 51±7%, respectively, 

while VFS mass removal of the same constituents were 65±15%, 56±18%, and 66±11%, respectively. 

These percentages are based in the remaining volume and concentration of water collected after 

having passed though the first 30 cm of soil profile. Compared with other studies which only consider 

runoff quality, mass reductions could also be considered as 100% for all constituents since in this 

experiment soil infiltration of runoff prevented any effluent from leaving the vegetative area. 

The observed nutrient content in grass suggests that plant uptake can be an important route for 

nitrogen removal in vegetative filters. A quarter of all nitrogen mass applied to the VFS was used by 

vegetation for biomass growth. In contrast, this was not a major route of phosphorus removal. 

Adsorption to soil represented a better removal mechanism for phosphorus, with about 27% of the 

total phosphorus mass applied to the system being removed through this mechanism. Soil and 

sediment microbiological tests from all subsystems involved in the treatment of this runoff would 

help to better understand nutrient and organic matter removal mechanisms.  

The VFS showed an outstanding performance while occupying a much smaller area than 

recommended by different design procedures currently in use. If the design criteria suggested by 

Koelsch et al. (2006) was used, a VFS area of more than 2000 m2 would be necessary to achieve 

similar removals than those observed in the present study, as opposed to the 93 m2 that was 

employed. Similarly, if the Vegetated Filter Strip System Design Manual, recommended by OMAFRA, 

was used to size a filter capable to infiltrate the average HLR used in this study, the area of the VFS 

would have to be 11 times larger. Even for the program with the smallest HLR used, the VFS area 

should be 5 times larger according to this guide. This indicates that the role of a pre-treatment 

system, such as the Pond/Wetland system prior to the VFS and FP, can significantly reduce the area 

needed for infiltration of runoff from open livestock activities.   
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The present study indicates that the currently recommended design procedures can lead to 

oversizing of vegetative filters, and that it is possible to achieve significant mass and concentration 

removals if the systems are properly operated and maintained. 

The absence of significant differences between the efficiencies reached in the VFS during the different 

dosing programs tested in this study does not allow to recommend the use of any particular HLR that 

optimizes the results. However, data from VFS suggest that a HLR of 6 cm/d could attain reasonable 

pollutants removal under the weather and influent conditions reported in this study. In terms of FP 

sizing, the data suggest that a filter length of 30 m is appropriate for HLRs up to 3 cm/d. 

In clay soils under similar climate conditions, steeper VFS slopes and longer filter lengths could be 

tested to avoid supersaturation of the soil in the vicinity of the head pipe and improve the flow regime 

in the filter. 

The study of the effect of the dosing frequency on the removal rates of the constituents was beyond 

the scope of this study. However, it is presumed that changes in this variable can cause variations in 

the nitrification-denitrification cycles in VFs and therefore merits a more profound analysis in future 

research. 
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CHAPTER IV 

Synthesis 

Precipitation reaching uncovered feedlots can transport contaminants into the environment. The 

most visible consequence of unconfined feedlot runoff is the contamination of water bodies. 

Currently, there are laws that regulate the storage and use of manure in different countries, and 

propose the implementation of management practices that help reduce the impact of these wastes 

on natural resources. Constructed wetlands (CW) and Vegetative Filter (VF) systems are under study 

as Best Management Practices (BMP) to treat manure storage runoff.  

In this study, data from an experimental pond-CW-VF system treating beef manure pile and exercise 

yard runoff in eastern Ontario, Canada, is presented and discussed. All the treatment stages were 

monitored simultaneously over a seven month operating season. For analysis purposes, the system 

was divided in two main stages: 1) pond-CW treatment stage, analyzed in Chapter II; and 2) VFs 

infiltration stage, analyzed in Chapter III.  

In the first stage, manure pile and exercise yard runoff was collected in a pump chamber (PC) and 

then pumped into a primary settling pond (P1). The effluent from P1 flowed by gravity into a surface 

flow CW (W) and then was stored in a secondary settling pond (P2). Water samples were collected 

from each point in several sampling visits, and variables such as air and water temperature, system 

inflow (measured in PC), pH and water dissolved oxygen were measured in-situ. Biological Oxygen 

Demand (BOD5), Chemical Oxygen Demand (COD), Total Phosphorus (TP), Orthophosphate (PO4
3- as 

P), Total Nitrogen (TN), Ammonia (NH4
+ as N), Nitrate (NO3

- as N), and Total Suspended Solids (TSS) 

concentration was measured to: 1) characterize manure pile and exercise runoff, 2) determine 

removal efficiencies in P1 and W, and 3) determine wetland kinetic removal rates described by the 

P-C*-k model. The parameters for the P-C*-k model, used to characterized the wetland treatment, 
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were optimized. All rate constants quantified in this study were within the range reported in the 

limited literature for livestock wastewater treatment wetlands. Also, the wetland removal rates 

appeared to correlate with temperature for all the constituents analyzed.  

The intermittent flow caused by isolated rainfall events made this wetland event-driven in nature. 

Thus, a change in the wetland’s kinetic constants was observed due to variations in the input 

concentration.  This effect of isolated rain events on the performance kinetics of the wetland showed 

to be contingent on the intensity of the event, former humidity conditions of the feedlot and the 

hydraulic capacity of the wetland. 

The pond-CW system was found to be effective at reducing in BOD5 (76%), COD (69%), TP (48%), 

PO43- (45%), TN (64%), NH4+ (70%), NO3- (52%), and TSS (33%). 

Further polishing of the wetland effluent, stored in P2, was accomplished by an infiltration stage. In 

this second stage, water from P2 was dosed to two different types of VF, a vegetative filter strip (VFS) 

and a flow path (FP), at six different hydraulic loading rates to compare their performance removing 

organic matter (COD) and nutrients (NO3-, NH4+ and PO43-) from water. The VFS was dosed by a 6 m-

wide header and monitored through two parallel rows of zero-tension lysimeters (which collected 

water at 30 cm from the ground surface) installed at two different distances from the header pipe. 

The FP was dosed at a single inlet point and monitored through 5 lysimeters installed along its length. 

The side-by-side comparison of these overland flow and channelized flow systems was carried out 

considering two criteria:  linear distance to the inlet and infiltration surface area. At equivalent 

distances or equivalent areas, the average efficiencies achieved during the entire study period were 

compared. Also, the efficiency of VFS and PF was compared independently under the different dosing 

programs tested.  

It was found that HLR and influent concentration did not appear to be significant factors affecting 

final concentration reductions in the VFS for any of the constituents analysed. However, the COD and 
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PO4
3- final concentration percent removal were shown to be statistically different in FP at HLRs 

higher than 3 cm/d. Average final removal rates in the VFS were always greater than 90% for COD, 

95% for NH4
+, 90% for NO3

-, and 94% for PO4
3-, whereas in the FP the minimum average removal 

rates were 73% for COD, 87% for NH4+, 36% for NO3-, and 55% for PO43-. It was found that there was 

no significant improvement in treatment of contaminants in the FP after a length of 28.7 m. Mass 

removal, groundwater constituent’s concentration, grass nutrient content and soil nutrients 

concentration were also analysed in this study.  

This experiment suggests that even relatively small VFSs or short FPs can markedly improve quality 

of runoff from livestock operations, and that it is possible to achieve significant mass and 

concentration removals if they are properly operated and maintained in conjunction with a pre-

treatment system.  

The results of this study indicate that the pond-CF-VF system can be a cost-effective treatment option 

for beef producers. The remaining challenge of this study is to understand how to mitigate the 

masking effects of precipitation events from CW rate constant calculations in order to best model 

their treatment efficiency. 
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CHAPTER V 

Conclusion 

The storage of manure gives rise to generation of diffuse sources of contamination. CW and VF are 

considered as good practices to treat livestock operations runoff; however, CW design requirements 

have been based mainly on municipal systems and VF design guideline are empirical in nature and 

vary widely between jurisdictions. Seven-month performance data from an intensively monitored 

Pond-CW-VF system receiving livestock runoff permitted the determination of kinetic removal rates 

of a FWS-CW, describe the impact of precipitation events and temperature on CW performance, and 

compare the performance of two different types of VFs removing contaminants from water.  

The first stage of the system, comprising a pond and constructed wetland, showed a high potential as 

a viable management practice for cattle manure pile and exercise yard runoff treatment in a 

temperate climate in Ontario, Canada. The major findings include: 

1. High influent concentrations of NO3- -N in the runoff (27.0 mg/L on average, with peaks of up 

to 72 mg/L) and a high average COD/BOD5 ratio of 7.6 suggest that the manure pile acts as a 

compost pile and plays an important role in the strength and stability of the runoff 

constituents entering the system. 

2. The majority of TN removal occurred in the pond given the anaerobic conditions that allowed 

denitrification while in the wetland a greater conversion of NH4 to NO3- was observed due to 

greater DO availability.  

3. The pond provided almost all of the removal of dissolved phosphorus, which in conjunction 

with the close correlation (R2> 0.97) with removal of the combined dissolved NH4+ and 

soluble Norg suggests that plant uptake in the pond, likely through the observed prevalence of 

Duckweed, played a key role in nutrient removal.  
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4. The Pond-CW system performed well in the removal of organic matter, NH4
+ and TN from the 

wastewater, reaching average removals of 76% BOD5, 69% COD, 70% NH4+ and 64% TN. In 

general, the pond provided the most important portion of the treatment in the overall system.  

5. From the optimization of the parameters of the model P-C*-k and θ, it was observed that the 

number of tanks in series (P) and the background concentration (C*) are not very sensitive 

in the model, and that most of the kinetic rates of removal have a strong dependence on 

temperature. The k20 values normalized to 20°C were 8.8 m/y for BOD5, 2.4 m/y for COD, 0.8 

m/y for PO43, 0.5 m/y for TP, 4.1 m/y for TN, and 7.3 m/y for NH4+. The computed Arrhenius 

temperature correction coefficient applied to the k values ranged from 1.032 to 1.061. 

6. It appears that k increases with low intensity storm events and decreases with medium to 

high intensity storm events as precipitation affect both the hydraulics and the input 

concentrations of the system. The effect of isolated rain events on the performance of the 

wetland showed to be contingent on the intensity of the event, former humidity conditions of 

the feedlot and the hydraulic capacity of the wetland.  

7. The model was effective (and adequate) at representing average system performance at a 

seasonal to yearly time scale, with all of the optimized k constants falling within the ranges 

reported in different studies based on data from similar applications to that of the present 

study. High variations were observed when the model was applied at a daily to monthly time 

scale due to the event-driven nature of the system 

Soil infiltration as a tertiary treatment method was studied by means of a side-by-side comparison 

of two types of VF. This second stage of the system, composed by a VFS and a FP operating in parallel, 

proved that it is possible to achieve significant mass and concentration removals if the systems are 

preceded by a well designed settling basin, and are properly operated and maintained. Specific 

findings include: 
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1.  HLR and influent concentration did not appear to be significant factors affecting final 

concentration reductions in the VFS for any of the constituents analysed. However, the COD 

and PO4
3- final concentration percent removal showed to be statistically different in FP at 

HLRs higher than 3 cm/d. The higher sensitivity of the FP performance in the removal of PO43- 

to influent changes could be due to the fact that the FP had been receiving runoff for many 

years. 

2. It was found that there was no significant improvement in reducing contaminants 

concentration in the FP after the fourth lysimeter (at 28.7 m).  

3. An average TIN (calculated as NH4+ + NO3-), PO43- and COD final concentration reduction of 

96±2%, 96±1%, and 93±2%, was observed, respectively, indicate that the VFS under variable 

loading conditions is highly effective at removing nutrients and organic matter from runoff 

water. It took more than three times that length to achieve similar (but never better) 

reductions in FP. 

4. The VFS was shown to be more efficient at removing PO43- and NO3- than the FP on a linear 

distance basis from the inlet (in the first 2.5 m). At comparable areas, final percent removals 

of all constituents were always significantly higher in VFS than in FP. 

5. The concentration of PO43- and NO3- were not statistically different to background levels over 

the entire study period in the proximities of FP (Piez 2). Groundwater COD and NH4
+ values 

were affected by increases in HLR of the systems, and were significantly higher than 

background concentrations, mostly in Piez3 (close to VFS header).  

6. FP average mass removal of TN, PO43-, and COD were shown to attain 69±10%, 85±3%, and 

51±7%, respectively. VFS mass removal of the same constituents was 65±15%, 56±18%, and 

66±11%, respectively. These removal percentages are based in the remaining volume and 

concentration of water collected after having passed though the first 30 cm of soil profile. 
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7. A quarter of all nitrogen mass applied to the VFS was used by vegetation for biomass growth. 

Adsorption to soil represented a better removal mechanism for phosphorus, with 

approximately 27% of the total phosphorus mass applied to the system being removed 

through this mechanism. 

8. Finally, the VFS showed an outstanding performance even while occupying a much smaller 

area than that recommended by different design procedures currently in use. 

The present study indicates that the currently recommended design procedures can lead to 

oversizing of vegetative filters, and that it is possible to achieve significant mass and concentration 

removals if the systems are properly operated and maintained. 

Future research avenues will include the implementation of more complex multi-parameter models 

to better represent event-based systems and to better represent the linkages between dissolved 

oxygen and nitrogen speciation in CWs.  The prospect of nutrients plant uptake, specifically biological 

phosphorus removal, in captured runoff warrants further examination. The study of the effect of the 

dosing frequency on pollutant removal in VFs merits a more profound analysis. Finally, soil and 

sediment microbiological tests from all subsystems involved in the treatment of this runoff would 

help to better understand nutrient and organic matter removal mechanisms governing each stage.  

 

 

 


