
  
 
 
The author of this thesis has granted the University of Calgary a non-exclusive 
license to reproduce and distribute copies of this thesis to users of the University 
of Calgary Archives.  
 
Copyright remains with the author.  
 
Theses and dissertations available in the University of Calgary Institutional 
Repository are solely for the purpose of private study and research. They may 
not be copied or reproduced, except as permitted by copyright laws, without 
written authority of the copyright owner. Any commercial use or publication is 
strictly prohibited. 
 
The original Partial Copyright License attesting to these terms and signed by the 
author of this thesis may be found in the original print version of the thesis, held 
by the University of Calgary Archives.  
 
The thesis approval page signed by the examining committee may also be found 
in the original print version of the thesis held in the University of Calgary 
Archives. 
 
Please contact the University of Calgary Archives for further information,  
E-mail: uarc@ucalgary.ca
Telephone: (403) 220-7271  
Website: http://www.ucalgary.ca/archives/

http://www.ucalgary.ca


UNIVERSITY OF C A L G A R Y 

Appropriate Treatment and Management Options for Beef Feedlot Runoff in Alberta 

by 

Sandra L. Riemersma 

A THESIS 

SUBMITTED TO THE F A C U L T Y OF G R A D U A T E STUDIES 

IN PARTIAL F U L F I L L M E N T OF THE REQUIREMENTS FOR THE 

DEGREE OF MASTER OF SCIENCE 

DEPARTMENT OF CIVIL ENGINEERING 

C A L G A R Y , A L B E R T A 

JULY, 2001 

© Sandra L. Riemersma 2001 



ABSTRACT 

Concern over feedlot runoff has grown as our understanding of its impacts on the 

environment has increased. This study identified appropriate municipal wastewater 

treatment and natural treatment technologies and adapted them to the agricultural 

industry where cost and maintenance limit management options. Following the 

evaluation of feedlot runoff, and pilot scale testing of aeration and coagulation 

techniques, a full-scale treatment system was implemented that included an aeration 

lagoon, holding pond, constructed wetland (2 cells), and grass filter strip. Preliminary 

results suggested the aerators installed in the aeration lagoon were not effective. Typha 

latifolia established in the constructed wetland increased in density four times in Cell 1 

and two times in Cell 2 between May and September. Preliminary results indicate the 

wetland effectively treated runoff, reducing TP, NH3-N, TSS, and BOD5 concentrations 

by 30, 90, 67 and 29% in Cell 1 and 48, 92, 76 and 47% in Cell 2, respectively. Long-

term monitoring is recommended. 
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1.0 INTRODUCTION 

1.1 Background 

Agricultural activity has been identified as one of the main sources of contaminants 

impacting water quality in rural areas. Over application of animal manure, pesticides, 

herbicides, cattle grazing, and wastewater generated by intensive livestock operations 

(ILOs) all have the potential to negatively impact water quality when improperly 

managed (Thornely and Bos 1985; Ackerman and Taylor 1995; C A E S A 1998). Studies 

have shown that the implementation of beneficial management practices (BMPs) can 

have a positive impact on the quality of water draining from agricultural watersheds. 

BMPs such as livestock exclusion from waterways, vegetative filter strips for feedlot 

runoff treatment, maintenance of riparian areas and, natural and constructed wetlands 

have demonstrated the ability to maintain and improve water quality in agricultural 

landscapes (Young et al. 1980; Dickey and Vanderholm 1981; Johnston 1991; Mitsch 

1992; Mickelson and Baker 1993; De Laney 1995; Vought et al. 1995). 

Alberta is known nationally for its strong agricultural industry. In 1998, Alberta reported 

the largest cattle population in Canada, which accounted for 40% of the nation's total 

(AAFRD 2000a). In the same year, 64% of cattle slaughtering activity occurred in 

Alberta (AAFRD 2000a). While a large percentage of the nation's beef comes from 

Alberta, little emphasis has been placed on developing practical, cost-effective BMPs for 

protecting water quality in the province, particularly for handling feedlot runoff generated 

by ILOs. 

Managing feedlot runoff in Alberta is difficult because the amount of runoff generated 

from year to year is highly variable. In years of drought, the quantity of wastewater 

requiring treatment may be small or a runoff problem may not exist. In other years, heavy 

rainfall or snowfall may generate large quantities of wastewater that can impact the 

environment. The size of livestock operations and their topography also greatly vary, 

thus, the problems associated with runoff and the methods for handling it are different 
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between sites. These factors have contributed to the lack of appropriate regulatory 

guidelines as well as guidance manuals for intensive livestock operators. 

The Code of Practice (AAFRD 2000b) identifies the need for proper manure storage and 

handling systems for intensive livestock operations, but it does not provide options for 

handling feedlot runoff. Traditional approaches to feedlot runoff management have 

included uncontrolled release overland or its use for crop irrigation. While the nutrient 

value of runoff for crop production is recognized, studies have shown that irrigation can 

be unsustainable when conducted with agricultural wastewater, and that continuous 

applications on certain soils may reduce crop production rather than enhance it 

(Pettygrove and Asano 1990). In order to provide the best treatment systems to 

individual operations, a large number of management options must be identified. 

1.2 Environmental Impacts of Feedlot Runoff 

Many of the problems associated with runoff stem from the "strength" of feedlot 

wastewater. Generally, agricultural wastewater is characterized by high biochemical 

oxygen demand ( B O D 5 ) , total suspended solids (TSS), ammonia nitrogen (NH3 -N) , total 

phosphorus (TP) and faecal coliforms (Table 1.1). While nutrients such as nitrogen and 

phosphorus are considered a resource for crop production, they are potential contaminants 

at elevated concentrations. 

Precipitation reaching uncovered feedlots can transport contaminants into the 

environment. The most visible consequence of unconfined feedlot runoff is the 

degradation of aquatic life. Eutrophication is the result of excessive nitrogen and 

phosphorus in surface waters and is associated with the increased productivity and 

structural simplification of biotic communities (Wetzel 1983). Phosphorus is the limiting 

nutrient that prevents aquatic growth in freshwater systems. Thus, small additions of 

phosphorus can result in excessive growth of aquatic vegetation in streams, rivers and 

lakes. Studies in Alberta concluded that total nitrogen (TN) and total phosphorus (TP) 



Table 1.1: Summary of agricultural wastewater composition in comparison to provincial and federal water quality 
guidelines. All concentrations are given in mg/L unless otherwise noted. 

Parameter Water Quality Guidelines 
Irrigation Drinking Aquatic Life 

Water 

Municipalv Milkhousev Cattlev Hogv 

TP - - 0.05y 6-12 28.18 20-480 48.8 
B O D 5 <100w - 10x 150-250 3162 300-12,000 110 
N H 3 - N - NR Z " 1.37-2.2" 15-50 8.49 - 84 
N H 4 - N - - - - - 1-770 203.6 
NO3 -N 100w 10.0X - NO3+NO2 NO3+NO2 0.1-1,270 -

<0.6 0.4 
NO2 -N - 3.2X 0.02x - - - -

pH (value) 6.5-8.4w 6.5-8.5x 6.5-9.0" - 8.4 - -
TSS < 100w - < 10 over 450 800 1000- 346 

background 13,400 
Fecal 100x 0.0X E. coli 100" 3.3 x 106 1.7 x 108 7.6 x 106 1.8x 
Coliforms Total 200" 105 

/100 ml 
zNot required. 
ySurface Water Quality Guidelines for Use in Alberta 1999 
" Canadian Water Guidelines 1995 
wAlberta Environment Standards and Guidelines Branch 
vValues extracted from: Young et al. 1980; Hammer 1993; Murphy et al. 1993; Kadlec and Knight 1996; Droste 1997; 
Newman and Clausen 1997 
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concentrations in streams located in low to high intensity agricultural areas did not meet 

provincial water quality guidelines for the protection of aquatic life. Of 163 samples 

taken in low intensity areas, 32% and 89% did not comply with TN and TP guidelines, 

respectively. Similarly, in high intensity agricultural areas, 87% and 99% of samples 

taken (-215) did not comply with TN and TP guidelines, respectively (CAESA 1998). 

Potential sources of the observed nutrient loading are manure and inorganic fertilizers 

transported in surface runoff from fields, livestock access to streams and unconfined 

feedlot runoff. 

In addition to eutrophication, fish kills may result from runoff entering aquatic systems. 

Studies have shown that N H / - N concentrations >0.02 mg/L can increase the risk of fish 

asphyxia (Gangbozo 1995), while decomposing organic matter in streams and reservoirs 

reduces dissolved oxygen concentrations below those required by fish (Ackerman and 

Taylor 1995; Kadlec and Knight 1996). Ackerman and Taylor (1995) reported that these 

impacts are greater in the absence of rainfall or during limited rainfall events. 

Feedlot runoff is also associated with high fecal coliform counts, which can contaminate 

dugout resources for potable drinking water, surface water resources for irrigation, and 

limit recreational use. Fecal coliforms are bacterial indicators of fecal contamination and 

may indicate the presence of pathogenic organisms that are harmful to human health 

(Carpenter 1972). Of 112 dugouts sampled in southern and northern Alberta, 68% 

exceeded federal drinking water guidelines for fecal coliform bacteria (CAESA 1998). 

Furthermore, studies showed that 14% of 91 samples taken in irrigation canals exceeded 

federal irrigation guidelines for coliforms, while 16%, 68% and 25% of streams located in 

low, moderate, and high agricultural intensity areas exceeded guidelines, respectively 

(CAESA 1998). In terms of human consumption, fecal coliform counts exceeded federal 

guidelines 94%, 100%, and 90% in streams located in high, moderate, and low intensity 

agricultural areas (CAESA 1998). 
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Groundwater is also vulnerable to contamination by feedlot runoff, particularly where 

soils are coarse in texture. Nitrate (NO3) is formed from organic nitrogen through a 

process known as nitrification. Nitrate in excess of 10 mg/L in potable drinking water is 

a health risk when consumed daily by children under six months of age (i.e., blue baby 

syndrome or methemaglobinemia) (Fan and Steinberg 1996). Nitrate is water soluble and 

can infiltrate through soils and contaminate shallow groundwater when livestock waste is 

stored near wells or when manure and fertilizer are applied to land near wells in excess of 

crop requirements. The C A E S A study (1998) found that of 376 shallow wells sampled in 

the province, 13% did not meet NO3" guidelines. The contaminated wells were on 

average 15 metres deep, 26 years old, with combined NO3" and nitrite (NO2") 

concentrations as high as 27 mg/L. 

1.3 Relevant Legislation and Guidelines 

While there are many ways to protect the quality of water resources, including education 

and awareness effort, legislation holds the greatest weight with industry. Appropriate 

legislation and guidelines are not only a valuable tool for enforcing good management, 

but are also important for the agricultural industry. These documents provide producer's 

with a standard by which to compare their operations and to determine whether they are 

in compliance with generally accepted practice. In Alberta, the document most referred 

to is the Code of Practice (AAFRD 2000b). 

The Code of Practice makes recommendations for appropriate manure transport, storage 

and handling (AAFRD 2000b). It also provides siting criteria for new and expanding 

livestock operations, and provides technical information for the sizing and construction of 

operation components, such as catchment lagoons. For the most part, these guidelines are 

general recommendations and are not enforceable by law. A Sustainable Livestock 

Production Act has been proposed however, there has been no consensus as to the 

technical aspects of the Act to date. Although the agricultural industry in Alberta does 

not have any regulations of its own, there is both provincial and federal legislation that 
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encompasses any activity that may negatively impact water quality. The provincial 

Environmental Protection and Enhancement Act provides a level of enforcement to 

protect water quality. Section 98(2) of this Act states: 

"No person shall release or permit the release into the environment of a substance 
in an amount, concentration or level or at a rate of release that causes or may 
cause significant adverse effect." (Province of Alberta 1999) 

The federal Fisheries Act, administered by Fisheries and Oceans Canada, also provides 

for environmental protection in Section 35(1), which states, 

"No person shall carry on any work or undertaking that results in the 
harmful alteration, disruption or destruction of fish habitat." 
(Government of Canada 1986) 

Section 36(3) specifically addresses waste disposal stating, 

"...no person shall deposit or permit the deposit of a deleterious substance of any 
type in water frequented by fish or in any place under any conditions where the 
deleterious substance or any other deleterious substance that results from the 
deposit of the deleterious substance may enter any such water." 
(Government of Canada 1986) 

Both the Environmental Protection and Enhancement Act and the Fisheries Act are 

enforceable by law. Thus, it is important that effective, low-cost options for controlling 

the release of runoff are provided to the agricultural industry. This includes treatment 

techniques that can reduce or eliminate the impact that uncontrolled release may have on 

the environment. 

1.4 Current Research in Alberta 

The preceding discussion highlights the need for appropriate feedlot runoff management. 

Surface water and groundwater must be protected to ensure the sustainability of water 

resources. At the same time, feedlot operators must be provided with viable management 

alternatives that are capable of receiving highly variable wastewater quantities and 

qualities, depending on annual conditions. 



7 

Traditionally, research in Alberta has focused on determining the extent of agricultural 

impacts on water quality including fate and transport mechanisms of nutrients in the 

environment, and the determination of surface water and groundwater quality. Studies 

include phosphorus loading and its associated mobility with livestock manure application, 

pathways and natural attenuation mechanisms of nutrients from manured fields, and 

composting for manure management (Hao et al. 2001; Rodvang et al. 2001; Whalen and 

Chang 2001). Kennedy et al. (1999) studied the quantity and quality of rainfall and 

snowmelt runoff from feedlot pens. Inch (2000) reported the use of constructed wetlands 

to treat livestock waste generated from an over-wintering site for 30-50 cow/calf pairs. 

No implementation procedures tailored for use by operators were developed from this 

project, thus it was of limited utility to large feedlot operations. To date, there has been 

relatively little research or implementation of technologies to treat feedlot runoff from 

large operations. 

The impacts of contaminated water in the environment are generally well understood. 

There is also a considerable amount of knowledge concerning wastewater treatment 

processes that could potentially be applied to manage feedlot runoff. The purpose of this 

research was to take known physical, chemical and biological processes and combine 

them to reduce or remove nutrients, oxygen demand, and solids found in feedlot runoff. 

The end product would be water that could be used for irrigation, or safely discharged to 

surface water. 

1.5 Objectives 

The long-term objective of this research was to develop a cost-effective feedlot runoff 

control and treatment system that could be used to place Alberta's intensive livestock 

operations in compliance with provincial and federal legislation and guidelines. However, 

the breadth of this objective was large and entails long-term commitments that were 

beyond the scope of this research. Truly understanding the appropriateness of a given 

technology for treating feedlot runoff would take a number of years under variable 
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operating conditions (e.g. climate, livestock, management, age of treatment system and 

operator skill). Therefore, the immediate objective of this research was to take initial 

steps towards identifying appropriate technologies and the operating conditions for which 

these technologies were best suited. Specific objectives of this research included the 

following: 

• To develop a practical approach to identifying appropriate treatment technologies for 

site specific management of feedlot runoff. 

• To investigate the use of conventional wastewater treatment technologies (e.g. 

chemical precipitation) and natural treatment technologies (e.g. constructed wetlands) 

for feedlot runoff treatment. 

• To design and implement a constructed wetland that could effectively treat feedlot 

runoff to a standard that was acceptable for discharge to surface water or that could be 

used for irrigation. 

• To determine the practicality and appropriateness of constructed wetlands for 

treatment of runoff from large feedlot operations in Alberta. 

1.6 Approach 

The approach to meeting the above objectives had to be practical and cost-effective to be 

adopted by the agricultural industry. One of the overriding objectives was to develop a 

general approach to implementing treatment systems that could be used by other intensive 

livestock operations wishing to better manage runoff. This approach is summarized as a 

flow chart in Figure 1.1. 
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Determine 
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Criteria for Selection: 

Water Quality Objectives 
Appropriate Technology 

Constructed Wetlands 

Vegetated Filter Strips 

Irrigation 
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1 
No 

Re-evaluate Options 

Figure 1.1. Flow chart summarizing the general approach developed for this study 
to identify appropriate treatment technologies. 
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2.0 LITERATURE REVIEW 

2.1 Introduction 

Conventional, municipal wastewater treatment technologies may be adapted to treat 

feedlot runoff. Generally, these treatment processes are driven by large inputs of energy 

or by the addition of inorganic chemicals. Natural treatment technologies, such as 

constructed wetlands and vegetative filter strips, may provide livestock operators with the 

most viable, cost-effective solution to manage feedlot runoff. Treatment is accomplished 

by providing appropriate conditions for biological activity to metabolize and transform 

organic and inorganic contaminants into less harmful forms. Biological contaminant 

transformation processes are stimulated using solar radiation, kinetic energy of wind, and 

the storage of potential energy in biomass rather than non-renewable energy as used in 

conventional treatment (Kadlec and Knight 1996). Large feedlot operations may choose 

to use natural treatment systems for feedlot runoff because, although they are land 

intensive, energy requirements are small. 

In the following literature review, conventional treatment technologies such as chemical 

precipitation, anaerobic lagoons and aerobic biological treatment are explored as methods 

for reducing the strength of feedlot runoff. Constructed wetlands for agricultural 

wastewater treatment are then discussed, followed by a review of disposal techniques, 

including vegetative filter strips and irrigation. These technologies were chosen for 

evaluation because they have the most potential for being adopted by intensive livestock 

operations. 

2.2 Conventional Treatment Technologies 

2.2.1 Anaerobic Lagoons 

Lagoons, also referred to as stabilization ponds, catchment basins or sedimentation 

basins, have been used in wastewater treatment for over 3000 years (Reed et al. 1988). 

They are classified by the dominant type of biological reactions that occur in the 
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wastewater, which may be anaerobic, aerobic or facultative (aerobic-anaerobic), with the 

most popular type being the latter (Reed et al. 1988). 

Waste stabilization ponds receive continuous flow and are usually placed in series in 

order that successive ponds receive flow from the previous pond. The degree of 

treatment achieved is a function of the number of ponds in series and the retention time in 

each pond (Horan 1990). The size and number of lagoons depends on the desired effluent 

quality. Since sunlight is the only external source of energy driving biological processes, 

retention times are weeks rather than hours (Horan 1990). Many intensive livestock 

operators in Alberta use lagoons simply because they are the best method for controlling 

runoff, and may not realize the potential treatment opportunities that are offered when 

properly designed. 

The design of lagoons must be tailored to the needs of individual operations (Gilbertson 

et al. 1979). Consideration must be given to settling characteristics of the solids in runoff 

(e.g. settling velocity, particle size distribution) and to the volume of sediment load in 

order to determine the required volume needed to achieve appropriate detention time in 

the lagoon (Gilbertson and Nienaber 1973; Lott et al. 1994). Lott et al. (1994) found that 

settling velocities of all faeces and manure were similar. However, feedlot operations 

have different methods of scraping their yards and different bedding practices, thus each 

operation should be characterized separately. Another consideration must be given to the 

side slopes of the lagoon; these should not be steep or eroded soil will fill the basin 

(Gilbertson et al. 1979). Most failure of lagoon systems is attributed to poor design, 

including inadequate storage capacity and high bed slopes that do not promote deposition 

of sediment (Lott et al. 1994). 

Anaerobic lagoons are deficient of dissolved and combined oxygen throughout the entire 

water column. Anaerobic conditions are maintained in the lagoon by high organic 

loading (BOD 5 > 85 kg BOD5/ha/d) and by the depth of the water column (2.5 to 5.0 m). 
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Livestock wastes are often stored anaerobically because the wastewater contains 

extremely high BOD and because it is economical (Zahn et al. 1997). Anaerobic lagoons 

promote sedimentation of solids and BOD removal. 

Organic matter present in the influent is degraded into simpler compounds by anaerobic, 

heterotrophic bacteria. These compounds are subsequently fermented into organic acids 

(Equation 1). Methane-producing bacteria, called methanogens, then convert organic 

acids into methane (CH4) and carbon dioxide (CO2) (Equation 2) (Reed et al. 1988; 

Droste 1997). During anaerobic decomposition, a number of gases are produced, 

including H2S, CH4 and ammonia, which cause noxious odours and can potentially 

contaminate the atmosphere, surface water, and groundwater (Zahn et al. 1997). The 

production of H2S involves the reduction of sulfates (Equations 3) and the oxidation of 

sulphides (Equation 4) by sulphur bacteria (Environment Canada 1985). 

5(CH 2 0) X -> (CH 2 0) x + 2 C H 3 C O O H (1) 

2.5CH3COOH -> (CH 20) x + 2CH 4 + 2C0 2 (2) 

1.5CH 3COOH + S 0 4 -> (CH 2 0) x + H 2 S + 2 C 0 2 + 20H- (3) 

2 (CH 2 0) X + 2 C 0 2 + 2H 2S 4(CH 2 0) X + 2 H 2 0 + 2S (4) 

Methanogens are sensitive to environmental conditions, including temperature and pH. 

Temperatures below 10°C significantly retard metabolic rates, slowing the conversion of 

organic acids into CH4 and C 0 2 . However, BOD removal continues up to the point of 

freezing because decreased metabolic activity is compensated by an increase in the 

microbial population (Metcalf and Eddy 1991). Acids produced faster by bacteria than 

can be degraded by methanogens reduces pH below the optimum range of 6.2 to 8.0. 

This ultimately results in the death of the methanogen population (Horan 1990). 
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Anaerobic lagoons may precede a facultative pond to accommodate heavy organic 

loading found in wastewater (Reed et al. 1988), reducing organic strength by 50 to 60% 

(Horan 1990; Droste 1997). Approximately 70% of BOD removed in an anaerobic 

lagoon is in the form of methane gas. Therefore, these lagoons may operate for many 

years without desludging (Horan 1990). 

Approximately 70 to 80% of nitrogen is lost from anaerobic lagoons through ammonia 

volatilization (McNeil and Sawyer 1998). However, degradation of organic material may 

increase ammonium concentration in the effluent since there is no oxygen present to 

support nitrification. Effluent from an anaerobic pond may contain up to 20% more 

ammonium than that in the influent (Horan 1990). 

Algae, problematic in aerobic or facultative systems, is unable to persist in anaerobic 

lagoons, therefore suspended solids removal may be accomplished. Nuisance odours may 

be reduced by placing a straw cap over the lagoon or establishing a floating duckweed 

mat (Zirschky and Reed 1988). Studies have shown that barley straw spread on top of 

lagoon wastewater can reduce odour emissions by 50 to 80%. 

2.2.2 Aerobic Biological Treatment 

Aerobic, biological treatment accelerates the rate at which organic material is removed 

from wastewater. In addition to organic matter, often nutrient concentrations such as 

nitrogen and phosphorus are reduced. As with anaerobic lagoons, bacteria are the main 

component of the aerobic treatment system. Aerobic treatment has an advantage over 

anaerobic treatment as aerobic metabolism is more efficient in terms of energy recovered 

by microorganisms per unit of organic matter processed (Droste 1997). Aerobic 

metabolism produces 32 ATP molecules in comparison to two produced by anaerobic 

metabolism (Brock and Madigan 1991). 
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The method responsible for aerobic biological treatment has been named the activated 

sludge process. This is defined as the suspension of microorganisms in a wastewater 

where the organisms are activated by the input of oxygen in the form of air (Droste 1997). 

This process was first developed by Ardenn and Lockett in 1914, who used a batch 

process to treat wastes in a short period of time. Early reactors were batch processed, but 

shortly after their discovery continuous flow reactors were designed (Droste 1997). 

Although a number of modifications exist today, including sequencing batch reactors 

(SBRs) and extended aeration, all activated sludge processes use the same two principles 

of aeration and settling. 

In an aerated reactor oxygen is supplied to heterotrophic bacteria. Organic compounds 

are assimilated by cells from the environment for energy production (bioenergetics) and 

the synthesis of new cell material (biosynthesis) (WEF 1994). Organic material is 

converted into carbon dioxide, ammonia, new cells and other end products according to 

the stoichiometric equation: 

Oxidation and synthesis: 

COHNS + 0 2 + nutrients ->• C 0 2 + N H 3 + C 5 H 7 N 0 2 + other end products (5) 

(organic matter) 

Endogenous respiration: 

C 5 H 7 N 0 2 + 5 0 2 -> 5 C 0 2 + 2 H 2 0 + N H 3 + energy (6) 

In addition to reduction of organic matter by metabolism, nutrients such as nitrogen and 

phosphorus can be removed in aerobic treatment. Activated sludge processes have been 

modified specifically for enhanced biological nutrient removal (BNR) from wastewater, 

with the most common patented designs being the Phostrip, the Bardenpho and the A/O 

process (Metcalf and Eddy 1991). A l l of the mentioned modified systems use alternating 

anaerobic, anoxic and aerobic sequences to reduce nutrient concentrations in wastewater. 
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Phosphorus removal is achieved by anaerobic-aerobic contacting that results in 

competitive substrate utilization and selection of phosphorus-storing microorganisms 

(Bowker and Stensel 1990). Under anaerobic conditions, bio-p bacteria {Acinetobacter 

spp.) release orthophosphate and accumulate polyhydroxy-B-butyric acid (PHB) from 

acetic acid as energy reserves. When aerobic conditions prevail, polyposphate is 

synthesized in quantities beyond that required for growth and reproduction (Comeau 

1986; Converti et al. 1993). 

Nitrogen removal may also be achieved through modified activated sludge processes, and 

in some designs, simultaneously with phosphorus removal. Total nitrogen is removed 

through a number of transformation processes, including mineralization of organic 

nitrogen, gaseous ammonia stripping to the atmosphere, inorganic nitrogen assimilation 

into biomass, and biological nitrification (Ferrara and Avci 1982; Pano and Middlebrooks 

1982). Nitrification occurs in the presence of oxygen and denitrification occurs in the 

absence of oxygen according to the reactions: 

2NH 3 + 30 2 -> 2NCY + 2H + 2 H 2 0 (7) 

2N0 2 " + 0 2 -> 2 N 0 3 ' (8) 

N 0 3 ' -> N 0 2 " -> NO -> N 2 (9) 

The relative importance of each of these removal mechanisms is dependent upon the 

environmental conditions in the wastewater. 

Environmental conditions influence the rate at which biologically mediated reactions take 

place. Bacteria do not have the ability to regulate their internal temperature, thus their 

growth and ability to utilize substrate is entirely dependent upon external temperature 

(Mayo and Noike 1996). Nitrification may be inhibited below 5°C, when dissolved 
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oxygen concentrations fall below 1-2 mg/L or when pH is greater than 9.5 (Diab et al. 

1993; Metcalfand Eddy 1991). 

Oxygen transfer and adequate mixing are two fundamental components of aerobic 

biological treatment. The oxygen transferred to the wastewater is used to both satisfy the 

oxygen demand of the wastewater and to facilitate the oxidation of contaminants. The 

total amount of oxygen required for biological treatment is the combination of 

carbonaceous biochemical oxygen demand (CBOD), nitrogenous biochemical oxygen 

demand (NBOD), and inorganic chemical oxygen demand (COD) in the wastewater. 

CBOD is the oxygen required by the biochemical oxidation of organic matter, while 

NBOD results from the oxidation of ammonia nitrogen to nitrate nitrogen (WPCF 1988). 

Therefore, the amount of oxygen supplied to the wastewater must be sufficient to meet 

total demand. Completely mixed conditions in the reactor are required to maintain 

bacteria and organic waste in suspension. Mixing ensures contact between bacteria and 

substrate. 

Effluent from an aerated lagoon may contain about one-third to one-half the value of the 

incoming BOD in the form of cell tissue (Metcalf and Eddy 1991). An intermittent-flow 

stirred-tank reactor, such as a sequencing batch reactor, with a diffused-air aeration 

system, can achieve BOD removals between 85 and 95% (Metcalf and Eddy 1991). 

Diab et al. (1993) explored the use of single reactor to achieve nitrogen removal by 

alternating anaerobic and aerobic conditions. Single reactors have the advantage of 

reduced infrastructure costs and may be appropriate for applications such as feedlots 

where wastewater generation is not continuous. The cost for such a system may become 

equivalent to that of physico-chemical treatment without the build-up of sludge 

containing high concentrations of metals (Diab et al. 1993). 
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2.2.3 Chemical Precipitation 

Coagulation is a physico-chemical process that may result in substantial reductions of 

organic matter and phosphorus from wastewater. Chemical treatment is commonly used 

in municipal wastewater treatment plants to reduce high solids, BOD, and COD 

concentrations entering the system. Chemicals used to precipitate contaminants from 

wastewater include inorganic coagulants such as ferric chloride, ferrous sulfide and 

aluminum sulfate. To date, chemical treatment has not been considered as a viable 

method used to reduce high concentrations of contaminants found in captured feedlot 

runoff. Those studies that have been published mainly focus on chemical precipitation 

for use in the dairy industry where it is more common for the wastewater to enter 

municipal sewer systems (Blanc and Navia 1991; Rusten et al. 1993). Chemical 

precipitation may be an effective alternative treatment option for agricultural operations 

generating a large quantity of runoff or livestock wastewater. 

The underlying principle of coagulation is the destabilization of suspended material. 

When inorganic coagulants such as alum or iron salts are used, the principal mechanism 

for coagulation is adsorption to produce charge neutralization, or enmeshment in a 

precipitate that is termed sweep coagulation (Amirtharajah 1990). The charge 

neutralization during alum addition is caused by adsorbable, positively charged hydrolysis 

species that attach to sites on negatively charged natural particles. Destabilized particles 

are then aggregated by the action of slow mixing (Amirtharajah 1990). Alum salts 

produce a large mass of hydroxide precipitate that interacts and entraps colloidal particles 

in floes. 

Alum is suitable for coagulation since it is effective in destabilizing the predominantly 

negatively charged colloids found in wastewater, is stable, has low solubility in pH range 

of normal use, and is relatively low cost (Casey 1997). Free trivalent aluminum ions are 

released in a solution of the respective salts. Hydrated metal ions are hydrolysed, 

producing complex hydrated metal hydroxide ions. The pH of the solution is reduced by 
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these hydrolytic reactions (Casey 1997). When alum is added to water in the presence of 

alkalinity, the overall reaction is as follows: 

Al 2 (S04)3l8H 2 0 + 3Ca(HC0 3 ) 2 -> 2A1(0H) 3 + 3CaS0 4 + 6 C 0 2 + 18H 20 (10) 

The reaction can be rewritten without the non-reacting species, 

A l 3

+ + 3HC0 3 " -> Al(OH) 3 + 3 C 0 2 (11) 

One mg/L of alum removes 0.45 mg/L alkalinity (as CaC0 3 ) and releases 0.4 mg/L C 0 2 . 

The presence of alkalinity acts as a buffer against excessive lowering of pH. The pH of 

the wastewater affects the solubility of aluminum, which is most soluble between the pH 

of 5.2 to 7.5 (Casey 1997). Blanc and Navia (1991) found that pH of 5.0 and a dose of 50 

mg/L metal ion A l 3 + (plus 30 mg/L lime) was optimum for removing contaminants from 

synthetic dairy wastewater. The same authors reported BOD, COD, and SS reductions 

of 74%, 67% and 98% with an alum + lime dose. 

In addition to BOD, COD and TSS removal from wastewater, phosphorus concentrations 

can be reduced with the addition of alum. Phosphorus precipitates with aluminum 

according to the stoichiometric equation, 

A l 3 + + H n P 0 4

n " 3 A1P0 4 + n H + (12) 

Chemical coagulation may offer producers a cost-effective technique to reducing 

chemical concentrations in runoff water. 
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2.3 Natural Treatment Technologies 

2.3.1 Surface Flow Constructed Wetlands 

Wetlands are complex ecosystems where interacting physical, chemical and biological 

processes can facilitate the cleansing of contaminated water, thus restoring natural surface 

water quality. Human societies have traditionally benefited from this property of 

wetlands, but it has been only within the last 30 years that attention has been given to 

artificially constructed wetlands for the purpose of wastewater treatment (Hammer 1994). 

Presently, a considerable number of papers have documented the use of constructed 

wetlands for the treatment of contaminants originating from individual homes, cities, 

paper mills, tanneries, landfill leachate, mine drainage, stormwater runoff and livestock 

production (Hammer 1994; Kadlec and Knight 1996). However, little research has been 

devoted to the operation of constructed wetlands in colder climates or in areas of higher 

altitudes (Jenssen et al. 1994; Newman and Clausen 1997). In Alberta, wetland 

technology has mainly been used for municipal stormwater treatment; however, there has 

been some experience with constructed wetlands for agricultural wastewater treatment in 

Ontario and other Canadian provinces (Hayman and Maaskant 1994). 

Many authors recommend that a single or multi-stage pretreatment lagoon precede a 

constructed wetland when designing for agricultural wastewater (Krider and Boyd 1992; 

Murphy et al. 1993; Newman and Clausen 1997). Pretreatment is required to prevent 

rapid filling of a wetland by solid material, for increased survivability of wetland 

vegetation and to prevent obstruction to design flow (Krider and Boyd 1992). Although 

settling ponds or lagoons may only account for 15% of the treatment area, they are 

responsible for 86% of the solids removed (Kadlec and Knight 1996). Furthermore, 

pretreatment will help to reduce ammonia nitrogen concentrations to more tolerable 

levels (Murphy et al. 1993). Krider and Boyd (1992) suggested target concentrations of 

approximately 1500 mg/L for total solids and 100 mg/L for ammonia, while B O D 5 

loading should be less than 112 kg/ha/day. Hammer (1994) recommends that 50% of the 

BOD5 and TSS loading should be reduced in a pretreatment lagoon prior to discharge to a 
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wetland. In northern areas, a lagoon may also function as a storage area for wastewater 

during winter months when the wetland is biologically inactive. 

Wetlands that are constructed can be designed to maximize mechanisms for wastewater 

treatment, including sedimentation, precipitation, absorption, adsorption, and microbial 

uptake and transformations (Staubitz et al. 1989). However, the efficiency of nutrient 

removal within a treatment wetland will depend on the nutrient composition of the water, 

residence time and climate, to name a few factors (Reddy 1983). The main function of 

the wetland is to further reduce phosphorus, BOD5 and TSS from pretreated effluent and, 

facilitate nitrification and denitrification processes (Hammer 1994). Treatment in 

constructed wetlands is achieved through a combination of aquatic vegetation 

(macrophytes), soils and a water column. Aquatic vegetation, including cattails, 

bulrushes and sedges, slow the movement of water through the wetland. This promotes 

the settling of solid material in runoff. Although macrophytes assimilate nutrients and 

contaminants, most of the removal is accomplished by microbes that are attached to the 

stems of vegetation and in the sediment, and through contaminant adsorption to 

sediments. 

Under aerobic conditions, phosphorus entering a wetland is converted from organic to 

inorganic matter and binds with organic or inorganic ligands to form chemical complexes 

that are adsorbed or precipitated within the soil (Kadlec and Knight 1996). Conversely, 

anaerobic conditions allow much of the bound phosphorus to become soluble and thus 

become more available for diffusion from the soil and for plant uptake (Kadlec and 

Knight 1996; Newman and Clausen 1997). It is common that a reduction in total 

phosphorus retention occurs through time, due to the saturation of the cation exchange 

sites on wetland sediments (Herskowitz et al. 1987). 

Nitrogen removal in the wetland environment is accomplished through a variety of 

physical transfer processes and microbial mediated transformation processes. Physical 
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processes include particulate settling, diffusion of dissolved forms, plant uptake, 

ammonia volatilization, and seed release. Nitrogen is transformed through 

ammonification (mineralization of organic nitrogen), nitrification/denitrification, nitrogen 

fixation and nitrogen assimilation. Organic nitrogen is readily converted to ammonia in 

most wastewater through energy-releasing, biochemical processes. Ammonification 

occurs readily in wastewater having pH 6.5 to 8.5 (Kadlec and Knight 1996). 

Many processes important to wastewater treatment are temperature dependent (Kadlec 

and Knight 1996). Thus, modifications to treatment designs must be made to 

accommodate Alberta's relatively short growing season. Adaptations to treatment 

systems may include over-wintering wastewater in a storage lagoon before it is released 

into the wetland, and/or decreasing the flow rate of wastewater through the wetland in the 

spring and fall to increase its residence time. Wetland areas may also be heated to keep 

microbial populations active through colder weather. 

Anaerobic waters overlying the sediment is a common problem with constructed wetlands 

treating agricultural wastewater. Hunt et al. (1993) reported that redox conditions of 

wetland soil treating swine wastewater were highly reduced during start-up. In the same 

wetland, evidence of ammonia-N in the discharge effluent and very low concentrations of 

nitrate-N throughout the wetland suggested that the cell did not support nitrification. 

Newman and Clausen (1997) found nitrification was limited and ammonia was 

accumulating in a constructed wetland treating milkhouse washwater. They attributed 

this to excessive BOD5 concentrations entering the wetland, which probably created an 

anoxic water column overlying the sediments. They suggested that a larger pretreatment 

lagoon or septic tank be implemented to reduce influent BOD5 concentrations. In 

addition to pretreatment, there is evidence that diluting and mixing of wastewater with 

freshwater prior to discharge into a wetland will help achieve higher levels of 

contaminant removal and prevent anoxia in the wetland (Krider and Boyd 1992; Payne et 

al. 1992). 
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Constructed wetland design is site specific and should consider land availability and 

topography, wastewater characteristics and the needs and goals of the individual farm. 

For example, a wetland may be serpentine in shape to maximize the treatment area within 

the confines of the farmyard and to maximize the retention time of wastewater in the 

wetland. Typical designs will include pretreatment, a wetland complex and, an aerobic 

shallow pond. Some designs incorporate a grass filter strip so that the effluent may be 

discharged following treatment (Kadlec and Knight 1996). 

2.3.1.1 Vegetation 

The establishment of a healthy community of vegetation in a constructed wetland is one 

of the most important criteria for effective wastewater treatment (Wengrzynek and Terrel 

1990; Wetzel 1993; Kadlec and Knight 1996). The plant community provides the 

structural surface area for microbial habitats, in addition to large supplies of organic 

carbon for microbial growth and denitrification (Kadlec and Knight 1996). A dense stand 

enhances the settling of particulate matter, allowing for more effective removal of 

contaminants, while morphological adaptations of wetland vegetation are important for 

the conduction of gases, namely oxygen, to and from wetland sediments (Wetzel 1993). 

Choosing the appropriate vegetation is an important consideration for wetlands treating 

agricultural wastewater because of the high concentrations of ammonia, BOD5 and 

suspended solids. As previously discussed, 100 mg/L N H 3 - N can be toxic to some plant 

species (Murphy et al. 1993). Further studies have shown that structural changes occur in 

roots of Carex spp., Phragmites australis and Glyceria maxima when exposed to high 

dosages of piggery sewage (Koncalova et al. 1993; Cizkova-Koncalova et al. 1996). 

Theses changes include reduced aerenchyma cells (size and number) in Carex and 

Phragmites, decreased biomass in surface roots and reduced carbohydrate reserves in 

Phragmites, and decreased penetration depth of Glyceria roots. In contrast, the presence 

of highly concentrated sewage increased carbohydrate reserves in roots and produced 

more aerenchyma cells in stems of Typha latifolia. Although these studies have 
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determined the suitability of a limited number of macrophytes for agricultural wastewater 

treatment, further research is needed to determine a larger number of aquatic plants that 

can withstand very high concentrations of ammonia without morphological deficiencies 

occurring in the species (Payne et al. 1992). 

Furthermore, wetland plant species respond differently to various climatic conditions 

(Husak 1992; Surrency 1993). Thus some species are suitable only for warm regions, 

while others thrive in temperate regions or upland areas where temperatures may be 

extreme. Surrency (1993) reported that low temperatures during winter months did not 

affect Scirpus validus, but Sagittaria latifolia was the first to suffer die back due to frost. 

Vegetation may be harvested to remove nutrients permanently from a wetland. However, 

nutrient uptake by vegetation accounts for less than five percent of the nutrients or other 

substances removed from influent waters (Hammer 1994). Some studies have shown that 

harvesting wetland vegetation is a viable removal mechanism for nutrients (Lakshmann 

1994), while others believe harvesting may negatively impact outflow water quality 

(Kadlec and Knight 1996). Harvesting vegetation may be beneficial to the overall 

removal efficiency of the wetland, however care should be taken that sufficient nutrients 

are transported to the roots before cutting so a healthy stand emerges in the spring. 

2.3.1.2 Effluent Quality 

Research projects conducted in the United States have demonstrated that constructed 

wetlands, with pretreatment settling lagoons, have contributed to a greater than 90% 

reduction of total nitrogen and a greater than 80% reduction of total phosphorus 

(Surrency 1993; Lang 1994; Kadlec and Knight 1996). Hammer et al. (1993) report 

significant removal efficiencies of TSS (91%), TP (76%), N H 3 - N (94%), B O D 5 (90%) 

and faecal coliforms (99%), respectively, in a system comprised of a multi-staged 

pretreatment lagoon followed by a wetland. 
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Storage at the outlet (Krider and Boyd 1992), and/or field application or re-circulation of 

the wastewater through the treatment complex may be necessary i f effluent does not meet 

discharge requirements (Murphy et al. 1993). The latter holds some benefit that may 

enhance the treatment ability of the wetland. First, re-circulation dilutes the initial 

concentration of wastewater constituents, thus reducing the likelihood of problems such 

as ammonia toxicity to wetland vegetation. Furthermore, re-circulation may be used as 

an aeration mechanism since the force of pumping the wastewater causes some degree of 

mixing. Finally, areas that have a high evaporation rate and low amounts of precipitation 

may benefit from the additional volume of wastewater needing treatment and may help to 

prevent desiccation of the wetland area. 

Where stringent discharge requirements cannot be met, further polishing of wetland 

effluent may be accomplished by vegetated filter strips or irrigation 

2.3.2 Vegetative Filter Strips 

Vegetative filter strips are overland flow treatment systems that can retain contaminants 

from runoff water that flows through them. Although vegetated filter strips have been 

used for wastewater treatment for decades, they are being reconsidered as an alternative 

treatment system for preventing discharge of pollutants from livestock operations. 

Wastewater is applied intermittently to the top end of a sloped filter to a collection 

channel, surface water, or an infiltration bed at the bottom (Kadlec and Knight 1996). As 

wastewater flows through close-growing vegetation, inorganic and organic particulates 

are trapped, and dissolved constituents (e.g. NO3' and PO4") are sorbed by plants and 

soils. During the resting period, organic matter is microbially oxidized, and sorbed 

nutrients are incorporated into biomass, transformed or bound to soils (Dickey and 

Vanderholm 1981; Kadlec and Knight 1996). As with all soil-based systems, the 

vegetated filter must rest to re-aerate the soil in order to prevent it from becoming 

anaerobic. 
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Soils are a key component to overland flow system function. Low permeable soils (< 15 

mm/h) or soils with low permeability sublayers (15-50 mm/h), such as clay or clay loams, 

should be used to ensure overland flow and to prevent contamination of groundwater 

(Metcalf and Eddy 1991). Depth of soil to groundwater should be at least 0.3 to 0.6 m to 

allow sufficient treatment of percolate before it enters the groundwater and to avoid 

water-logging of the root zone (Metcalf and Eddy 1991). Depth to groundwater becomes 

more critical at the higher end of the soil permeability range (WPCF 1990). 

Appropriate filter slopes must also be determined to achieve effective wastewater 

treatment. A uniformly sloping vegetative filter area with less than 10% slope is most 

desirable for agricultural applications (Fulhage and Pfost 1994), but slopes may range as 

high as 15% (WPCF 1990). The risk of erosion and channeling increases when slopes 

exceed 8% (Metcalf and Eddy 1991), while the risk of ponding increases when slopes are 

less than 1% (Reed et al. 1988). Even distribution of flow across the entire width of the 

filter strip can reduce channelization, erosion and ponding. 

Vegetation is a key component of overland flow treatment. Soil fertility, pH, drainage, 

time of seeding, and species type must be considered for successful vegetation 

establishment (Eck 1997). Plants with fibrous root systems that form dense mats are 

most appropriate to slow the transport of soil and pollutants through the filter. Water 

tolerant vegetation, such as reed canary grass (Phalaris arundinacea), fescues (Festuca 

spp.), and Italian rye (Lolium multiflorum), are most suitable for filter strips because 

periodic ponding may cause dry soil vegetation to die back (Metcalf and Eddy 1991). 

Filter strips can also be planted to marketable hay, which can help recover some 

construction and maintenance costs (Eck 1997). 

To avoid anaerobic conditions in the filter strip, oxygen supplied or transferred must be 

greater or equal to the rate of oxygen uptake. Wastewater having high BOD should 

undergo 3 hrs of application and 3 hours of drying. This allows natural reaeration of the 

soil to meet oxygen demands (Metcalf and Eddy 1991). Most of the BOD is added to the 
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upper end of the slope, while oxygen is transferred over the entire slope. Thus, ultimate 

BOD should not be greater than 50% of the rate of oxygen supplied. This is equivalent to 

a BOD load of approximately 95 kg BOD/ha/day. The limiting maximum concentration 

of BOD is 400-500 mg/L. A recycle system may be implemented to achieve standard 

BOD levels suitable for discharge (Metcalf and Eddy 1991). 

Sedimentation is usually the leading cause of filter strip failure (Eck 1997). Researchers 

recommend separating solids from runoff prior to the vegetative filter and diverting clean 

water run-on around the vegetative filter area. Solids can be removed in stabilization 

ponds (Section 2.21 and 2.22) (Dickey and Vanderholm 1981; Fulhage and Pfost 1994). 

Dickey and Vanderholm (1981) studied the use of vegetated filter strips for treatment of 

runoff from four separate livestock operations. Each system consisted of a concrete 

settling basin, a distribution line and a filter strip having slopes from 0.25 to 2.00%. 

Removal efficiencies for each system are given in Table 2.1. 

Young et al. (1980) studied the use of cropped buffer strips for treating runoff from a 

small feedlot operation. They found that a buffer strip 27.43 m in length, on a 4% slope 

reduced runoff and total solids transported from the feedlot by 67% and 79%, 

respectively. TN and TP were reduced by an average of 84% and 83%, respectively. NO3-

N increased in the filter strip effluent due to accumulation from sorghum-sudangrass and 

the oat buffer strips. The author concluded that a buffer length of 36 m would have been 

sufficient to reduce nutrient and coliforms found in runoff generated by summer 

rainstorms to acceptable concentrations (Young et al. 1980). These findings were similar 

to those of Dickey and Vanderholm (1981) (Table 2.1). 

Franti (1997) found that vegetated filters are less effective at removing nutrients and 

pesticides in solution, that is, those dissolved in water and not attached to soil. 

Vegetative filter strips, in this study, were most effective at removing sediments, and 

nitrogen, phosphorus and pesticides bound to soil particles. Study results showed that a 
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Table 2.1. Performance evaluation of four overland flow systems designed to treat 
feedlot runoff. Concentrations given in mg/L, percent removal efficiencies in 
brackets (modified from Dickey and Vanderholm 1981). 

System L x W P NH 3-N TKN COD TS 
(m) 

1 91 x 12 64-14 134-18 300-60 4220-616 3700-966 
(78) (86) (80) (85) (73) 

2 61 x27 „y 608-173 1122-324 14 288-2691 12 777-4710 
(72) (71) (81) (63) 

3 564 x 8.5 __y 608-101 1122-83 14 288-2000 12 777-2594 
(83) (83) (86) (80) 

4Z 609 x ~ y __y 478-71 1081-120 11 063-871 7010-1492 

z™ , 
(85) (89) (92) (79) 

_ - i C 
Results following a flow distance of 148 m. yData not available. 

7.62 m wide grass filter strip reduced off-site movement of TN, atrazine and alachlor by 

70% and TP by 85%, comparable to values reported by Young et al. 1980 and Dickey and 

Vanderholm 1981). Franti (1997) reported that filter strips having silt-loam soils with 

slopes from 3 to 12% can remove 56-97% of sediment, depending on filter strip width 

and the area draining to the filter strip. Overland flow systems preceded by an aerobic or 

facultative lagoon may not meet TSS water quality guidelines due to poor algae removal 

(Abernathy et al. 1994). 

Bacteria levels in feedlot runoff were not greatly reduced by vegetative filters in the study 

conducted by Dickey and Vanderholm (1981). Similarly, Young et al. (1980) did not find 

sufficient reductions in total and faecal coliforms (69%) with effluent numbers still 

greater than 1000/100 ml following treatment in a 27.4 m filter strip. 

2.3.3 Irrigation 

Irrigation is one of the oldest and most common natural systems used for receiving 

wastewater, and is well known to most feedlot operators. This system uses irrigation for 

wastewater polishing and disposal, while incorporating water reuse and crop utilization of 

nutrients. Treatment is achieved through nutrient assimilation by forage and field crops, 
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and attenuation of sediments and phosphorus by filtration and adsorption processes. 

Irrigation rates are generally low, to maintain aerobic conditions in the soil column which 

is essential for the growth of dry land vegetation and subsequent nutrient removal, as well 

as the maintenance of permeable soil texture (Kadlec and Knight 1996). To determine 

the wastewater application rates, consideration must be given to crop water and nutrient 

requirements, soil characteristics, climatic factors, and the application efficiency of the 

distribution system (WPCF 1990; Droste 1997). Irrigation is suitable for land having 

slope less than fifteen percent (WPCF 1990). 

There are two types of irrigation management systems that are distinguished by their 

project objectives. The objective of a Type I system is to treat wastewater, thus the 

maximum amount of wastewater is placed on the minimum possible area of land (Reed et 

al. 1988; WPCF 1990). Type I designs are based on the limiting design factor (LDF) and 

will depend on site-specific wastewater characteristics and allowable loading rates. For 

example, the LDF for agricultural wastewater can be the hydraulic capacity of the soil 

(permeability and infiltration rate), nitrogen and/or BOD. On the other hand, the 

objective of Type II systems is to optimize the water's reuse potential. Here, just enough 

water is applied to the crop to satisfy irrigation requirements (Reed et al. 1988; WPCF 

1990). Both Type I and Type II systems considers soil conditions, nutrient holding 

capacity, and crop requirements when designing hydraulic loading rates. 

Soil infiltration capacity is important for slow rate land application systems. Soil must be 

permeable to moderately permeable to ensure adequate drainage and prevent soils from 

becoming saturated. Permeability should be greater than 1.5 mm/hr (WPCF 1990). 

Under saturated conditions, soils may become anaerobic and crop production may fail. 

Soil infiltration may be reduced over time due to compaction by harvesting and 

cultivating equipment, and by the build up of suspended particles and/or organic material 

present in the application water. Where subsurface drainage is impeded by an 

impermeable layer in the soil profile, underdrains may be used to remove water and allow 
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application to continue. This ensures unsaturated, aerobic conditions in the upper soil 

profile (Reedetal. 1988) 

Depth to groundwater should be greater than 1.5 m, unless controlled by drainage (WPCF 

1990). Groundwater contamination by NO3" may be a problem where depth to 

groundwater is shallow (Droste 1997). As mentioned, nitrate contamination of 

groundwater above 10 mg/L can be fatal to children under the age of 6 months (Section 

1.1). BOD and suspended solids removal is effective after water has percolated through 

1.5 m of soil (Droste 1997). 

In addition to the physical status, the nutrient and chemical status of the soil must be 

maintained for effective slow rate land application. Nutrients such as nitrogen, 

phosphorus and potassium are generally supplied in sufficient quantities by agricultural 

wastewater. Potassium may become deficient, and in its absence, poor crop production 

may result. Fertilizer containing potassium may be required to restore the nutrient 

balance in the soil. Percent exchangeable sodium, salinity and pH are also important 

chemical characteristics of the soil (Reed et al. 1988). 

Since slow rate land application relies on cover crops that can be harvested for partial 

nutrient removal, crop selection is an important part of system design. Nitrogen removal 

is a function of crop yield, as well as the nitrogen content of the harvested portion of crop 

(Reed et al. 1988). Thus, when crop yields are high, nitrogen removal is also high. Rate 

of harvesting, plant age when harvested, supplemental nutrients, salinity, toxicity, soil 

characteristics, application rate of the wastewater, and climate will all affect the 

performance of individual crops (Droste 1997). Nutrient removal may be maximized by 

choosing appropriate crop species. 

Chang et al. (1991) reported continuous application of cattle feedlot manure could be 

detrimental to crop productivity. They found pH, salts, and total and available 
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phosphorus increased in the top layers of the soil. Phosphorus, in particular, accumulated 

in the top 30 cm of the soil profile, which could interfere with a crop's ability to take up 

essential micronutrients. Long term annual application of untreated runoff as a method of 

disposal was not recommended. Similar to cattle manure, feedlot runoff contains 

substantial amounts of salt and phosphorus. Treatment of runoff may be appropriate 

where the addition of feedlot runoff has resulted in the accumulation of excessive 

phosphorus concentrations in the soil. 
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3.0 STUDY SITE 

Chinook Feeders Ltd. is a custom feedlot operation located in the Municipal District of 

Foothills NW 11-17-27-W4M (Figure 3.1). Land elevation is 1010 m a.s.l and is gently 

sloping from west to east (0.4%). The feedlot operation, including the yard area, occupies 

approximately 43.2 ha and contains approximately 16 000 head of cattle (Figure 3.2). 

The lot was recently expanded to the north, increasing lot capacity to 18 000. Cattle are 

fed a mixture of barley and barley silage. Bedding consists of wood chips and straw, and 

is usually added to the pens during winter and during days of intense rainfall. 

The dominant soil classification (>50%) is Orthic Dark Brown Chernozem. Significant 

soil (20-40%) include eroded soils, saline and gleyed soils. The dominant parent material 

is medium textured glaciolacustrine veneer over moderately fine textured till (WNY 

13/ulh) (AGRASID 1998). Sandstone shale bedrock is below approximately 27 m of till 

(AEP 1995). 

Soil quality was evaluated in March of 1999 and results showed the half section located 

south east of the feedlot (1/2 East Chinook), had the greatest concentration (kg/ha) of 

nitrogen, phosphorus, and potassium (Table 3.1). Phosphorus concentration in this field 

was nearly six times greater than the feedlot owned field having the lowest P 

concentration. Continuous irrigation with untreated catchment lagoon wastewater and 

solid manure spreading resulted in nutrient saturated soils in this field. Manured fields 

located nearest to the feedlot (NE-10-17-27-W4) also showed high nutrient 

concentrations (Table 3.1) (Norwest Labs 1999). These fields are the most cost-effective 

areas on which to spread manure due to reduced travel distance and hauling costs. 

The quantity of solid manure produced at Chinook Feeders was estimated using average 

values reported for typical livestock operations in Alberta. Approximately 22 240 

tonnes/year of solid manure (based on 1.39 tonnes solid waste per feeder per year) is 



Figure. 3.1. Location of Chinook Feeders Ltd. 



Figure 3.2. Aerial photograph of Chinook Feeders Ltd., 1998. Area A drains to 
Lagoon 1 and B drains to Lagoon 3. See Appendix A for drainage area sizes. 
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produced (AAFRD 2000b). In the past, phosphorus applications on the fields adjacent to 

the feedlot have been twice the recommended rate of 15 kg/ha/year (Droste 1997). This 

assumes that the TP concentration in the catchment lagoon averaged 65 mg/L and that the 

wastewater was spread on 65 ha or a quarter section of land. 

Table 3.1. Summary of soil test results taken from various locations where land 
application of animal manure took place, Chinook Feeders Ltd., March 31,1999. 
Analysis conducted by Norwest Labs 1999). 

Location N 0 3 - N 
ppm 

N 
kg/ha 

Organic 
Matter % 

P 
kg/ha 

K 
kg/ha 

S 
kg/ha 

pH 

Nutrient uptake 
rates by barley 
kg/ha/yrz 

NE 10-17-27-W4 35.0 

123.3 

160.3 4.2 

14.6 

257.8 

22.4 

1760.1 69.5 7.4 

W1/2-10-17-27-W4 18.0 83.0 3.2 123.3 1513.5 112.1 + 7.5 

SE 14-17-27-W4 28.0 127.8 3.2 145.7 1345.3 67.3 7.4 

NW 22-17-27 W4 21.0 97.5 3.0 54.9 1121.1 61.7 7.6 

N 20-17-20-W4 6.0 29.2 3.6 81.8 1502.2 112.1+ 7.3 

N 24-17-27-W4 10.0 47.1 3.8 85.2 1412.6 39.2 7.4 

SE 11-17-27 W4 
(Irrigated with 
untreated runoff) 

44.0 199.6 3.5 302.7 2107.6 112.1+ 7.5 

z(Droste 1997) 

Feedlot runoff and relatively clean adjacent yard runoff, is currently directed via 

interconnecting drainage ditches and steel culverts to two storage lagoons. Runoff from 

each feed pen passes through a centre drain located in each lot before it enters a series of 

drainage ditches. Lagoon 1 is located in the centre of the feedlot and collects runoff from 

the west-side of the property (Figures 3.2). Lagoon 2 (Figure 3.2) was constructed in 

1999 and receives runoff from the north, including the compost area and the new feedlot 
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development. Lagoon 3 is located on the east-side of the feedlot and collects runoff from 

the east side of the feedlot (Figures 3.2). Lagoon 1 has a volume capacity of about 15 285 
3 3 3 

m , Lagoon 2 approximately 12 900 m , and Lagoon 3 about 10 100 m . Between the 

three lagoons, there is approximately 38 000 m 3 of runoff storage on the feedlot. A 

diversion berm was constructed on the south-west side of the lot to divert clean water 

run-on away from the operation and to prevent further contamination of surface runoff. 

Collected wastewater is disposed on three adjacent fields by spray gun irrigation, 

alternating fields each year. Solid waste is removed from the feedlot pens by scraping 

twice per year; the scrapings are composted and/or spread on adjacent land. 

Groundwater vulnerability in this area is low. There are four wells in production, which 

supply the feedlot with water, all of which are located in bedrock. These wells have 

production intervals of 18.0-41.1 m and the capacity to each pump between 95.5 and 

177.3 L P M . Water is pumped from the aquifers to a freshwater holding pond, located on 

the south side of the feedlot, where it is then distributed to stock waterers (Figure 3.2). 

Chinook winds have a major impact on the province's climate and are most significant in 

southern Alberta, where the warm wind frequently melts snow cover during the winter 

(Dzikowski and Heywood n.d.). Chinook Feeders is located in the southern most climatic 

region known as the prairie grassland. This region is semiarid, having the lowest 

recorded precipitation in the province and relatively hot summers. Southern Alberta's 

unique climate influences the amount of runoff that is generated at Chinook Feeders Ltd.. 

Typically, i f it is raining in regions surrounding the feedlot, it is dry at Chinook Feeders. 

Figure 3.3 shows average normal precipitation data for High River, Stavely and Vulcan. 

Annual precipitation for Nanton, Alberta is 440 mm (AAFRD 2000b). 

Runoff volume was estimated using Equation 13 taken from A A F R D (1995) and 

precipitation estimates for the town of Claresholm, 69 km south of High River. 

Precipitation data was based on a 24 hour, 25-year storm event. 
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500 

Vulcan Stavely High River 

Location 

Figure 3.3. Annual precipitation during the study conducted at Chinook Feeders 
Ltd. The dashed line indicates climate normal data from 1961-1990 at Nanton, 
Alberta (AAFRD 2000b). 

Runoff volume was equal to, 

V = A * (0.22 Pm + 0.45 Ps) (13) 

Where, 

V = volume (m ) 

A = area (m2) 

Pm = snowfall (m) 

Ps = rainfall (m) 

Therefore, 

V = 431 804.4 m 2 * (0.22(0.151 m) + (0.45(0.097 m) 

V = 33 192.8 m 3 

Comparison runoff calculations were conducted using the Rational Method for estimating 

quantity of surface runoff (Equation 14). Refer to Appendix A for results and runoff 

coefficient values. 



37 

Q m3/second = C * / mm/hr * A ha (14) 

360 

Where, 

C = runoff coefficient 

z'avg = total rainfall mm 

duration hrs 

A = area ha 

The runoff volume calculator (Equation 13) was used as an estimate of the wastewater 

generated at Chinook Feeders as it generated a more conservative estimate than the 

rational method. The storage volume required to capture and to hold generated runoff 

from a one in 25 year, 24-hour storm event at Chinook Feeders Ltd. was estimated at 33 

200 m 3 , thus there is adequate runoff storage already existing on the feedlot. The actual 

volume required will vary since the runoff equation was based on a hypothetical feedlot 

and in reality, operations differ in type of manure build-up, soil type, slope, precipitation, 

bedding and age of lot which all affect runoff generation (AAFRD 1995). 

Evaporation rates reported for Vauxhall, Alberta ranged between 912-1356 mm per year 

from 1995 to 1999 (AAFC Research Branch 1999) (Table 3.2). These estimates are 

likely greater than expected at Chinook Feeders but are representative of southern 

Alberta. 

Table 3.2. Pan Lake evaporation (mm), Vauxhall, AB. (Modified from AAFC 
Research Branch 1999) 

Month 1999 1998 
Year 

1997 1996 1995 Normal 
April 142.8 0.0 150.3 132.3 114.9 134.8 
May 194.3 123.5 252.7 144.9 157.0 202.1 
June 164.0 166.0 240.2 238.2 187.0 223.7 
July 216.2 226.0 228.4 273.7 171.3 241.1 
August 179.1 228.2 173.7 180.0 92.7 211.8 
September 150.3 135.9 174.9 94.3 99.6 143.1 
October 35.0 85.6 135.8 128.3 89.2 95.3 
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4.0 RUNOFF QUALITY EVALUATION 

4.1 Methods 

Catchment lagoon water quality was monitored weekly from June to September in 1999. 

Integrated water samples were collected from Lagoon 1 and Lagoon 3 using a 6 m clear, 

food-grade PVC braided hose that was weighted on one end. The sample was transferred 

to a bucket and mixed thoroughly and the contents poured into a sterile, 1 L Nalgene 

bottle. Samples were stored on ice during transport to the laboratory and analyzed within 

3 hours of sampling. Dissolved oxygen, pH and electrical conductivity (EC) 

measurements were taken at each visit using a portable Hanna HI 9143 meter having a 

detectable concentration range of 0-19.9 mg/L + 0.3 mg/L, Hanna HI 9025C meter, and 

Orion model 120 meter, respectively. Meters were calibrated prior to each use. 

Water quality, including TP (total phosphorus), P0 4 -P (orthophosphate), N H 3 - N 

(ammonia nitrogen) and COD (chemical oxygen demand), was determined using a 

H A C H DR/2010 Spectrophotometer. Samples analyzed for P0 4 -P and N H 3 - N were first 

filtered through a 0.45 urn membrane filter. 

TP was determined using H A C H PhosVer 3 with Acid Persulfate Digestion Method 

(Method 8114). During this analysis, orthophosphate reacts with molybdate in an acid 

medium to produce a phosphomolybdate complex. Ascorbic acid then reduces the 

complex, giving an intense molybdenum blue colour (HACH 1997). 

P0 4 -P was determined using H A C H Orthophosphate/Molybdovanadate Method (Method 

8114). In this procedure, orthophosphate reacts with molybdate in an acid medium to 

produce a phosphomolybdate complex. In the presence of vanadium, yellow 

vanadomolybdophosphoric acid is formed. The intensity of the yellow colour is 

proportional to the phosphate concentration in the sample (HACH 1997). 

NH3-N was determined using H A C H Nitrogen Ammonia High Range Test N ' Tube 
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Salicylate Method (Method 10031). Ammonia compounds combine with chlorine to 

form monochloramine. Monochloramine reacts with salicylate to form 5-aminosalicylate. 

The 5-aminosalicylate is oxidized in the presence of a sodium nitroprusside catalyst to 

form a blue coloured compound. The blue colour is masked by the yellow colour from 

the excess reagent present to give a final green coloured solution (HACH 1997). 

TSS was determined according to standard methods (APHA 1985). A measured volume 

of sample was filtered through a 1.2 urn glass fibre filter and dried at 105°C for 2 hours. 

Dried samples were placed in a dessicator until a uniform temperature was achieved. 

Samples were weighed using a Sartorius BP 21 OS balance. Equation 15 was used to 

determine TSS concentration. 

TSS mg/L = (filter and solids mg - filter mg) * 1000 (15) 

sample volume mis 

B O D 5 was determined according to standard methods (APHA 1985). Samples were 

diluted with de-ionized water seeded with nutrients consisting of a phosphate buffer 

solution, magnesium sulfate solution, calcium chloride solution, and ferric chloride 

solution. A summary of buffer solutions is provided in Appendix A. Nitrification 

inhibitor (0.16 g/300 mL 2-chloro-6 (trichloromethyl) pyridine) was added to each 

sample. 

The H A C H Dichromate Reactor Digestion Method (Method 8000) was used to determine 

COD. The mg/L COD results are defined as the mg of O2 consumed per litre of sample. 

The sample was heated for two hours with a strong oxidizing agent, potassium 

dichromate. During this digestion, oxidizable organic compounds react, reducing the 

dichromate ion (C^Oy2") to green chromic ion (Cr 3 +). The amount of C r 3 + is determined 

to estimate COD concentration. The COD reagent contains silver and mercury ions; 

silver is used as a catalyst for the reaction and mercury is used to complex chloride 
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interferences (HACH 1997). 

A t-test was used to compare water quality in Lagoon 1 with that in Lagoon 3. Boxplots 

were used to present the data. Sigmaplot version 4.0 was used to plot the data (SPSS Inc. 

1997). 

Runoff samples were not collected in 1999, however, two runoff events occurred during 

the summer of 2000. Grab samples were taken from culverts flowing into Lagoon 1 and 

Lagoon 2 immediately following the rain event in July and approximately 6 hours after 

the event in August. 

4.2 Results & Discussion 

Summer monitoring of lagoon wastewater showed that stored runoff at Chinook Feeders 

Ltd. contained high concentrations of nutrients, organic matter and suspended solids. 

Lagoon 1 typically had higher concentrations of phosphorus and nitrogen than Lagoon 3. 

TP ranged between 53.3-79.1 mg/L in Lagoon 1 and between 55.0-79.1 mg/L in Lagoon 

3. PO4-P ranged between 19.0-41.5 mg/L and between 19.5-38.5 mg/L in Lagoon 1 and 

Lagoon 3, respectively (Figure 4.1). NO3-N was not detected in either lagoon. However, 

high concentrations of NH3-N were found in both Lagoon 1 and Lagoon 3. Mean N H 3 - N 

concentrations were 129 and 95 mg/L, respectively (Figure 4.2). 

High concentrations of oxygen demand and solid material were also observed, with 

greater concentrations generally found in Lagoon 1 compared to Lagoon 3, although the 

differences were not significant (Figure 4.3 and Figure 4.4). Mean B O D 5 , COD, and TSS 

concentrations in Lagoon 1 were 547 mg/L, 2,714 mg/L and 967 mg/L, respectively, 

compared to 470 mg/L, 2,488 mg/L and 926 mg/L in Lagoon 3, respectively (Figure 4.3 

and Figure 4.4). Raw data is presented in Appendix B. 

While Lagoon 1 consistently contained higher EC and greater concentrations of TP, PO4-
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Figure 4.1. Boxplots showing phosphorus concentrations in Lagoon 1 and 
Lagoon 3 (n=12) during summer monitoring at Chinook Feeders Ltd., 1999. 
Note: Boxplots show median, the 10th, 25th, 50th, 75th and 90th 
percentiles as boxes with error bars, and outliers. Error bars are column 
means (SPSS Inc. 1997). 
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Figure 4.2. Boxplots showing NH 3-N concentrations in Lagoon 1 and Lagoon 3 
(n=13) during summer monitoring at Chinook Feeders Ltd., 1999. 



43 

4000 

3500 -

3000 

2500 

B 2000 -

1500 -

1000 -

500 -

Lagoon 1 Lagoon 3 

3 COD 
| B O D 5 

Figure 4.3. Boxplots showing oxygen demand in Lagoon 1 and Lagoon 3 
during summer monitoring at Chinook Feeders Ltd., 1999. For COD and 
BOD 5 n=T2 and n=13, respectively. 
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Figure 4.4. Boxplot showing TSS concentrations in Lagoon 1 and Lagoon 3 
(n=13) during summer monitoring at Chinook Feeders Ltd., 1999. 
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Figure 4.5. Boxplots showing temperature (n=12), pH (n=12) and EC 
(n=ll) in Lagoon 1 and Lagoon 3 (n=13) during summer monitoring at 
Chinook Feeders Ltd, 1999. 
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P, NH3 -N , and BOD5 than Lagoon 3, parameters influencing water quality, oxygen, 

temperature and pH, were not significantly different between the lagoons (P > 0.05) 

(Figure 4.5). Both lagoons were completely anaerobic, having no measurable 

concentration of dissolved oxygen throughout the summer (detection limit = 0 + 0.3). 

Temperature in the catchment lagoons ranged from 14.3-21.8°C in Lagoon 1 and 12.9-

21.2°C in Lagoon 3 during the monitoring period (Figure 4.5). The pH of Lagoon 1 and 

Lagoon 3 ranged from 7.19-7.59 and from 7.23-7.54, respectively (Figure 4.5). This 

suggests that the difference found in water quality between the two lagoons did not occur 

as the result of internal processes. 

It is likely that the difference in water quality was caused by the way runoff was directed 

to each lagoon. Runoff flowed through culverts and ditches void of vegetation to reach 

Lagoon 1, while wastewater flowed overland through a barley crop to reach Lagoon 3. It 

is probable that the barley crop facilitated land treatment of wastewater, assimilating 

nutrients into biomass and increasing wastewater infiltration as the water flowed to 

Lagoon 3 (Reed et al. 1988). Nutrient uptake rates for barley range from 125-160 

kg/ha/year of nitrogen and 15-25 kg/ha/year of phosphorus which suggests that a 

substantial amount of nutrients could have been removed by the barley crop (Reed et al. 

1988). 

Both lagoons were anaerobic during the summer; this was confirmed by the lack of 

dissolved oxygen in the wastewater. Bubbling, observed on the surface of the lagoons, 

may be attributed to the release of gases that form as end products of microbial 

fermentation. Anaerobic decomposition of organic matter produces a variety of odourous 

gases and volatile compounds, namely ammonia, hydrogen sulfide (H2S), volatile fatty 

acids, aldehydes, alcohols, amines, and mercaptans, which are released to the atmosphere 

(Westerman and Zhang 1997). 

The results of summer lagoon monitoring showed that contaminant concentrations were 
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not appreciably different between the summer months. Linderman and Ellis (1978), 

however, reported that the composition of stored effluent varies considerably with time. 

They found that wastewater quality changed most drastically following a runoff event. In 

this study, there were few runoff events to speak of, thus the difference in conclusions can 

be attributed to climatical variation. 

Runoff water quality was consonant with high strength wastewater and comparable to the 

quality of runoff reported in other studies (Table 4.1). Total phosphorus was the single 

parameter differing between the studies. Gilbertson et al. (1979) and Kennedy et al. 

(1999) both report substantially lower concentrations of TP than found at Chinook 

Feeders Ltd. Phosphorus may be greater at Chinook due to variations in feed rations 

between sites (Linderman and Ellis 1978). 

Table 4.1. Comparison of mean water quality parameters in Chinook Feeders 
runoff catchment lagoons with those reported in other research. All parameters 
reported in mg/L unless otherwise noted. 

Parameter 

Chinook Feeders 

Lagoon 1 Lagoon 3 

Gilbertson et al. 
(1979)z 

Kennedy et al. (1999) 

pH value 7.41 7.41 7.4; 7.4 7.7 
EC mS/cm 2.78 2.5 2.45; 2.98 _x 

TP 65 61 37; 45 30 
P0 4 -P 33 31 X __x 

N H 3 - N 129 95 x 108 
T K N __y „> x 169 
BOD5 547 470 x __x 

COD 2714 2489 1685;2635 1184 
TSS 967 926 _x __x 
zReported results are for two lagoons. 
YNot measured. 
x Not reported. 

Runoff water quality following two events varied considerably between dates. In general, 

contaminant concentrations were less in the August runoff compared to the September 

runoff, although the amount of rainfall was similar (Table 4.2). The pH of wastewater in 
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August was greater than that in September in contrast to EC that was lower in August 

than in September. Mean TP, PO4-P, NH3 -N and BOD5 concentrations were 

approximately 32%, 26%, 67% and 76% greater, respectively, in September than in 

August (Table 4.2). TSS was 37% greater in the August runoff event than in the 

September event. 

The differences in runoff quality between the two events can be attributed to a number of 

uncontrolled variables, however it is likely that the difference is due to the time the 

sample was taken following the event. The runoff quality generally consisted of lower 

contaminant concentrations immediately following the event in August than after 6 hours 

had passed when sampled in September. Kennedy et al. (1999) observed a low initial 

concentration in runoff quality, followed by a rapid increase in concentration after 45 

minutes that remained steady following the increase. The time at which runoff is sampled 

is important due to the concentration curve. A single sample during an event may result 

in dilute samples or concentrated samples. What may appear to be random variation is 

actually a function of time (Kennedy et al. 1999). 

The quality of the lagoon wastewater was such that pretreatment was required to reduce 

high ammonia and phosphorus concentrations, and organic matter prior to further 

treatment in a constructed wetland. Reducing contaminant concentrations prior to release 

to the constructed wetland was expected to improve the performance efficiency of the 

wetland and increase the survivability of wetland vegetation. In the following chapter, 

methods for pre-treating captured runoff were evaluated through pilot scale testing. 



Table 4.2. Quality of runoff samples taken from various flowing culverts following two rainstorm events, Chinook 
Feeders Ltd., 2000. All concentrations given in mg/L, temperature as °C, pH as value and EC as mS/cm. 

Date Location Rainfall Temperature pH EC TP P0 4 -P NH 3-N BOD 5 COD TSS 

Aug-11 Lagoon la 30 mm 11.1 8.6 1.18 35.0 12.5 21.5 349 3110 13883 
Lagoon lb 11.8 9.03 3.06 107.1 30.0 52.0 346 8660 6914 
Lagoon lc 11.1 9.14 2.04 — 35.5 48.0 347 9300 4585 
Lagoon 2 8.9 9.01 1.39 75.6 20.0 31.0 377 5720 8900 

Mean 10.7 8.95 1.92 72.6 24.5 38.1 355 6698 8571 

Sep-2 Lagoon la 26 mm 18.1 7.69 2.7 95.0 30.5 87.0 1240 6520 4340 
Lagoon lb 17.6 8.46 3.62 115.0 32.5 114.5 1064 8380 5975 
Lagoon lc 17.8 8.4 4.14 — 36.0 157.5 2151 14420 9567 
Lagoon 2 17.3 8.26 2.95 111.0 33.0 101.0 1164 7840 1583 

Mean 17.7 8.20 3.35 107.0 33.0 115.0 1405 9290 5366 
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5.0 PILOT SCALE TESTING 

5.1 Introduction 

Following the characterization of lagoon water quality, pilot scale tests were used to 

determine the pretreatment method best suited to reduce organic and nutrient 

concentrations prior to treatment in a constructed wetland. Pilot scale evaluation of 

techniques provided an opportunity to adapt and utilize existing process knowledge for 

managing feedlot wastewater. Furthermore, pilot scale testing provided a low-cost 

technique for insuring proper technology selection, and provided design parameters for 

full-scale implementation of the treatment system. Pilot scale tests were conducted for 

both chemical precipitation and aeration. 

5.2 Chemical Precipitation 

Aluminum sulphate (alum) is the most common coagulant used in wastewater treatment 

(Droste 1997). The purpose of this pilot scale test was to determine the effectiveness of 

alum in precipitating solids, oxygen demand and phosphorus from catchment basin 

wastewater. It was hypothesized that alum would reduce solids and oxygen demand to 

concentrations suitable for further treatment by wetland technology. 

5.2.1 Methods 

Integrated water samples were taken from Lagoon 1 and transported to the laboratory in 

5-gallon water jugs. Samples were processed within hours of returning to the laboratory 

to prevent alteration of the wastewater quality. Samples were mixed thoroughly and 

poured into 1000 mL beakers. Alum was added to the wastewater in concentrations 

ranging from zero to 1525 mg/L. A Phipps & Bird Stirrer (Model 7790-400) was used to 

conduct the jar test experiment (Figure 5.1). 

The pre-measured coagulant dose was poured from each beaker into each jar with the 

Phipps & Bird Stirrer operating at 300 RPM. After 10 seconds of flash mixing, the speed 

was reduced to 100 R P M and maintained for 2 minutes. The speed was then reduced to 



Figure 5.1. Photographs of the coagulation pilot scale test (A) and the aeration pilot 
scale test (B). 



52 

60 R P M and maintained for 3 minutes. After 5 minutes, the mixing speed was reduced to 

20 R P M and maintained for 15 minutes. Total flocculation time was 20 minutes. The 

stirrer was stopped and settling was initiated. Once all of the floe had settled (following 1 

hour), a sample was drawn from just under the surface of the clarified effluent using a 

turkey baster. 

Samples were analyzed for pH, turbidity, PO4-P, TP, B O D 5 , TSS, and VSS as per the 

summer monitoring water quality analysis (Chapter 4.0, Section 4.1). N H 3 - N was 

omitted from the analysis because chemical precipitation is not an appropriate method 

used for nitrogen removal. 

The data was plotted and regression analysis performed using Microsoft Excel Software 

Version 5.0 (Microsoft 1993). 

5.2.2 Results & Discussion 

The results of the chemical precipitation studies showed phosphorus concentrations and 

organic matter were reduced with the addition of aluminum sulphate. However, the 

amount of alum required to precipitate the contaminants was large. In general, as the 

alum dose was increased from 0 to 1525 mg/L, pH, turbidity, and the concentrations of 

phosphorus, oxygen demand and suspended solid material decreased. Turbidity was 

reduced from 1420 N T U in the control to 110 NTU with the addition of 1525 mg/L of 

alum. Sievers et al. (1994) studied the effect of ferric chloride on simulated cattle 

wastewater and found that an addition of 425 mg/L FeCb resulted in an N T U reduction of 

approximately 55%. This is comparable to the 51% reduction in turbidity when 425 

mg/L of alum was added to Chinook runoff. 

Substantial decreases in phosphorus concentrations were observed with the addition of 

alum. TP and PO4-P were reduced by greater than 90.0% with an alum dose of 1525 

mg/L (Figure 5.2). These large reductions can be attributed to the chemical complex 
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Figure 5.2. Reduction of phosphorus from captured feedlot runoff using aluminum 
sulphate. 
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formed between aluminum and phosphorus (AIPO4). This process is a function of pH; at 

pH of 6 AIPO4 is least soluble and the solubility increases at both higher and lower pH 

values (Wetzel 1983). 

Oxygen demand decreased with increasing concentration of alum, although not to the 

same extent as the phosphorus reductions. With the addition of 1525 mg/L of alum, 

BOD5 was reduced by 43%, although concentration still exceeded 300 mg/L (Figure 5.3). 

COD was reduced by 64%, a 20% greater reduction than BOD 5 . However, COD 

concentrations were still greater than 1000 mg/L (Figure 5.3). TSS was reduced by 88%, 

but concentration remained nearly 200 mg/L with a dose of 1525 mg/L alum (Figure 5.4). 

Sievers et al. (1994) reported that the addition of synthetic polymers to aid coagulation 

using ferric chloride salts did not improve the salts ability to coagulate solids. 

The pH and buffering capacity can have profound effects on the ability of a chemical 

coagulant to treat wastewater. Aluminum salts are most effective when pH is between 

5.5 and 6.3 (Droste 1997). Livestock wastes are highly buffered with bicarbonates, 

phosphates, ammonia, organic acids and theoretically should be unresponsive to 

coagulation (at reasonable coagulant concentrations) induced by pH changes (Sievers et 

al. 1994). This explains why a large dose of alum was required to remove less than 50% 

of contaminant concentrations. The pH of the lagoon wastewater decreased from 7.46 in 

the control to 6.42 when alum was added at a dose of 1525 mg/L. Adjustment of pH 

using acid or base may have increased coagulation and flocculation, thus improving 

treatability (Sievers et al. 1994). 

The wastewater from Chinook Feeders required 400 mg/L of alum to reduce TP by 39% 

and 1525 mg/L of alum to reduce BOD5 by only 43%. The amount of alum required to 

effectively reduce TP, suspended solids and BOD5 in municipal wastewater is 

substantially less than that found for feedlot runoff treatment. About 70 mg/L of alum is 
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Figure 5.3. Reduction of oxygen demand from captured feedlot runoff using 
aluminum sulphate. 
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Figure 5.4. Reduction of TSS from captured feedlot runoff using aluminum 
sulphate. 
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used at Calgary's Fish Creek Wastewater Treatment Plant to reduce concentrations below 

discharge targets established by Alberta Environment (Huck, B. Fish Creek Wastewater 

Treatment Plant Manager, Pers. Comm.). The largest dose of 1525 mg/L used in this 

experiment could not reduce contaminants below these targets. 

Although aluminum sulphate is relatively inexpensive, approximately $120.00 per 200 L 

of liquid alum, the coagulation process still requires a large input of energy for 

completely mixed conditions. Complete mixing may be difficult in such large lagoons as 

those found at Chinook Feeders. Furthermore, a large amount of sludge is produced 

during chemical precipitation. Although there are management options available to 

handle the sludge, the second pilot scale test, aeration, proved to be better suited for 

application at Chinook Feeders. 

5.3 Aerobic Biological Treatment 

The purpose of this pilot-scale test was to determine the influence of aeration on feedlot 

runoff water quality. Summer monitoring results from Chinook Feeders indicated that 

B O D 5 ranged between 400 and 700 mg/L and COD ranged between 1500 and 3300 mg/L 

in feedlot runoff catchment lagoons. High concentrations of N H 3 - N and TP were also 

present in the lagoons. This study was conducted to determine whether aeration of 

lagoon wastewater could result in a reduction in oxygen demand, N H 3 - N and phosphorus; 

this, in order that the treated effluent be discharged into a shallow constructed wetland for 

further treatment prior to its use for irrigation. 

It was hypothesized that aeration could reduce nitrogen concentrations by converting 

N H 3 - N to N O 3 - N . Following aeration, the aerated wastewater would be subjected to 

anaerobic conditions where NO3-N would subsequently be reduced to N2 and released as 

a gas to the atmosphere. It was further hypothesized that COD, BOD5, and PO4-P 

concentrations would be reduced during aeration, and that PO4-P would increase under 

anaerobic conditions. 
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5.3.2 Methods 

Six 77-L plastic containers were filled with 60 L of lagoon effluent (Figure 5.1). These 

containers were placed adjacent to Lagoon 1. Three of the 6 containers were designated 

as controls and 3 were aerated with 5500 cc/min Maxima aquarium air pumps. The 

containers were aerated for 7.8 days, using Aqua Fizzzz™ 15 cm air-stones to disperse 

the air within the containers. Following aeration, the containers were subjected to 

anaerobic conditions and monitored for 9 days. The plastic containers were not covered 

in order to simulate lagoon conditions. 

Water samples were taken mid-depth from each container at the initiation of the 

experiment, following oxygen stabilization and every few days following the start-up of 

the experiment. Samples were taken regularly to ensure that aeration was discontinued at 

the most appropriate time, according to water sample results. Water samples were kept at 

4°C during transport to the laboratory. Samples were analyzed for BOD5, COD, TP, PO4-

P, NH3-N, NO3-N and TSS on the same day they were taken) (see Chapter 4, Section 4.1 

for methods of analysis, except for VSS). VSS (volatile suspended solids) concentration 

was also determined using standard methods (APHA 1985). Dried filter and non-

filterable residue samples from TSS analysis were weighed and then ignited at 550°C. 

Samples were re-weighed following cooling and loss on ignition was determined. 

Samples for later analysis of NO3-N (nitrate-nitrogen) and T K N (total kjeldahl nitrogen) 

were frozen. 

Mean and standard error were calculated for each of the water quality parameters (n=3). 

A Student t-test was used to determine differences between control and aerated treatment 

means for each water quality parameter measured in the pilot scale test. If the data failed 

the normality test, a Mann Whitney Rank Sum Test was used. A l l statistical tests were 

conducted using SigmaStat Statistical Software Version 2.0 (SPSS Inc. 1997). A Pearson 

Product Moment Correlation was used to determine the relationship between 

environmental parameters (e.g. temperature and pH) and chemical concentrations. 
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5.3.3 Results & Discussion 

The aerobic biological treatment pilot-scale study demonstrated that aeration reduced 

B O D 5 by 95%, P0 4 -P by 82%, and N H 3 - N by 71% in feedlot runoff catchment lagoon 

wastewater. Although both the control and the aerated reactors showed reductions in 

nutrients and organic material, the aerated wastewater consistently reduced contaminants 

at a faster rate than the non-aerated wastewater. Biological treatment is highly dependent 

on the environmental conditions present in the wastewater, including temperature, oxygen 

and pH. 

High temperature in the reactors probably was partly responsible for the effective removal 

of contaminants during the pilot scale test. Wastewater temperature in the containers 

fluctuated with external air temperatures and ranged from 7.5°C to 25.1°C in the controls 

and from 8.4°C to 24.1°C in the aerated containers (Figure 5.5). Temperature was 

positively and significantly correlated to all chemical parameters, with the exception of 

TSS (Table 5.1). Temperature near 25°C is optimum for microbial growth and increases 

metabolic activity and the utilization of substrate in the wastewater (Brock and Madigan 

1991). 

Treatment in the aerated containers occurred more quickly than in the control. Actual air

flow into the wastewater was 4432.4 cc/min which equates to about 2.4 mg 02/L/minute 

(Appendix C). This not only provided more than sufficient oxygen for respiration but 

thoroughly mixed the contents of the reactor, which aids microbes contact with substrate 

for subsequent utilization. Oxygen levels remained less than 0.35 mg/L in the control and 

ranged from 0.19 mg/L, initially, to 8.84 mg/L following 5 days in the aerated containers 

(Figure 5.5). Oxygen concentrations were slightly negatively correlated with PO4-P and 

BOD5. The presence or absence of oxygen in the reactors likely influenced heterotrophic 

bacteria metabolism and the ability to oxidize organic compounds for the production of 

energy. 
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Table 5.1. Correlation coefficients and P values for the various water quality 
parameters monitored in the pilot scale tests, Chinook Feeders, Ltd., 1999 (n=48). 

TP P0 4-P NH 3-N BOD 5 COD TSS 

Temperature °C 0.58 
PO.001 

0.61 
PO.001 

0.68 
PO.001 

0.63 
PO.001 

0.44 
PO.002 

0.15 
P=0.31 

o 2 -0.05 
P=0.72 

-0.38 
PO.009 

0.05 
P=0.72 

-0.31 
P=0.03 

-0.24 
P=0.11 

0.05 
P=0.76 

pH -0.79 
PO.001 

-0.95 
PO.001 

-0.79 
PO.001 

-0.93 
PO.001 

-0.86 
PO.001 

-0.34 
P=0.02 

EC 0.25 
P=0.09 

0.16 
P=0.30 

0.26 
P=0.08 

0.25 
P=0.09 

0.38 
PO.008 

0.60 
PO.001 
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Figure 5.5. Temperature and oxygen concentrations in the control and aerated 
containers during pilot scale testing of captured feedlot runoff at Chinook Feeders 
Ltd., 1999. A star indicates a significant difference between the control and aerated 
containers. 
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When organic materials are oxidized through metabolic processes, energy is released and 

stored in compounds within the cell. To use this chemical energy, oxidation-reduction 

reactions must take place. The oxidation process removes electron(s) from a substance, 

while a reduction reaction involves the addition of electron(s) to a substance. The energy 

source is the electron donor that contributes one or more electrons to the electron 

acceptor. In this process, the electron donor is oxidized and the electron acceptor is 

reduced. Oxygen has a high reduction potential and when present as a terminal electron 

acceptor, the maximum amount of available energy is released from an energy source 

(Brock and Madigan 1991). The energy that is released in the oxidation of organic 

compounds, through oxidation-reduction processes, is stored in high-energy phosphate 

compounds. The most common compound is adenosine triphosphate (ATP), which acts 

as a prime energy carrier in the cell (Brock and Madigan 1991). 

The oxidation of organic compounds and storage of energy in ATP can be accomplished 

two different ways. Fermentation is an oxidation-reduction process occurring in the 

absence of a terminal electron acceptor and results in the formation of two ATP/molecule 

of glucose. Respiration, on the other hand, involves the oxidation of organic compounds 

in the presence of a terminal electron acceptor, namely molecular oxygen. As many as 

thirty-eight ATPs/molecule of glucose can be formed during respiration (Brock and 

Madigan 1991). Respiration is much more effective in the oxidation of organic 

compounds than the fermentation process. This explains why treatment in the control 

also occurred, although not to the same degree as in the aerated containers. The presence 

of oxygen as a terminal electron acceptor in the aerated reactors promoted respiration, 

accelerating organic degradation. 

Carbonaceous biochemical oxygen demand and COD were reduced in both the control 

and the aerated containers during the experiment (Figures 5.6). The rate of decrease was 

much faster in the aerated samples than in the controls due to respiration. BOD5 was 

reduced by 53.4% and by 95.4% in the control and aerated containers, respectively 
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Figure 5.6. Oxygen demand reductions in the control and aerated containers during 
pilot scale testing of captured feedlot runoff at Chinook Feeders Ltd., 1999. A star 
indicates a significant difference between the control and aerated containers. 
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(Figure 5.6). Following aeration, COD was reduced by 13.4% in the control and by 

47.7% in the aerated containers, respectively (Figure 5.6). Following 7.8 days of 

aeration, TSS was reduced by 58.7% compared to 31.6% in the controls (Figure 5.7). 

VSS was reduced by 62.2% and by 40.3% in the aerated and control containers, 

respectively. During the settling phase, a 29% increase in TSS occurred in the aerated 

containers. This can most likely be attributed to the growth of algae in the containers, 

which was stimulated by warm temperatures and stagnant water. Approximately 2/3 of 

the concentration of TSS was VSS. Volatile solids are organic and are readily degraded 

by heterotrophic bacteria (Brock and Madigan 1991). 

Aerobic treatment further facilitated the reduction of phosphorus concentrations in the 

reactors. TP was reduced by 33.5% and by 40.2% in the control and aerated containers, 

respectively, following 7.8 days of aeration (Figure 5.8). In the same timeframe, PO4-P 

was reduced by 68.2% and by 90.7% in the controls and aerated containers, respectively. 

However, PO4-P concentrations in the aerated containers increased during anaerobic 

conditions, from 3.2 mg/L to 6 mg/L, while the controls decreased from 10.5 mg/L to 6.8 

mg/L (Figure 5.8). 

The rapid removal of soluble phosphorus in the aerated containers may have been the 

result of two processes that involve both chemical and biological activity. Under well-

oxygenated conditions, phosphorus solubility decreases as it adsorbs to clay particles and 

co-precipitates with iron, manganese and carbonates in the water column (Wetzel 1983). 

Under anaerobic conditions, phosphorus becomes more soluble as the oxygen 

concentration and the redox potential in the water column decline. This results in the 

reduction of chemically formed complexes and the release of phosphorus into the water 

column. 

In addition to chemical transformations, biological activity may have contributed to 

phosphorus removal under aerobic conditions. Microorganisms use phosphorus for cell 
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Figure 5.7. TSS reductions in the control and aerated containers during pilot scale 
testing of captured feedlot runoff at Chinook Feeders Ltd. , 1999. A star indicates a 
significant difference between the control and aerated containers. 
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Figure 5.8. Phosphorus reductions in the control and aerated containers during 
pilot scale testing of captured feedlot runoff at Chinook Feeders Ltd., 1999. A star 
indicates a significant difference between the control and aerated containers. 
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synthesis, maintenance and energy transport that may be responsible for a ten to thirty 

percent reduction in influent phosphorus concentrations (WEF 1994). Greater 

phosphorus removal may be achieved by the action of specialized bacteria, including 

Acinetobacter, Aeromonas and Pseudomonas, that remove phosphorus in excess of 

metabolic requirements under appropriate conditions (Comeau et al. 1986). During 

anaerobic conditions, substrates from wastewater (i.e. volatile fatty acids) are stored in 

carbon reserves in the cell using energy produced by the release of accumulated 

polyphosphate reserves. Under aerobic conditions, bacteria accumulate phosphorus into 

storage reserves in concentrations beyond that required for growth, reproduction and cell 

maintenance (Comeau et al. 1986; Bowker and Stensel 1990). Although it is unknown 

whether appropriate conditions existed in the aerated containers for biological phosphorus 

removal to have occurred, this process cannot be dismissed as absent. The prospect of 

biological phosphorus removal in captured runoff warrants further examination that is 

beyond the scope of this research. 

N H 3 - N concentrations decreased in both the control and aerated containers, although 

slightly faster in the aerated containers (Figure 5.9). NH3-N in the aerated wastewater 

was reduced more rapidly than the controls. Final total reductions were 54.1% in the 

controls and 71.4% in the aerated containers. The concentration of T K N in the control 

and aerated containers decreased with time, but more rapidly in the aerated containers 

(Figure 5.9). T K N was reduced by 30.4% in the control and by 51.6% in the aerated 

containers. NO3-N was not detected. 

The three main processes governing nitrogen removal are assimilation, 

nitrification/denitrification and ammonia gas volatilization. Although NH3-N was 

reduced by about 71% in the aerated containers, NO3-N was not detected in any of the 

samples. The absence of NO3-N in the containers during the pilot scale test suggests that 

nitrification/denitrification did not occur as expected. Nitrification is a two-stage process 

that occurs in the presence of oxygen and results in the conversion of NH3-N to nitrogen 
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Figure 5.9. Nitrogen reductions in the control and aerated containers during pilot 
scale testing of captured feedlot runoff at Chinook Feeders Ltd., 1999. A star 
indicates a significant difference between the control and aerated containers. 
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oxides, ultimately NO3" by nitrifying bacteria (Nitrosomonas and Nitrobacter). 

Denitrification results in the transformation of NO3" to N 2 , by facultative bacteria, which 

escapes as gas from the wastewater (Chapter 2, Equations 7, 8 and 9) (Oleszkiewicz 

1986; Westerman and Zhang 1997). 

Nitrification did not occur in the aerated containers. Nitrifying bacteria are sensitive 

organisms whose growth and action can be inhibited by poor environmental conditions 

(WPCF 1983; Metcalf and Eddy 1991). The optimum range of pH for nitrifying bacteria 

is between 7.5 and 8.6, but they are not significantly impacted up to pH 9.5 (WPCF 

1983). The pH in the controls ranged from 7.59 to 8.59, and 7.68 to 9.07 in the aerated 

containers and was within the optimum range of pH for nitrification to occur (Figure 

5.10). 

The pH in the pilot tests was significantly, strongly and negatively correlated with all 

parameters except TSS which was only slightly correlated (Table 5.1). Temperature was 

also within range for nitrification to occur as only temperature below 5°C effects nitrogen 

removal (Crites 1985). 

The capture runoff may have contained substances that inhibited the establishment of 

nitrifying bacteria. Wetzel (1983) reported that nitrification is inhibited by certain 

dissolved organic compounds such as tannins and their decompositional by-products. 

Other inhibitors may include high concentrations of ammonia, volatile fatty acids and 

metal ions (McCarty 1964; WPCF 1983; Metcalf and Eddy 1991). Nitrifying bacteria 

may have been inhibited by antibiotics used in livestock rations that have been reported as 

a potential inhibitor of methane production (Fischer et al. 1978). The impacts of 

antibiotics on wastewater treatment processes require further study. Although not 

quantified, these inhibitory substances were likely present in the feedlot runoff catchment 

lagoons. The initial concentration of NH3-N in the pilot scale test reactors was 

approximately 117 mg/L. Although most microbes present in wastewater are capable of 
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Figure 5.10. pH and conductivity in the control and aerated containers during pilot 
scale testing of captured feedlot runoff at Chinook Feeders Ltd., 1999. A star 
indicates a significant difference between the control and aerated containers. 
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using ammonia as the sole nitrogen source, assimilating and incorporating it into cell 

mass (Brock and Madigan 1991; Metcalf and Eddy 1991), ammonia may have inhibited 

the growth of nitrifying bacteria. 

Assimilation by microbes and volatilization are probably the two processes contributing 

to N H 3 - N reduction in the pilot scale tests. Ferrara and Avci (1982) report that the main 

mechanism for ammonia removal found in their study was the result of biological 

activity. At high pH, temperature and concentrations of N H 3 - N , volatilization will 

contribute to total nitrogen removal. The efficiency of ammonia removal increases with 

increasing temperature due to the resulting reduction in gas solubility (Casey 1997). 

Ammonia volatilization will occur in the pH range of 10.5-11.5, which is generally 

achieved with the addition of lime (Metcalf and Eddy 1991). The pH in the reactors did 

not reach these high pH values, however the amount of air forced into the reactors, 

amount of mixing and high temperatures may have assisted in gas release. 

General observations were made at the termination of the experiment. Noted was the 

colour of the aerated wastewater that was distinctly lighter, more transparent, than that of 

the controls. Furthermore, the gaseous smell associated with anaerobic wastewater and 

detected in the control containers, was not present in the aerated containers following 18 

days of experimentation. End products of anaerobic fermentation are released as 

odourous gases, while the end products of respiration are odourless CO2 and water 

(Westerman and Zhang 1997). 

Compared to chemical precipitation, aeration was more effective at reducing B O D 5 

concentrations in wastewater. Chemical precipitation required large doses of alum for 

adequate treatment, above those required for municipal wastewater treatment. 

Furthermore, chemical precipitation required a method of thorough mixing in the lagoon 

to be effective and produced a large amount of sludge. Although biological treatment 

also produced sludge, its volume was far less because of biological degradation. Thus, 
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aerobic biological treatment was considered further in the constructed wetland design and 

chemical precipitation was dismissed as a management option for Chinook Feeders Ltd. 



7.3 

6.0 TREATMENT SYSTEM DESIGN, CONSTRUCTION AND OPERATION 

6.1 Introduction 

Chinook Feeders was primarily concerned with phosphorus accumulation in soils 

adjacent to the feedlot. Thus, the primary objective of runoff treatment was to reduce 

phosphorus concentrations in the wastewater prior to its use for irrigation. Monitoring 

and pilot-scale test results showed that the runoff catchment lagoons contained highly 

concentrated wastewater, and that aeration, followed by a stationary phase, could result in 

substantial reductions of phosphorus, nitrogen and organic matter. Although it was 

recognized that the pilot tests were designed much more efficiently than the operating 

conditions of the runoff catchment lagoons allowed, the containers were felt to be 

acceptable indicators of treatment performance that could be achieved in the lagoon 

environment. 

A practical and cost-effective approach was used in the design of this runoff treatment 

system. The final design included an anaerobic catchment lagoon, an aeration lagoon, a 

holding pond, two wetland cells, a grass filter strip, a clean water holding pond and 

irrigation (Figure 6.1). 

6.2 Design 

6.2.1 Aeration Lagoon 

An aeration lagoon was used to pretreat runoff prior to its discharge to the shallow 

constructed wetland. The objective for aeration was to reduce contaminants to 

concentrations tolerable to wetland vegetation. To minimize costs for construction, 

existing lagoons were incorporated into the treatment system design. 

Wastewater that was historically collected in Lagoon 3 was diverted to Lagoon 2, which 

was subsequently re-named the Aeration Lagoon. This lagoon had dual function, 1) to 

receive runoff from the east-side of the feedlot, and 2) be the reactor for the aeration 

process. The pilot scale indicated that contaminant concentrations could be reduced 



Figure 6.1. As-built design of the feedlot runoff treatment system. 



75 

biologically, when provided with the appropriate conditions (Chapter 5.0). The aeration 

lagoon was to function in the same manner, where oxygen and mixing would encourage 

the growth of specialized bacteria to consume organic matter and utilize nutrients for 

growth and reproduction. However, the pilot scale tests were performed in small reactors 

and the rate at which oxygen was supplied to the wastewater was highly efficient. The 

aeration lagoon, on the other hand, had greater volume, a different shape and could not be 

operated under oxygen saturated conditions. Thus, the efficiency of the aeration lagoon 

in comparison to the pilot scale tests was unknown. It was expected that the length of the 

aeration phase would be greater than that experienced in the pilot-scale test and that the 

efficiency of organic matter and nutrient removal would be lower. 

Appropriate aeration equipment was chosen based on cost and the ease by which it could 

be implemented and maintained. Air Aqua Enterprises was contracted to supply the 

aeration equipment for the lagoon as they indicated they had substantial experience in this 

type of application. The aeration system consisted of a Model #250 Turbo-Flo Aerator, 

which was designed to have a high turn over rate of eight to ten times a day. The number 

of diffusers and hp required to achieve this turn over rate was determined by assuming a 

one-day turnover is equal to 9.452 L/min (0.334 cfm) of air per 3.79 million litres. The 

system consisted of six diffusers supplied by two 2 hp oil-less air compressors in the 

lagoon (Figure 6.2). The air compressors were rated to deliver 280 L/min (9.9 cfm) of air 

at 20 p.s.L. 

The Turbo-Flow Aerator was manufactured using a 0.2032 m (8") diameter PVC pipe 

having a height of 0.6096 m (24"). The diffuser was supported by a concrete base and 

was fitted with seven internal air/water fracture struts to enhance oxygen transfer, fluid 

mixing and clog free operation. These coarse bubble diffusers were chosen to supply 

oxygen to the lagoon because they were less susceptible to clogging and required little 

maintenance compared to linear, fine bubble diffusers. 
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A 

B 
Figure 6.2: Photographs of the air compressor (A) and air diffusers (B) that were 
installed in the aeration lagoon at Chinook Feeders Ltd., 2000. 
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The diffusers could also be cycled according to actual demand, which made this product 

highly versatile and suitable for treating unpredictable and fluctuating quantities of 

wastewater as generated by feedlot runoff. 

From the aeration lagoon, wastewater was decanted to a holding pond prior to its 

discharge to the constructed wetland. The holding pond was sized sufficiently large to 

hold half of the aerated lagoon's content, about 6500 m (Figure 6.2). In the holding 

pond, solids would continue to settle and oxygen would be depleted to facilitate the 

further reduction of converted N O 3 - N to N 2 . The holding pond is isolated and can only 

receive treated water from the aeration lagoon. Thus, the flow of wastewater could be 

equally distributed to the wetland from the holding pond, without regard for runoff events 

6.2.2 Constructed Wetland 

The wetland's primary function was to receive pretreated effluent from the holding pond 

and further remove nutrients, mainly phosphorus, and organic matter from the 

wastewater. A total volume of 33 193 m 3 per year of runoff, based on average rainfall and 

snowfall was generated at Chinook Feeders. Sizing the wetland based on average 

precipitation was difficult because in reality the amount of runoff generated between 

years is highly variable. Furthermore, the feedlot was being expanded, thus the area 

contributing to the catchment lagoons would be greater than originally anticipated. 

A design calculator that incorporated global normal first-order areal rate constants (k), 

reported by Kadlec and Knight (1996), was used to size the constructed wetland (Table 

6.1). The design calculator determines the land area required to remove contaminants 

from wastewater by considering flow rate, influent concentrations, target effluent 

concentrations and wetland background limits. The greatest land area required to meet all 

target concentrations was chosen for the size of the wetland. 



Table 6.1. Preliminary Design Calculator used to size the constructed wetland. 
(Adopted from Kadlec and Knight 1996). 

Design flow, m 3/d Q= 200 volume treated per year 36000 3 
m 

Depth, m 0.3 

TSS B O D T P IN Organic N F C 

Influent concentration, mg/L C i = 124 100 40 200 120 100,000 

Target effluent concentration, mg/L Ce = 25 10 1.5 5 5 101 

Wetland background limit, mg/L C* = 24.94 8.8 0.05 2 1.5 100 
(For TSS, C* = 5.1+0.16 Ci) 
(For BOD, C* = 3.5 + 0.053 Ci) 

Reduction fraction to target Fe = 1-Ce/Ci = 0.798 0.900 0.963 0.975 0.958 0.999 
Reduction fraction to background Fb = 1 - C*/Ci = 0.799 0.912 0.999 0.990 0.988 0.999 
Areal rate constant, m/yr k = 1,000 34 12 22 17 77 

Required wetland area, ha A = O.054 0.930 2.017 1.390 1.512 1.091 Required wetland area, ha 

A=(0.0365*O) * ln(Ci - C*) H L R = 1.32 cm/day 
( k ) (Ce-C*) HRT 30.26 d 

Effluent concentrations, mg/L Co = 24.94 8.80 0.05 2.00 1.50 100.00 
via k-C* Model 

Co=C* + (Ci - C*) exp(- k A ) 
(0.0365Q) 



The general formula of the k-C* model, used in the design calculator is, 
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In (Ce-C*) = k 
(Ci-C*) q 

(16) 

Where, 

Ce = outlet target concentration, mg/L 

Ci = inlet concentration, mg/L 

C* = background concentration, mg/L 

k = first-order areal rate constant, m/yr 

q = hydraulic loading rate, m/yr 

The area required for each contaminant can be determined by re-arranging the general 

formula, 

Variations in wetland treatment performance are associated with variations in inputs and 

within the ecosystem. The latter reflects stochastic processes reflected in algal blooms, 

insect attacks, vertebrate herbivory, seasonal plant growth and species composition. 

These cannot be predicted with current knowledge, thus the k-C* model is the best 

estimate for determining the size of the wetland (Kadlec and Knight 1996). 

The wetland was sized based on the assumption that each catchment lagoon reached 

maximum holding capacity throughout the spring and summer, a volume of 

approximately 36 000 m 3 . It was further designed to polish the wastewater throughout 

the growing season only, or for approximately 180 days at a rate of 200m per day (36 

000 m3/180 days). Thus, at the end of the summer all catchment lagoons would be 

A = (0.0365 x Q) * In (Ci-C*) 
( k ) (Ce-C*) 

(17) 

Where, 

A = required wetland area, ha 

Q = water flow rate, m Id 
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empty. Phosphorus was the designing criterion for sizing the wetland. The target 

concentration of total phosphorus in the wetland effluent was 1.5 mg/L. This low target 

concentration was chosen to remove phosphorus almost completely so the land where the 

treated effluent would be irrigated could utilize existing stores of phosphorus. 

Figure 6.3 shows the wetland area required versus the volume of flow for phosphorus 

removal. The pilot-scale tests indicated 35 to 45% of total phosphorus could be removed 

during aeration (from 65 mg/L to approximately 40 mg/L). The operating range at the 

feedlot would be between 150 and 200 m3/day (Figure 6.3). From the design calculator, 

an influent containing 40 mg/L TP with flow rate of 200 m 3 per day, required about 2 ha 

to reduce the concentration to 1.5 mg/L (Table 6.1). The land area required to reduce 

total phosphorus is greater than that for suspended solids, organics, or nitrogen removal, 

thus 2 ha was chosen as a conservative estimate for the size of the wetland. At 200 m 3 

per day, the holding pond that precedes the wetland would be able to supply wastewater 

for approximately one month while the aeration lagoon was reacting. An area of 2 ha was 

further justified as the wetland would be able to accommodate the feedlot expansion. 

A versatile configuration allows the wetland to operate under reduced flow conditions, as 

well as during peak flow conditions. The wetland configuration consisted of two cells 

that operated in parallel. This provided operation flexibility if cell resting, rotation of 

flows or maintenance was required. Two cells would also be better able to control 

unexpected events such as vegetation die-off, pretreatment failures or other structural 

failures (Kadlec and Knight 1991). Small berms, approximately 30 cm high (unpacked), 

were constructed parallel to the flow of water in each treatment cell to maintain equal 

flow distribution within each treatment cell. 

Wetland containment berms were constructed approximately 3 m wide for vehicle access 

with 2:1 slopes. There was enough free-board to prevent over-topping during sudden 



Figure 6.3. Area required to reduce 40 mg/L of TP to 1.5 mg/L according to 
wastewater flow rate. 

storm events having a 10-25 year event frequency. Berm height was calculated using 

Equation 18, 

berm height = normal water level (cm) + 25 year storm event (cm) + loss over 

years (1 cm/yr over 20 yrs) (18) 

Therefore, 

berm height = 30 + 7.2 + 20 

= 57.2 cm (+ 40 cm of top soil) 97.2 cm or 1 m 

Berms were compacted with clay that was extracted from the holding pond and covered 

with a layer of topsoil. Revegetation of the berms was planned for 2001. Cut and fill of 

soil was done to keep the transport of soil within the site boundaries. The slope from inlet 

to outlet was 0.05%. 
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Flow was controlled from the holding pond by an inlet distribution system constructed 

from PVC pipe and ball valves (Figure 6.4). This allowed flow adjustment to either 

wetland cell and into specific areas of the wetland. At the outlet, a stop-log structure was 

built to control the water level in the wetland. Water levels could be regulated from 0 to 

60 cm (Figure 6.4). 

6.2.2.1 Vegetation 

A natural stand of common cattail (Typha latifolia), containing low density of soft-stem 

bulrushes (Scirpus validus) was located near Chinook Feeders. This site was chosen 

because it was not inundated with water and for its close proximity to the feedlot. A 

backhoe, having a bucket width of 1.5 m, was used to harvest the vegetation. Rhizomes 

occupying the top 15-20 cm were extracted, with effort to minimize the amount of soil 

excavated with the vegetation (Figure 6.5). 

Dump trucks were used to haul the vegetation to the feedlot. Vegetation was unloaded 

adjacent to the wetland cells and were immediately soaked with water and covered with 

straw to prevent dessication of the roots prior to planting (Figure 6.5 and 6.6). 

Planting began in early May 2000 with the help of six volunteers. Rhizomes were 

separated by hand and cut into approximate 30 cm sections, each having an old stock and 

a new shoot nodule. Old stock was planted with the rhizome in order to maintain oxygen 

transport to new growth. Due to the size of the wetland, cattails were planted in four 

sections, 20 m by 60 m, on 1 m centres in each cell. The objective was to plant 5000 

cattails in each of Cell 1 and Cell 2. 

Topsoil was stockpiled during construction and replaced in the wetland cells following 

excavation at depths between 0.3 and 0.4 m, which is the recommended amount required 

for rooting (Hammer 1994). Initially, holes for planting were dug to 15 cm using a 

shovel. However, this was time consuming and following three days, a Kubota tractor 







Figure 6.6. Photographs of vegetation covered with straw (A), planting the wetland 
(B) and, wetland cell following planting (C). 
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and potato planting blade for cultivation was employed to dig 15 cm deep trenches. After 

five days, seven people were hired to assist with planting for three days. Complete 

planting of the wetland required about eight full days and eight people (64 person days) 

employed full-time. Cattails were hand-planted rather than placed in clumps to maintain 

equal flow paths through the wetland (Figure 6.6). 

Newly planted vegetation was watered with freshwater that was transported from an on-

site holding pond to the wetland using a water truck (Figure 3.2 shows the relative 

location of the freshwater holding pond). Subsequently, irrigation pipe was used to 

transport water from this pond to keep the vegetation wet but not flooded while new 

growth established. 

6.2.3 Tertiary Treatment 

Irrigation was historically used by the feedlot as the method for disposing of catchment 

lagoon wastewater. This management practice, as discussed previously, was 

unsustainable. However, irrigation as a tertiary treatment method was easily incorporated 

into the feedlot's waste management plan. Lagoon 3 was re-named the clean water 

holding pond and used to store wetland effluent prior to its use for irrigation. It was 

dredged of accumulated sludge prior to use as a holding pond since release of phosphorus 

in the sludge may have contaminated polished effluent. 
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7.0 MONITORING AND EVALUATION 

7.1 Aeration Lagoon 

7.1.1 Methods 

Water samples were collected from the aeration lagoon using the sampling tube described 

in Chapter 4.0 and analyzed in the same manner as described in Chapter 4.0. Initially, 

samples were taken daily but when it was determined that reactions in the aeration lagoon 

were much slower than originally anticipated, this frequency was decreased. Three 

batches were processed in the aeration lagoon from June to September 2000. Batch 1 was 

aerated for 47 days, Batch 2 for 30 days and Batch 3 for 47 days. Following each batch, 

the pre-treated wastewater was transferred to the holding pond via a floating intake and 

irrigation pump. Percent reductions were determined for each parameter in each batch 

that was processed. 

Monitoring results in the aeration lagoon showed that there was no measurable oxygen 

concentration in the wastewater. Therefore, a pilot scale test was conducted concurrently 

with the processing of Batch 2 to compare pilot scale results with actual lagoon 

efficiency. During this test, a coarse bubble diffuser and two fine bubble diffusers were 

used to aerate 60L of wastewater in garbage cans. Untreated wastewater was transferred 

to garbage cans using an irrigation pump in the same manner as reported in Chapter 5.0. 

Treatments consisted of a control, a low air-fine bubble diffuser (LA-FB), a high air-fine 

bubble diffuser (HA-FB), and a low air-coarse bubble diffuser (LA-CB). Fine bubbles 

were achieved using aquarium air stones, while coarse bubbles were formed by allowing 

air to flow directly from the end of the air hose. Samples were collected from the aeration 

lagoon and each of the treatments over the course of eight days. 

The volume of air pumped into each of the pilot treatments was determined using 45 x 55 

cm clear plastic bags. The bags were secured around the fine bubble diffusers, and the 

end of the air hose for the coarse bubble diffuser. The time required to fill the bag up 

with air was recorded, and this was replicated four times for each treatment. The volume 
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of the bag was determined by filling it with water and measuring the amount of water that 

it could hold. This was also replicated four times. 

A N O V A was used to determine differences between treatments for each water quality 

parameter measured in the pilot scale tests. If the data failed the normality test, a 

Kruskal-Wallis A N O V A on Ranks was used. To isolate the treatments that differed from 

the others, a multiple comparison procedure was conducted. For data that passed the 

normality test, Tukey's Test was used for pairwise comparisons. If the data failed the 

normality test, Dunn's Method was used for comparison. A l l statistical tests were 

conducted using SigmaStat Statistical Software Version 2.0 (SPSS Inc. 1997). 

7.1.2 Results & Discussion 

The results of water quality monitoring in the aeration lagoon showed that the aeration 

system did not effectively treat the captured runoff and that the level of treatment was 

highly variable between batches. Contaminant concentrations within the catchment 

lagoons were less in 2000 than those found in the same lagoons in 1999. The wastewater 

sampled in the lagoons, in 1999, was stored during the winter to ensure that there would 

be wastewater to treat following the construction of the system in the spring of 2000. The 

reduction in contaminant concentration in 2000 may be attributable to sedimentation and 

biological activity that occurred in the lagoons during the winter. 

Temperature ranged between 7.4 and 26.7°C for the three batches, with the lowest 

temperatures occurring in Batch 3. The pH remained similar between batches, ranging 

from 7.83 to 8.42. The pH increased the greatest in Batch 1. EC ranged from 2.56 to 

3.20 mS/cm in the three batches. The highest recorded EC occurred in Batch 3. Oxygen 

was not detected in any of the batches. Overall, Batch 1 showed the most consistent 

removal of contaminants (Table 7.1). 
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More effective treatment may be attributed to the smaller volume of wastewater that was 

present during monitoring. The aeration lagoon was approximately eighty percent of 

capacity during the treatment of Batch 1. Batch 2 showed variable results that may be the 

result of runoff entering the system during treatment. Approximately 95 mm of rain fell 

in August, of which two storms produced major runoff events (Table 4.2). 

Phosphorus removal in the aeration lagoon was highly variable in the three trials. Batch 1 

had the greatest reduction in PO4-P concentration at 38.9%. Both Batch 2 and Batch 3 

showed increased concentrations of P0 4 -P, +8.0% and +0.5%, respectively (Table 7.1). 

TP was reduced by 9.1% in Batch 1 and by 23.9% in Batch 3, but increased by 13.1% in 

Batch 2 (Table 7.1). 

Reductions in NH3-N occurred in both of Batch 1 and Batch 2, by 19.9% and 23.4%, 

respectively (Table 7.1). However, NH3-N concentration in Batch 3 increased by 26.3%. 

Batch 3 showed the greatest concentration in N H 3 - N in comparison to Batches 1 and 2. 

BOD5 and COD were reduced by the greatest concentration in Batch 1 at 52.3% and 

22.9%, respectively. B O D 5 increased by 69.1% and 1.6% in Batch 2 and Batch 3, 

respectively. COD was reduced by less than 10% in the latter two batches (Table 7.1). 

The range of TSS concentrations increased with each consecutive batch. Both Batch 1 

and Batch 2 showed an increase in TSS, while Batch 3 showed a large decrease of nearly 

50% (Table 7.1). 

In comparison to the aeration lagoon, all pilot-scale treatments, excluding the control, 

reduced concentrations of nutrients, organic matter and solids to a greater extent than the 

diffusers found in the aeration lagoon after 8 days (Table 7.2). HA-FB always showed 

significantly greater reductions in contaminants than the aeration lagoon. The pH of the 

wastewater was significantly greater (P < 0.05) in both the fine bubble treatments 

compared to the control and aeration lagoon. Oxygen was significantly lower (P < 0.05) 

in the control and aeration lagoon than in the HA-FB treatment. Median temperature 



Table 7.1. Range and percent reduction ( ) for measured parameters in the aeration basin following 47 days, 30 days, 
and 47 days for Batch 1, 2, and 3, respectively, Chinook Feeders Ltd., 2000. All concentrations in mg/L unless 
otherwise noted. Batch 1 n=21; Batch 2 n=12; Batch 3 n=7. 

Parameter Batch 1 Batch 2 Batch 3 

Temperature °C 16.3-23.1 16.2-26.7 7.40-16.9 

pH 7.88-8.42 8.07-8.26 7.83-8.14 

EC mS/cm 2.62-2.63 2.56-2.86 2.64-3.20 

02 
0.0 0.0 0.0 

P0 4-P 5.5-20.0 9.5-13.5 12.5-20.5 P0 4-P 
(38.9) (+8.0) (+0.5) 

TP 36.0-47.6 35.7-48.3 35.7-55.3 
(9.1) (+13.1) (23.9) 

NH3-N 66.5-89.0 69.0-98.5 76.3-110.5 NH3-N 
(18.9) (23.4) (+26.3) 

BOD 5 
66.9-353.2 149.0-295.0 305.9-349.9 

(52.3) (+69.1) (+1.6) 

COD 1580-2050 1630-2280 2160-3010 
(22.9) (1.9) (9.6) 

TSS 515.0-850.0 408.0-993.3 518.2-1169.2 
(+8.0) (+41.6) (49.8) 



Table 7.2. Range , initial-final concentrations and percent reduction ( ) of measured parameters for the various 
treatments in the pilot-scale experiment following 8 days of aeration (n=9), Chinook Feeders Ltd. , 2000. Treatments 
having different superscripts indicate a significant difference (P < 0.05) between treatments for each parameter. 

Parameter 
Control Aeration Lagoon Low Ai r , 

Fine Bubble 
High A i r , 

Fine Bubble 
Low A i r , 

Coarse Bubble 
'Temperature °C 21.6 - 30.3a 20.6 - 26.7 a 21.6-31.2' 21.6-32.0 3 21.6-32.9 a 

' p H 8.08 - 8.38a 8.07 - 8.26a 8.1 -9.01 b 8.1 - 9.08b 8.1 -8.78 a" 

' E C mS/cm 2.71 -2.84 a 2.61 -2.86 a 2.62 - 2.80a 2.66-2.80 3 2.69 - 2.90a 

'0 2 0.00 - 0.00a 0.00 - 0.00a 0.00 - 6.44ab 0.00 - 6.77b 0.00 - 4.73a" 

PO4-P 5.5-13.0 (57.7)ab 10.0-12.5 (20.0)a 1.5-13.5 (88.9)ab 2.0-12.5 (84.0)b 3.0-13.5 (17.8)ab 

TP 37.8-46.2 (18.2)a 42.6-42.7 (0.2)a 26.4-42.7 (38.2)a 21.6-45.5 (52.5)a 28.2-44.1 (36.1)a 

N H 3 - N 44.5-99.5 (55.3)ab 84.0-96.0 (12.5)a 29.0-94.0 (69.2)b 28.0-95.0 (70.5)b 35.0-95.5 (63.4)ab 

T K N 81.3-146.0 (44.3)a 62.5-141.0 (55.7)a 41.3-113.0 (63.5)a 52.5-150.0 (65.0)a 52.5-136.0 (61.4)a 

BOD5 82.2-199.0 (58.7)ab 158.7-174.5 (9.1)a 10.6-180.2 (94.1)b 18.4-172.6(89.4)" 15.5-175.6 (91.2)ab 

C O D 1670-1880 (11.2)ab 1830-2240 (18.3)a 1210-2050 (41.0)ab 1110-1910 (41.9)b 1240-1870 (33.7)ab 

TSS 431.8-426.3 (-1.29)3 446.2-522.7 (14.7)a 254.6-386.4 (34.1)a 321.4-395.8 (18.8)a 265.6-390.9 (32.l) a 
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was not significantly different (P > 0.05) in the aeration lagoon compared to the pilot 

scale treatments (Table 7.2). 

In general, the coarse bubble diffuser with the high volume of air flow did not reduce 

contaminant concentrations as well as the fine bubble diffusers at either the low or high 

air flow rate, although the differences were not significant (P > 0.05) (Table 7.2). BOD5 

and TSS were the only two parameters that were reduced to a greater extent in the coarse 

bubble than in the HA-FB treatment. 

PO4-P was significantly lower (P < 0.05) in the HA-FB treatment than in the aeration 

lagoon. Both the L A - F B and HA-FB treatments showed the greatest reduction in PC>43-P. 

TP was not significantly reduced (P > 0.05) in any of the treatments, although the HA-FB 

diffuser showed the greatest reduction in TP compared to the other treatments (Table 7.2). 

Both the L A - F B and HA-FB treatments showed significantly greater reductions (P < 

0.05) in N H 3 - N than the aeration lagoon (Table 7.2). The aeration lagoon showed a 

greater reduction in T K N compared to the pilot scale control at 55.7% and 44.3%, 

respectively. Aeration lagoon T K N reduction (55.7%) was comparable to that by the 

three pilot scale treatments which reduced concentrations by 63.5%, 65%, and 61.4% for 

L A - F B , HA-FB, and L A - C B , respectively (Table 7.2). 

BOD5 concentrations were significantly lower (P < 0.05) in the L A - F B and HA-FB 

compared to the aeration lagoon, while COD was significantly lower (P < 0.05) in the 

HA-FB than in the aeration lagoon. TSS concentration increased slightly in the control 

(Table 7.2), although TSS reductions or increases were not significantly different 

amongst the pilot scale test or aeration lagoon. 

The manufacturers rated the air-flow rate of the aquarium pumps at minimum 500 cc/min 

and maximum 5500 cc/min maximum. When measured, the L A - F B was operating at 
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2491 cc/min, the HA-CB at 3376 cc/min, and the HA-FB at 4432 cc/min. The amount of 

oxygen delivered to the wastewater was approximately 1.4 mg/L/minute, 2.3 

mg/L/minute and 1.8 mg/L/minute for the L A - F B , HA-FB and H A - C B treatments 

respectively (Appendix C). 

The aeration basin was not as efficient as expected and treatment was highly variable 

between batches. The air supplied to the aerated lagoon should have been sufficient to 

satisfy the BOD of the waste, satisfy the endogenous respiration by the sludge organisms, 

provide adequate mixing, and maintain a minimum dissolved-oxygen concentration of 1 

to 2 mg/L throughout the aerated lagoon (Metcalf and Eddy 1991). For diffused-air 

aeration, the amount of air used commonly ranged from 3.75 to 15.0 m 3/m 3 (0.5 to 2.0 

ftVgal), with 7.5 m 3/m 3 (1.0 ft3/gal) the most common (Metcalf and Eddy 1991). Aerator 

performance was determined to deliver substantially less air than the recommended rate, 

approximately 807 m 3 air per day or 1.6 mg O2/L per minute. While the aerators may 

have adequately mixed the contents of the lagoon, the amount of oxygen could not 

support aerobic biological treatment. 

The pilot-scale test suggests that fine bubble diffusers may be more effective in the 

aeration lagoon than the coarse bubble diffusers that were installed (Figure 6.2). Diffuser 

performance is dependent on efficiency of oxygen transfer which depends on factors such 

as the type, size, and shape of the diffuser, the air flow rate, the depth of submersion, 

reactor geometry, and wastewater characteristics (Metcalf and Eddy 1991). Furthermore, 

the presence of dissolved solids and suspended solids in the wastewater can affect the 

bubble shape and size and result in diminished oxygen transfer capability (Metcalf and 

Eddy 1991). The amount of air used per kilogram of BOD removed varies greatly from 

one plant to another, thus it is difficult to compare the air use at different plants (Metcalf 

and Eddy 1991). Fine bubble diffusers may have presented better results in the aeration 

lagoon. 
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There are a number of possible explanations that can account for limited treatment in the 

aeration lagoon, including the nature of the physical-chemical environment as discussed 

in Chapter 5.0. However, it is most likely limited treatment was the result of low oxygen 

resources in the aeration lagoon. Converti et al. (1993) hypothesized that the continuous 

alternation between aeration and oxygen depletion in the same reactor could result in the 

occurrence of a steady state where aerobic and anaerobic populations that are 

continuously in contact with each other, exert concomitant influences. Lack of oxygen 

resources is also reflected in the lack of nitrification in the lagoon. Diab et al. (1993) 

studied nitrification in a fluctuating anaerobic-aerobic pond environment. They found 

that nitrification occurred following a significant lag period under aerobic conditions. The 

aeration lagoon could not maintain a measurable concentration of oxygen, thus it is likely 

that the nitrifying population did not have the lag time required to establish. 

The lack of an established nitrifying bacteria population in the lagoon is likely due to 

negligible dissolved oxygen concentrations in the wastewater. However, nitrifying 

bacteria did not establish in the pilot-scale tests either, where dissolved oxygen 

concentrations were much greater than the required 2 mg/L. Nitrification would not have 

occurred in the aeration lagoon, given adequate oxygen resources, due to the likelihood of 

inhibitory substances in the runoff water. Further discussion is given in Chapter 5.0. 

7.2 Wetland Performance 

7.2.1 Methods 

Vegetation 

Quadrats were selected randomly in the wetland by choosing a number between 1 and 11 

for each of the four planted zones within Cell 1 and Cell 2 (Figure 7.1). Each quadrat 

measured approximately 6 m by 20 m. New shoots within each quadrat were counted 

monthly following the initial planting. In addition, twenty shoots were randomly 

measured in each cell to determine growth rates. 
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Number of new shoots within each cell was determined by multiplying the number of 

shoots in each of quadrats A , B, C, and D by 11 (the number of rows in each section), 

then adding the four sections together (Equation 19). The same equation was used to 

calculate total number of shoots in Cell 2, using quadrats E, F, G, and H. 

Total shoots = (shoots in A*ll)+(shoots in B * l l)+(shoots in C * l l)+(shoots in D * l l ) 

(19) 

Mean stem height for each quadrat and each cell was calculated. The t-test was employed 

to determine differences between mean height of stems found in Cell 1 and Cell 2 for 

each month. Where the normality test failed, a Mann-Whitney Rank Sum Test was 

conducted. 

One Way Analysis of Variance (ANOVA) was used to determine within cell differences 

in stem height for each month. If the data failed the normality test, a Kruskal-Wallis 

A N O V A on Ranks was conducted. To isolate the groups that differed from the others, a 

multiple comparison procedure was conducted. For data that passed the normality test, 

Tukey's Test was used for pairwise multiple comparisons. If the data failed the normality 

test, Dunn's Method was used for comparison. A l l statistical tests were conducted using 

SigmaStat Statistical Software Version 2.0 (SPSS Inc. 1997). 

Percent survivability was calculated by counting the number of rhizomes that produced 

new shoots, one and two months after planting, and comparing this to the initial number 

planted in each quadrat (Equation 20). 

Survivability = Initial number of rhizomes - number of rhizomes with new shoots * 100% 

Initial number of rhizomes 

(20) 
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Water Quality 

Weekly water samples were collected from the holding pond at the inlet of the wetland 

and from the outlet of Cell 1 and Cell 2 in September. Water samples were not taken 

from the wetland cells, initially, because drought conditions in southern Alberta made it 

difficult to keep the wetland wet while establishing. In addition, the flow rate during this 

time was not monitored and the wetland was flushed with water at random to keep the 

vegetation alive. Thus, effluent water quality would not be representative of treated 

feedlot runoff. 

Analysis of water samples included pH, P0 4 -P, TP, N H 3 - N , BOD 5 , COD, and TSS. N 0 3 -

N and T K N were determined from samples that were frozen prior to analysis at a later 

date. 

A N O V A was used to determine significant reductions (P < 0.05) in contaminant 

concentrations from the holding pond to the outlet of each wetland cell and to determine 

differences in performances between the two cells. If the data failed the normality test, a 

Kruskal-Wallis A N O V A on Ranks was conducted. To isolate the groups that differed 

from the others, a multiple comparison procedure was conducted. For data that passed 

the normality test, Tukey's Test was used for pairwise multiple comparisons. If the data 

failed the normality test, Dunn's Method was used for comparison. A l l statistical tests 

were conducted using SigmaStat Statistical Software Version 2.0 (SPSS Inc. 1997). 

Flow 

The flow rate of wastewater from the holding pond to each of the wetland cells was 

determined using a bucket with known volume and a stopwatch. Average flows were 

calculated for each of the cells individually and for the combined flow of both cells. The 

holding pond was slightly less than half full at the time of the recording. 
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7.2.2 Results & Discussion 

Vegetation 

About 5500 and 4400 rhizomes (including a few bulrushes) were planted in Cell 1 and 

Cell 2, respectively. After one month, plant survival was 56% and 48% in Cell 1 and Cell 

2, respectively. Following two months, plant survival increased to 83% in Cell 1 and 

72% in Cell 2. The number of new shoots increased steadily from June to September, 

although to a greater extent in Cell 1. At the end of September, there were approximately 

twice as many stems in Cell 1 compared to Cell 2 (Figure 7.2). 

Following one month after planting, mean height of cattails was 13 cm in both Cell 1 and 

Cell 2. Cattails were significantly taller (P < 0.05) in July, August, and September 

compared to the month of June. This suggests that most of the growth of the cattails 

occurred during the first two months after planting. Mean height did not vary 

significantly (P > 0.05) between the four quadrats in each of the months sampled for Cell 

1. Mean height did vary significantly (P < 0.05) between quadrats within Cell 2 in June, 

July and September (Table 7.3). 

The observed variation in the number of shoots between Cell 1 and Cell 2, and in the 

height of vegetation between quadrats within Cell 2 can be attributed to the occurrence of 

Kochia in the wetland. Kochia is a noxious, pioneer weed that inhabits disturbed sites 

(Burrill et al. 1996). Figure 7.3 shows a photograph of areas of the wetland where cattails 

have been completely invaded by Kochia. 

Water levels were kept low in the wetland cells to allow vegetation time to establish since 

high water levels can impair plant survival if newly planted vegetation is over-topped 

(Allen et al. 1989; Kadlec and Knight 1996). The significant increase in height of cattails 

from June to July, but not significant increase between the other months, suggests that 

most of the cattail growth occurred during the second month after planting. 
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Figure 7.2: Cattail establishment in the wetland, 20O0. Solid and dashed lines indicate the number of rhizomes planted in 
Cell 1 and Cell 2, respectively. vo 



Table 7.3. Mean (± S.E) cattail height (cm) in the constructed wetland, Chinook Feeders Ltd., June - September 2000. 
A, B, C, D, E, F, G and H, n = 20. Cell mean, n = 80. There was no significant difference (P > 0.05) between height of 
cattails in Cell 1 and Cell 2. Within cell differences were analysed for each month; there was no significant difference 
between quadrats in Cell 1. In Cell 2, means with the same superscript and same month are not significantly different 
(P > 0.05). 

Cell 1 Cell 2 

Date A B C D Cell Mean E F G H Cell Mean 

June 8 17.2 12.3 11.6 11.4 13.1 15.3a b 18.4a 10.4ab 9.2b 13.3 

± 2.3 ± 1.6 ± 1.9 ± 1.7 ± 1.0 ± 1.8 ± 2.5 ± 1.5 ± 1.3 ± 1.0 

July 10 59.6 47.7 49.6 52.9 52.4 52.3b 73.0a 49.4b 57.0" 57.9 

± 3.9 ± 4.7 ± 5.0 ± 3.4 ± 2.2 ± 3.3 ± 2.8 ± 3.3 ± 3.6 ± 1.9 

August 19 61.6 54.4 58.2 52.7 56.7 65.1 a 57.7a 55.7a 63.5a 60.5 

± 5.8 ± 4.2 ± 5.0 ± 5.4 ± 2.6 ± 6.9 ± 4.3 ± 5.8 ± 5.8 ± 2.9 

September 23 69.8 61.6 66.1 59.8 64.3 67.3b 45.3a 56.8 a b 66.4b 60.0 

± 4.7 ± 4.1 ± 5.1 ± 3.3 ± 2.2 ± 6.3 ± 3.4 ± 4.1 ± 5.5 ± 2.6 

SO 
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Figure 7.3. Photographs of areas in the wetland that were taken over by Kochia. 
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Water level manipulation, or flooding the wetland cells, is recommended as a mechanism 

to inhibit the abundant growth and spread of undesirable weedy plants (Allen et al. 1989). 

Inch (1999) monitored the first year establishment of cattails in a constructed wetland 

near Vegreville, Alberta, and observed that raising the water level in the first year of 

operation decreased weed competition. Raising water levels in the Chinook wetland 

could not be achieved without harming new cattail growth, as unequal elevations resulted 

in areas that remained dry even with a large amount of flooding. Once the cattails grew to 

sufficient height the wetland was completely flooded and a decline in Kochia vigour was 

observed. However, the growth of cattails in certain areas in the wetland cells, 

particularly Cell 2, was already compromised. 

In comparison to Cell 2, Cell 1 did not appear to be as affected by Kochia weed. At the 

end of the summer, there were nearly twice as many cattails in Cell 1 than found in Cell 

2. Water distribution in Cell 1 appeared to better than in Cell 2, suggesting more uniform 

grading was achieved. While Kochia did successfully outcompete cattails in some areas 

of the wetland cells, overall, cattails did proliferate (Figure 7.4). It is expected that 

common cattail numbers will increase again in 2001. 

Water Quality 

The wetland was monitored during the month of September to provide a preliminary 

indication of its effectiveness in improving water quality. Samples taken at the outlet of 

Cell 1 and Cell 2 showed that the wetland significantly reduced concentrations of 

ammonia, phosphorus, suspended solids and organic matter (P < 0.05) from primary 

treated wastewater discharged from the holding pond (Table 7.4). 

Although Cell 1 contained nearly twice the number of cattails compared to Cell 2 (Figure 

7.2), the performance between the two cells was similar. In fact, Cell 2 consistently 

demonstrated greater reductions of TP, BOD 5 , COD and TSS than Cell 1, albeit these 

differences were not significant (P > 0.05). This suggests that the type of vegetation in 

the wetland may not be as important for contaminant removal when compared to 
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Table 7.4: Water quality monitoring results from the constructed wetland, Chinook Feeders Ltd., September 2000. All 
concentrations are given in mg/L unless otherwise noted. HP represents holding pond water quality sampled at the 
inlet distribution system. Different superscripts indicate a significant difference (P < 0.05) between inflow and outflow 
concentrations for each parameter. 

P0 4 -P TP NH3-N BOD5 COD TSS 
Date HP Cell 1 Cell 2 HP Cell 1 Cell 2 HP Cel l 1 Cell 2 HP Cell 1 Cell 2 HP Cell 1 Cell 2 HP Cell 1 Cell 2 
Sept 3 11.0 4.0 3.0 52.5 19.2 11.2 74.5 2.5 3.0 307.6 128.5 124.4 2390 1360 1136 — — — 

Sept 9 17.5 1.5 5.0 34.3 20.3 18.2 86.0 1.8 10.9 262.2 78.3 43.3 2510 1361 1274 866.7 232.0 280.0 
Sept 16 13.5 8.0 4.0 34.7 28.0 21.0 79.0 17.0 6.2 344.0 102.3 54.7 2310 1960 1416 787.5 600.0 384.0 
Sept 23 5.5 4.5 5.0 35.0 24.5 15.4 61.0 11.5 6.0 310.9 99.0 75.1 2210 1980 1399 715.0 500.0 405.7 
Sept 30 15.0 4.5 8.5 38.5 32.2 27.3 83.5 3.0 15.2 358.3 148.6 87.3 2240 2030 1720 705.0 572.0 451.4 

Median 13.5a 4.5b 5.0b 35.0a 24.5b 18.2b 79.0a 3.0b 6.2b 310.9a 102.3h 75.1b 2310a 1960b 1399b 751.33 536.0b 394.9" 
%Red. 66.7 63.0 30.0 48.0 96.2 92.2 67.1 75.8 15.2 39.4 28.7 47.4 

NO3-N T K N 
Date HP Cell 1 Cell 2 HP Cell 1 Cell 2 
Sept 3 0.0 0.0 0.0 122.3 58.4 41.9 
Sept 9 0.0 0.0 0.0 159.0 67.4 51.7 
Sept 16 0.0 0.0 0.0 130.6 70.2 51.1 
Sept 23 0.0 0.0 0.0 127.8 75.6 75.7 
Sept 30 0.0 0.0 0.0 106.7 75.7 75.7 

Median 0.0 0.0 0.0 127.83 69.5b 59.2b 

%Red. — — 45.6 53.7 

o 
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processes such as sedimentation, soil adsorption and microbial action. Although a 

considerable amount of nutrients can be bound in plant biomass, the amount is 

insignificant compared to the loading into the constructed wetland (Brix 1994). 

Macrophytes influence wastewater treatment mainly through physical processes including 

erosion control, filtration effect and, provision of surface area for the attachment of 

microorganisms (Brix 1994). Thus, the very dense stands of Kochia could have also 

provided these same physical functions, resulting in slightly better water quality treatment 

in Cell 2. 

The constructed wetland was very effective in reducing NH3-N concentrations. In contrast 

to other parameters measured, NH3-N removal was slightly greater in Cell 1 than in Cell 

2 at 96.2% and 92.2%, respectively (P < 0.05) (Table 7.4). The major removal 

mechanism for nitrogen in constructed wetlands is nitrification/denitrification (Brix 

1993). Oxygen required for nitrification is delivered directly from the atmosphere 

through the water or sediment surface, or by leakage from plant roots (Brix 1993). 

Aquatic macrophytes are morphologically adapted to water-saturated conditions, having 

large internal air spaces for transportation of oxygen to roots and rhizomes. Internal 

oxygen movement not only supplies the respiratory demands of the buried tissue, but also 

provides the rhizosphere with oxygen. Oxygen leakage from roots creates oxidized 

conditions in typically anoxic substrates and stimulates aerobic decomposition of organic 

matter and the growth of nitrifying bacteria (Brix 1994). 

It is likely that nitrification/denitrification processes were partly responsible for the 

observed reductions of NH3-N in the wetland. However, NO3-N, a product of 

nitrification, was not detected in either wetland cell. Either the nitrification/denitrification 

process was so efficient that NH3 -N was ultimately released as nitrogen gas (N2) or 

nitrification did not occur at all in the wetland and other nitrogen removal processes 

dominated in the wetland. Lack of N O 3 - N in the outflow from the wetland does not agree 

with results presented by Hammer and Knight (1994). They reported that high NO3" 
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outflow concentrations may be observed in young surface flow systems that cannot 

establish anaerobic conditions necessary for denitrification due to a lack of low internal 

organic matter storage. Watson et al. (1989) suggest that there are many factors that may 

inhibit the nitrification process including, high carbonaceous oxygen demand that may 

limit nitrifiers ability to compete with faster growing heterotrophic organisms, and toxins 

such as heavy metals and certain organic compounds which also limit nitrifiers growth. 

Ammonia volatilization, another mechanism responsible for nitrogen removal, may have 

occurred extensively in the wetland. Algal populations were observed colonizing the 

surface of the wetland near the outlet on hot summer days. Brix (1993) suggests that 

conversion of ammonium to ammonia gas and subsequent volatilization may be of 

importance in open water systems where algal photosynthesis increases the pH levels in 

the water column. The pH of wetland effluent ranged from 8.57 to 9.18 in Cell 1 and 

from 8.56 to 8.94 in Cell 2 during the month of September. These values are quite high 

and are probably responsible for the volatilization of ammonia that will occur above pH 

of 7.5 (Herskowitz et al. 1986). 

Nitrogen may also have been taken up by vegetation and incorporated into biomass, 

however, this is generally of less importance than denitrification (Brix 1993). Regardless 

of process, nitrogen removal in the constructed wetland was comparable to the results 

found in similar studies. Inch (1999) reported median reduction in ammonia 

concentrations of 78% and 84% during the first and second year following construction, 

respectively. 

The wetland was also effective in removing phosphorus from the primary treated influent, 

although to a lesser extent than NH3-N. TP and soluble phosphorus were reduced by 30% 

and 66.7% in Cell 1 and by 48% and 63.0% in Cell 2, respectively (Table 7.4). Soil 

sorption and plant uptake were likely the main mechanisms contributing to phosphorus 

reductions in the wetland (Watson et al. 1989). Phosphorus removal mainly occurs as a 
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consequence of adsorption, complexation, and precipitation reactions with aluminum 

(Al), iron (Fe), calcium (Ca), and clay minerals in the sediment (Watson et al. 1989; Brix 

1993). A similar study reported total phosphorus reductions of 44% and 33% in the first 

and second year, respectively (Inch 1999). Greater reductions were observed by Hammer 

et al. (1993) who reported 75.9% reductions of TP in a constructed wetland receiving 

swine operation effluent. 

Total suspended solids (TSS) concentration was significantly reduced from the inlet 

concentrations (P < 0.05). However, TSS effluent concentrations in Cell 1 and Cell 2 

remained high at 536 mg/L and 395 mg/L, respectively, which was substantially greater 

than the design effluent concentration of 20 mg/L (Table 7.4). The primary mechanism 

for solids removal in wetland environments is through sedimentation and filtration 

promoted by vegetation which slows water flow (Kadlec and Knight 1996). High 

concentrations of TSS in the effluent may be attributed to the observed algal growth at the 

outlet of the wetland cells. Several other authors have reported the occurrence of algal 

growth during summer months that contributed to high TSS concentrations in the effluent 

from constructed wetlands (Herskowitz et al. 1986; Kadlec and Knight 1996). 

The main processes governing BOD removal include microbial degradation (aerobic and 

anaerobic) and the accumulation of organic matter on the sediment surface 

(sedimentation) (Brix 1993). B O D 5 was reduced by 67.1% in Cell 1 and by 75.8% in 

Cell 2. Other authors report slightly higher removal efficiencies for B O D 5 compared to 

the results from Chinook Feeders. Hammer et al. (1993) report BOD5 removal of 90.4% 

in a surface flow wetland receiving effluent from a swine operation. COD was removed 

to a lesser extent; 15.2% in Cell 1 and 39.4% in Cell 2. 

There was no outflow from the wetland, thus evaporation most likely contributed to the 

results that were achieved. In addition, rainfall in August may be partly responsible for 
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the observed reductions in contaminants, as rain falling on the wetland may have diluted 

concentrations. 

None of the contaminants were reduced to concentrations suitable for discharge to surface 

water (Health Canada 1995). Compared to guidelines developed for municipal 

wastewater irrigation, median BOD5 concentrations from Cell 2 were acceptable for 

irrigation, while Cell 1 concentrations were just over the guideline of 100 mg/L (Alberta 

Environment 2000). Both median COD and TSS concentrations from the wetland did not 

meet the <150 mg/L and <100 mg/L guideline, respectively (Alberta Environment 2000). 

Outflow concentrations did not meet expected designed outflow concentrations. As 

wetland vegetation continues to proliferate throughout the wetland, an increase in 

removal efficiency is expected. Performance can be expected to change over time due to 

changes in species composition and accumulation of contaminants in the wetland (Brix 

1993). The results presented here are preliminary and only represent one month of 

operation in September. Long term monitoring is required to fully understand the 

effectiveness of the wetland. 

Flow 

The actual discharge of pretreated wastewater from the holding pond to the wetland cells 

was less than the original design value of 200 m3/d. Actual delivery was measured at 

77.2 m 3/d in Cell 1 and 75.3 m 3/d in Cell 2 when wastewater was discharged to only one 

cell. When wastewater was discharged to both cells, simultaneously, Cell 1 received 37.9 

m3/d and Cell 2 received 33.9 m3/d, totaling 71.8 m /d. There was no outflow from the 

wetland during the summer of 2000 as the construction was not quite complete. Thus, a 

mass balance could not be generated for the wetland. The reduced flow rate of 

wastewater through the wetland may be partly responsible for the treatment efficiency 

that was observed during September. 
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7.3 Conclusions 

Feedlot runoff contains high concentrations of nutrients, organics and solid material. 

This runoff is difficult to manage due to the variable rates at which it is generated. 

Methods of handling this wastewater must be simple, efficient and cost-effective in order 

to be accepted by the agricultural industry. A feedlot runoff treatment system was 

designed and implemented at Chinook Feeders Ltd., Nanton, Alberta. The system 

consisted of a catchment lagoon, an aeration basin, a holding pond for pretreated water, a 

two-celled constructed wetland, a grass filter strip and a clean water holding pond. 

Pilot scale studies were conducted to determine the method best suited for reducing high 

concentrations of organic matter and ammonia nitrogen found in captured runoff. These 

studies indicated that coagulation using aluminum sulphate (alum) and aeration could 

both adequately pre-treat the wastewater prior to wetland treatment. Since the 

coagulation process generates a large amount of sludge and requires a large amount of 

mixing to work effectively, aeration was chosen as the most suitable option for Chinook 

Feeders. 

While the pilot scale aeration process was highly efficient, the aeration system installed in 

the aeration lagoon did not improve water quality as expected. The treatment in the 

aeration lagoon was highly variable and at no time was dissolved oxygen present in 

measurable concentrations. Treatment efficiency ranged between +69-52% for BOD5 and 

+26-23% for NH3-N. Differences in treatment performance between the pilot scale 

studies and the implemented aeration basin can be attributed to the size of the reactor 

containers and the amount of oxygen transferred to the wastewater. Further pilot scale 

studies suggested that fine bubble diffusers may improve the treatment performance of 

the aeration system. The low air-fine bubble treatment consistently showed greater 

contaminant reductions than the coarse bubble-high air treatment. 

Nitrification did not occur in any of the pilot scale aeration studies conducted using the 
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captured runoff. This suggests that a nitrifying population of bacteria did not establish in 

the reactors. It is likely that the wastewater contained inhibitory substances, such as high 

carbonaceous oxygen demand, high ammonia and other organic compounds. 

Approximately 5500 and 4400 common cattail rhizomes were planted in Cell 1 and Cell 

2, respectively. By the end of the summer these numbers had increased substantially to 

24 100 and 11 100 respectively. Although there was some infestation of Kochia in the 

wetland, the treatment performance was not impaired. Preliminary results indicated that 

the wetland removed 36-52% TP, 59-64% P0 4 -P, 89-91% N H 3 - N , 65-76% B O D 5 and 38-

51% TSS from the influent. The treatment performance is expected to increase as the 

vegetation continues to proliferate in the wetland. 
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This study successfully developed an approach to managing runoff generated by large 

feedlots in Alberta. A number of treatment technologies were identified, implemented 

and evaluated. The most valuable aspect of this research is that it is full-scale, from 

which results can be directly applied to other operations, rather than a plot study where 

results are sometimes difficult to transfer. The practical nature of this study recognizes 

there is more than one option available for livestock producers, not all of which are 

suitable for every operation. Treatment components used in this system (e.g., aeration, 

wetlands and grass filter strip) can be used individually or in sequenced combination. 

Choice of treatment technology will depend on individual management objectives, site 

topography, cost, ease of implementation and maintenance, and ability to achieve desired 

water quality objectives. 

Aerobic biological treatment proved to be a promising technique for handling feedlot 

runoff in the pilot scale tests. However, the cost savings realized by using Lagoon 2 as 

both a catchment lagoon for runoff and a reactor for the aeration process did not result in 

effective runoff treatment. Following the first large rain event, it was apparent these units 

should be separated to protect partially treated batches from contamination. Further 

studies should be conducted in a lagoon that has less volume, more uniform side slopes 

and is isolated from surface runoff. Another pond should be constructed on the south side 

of the holding pond, adjacent to wetland Cell 2. The existing holding pond, having half 

the volume of Lagoon 2 and regular geometry should be used as the new aeration lagoon. 

Monitoring should re-evaluate the effectiveness of the Air Aqua Turbo-Flo aerators. 

Failing this, a fine-bubble air stone system should be implemented, monitored and 

evaluated. Although the aeration system was not as effective as hypothesized, this project 

has successfully introduced the concept of pretreatment and sequenced treatment process 

to the livestock industry. Further evaluation of the runoff quality should be conducted to 

determine the extent of inhibitory substances in the wastewater. 
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A floating intake was not constructed for the holding pond, thus water delivered from the 

pond to the wetland was drawn from the bottom. Solids concentration may have been 

higher in the bottom half of the pond due to settling. To prevent rapid filling of the 

wetland by solid material, it is recommended that a floating intake, similar to the one 

designed for the aeration lagoon, be constructed for the holding pond. 

A mass balance, which could not be generated in the short term, should be developed for 

the runoff treatment system. A data logger, having water and air temperature recording 

capabilities, a tipping rain bucket for precipitation measurement, and flow monitoring 

capacity should be placed on-site to provide accurate climate information. Accurate 

climate data is important in determining the overall performance of the treatment system. 

Precipitation, evaporation and evapotranspiration will effect water quality results through 

diluting or concentrating contaminant concentrations (Kadlec and Knight 1996). 

Ultrasonic probes should be used to record flow data from the holding pond and the outlet 

of the wetland cells. Piezometers should also be installed around the wetland to 

determine whether runoff water is seeping from the treatment system. 

The constructed wetland proved to be a challenge to establish due to drought conditions 

during the first year. A substantial amount of time was spent controlling weeds and 

monitoring water levels in order to establish healthy vegetation. Once the wetland is well 

established there should be less maintenance involved. Preliminary water quality results 

indicate this is a promising technique. However, the long-term sustainability of the 

constructed wetland has yet to be determined, especially with the beginning of 2001 

promising another dry year in southern Alberta. In future dry years, the wetland may only 

function as an evaporation pond, having no outflow. In wet years, it may return to 

function as a flow-through system. 

Constructed wetlands have ancillary benefits that include wildlife habitat. This project 

was subjected to the environmental impact assessment process and there was some 

concern that harvesting natural wetland vegetation to transplant into the constructed 
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wetland may destroy habitat for migratory birds. This concern was unwarranted as the 

constructed wetland attracted numerous wading birds during fall and spring migration. In 

its first year of establishment the constructed wetland provided nesting habitat for a 

wading bird (Figure 9.1). 

v . .• 1 

Figure 9.1. Eggs from a nesting, wading bird in Chinook Feeders constructed 
wetland. 

Each component of this system showed potential for treating runoff generated by various 

sized feedlot operations. Aerobic biological treatment using aeration required little 

maintenance once the equipment was installed. The constructed wetland, on the other 

hand, required diligent monitoring and maintenance to successfully establish. The 

constructed wetland was also more sensitive to drought conditions. Although there was 

no outflow from the wetland and the grass filter strip was not monitored, the latter may 

prove to be better suited for managing feedlot runoff as it can withstand saturated 

conditions but its health and vitality does not depend on a consistent supply of water. 

Future monitoring will determine the latter observation. 
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This study holds important implications for the way feedlot runoff will be managed in the 

future. There are numerous, cost-effective runoff management options available for large 

feedlots. The components of this system may be implemented as individual treatment 

systems or combined to provide varying degrees of treatment depending on desired 

effluent quality. This treatment system will require further evaluation to determine the 

long-term sustainability of constructed wetland systems for agricultural wastewater 

treatment. However, preliminary results reported in this study show a promising 

technology. The challenge will be to determine whether constructed wetlands can 

withstand a series of drought years known to this semi-arid region. This project has 

successfully introduced the concept of pretreatment and sequenced treatment processes to 

the intensive livestock industry. Future research will involve refining these treatment 

technologies for use in Alberta. 
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APPENDIX A 

Summary of feedlot drainage areas and volume estimates generated from storm 
events having various return periods at Chinook Feeders Ltd.. 

Drainage Basin Area (m2) 

A 
Feedlots 205 325 
Buildings 2 602 
Yard and access roads 90 661 
Total area draining to Lagoon 1 298 587 

B 
Feedlots 117 863 
Access roads 15 353 
Total area draining to Lagoon 3 133 217 

Total Calculated Area 431 804 

Return Period2 

Parameter 1:2 1:5 1:10 1:25 1:100 

C values Acreages 0.30 0.35 0.40 0.50 0.60 
Roofs 0.80 0.S5 0.90 0.90 0.90 
Drives 0.30 0.40 0.50 0.60 0.60 

Weighted C 0.30 0.37 0.43 0.52 0.60 
Rainfall Intensity mm/hr 24 hr 

storm 
1.5 2.1 2.5 3.0 3.8 

Area ha 43.2 43.2 43.2 43.2 43.:: 
Q m3/sec 0.054 0.093 0.129 0.187 0.274 
Storage requirements 1/s/ha 1.25 2.15 2.99 4.33 6.34 
Required unit area storage 462.67 390.61 352.39 313.92 278.69 
volume m /ha 
Required watershed storage 19 987 16 874 15 223 13 561 12 039 
active volume m 
Data from course notes EVDS 683.16. Precipitation data for Calgary International Airport 



APPENDIX B 

Summer monitoring results from Lagoon 1 and Lagoon 3 at Chinook Feeders Ltd., 1999. All concentrations given in mg/L 
unless otherwise noted. 

Temperature °C pH E C mS/cm T P P0 4 -P NH 3 -N 
Date Lagoon 1 Lagoon 3 Lagoon 1 Lagoon 3 Lagoon 1 Lagoon 3 Lagoon 1 Lagoon 3 Lagoon 1 Lagoon 3 Lagoon 1 Lagoon 3 
16-Jun z z z z z z 156.0 101.0 
23-Jun 18.70 20.70 7.53 7.48 z z 53.3 55.5 25.0 23.0 132.0 94.0 
30-Jun 15.30 14.10 7.56 7.54 2.83 2.68 52.8 64.0 32.5 29.5 135.5 79.5 
6-Jul 17.15 21.20 7.59 7.60 2.58 2.18 70.5 55.0 30.8 34.0 112.0 94.5 
14-Jul 18.15 17.20 7.34 7.49 2.86 2.67 73.5 58.5 32.5 32.0 126.0 101.5 
21-Jul 17.65 19.10 7.34 7.42 2.86 2.60 74.6 70.7 19.0 19.5 109.5 98.0 
28-Jul 17.25 16.50 7.23 7.23 2.81 2.56 62.3 56.0 38.5 35.5 124.0 95.5 
4-Aug 19.95 20.30 7.19 7.23 2.77 2.47 79.1 79.1 39.5 38.5 132.3 104.0 
10-Aug 18.80 17.90 7.34 7.30 2.83 2.52 66.9 62.3 41.5 38.5 137.3 102.0 
19-Aug 19.10 18.30 7.39 7.32 2.57 2.35 64.4 57.4 41.5 36.5 134.5 95.0 
25-Aug 21.80 20.40 7.45 7.41 2.71 2.33 59.2 56.0 38.8 33.0 122.3 91.0 
8-Sep 14.30 12.90 7.58 7.46 2.94 2.64 59.0 55.4 23.8 23.0 122.3 88.0 
Mean 18.01 18.05 7.41 7.41 2.78 2.50 65.0 60.9 33.0 31.2 128.6 95.3 

B O D 5 C O D TSS 
Date Lagoon 1 Lagoon 3 Lagoon 1 Lagoon 3 Lagoon 1 Lagoon 

3 
16-Jun 340.5 243.0 z z 1340.0 1140.0 Observations: Bubbling on surface of wastewater. 
23-Jun 421.5 262.9 2583 2550 760.0 890.0 
30-Jun 559.1 451.3 1563 1245 840.0 2820.0 
6-Jul 500.7 460.5 2773 2585 1295.0 1080.0 
14-Jul 650.3 507.8 3740 2710 3030.0 780.0 
21 -Jul 510.4 442.3 2820 2613 625.0 620.0 
28-Jul 497.1 394.6 2530 2590 458.2 460.9 
4-Aug 658.3 684.2 2675 2670 753.4 650.0 
10-Aug 730.2 656.5 2985 2680 978.3 962.4 
19-Aug 668.2 596.5 3220 2660 436.0 468.0 
25-Aug 439.4 384.8 2775 2800 581.0 715.4 
8-Sep 592.8 552.3 2195 2270 510.4 524.0 
Mean 547.4 469.7 2714 2488 967.3 925.9 
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APPENDIX C 

Results from chemical precipitation pilot scale study, Chinook Feeders Ltd., 1999. 
All results reported in mg/L, with the exception of turbidity (NTU) and pH (value). 

Alum Dose pH Turbidity TP PO4 -P B O D 5 COD TSS VSS 

0 7.49 1420 69.0 32.0 526.0 2940.0 1211.8 905.9 
25 7.45 1290 69.0 32.5 517.0 2920.0 1070.0 850.0 
50 7.45 1280 61.6 28.4 510.0 2790.0 1010.5 800.0 
75 7.38 1185 67.9 27.0 514.0 2490.0 1066.7 733.3 
100 7.35 1145 52.5 27.0 450.0 2600.0 990.9 790.9 
125 7.33 1110 Z 25.5 490.5 2390.0 970.0 760.0 

225 7.24 1035 44.8 19.0 462.5 2710.0 913.0 800.0 
325 7.14 880 38.0 14.5 472.0 2130.0 812.5 725.0 
425 7.04 700 32.5 13.0 441.0 2110.0 729.4 541.2 
525 6.99 630 32.0 11.0 429.3 2110.0 711.1 513.6 
825 6.79 409 19.0 3.5 388.5 1840.0 480.0 370.0 
925 6.75 338.5 15.5 4.0 367.7 1580.0 410.0 375.0 
1125 6.69 226.5 14.8 2.5 358.6 1410.0 310.0 315.0 
1325 6.63 148 9.6 3.5 337.2 1200.0 230.0 235.0 
1525 6.42 110 5.4 3.0 298.3 1070.0 148.0 172.0 

zSpilled sample. 
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APPENDIX D 

A psychrometric chart was used for calculating oxygen concentration delivered to the 
pilot scale tests (Hahn and Rosentreter 1989). Oxygen concentration delivered to the 
aeration pilot scale tests was determined as follows. Given that Air contains 0.85 m 3 

0 2/kg, then 1.18 kg Air/m 3 ; Air is 21% 0 2 , then there is 0.25 kg 0 2 /m 3 . 

4.4324 m 3 air/minute delivered; then 

0.00443 m3/minute x 0.25 kg 0 2 /m 3 

= 0.0011075 kg 02/minute 
= 1107.5 mg 02/minute divided by 60 L 
= 18.5 mg/L 

However, 0 2 transfer efficiency approximately 13% (Metcalf and Eddy 1991). Thus, 
18.5 mg/L x 13% = 2.4 mg/L 0 2 

Trial Seconds Litres Low Air Fine 
Bubble L/second 

m /minute x 0.25 kg 
0 2/m 3 

mg/L 0 2 

1 187 8.25 0.044117647 
2 202 8.25 0.040841584 
3 215 8.25 0.038372093 
4 193 8.25 0.042746114 

Mean 199.3 8.25 0.04151936 0.00249 0.0006225 10.4 

Trial Seconds Litres Low Air Fine 
Bubble L/second 

nrVminute x 0.25 kg 
0 2 /m 3 

mg/L 0 2 

1 102 8.25 0.08088235 
2 116 8.25 0.07112069 
3 116 8.25 0.07112069 
4 114 8.25 0.07236842 

Mean 112 8.25 0.07387304 0.00443 0.001075 18.0 

Trial Seconds Litres Low Air Fine 
Bubble L/second 

m /minute x 0.25 kg 
0 2/m 3 

mg/L 
02/minute 

1 141 8.25 0.058510638 
2 152 8.25 0.054276316 
3 145 8.25 0.056896552 
4 149 8.25 0.055369128 

Mean 146.8 8.25 0.056263158 0.00338 0.000845 14.1 

Low air fine bubble = 1.4 mg/L/minute 
High air fine bubbe = 2.3 mg/L/minute 
High air coarse bubble = 1.8 mg/L/minute 
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Results of the captured runoff, pilot scale aeration study, Chinook Feeders Ltd., 
1999. Aeration was turned off at 7.8 days. 

pH Temperature °C 

Days Control S.E. Aerated S.E. Days Control S.E. Aerated S.E. 

0.00 7.69 0.00 7.68 0.00 0.00 20.40 0.26 19.97 0.03 
0.20 7.59 0.01 8.26 0.03 0.20 25.13 0.28 24.13 0.90 
3.60 8.16 0.01 9.02 0.01 3.60 9.07 0.82 9.47 0.48 
5.50 8.34 0.00 9.00 0.03 5.50 7.53 0.03 8.63 0.12 
7.80 8.29 0.00 9.05 0.02 7.80 18.03 0.27 16.87 0.39 
9.50 8.44 0.00 9.07 0.02 9.50 8.27 0.07 8.43 0.15 
11.50 8.39 0.00 9.00 0.02 11.50 10.93 0.03 10.77 0.03 
18.50 8.59 0.01 8.86 0.01 18.50 11.87 0.12 11.53 0.09 

Oxygen mg/L Conductivity mS/cm 
Days Control S.E. Aerated S.E. Days Control S.E. Aerated S.E. 

0.00 0.33 0.04 0.19 0.01 0.00 2.89 0.03 2.77 0.03 
0.20 0.02 0.00 4.76 0.40 0.20 2.95 0.01 2.96 0.03 
3.60 0.04 0.00 8.48 0.25 3.60 2.94 0.08 2.97 0.02 
5.50 0.00 0.00 8.84 0.05 5.50 2.96 0.01 2.95 0.01 
7.80 0.00 0.00 7.53 0.06 7.80 2.80 0.03 2.71 0.02 
9.50 0.00 0.00 0.00 0.00 9.50 2.92 0.03 2.81 0.01 
11.50 0.00 0.00 0.00 0.00 11.50 2.92 0.01 2.76 0.01 
18.50 0.00 0.00 0.00 0.00 18.50 2.99 0.04 2.81 0.01 

TP mg/L P0 4-P mg/L 
Days Control S.E. Aerated S.E. Days Control S.E. Aerated S.E. 

0.00 55.77 0.47 56.93 0.23 0.00 33.00 1.73 34.17 0.44 
0.20 54.37 1.68 54.13 2.30 0.20 34.17 1.74 17.50 0.50 
3.60 52.50 1.07 42.23 2.47 3.60 24.67 0.93 5.83 0.60 
5.50 41.53 1.02 40.13 0.47 5.50 17.83 0.44 4.00 0.50 
7.80 37.10 0.70 34.07 1.91 7.80 10.50 0.58 3.17 0.73 
9.50 39.67 1.02 35.00 0.70 9.50 9.33 0.17 2.00 1.00 
11.50 38.97 2.92 33.60 1.40 11.50 11.67 0.44 5.50 0.29 
18.50 30.80 1.21 33.37 1.53 18.50 6.83 0.73 6.00 0.50 
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N H 3 - N mg/L T K N mg/L 

Days Control S.E. Aerated S.E. Days Control Aerated 

0.00 116.67 4.15 122.33 0.93 0.00 161.00 178.00 
0.20 118.50 3.61 117.83 0.33 0.20 171.00 159.00 
3.60 97.83 3.32 80.00 2.65 3.60 156.00 144.00 
5.50 79.33 2.19 71.83 0.44 5.50 139.00 122.00 
7.80 66.50 0.00 61.67 1.20 7.80 137.00 113.00 
9.50 64.33 1.30 49.50 3.25 9.50 127.00 104.00 
11.50 52.67 3.35 41.00 4.48 11.50 124.00 100.00 
18.50 53.50 2.84 35.00 2.84 18.50 112.00 86.20 

B O D 5 mg/L C O D mg/L 

Days Control S.E. Aerated S.E. Days Control S.E. Aerated S.E. 

0.00 558.47 32.89 513.10 8.26 0.00 2410.00 37.86 2416.67 42.56 
0.20 495.87 19.49 481.23 22.87 0.20 2430.00 10.00 2306.67 46.31 
3.60 475.00 10.85 89.90 5.57 3.60 2603.33 73.11 1780.00 40.00 
5.50 307.37 5.66 26.70 3.98 5.50 2373.33 143.10 1486.67 14.53 
7.80 260.13 5.60 23.53 2.18 7.80 2086.67 121.29 1263.33 81.10 
9.50 219.23 3.75 16.93 1.02 9.50 1790.00 37.86 1093.33 18.56 
11.50 176.20 3.30 20.23 2.96 11.50 1880.00 100.17 1246.67 33.33 
18.50 79.33 3.69 17.13 1.12 18.50 1566.67 14.53 1186.67 35.28 

TSS mg/L VSS mg/L 
Days Control S.E. Aerated S.E. Days Control S.E. Aerated S.E. 

0.00 308.87 11.34 303.27 5.42 0.00 196.70 5.78 194.20 3.64 
0.20 281.83 0.67 530.93 29.86 0.20 181.83 0.67 311.80 14.28 
3.60 301.33 9.33 481.33 29.06 3.60 206.67 3.53 293.33 14.11 
5.50 405.33 11.85 230.00 31.13 5.50 266.67 8.74 174.00 48.54 
7.80 406.50 17.19 125.33 17.29 7.80 276.00 12.00 /J.J J 7.51 
9.50 432.00 18.33 117.33 5.93 9.50 281.33 9.33 62.00 5.29 
11.50 336.23 22.24 91.00 4.29 11.50 213.77 15.05 56.47 5.12 
18.50 431.07 17.32 213.33 13.78 18.50 261.33 13.97 117.33 6.77 
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Air Aqua Ent. Turbo-Flo aeration system drawings and specifications. 
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APPENDIX G 

Preliminary design drawings for the constructed wetland at Chinook Feeders, Ltd, 2000. 
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Results of aeration lagoon monitoring, Batches 1, 2, and 3 at Chinook Feeders Ltd., 
2000. All results reported in mg/L except for pH (value), EC (mS/cm) and 
Temperature (°C). 

Batch 1 

Date I.D. o2 pH EC Temp. P04-P TP NH3-N BOD5 COD TSS 

7-Jun A i r 1 0.0 7.92 2.63 16.8 9.0 46.2 82.0 140.3 2050.0 745.0 

8-Jun A i r 5 0.0 7.88 2.62 16.9 12.0 44.1 80.0 353.2 1880.0 548.0 

9-J un A i r 6 0.0 8.05 2.63 16.3 1 1.5 46.2 84.0 214.0 1980.0 560.0 

10-Jun A i r 7 0.0 8.05 2.63 16.9 16.0 42.0 88.0 191.5 1970.0 719.0 

11-Jun A i r 8 0.0 8.04 2.62 16.9 10.5 44.8 85.0 225.2 1940.0 520.0 

12-Jun A i r 9 0.0 8.05 2.62 16.8 13.0 47.6 89.0 250.8 1930.0 556.5 

13-Jun A i r 10 0.0 8.11 2.63 16.5 20.0 44.8 88.5 190.7 1900.0 608.3 

14-Jun A i r 11 0.0 8.05 2.63 17.2 15.0 49.0 87.0 226.7 1940.0 515.0 

15-Jun A i r 12 0.0 8.12 2.63 17.0 15.5 43.4 81.5 181.7 1920.0 517.4 

16-Jun A i r 13 0.0 8.11 2.63 16.7 17.5 39.0 84.5 155.7 1850.0 682.6 

17-Jun A i r 14 0.0 8.11 2.63 16.9 14.5 38.0 82.5 180.5 1870.0 625.0 

18-Jun A i r 15 0.0 8.1 2.63 17.0 13.5 36.0 83.0 169.9 1850.0 670.0 

10-Jun A i r 16 0.0 8.17 2.63 16.9 14.0 40.0 87.5 169.3 1890.0 676.2 

21-Jun A i r 17 0.0 8.2 2.63 17.6 16.5 41.0 84.5 156.4 1890.0 515.0 

22-Jun A i r 18 0.0 8.19 2.63 18.1 15.0 39.0 82.5 142.0 1910.0 525.0 

23-Jun A i r 19 0.0 8.19 2.63 18.8 13.5 41.0 81.0 141.0 1920.0 520.0 

25-Jun A i r 20 0.0 8.22 2.63 18.2 11.0 39.0 82.0 142.6 1810.0 516.7 

29-Jun A i r 21 0.0 8.3 2.63 21.1 7.0 37.8 78.5 147.3 1780.0 850.0 

5-Jul A i r 22 0.0 8.3 2.63 21.0 7.0 43.4 68.5 / 1830.0 895.0 

10-Jul A i r 23 0.0 8.29 2.63 22.0 7.0 45.5 64.5 Z 1960.0 900.0 

24-Jul A i r 24 0.0 8.42 2.63 23.1 5.5 42.0 66.5 66.9 1580.0 804.8 

Spilled sample. 
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Batch 2 

Date I.D. o 2 pH E C Temp. T P P0 4 -P N H 3 - N NO3-N T K N BOD5 C O D TSS 

3-Aug Air 25 0.0 8.17 2.61 20.6 42.7 12.5 96.0 CO 141.0 174.5 2240.0 522.7 

4-Aug Air 26 0.0 8.18 2.77 20.6 44.1 13.5 93.0 <0.003 143.0 169.6 1920.0 491.3 

5-Aug Air 27 0.0 8.07 2.73 26.7 42.0 12.0 92.5 <0.003 145.0 188.6 1970.0 470.0 

6-Aug Z z Z z Z Z Z z Z Z Z 

8-Aug Air 28 0.0 8.11 2.76 23.3 46.2 9.5 92.5 <0.003 87.5 164.8 1700.0 416.7 

10-Aug Air 29 0.0 8.22 2.86 23.4 41.4 10.0 98.5 <0.003 82.5 149.0 1810.0 417.2 

11-Aug Air 30 0.0 8.26 2.86 23.3 42.6 10.0 84.0 <0.003 62.5 158.7 1830.0 446.2 

15-Aug Air 31 0.0 8.20 2.59 20.3 36.4 12.5 69.0 <0.003 92.5 200.8 1910.0 993.3 

19-Aug Air 32 0.0 8.12 2.68 20.2 35.7 9.5 83.5 <0.003 82.5 183.8 1690.0 686.7 

23-Aug Air 33 0.0 8.10 2.65 21.1 35.7 12.5 84.5 <0.003 82.5 192.5 1660.0 71 1.8 

26-Aug Air 34 0.0 8.08 2.63 21.3 39.9 10.5 76.5 <0.003 82.5 193.3 1630.0 626.7 

30-Aug Air 35 0.0 8.12 2.56 17.5 42.0 12.0 84.5 CO 85.0 204.0 1970.0 408.0 

2-Sep Air 36 0.0 8.17 2.65 16.2 48.3 13.5 73.5 <0.003 95.0 295.0 2280.0 740.0 

Sample not taken. 

Batch 3 

Date I.D. o 2 pH E C Temp. °C T P PO4-P N H 3 - N B O D 5 C O D TSS 

7-Sep Air 37 0.0 7.99 2.81 15.3 46.9 17.5 87.5 305.9 3010.0 1075.0 

9-Sep Air 38 0.0 7.93 2.76 14.5 44.1 12.5 79.5 334.5 2790.0 1100.0 

13-Sep Air 39 0.0 7.95 2.82 15.2 44.1 15.0 84.0 349.9 2690.0 1169.2 

16-Sep Air 40 0.0 7.83 3.2 16.9 55.3 14.4 76.3 324.1 2160.0 518.2 

23-Sep Air 41 0.0 8.04 2.79 10.1 47.6 14.0 77.0 325.7 2310.0 846.7 

30-Sep Air 42 0.0 8.14 2.64 12.4 47.6 20.5 92.5 332.8 2190.0 813.3 

24-Oct Air 43 0.0 8.13 2.91 7.4 35.7 17.6 110.5 310.7 2720.0 540.0 



APPENDIX I 

Raw data collected from second aeration pilot scale test that compared fine and coarse bubble diffusers with aeration lagoon 
efficiency, Chinook Feeders Ltd., 2000. All results reported in mg/L, with the exception of pH (value), EC (mS/cm) and 
Temperature (°C) 

Date I.D. o2 pH EC Temp. H C TP P0 4 -P NH 3-N NO3-N TKN BOD5 COD TSS 

3-Aug Air 25 0 8.17 2.61 20.6 42.7 12.5 96 0.018 141 174.50 2240 522.73 
4-Aug Air 26 0 8.18 2.77 20.6 44.1 13.5 93 <0.003 143 169.60 1920 491.30 
5-Aug Air 27 0 8.07 2.73 26.7 42 12 92.5 <0.003 145 188.60 1970 470.00 
6-Aug not taken 
8-Aug Air 28 0 8.11 2.76 23.3 46.2 9.5 92.5 <0.003 87.5 164.80 1700 416.67 
10-Aug Air 29 0 8.22 2.86 23.4 41.4 10 98.5 <0.003 82.5 149.00 1810 417.24 
11-Aug Air 30 0 8.26 2.86 23.3 42.6 10 84 <0.003 62.5 158.70 1830 446.15 
15-Aug Air 31 0 8.2 2.59 20.3 36.4 12.5 69 <0.003 92.5 200.80 1910 993.33 
19-Aug Air 32 0 8.12 2.68 20.2 35.7 9.5 83.5 <0.003 82.5 183.77 1690 686.67 
3-Aug B 0 8.1 2.8 21.6 46.2 13 99.5 <0.003 146 199.00 1880 426.32 
4-Aug B l 0 8.08 2.81 24.8 39.2 13 91 0.008 144 129.20 1860 460.87 
5-Aug B2 0 8.19 2.71 30.2 40.6 9 78.5 0.015 134 89.40 1940 500.00 
6-Aug B3 0 8.3 2.74 23.4 38.5 7.5 72 <0.003 130 154.00 1560 555.00 
8-Aug B4 0 8.33 2.82 30.3 35.4 5.5 59 <0.003 91.3 63.00 1770 528.57 
10-Aug B5 0 8.36 2.84 29.1 36.6 5.5 53.5 <0.003 76.3 92.87 1720 531.58 
11-Aug B6 0 8.38 2.82 27 37.8 5.5 44.5 O.003 81.3 82.24 1670 431.82 
15-Aug B7 0 8.46 2.84 23.9 32.2 4.5 35 <0.003 62.5 54.78 1284 535.00 
19-Aug B8 0 8.66 2.99 22.1 41.3 3.5 34 <0.003 51.3 21.69 1351 236.00 



3-Aug C 0 8.1 2.8 21.6 42.7 13.5 94 <0.003 113 180.20 2050 386.36 
4-Aug C'l 2.06 8.58 2.73 24.8 45 4.5 68.5 <0.003 109 47.80 1740 573.91 

5-Aug C2 5.61 8.69 2.67 30.1 39 4 67.5 0.008 103 36.50 1680 «55.00 

6-Aug C3 2.1 8.79 2.76 24.7 38.4 3.5 60 0.02 130 32.40 1470 521.74 
8-Aug C4 5.23 8.81 2.69 31.2 33 4 55.5 <0.003 80 12.39 1320 J1 9.44 

10-Aug C5 5.4 8.9 2.62 30.4 3 1.2 2.5 35 O . 0 0 3 63.8 10.16 1090 146.15 

11-Aug C6 6.44 9.01 2.71 27.5 26.4 1.5 29 <0.003 41.3 10.59 1210 254.55 

15-Aug C 7 0 8.88 2.68 24.1 25.2 2 15.5 <0.003 35 17.10 989 344.00 
19-Aug C8 0 8.78 2.82 22.3 25.9 3 14.5 <0.003 35 15.88 1026 332.00 
3-Aug D 0 8.1 2.8 21.6 45.5 12.5 95 <0.003 150 172.60 1910 395.83 
4-Aug D l 4.57 8.64 2.69 25 38.4 4.5 72.5 <0.003 119 40.50 1680 565.00 
5-Aug D2 5.88 8.77 2.67 30.2 33.6 3 65 <0.003 153 30.50 1650 365.00 
6-Aug D3 3.23 8.85 2.76 24.7 40.2 3 59 0.178 113 28.00 1410 550.00 

8-Aug D4 5.34 8.9 2.7 32 28.2 3 50.5 0.013 60 1 1.91 I 3 1 0 278.95 
10-Aug D5 5.8 9.01 2.71 30.6 30 2 32.5 0.01 51.3 24.60 1100 322.22 

1 1-Aug D6 6.77 9.08 2.66 27.3 21.6 2 2X <0.003 52.5 18.39 1110 321.43 

15-Aug D7 0 8.92 2.62 24.3 22.4 2 15.5 <0.003 22.5 16.60 960 564.52 
19-Aug D8 0 8.84 2.82 22.4 21 7 10.5 <0.003 33.8 6.24 1018 232.00 

3-Aug E 0 8.1 2.8 21.6 44.1 13.5 95.5 <0.003 136 175.60 1870 390.91 

4-Aug E l 0 8.28 2.79 24.8 39.6 10 88 <0.003 136 108.70 1810 363.27 
5-Aug E2 0 8.4 2.69 30.3 43.2 6.5 73.5 <0.003 129 86.40 1760 600.00 

6-Aug E3 3.86 8.66 2.79 23.1 43.8 3 61.5 <0.003 135 52.60 1600 647.83 

8-Aug E4 0.67 8.57 2.83 32.9 42 5 52 <0.003 78.8 21.86 1360 U 2 . 0 0 
10-Aug E5 3.48 8.66 2.84 31.2 34.2 3.5 44.5 <0.003 55 25.37 1250 351.61 

11-Aug E6 4.73 8.78 2.9 28.3 28.2 3 35 <0.003 52.5 15.51 1240 265.63 
15-Aug E7 0 8.68 2.8 24.3 28 3 24.5 <0.003 43.8 13.50 1036 373.33 

19-Aug E8 0 8.66 2.99 22.1 28 4 17 0.371 40 12.81 1097 668.00 
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APPENDIX J 

Vegetation counts in Cell 1 and Cell 2 during the first summer of establishment, 
Chinook Feeders, Ltd., 2000. 

Total Number of Shoots in Cell 

= Mean Total number of shoots counted per quadrat * 11 quadrats * 4 sections 

June 8, 2000 

Cell 1 Number Number With % Survival Total Number of 
Planted Shoots Shoots 

A 107 69 64.49 100 
B 122 81 66.39 111 
C 136 75 55.15 107 
D 136 57 41.91 69 

Mean 125.25 70.5 56.29 96.75 

Cell 2 Number Number With % Survival Total Number of 
Planted Shoots Shoots 

E 132 63 47.73 90 
F 121 61 50.41 61 
G 75 35 46.67 44 
H 71 34 47.89 45 

Mean 99.75 48.25 48.37 60 

Cell Number Number With % Survival Total Number of 
Planted Shoots Shoots 

1 5511 3102 56.29 4257 
2 4389 2123 48.37 2640 



140 

July 10, 2000 

Celll Number Number With % Survival Total Number of 
Planted Shoots Shoots 

A 107 95 88.79 144 
B 122 112 91.80 179 
C 136 111 81.62 180 
D 136 96 70.59 155 

Mean 125.25 103.5 82.63 164.5 

Cell 2 Number Number With % Survival Total Number of 
Planted Shoots Shoots 

E 132 93 70.45 129 
F 121 61 50.41 72 
G 75 70 93.33 96 
H 71 62 87.32 103 

Mean 99.75 71.5 71.68 100 

Cell Number Number With % Survival Total Number of 
Planted Shoots Shoots 

1 5511 4554 82.63 7238 
2 4389 3146 71.68 4400 
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August 19, 2000 September 23, 2000 

Cell 1 Number Total Number of Cell 1 Number Total Number of 
Planted Shoots Planted Shoots 

A 107 504 A 107 549 
B 122 402 B 122 395 
C 136 756 C 136 837 
D 136 426 D 136 412 

Mean 125.25 522 Mean 125.25 548.25 

Cell 2 Number Total Number of Cell 2 Number Total Number of 
Planted Shoots Planted Shoots 

E 132 316 E 132 321 
F 121 109 F 121 96 
G 75 192 G 75 195 
H 71 342 H 71 397 

Mean 99.75 239.75 Mean 99.75 252.25 

Cell Number Total Number of Cell Number Total Number of 
Planted Shoots Planted Shoots 

1 5511 22968 1 5511 24123 
2 4389 10549 2 4389 11099 
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APPENDIX K 

Height of cattails during the first year of establishment for each monitored quadrat, 
Chinook Feeders, Ltd., 2000. 

June 8, 2000 
Quadrat 

Shoot A B C D E F G H 
1 24 5 6 13 20 11 2 11 

2 12 5 11 21 18.5 14 1 4 

3 1 20 6 11 19 20 6 2 
4 12 6 13 16 16 5 5 18 

5 29 4 16 24 6 10 21 

6 30 5 7 5 12 48 14 13 

7 30 23 3 22 5 28 7 8 

8 16 4 6 3 23 18 4 5 

9 28 8 11 5 30 3.5 20 7 

10 11 18 i j 11 24 40 1 1 17 

11 -> 5 9 0.5 16 11 9 22 14 

12 21 3.5 16.5 1 4 21 8 3 

13 26 13 12 0.5 10 8 4 18 

14 26 15 18 17 11 14 15 0 

15 12 9 12 5 11 29 5 4 

16 26.5 16 20 9 8 20 6 18 

17 2 25 25 5 12 25 9 17 

18 2 14 6 8 14 10 16 3 

19 9 22 36 11 17 15 11 5 

20 23.2 22 4 24 35 20 20 4 
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July 10, 2000 
Quadrat 

Shoot A B C D E F G H 
1 74.5 49.4 38.3 54.5 47 74.3 28.4 61.1 
2 59.8 23.5 78 60.5 49 72 32.8 65.3 
3 66.5 26 24.4 65 38.5 74.3 13.2 63 
4 70 49.5 63.4 42 36.5 66.6 54.2 48.8 
5 93.4 23 75.3 26.5 46.4 51.5 61.1 71 
6 60 54 16 16.1 29.3 66.1 49.2 42.5 
7 26.5 12.1 81 62 35.2 76.5 52.2 37.2 
8 65.5 50.5 44.5 42.5 56.6 68.5 27.3 37.6 
9 48.2 19.3 27.6 51 35.5 55.9 68.1 85.4 
10 74.6 71 9.4 57.4 55.2 82.1 45 69.6 
11 57.3 53 70.3 61.6 52.4 93.6 65.2 66.7 
12 63.7 21.8 38.9 59.3 64.7 74.8 54 50.3 
13 57.8 68 28.9 74 42.2 92 56 34.7 
14 35 67.8 45.2 61 63.8 77.5 59 50.2 
15 25.5 32.7 60 63.2 52.5 59.8 57 46.8 
16 85.6 61 28.5 35 65 65 53.5 33.5 
17 71.4 51.4 60.2 49.3 72.1 85.5 55.9 70 
18 59 72.4 74.5 40 48 83 60 69.6 
19 49.5 67.1 61.2 77.2 84.6 88.7 64.1 50.3 
20 48 79.7 66 59 71.7 52.4 31.1 86 
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August 19, 2000 
Quadrat 

Shoot A B C D E F G H 
1 89.5 75.2 89 47 31.8 54.7 67.4 36 
2 35 92 87.1 70 48.3 82 49 72 
3 43.2 49.4 54.3 23.5 70.6 37.6 27.7 49.1 
4 80.4 48.5 55.3 49 70 80 26.8 94.1 
5 37.4 29.6 33.2 62.4 101 66.4 31 53.6 
6 24 36.2 42.1 14.2 30.4 51.7 74.6 118.4 
7 33.8 32.1 79.4 36.1 22 49 74 98 
8 70.5 49 45.2 79.2 73 69 18 70.6 
9 65.5 59 85.7 91.4 115.4 65.8 45.8 60.4 
10 94.6 71 39.4 23.1 70 71.3 93 84.2 
11 57.1 25.3 46.5 64.5 60.3 49.7 35.4 63.3 
12 60.4 74.5 31 85.6 80.3 65.5 50 28.1 
13 93.4 54.2 68 17.8 120.1 78 93.5 14 
14 87.1 66.7 101.2 60 118.7 23.5 53.3 41.3 
15 71.3 53.4 76.6 83.4 29.6 83.4 86.5 53.5 
16 26 66.7 41.8 52.1 53.8 23 34.2 84.9 
17 19.1 64.8 41.2 52.4 79.2 33.7 69 78.6 
18 72 59.4 30 77.7 59.7 41.1 105.4 39.5 
19 68.2 63.4 42 32.6 28.4 50 26.1 76.2 
20 103.2 17 75.3 32 40 79.3 53 54.6 



145 

September 23, 2000 
Quadrat 

Shoot A B C D E F G H 
1 95.4 37.6 40.2 43.5 62 40 50.2 34 
2 65.8 57.6 59.8 81 63.6 44.1 24.2 50 
3 63.6 97 33 53 77.5 60 71.4 113.1 
4 39 72.4 77.2 40.8 76.4 34.5 45 69.2 
5 44.8 49.5 52 60.4 100 70.2 63.5 32 
6 63 87 97.8 42.4 47.6 56 57.6 52.1 
7 97 88.7 54.8 70.5 34.1 37.6 41 79.2 
8 93.7 56 85 56.2 66.9 28 49.1 51 
9 65.9 47.6 77.1 46.8 42.4 44.2 60 113.3 
10 60 46.2 51 59 132.6 77.6 74.5 68.2 
11 43.1 48 56.1 53.6 126.8 52.8 75.4 71.1 
12 66.8 53.3 4S 68.1 44.6 32.1 84.4 101.5 
13 32.7 95 88.2 81.6 90.2 47.1 40.5 77 
14 90.4 62 117.2 81 62.5 22.7 25 84.4 
15 75.4 60.7 73.2 64.4 55.3 56 65.1 55 
16 85.2 48.5 42.3 50.8 49.8 28 72.1 61.6 
17 90.3 39 57.1 45 56.8 63.6 68.2 87.2 
18 99.2 53.5 60 57.6 28.8 29.8 87 43.2 
19 46 57.1 103.1 48.3 42 38.2 36 52.6 
20 79.1 75.8 49.2 91.7 85.4 44.3 45.3 




