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    Agricultural Beneficial Management Practices (BMPs) are commonly applied in Ontario as a 

solution to solve the problem of eutrophication.  It is important to assess their effectiveness in 

reducing excess phosphorus emissions and associated farm-level costs.  This thesis uses a meta-

analysis to examine abatement costs of nine selected BMPs in mitigating excess phosphorus loss 

on crop and livestock farms in Ontario.  The set of BMPs included reduced tillage, crop nutrient 

management, cover crops, buffer strips, grassed waterways, water and sediment control basins 

(WASCoBs), controlled tile drainage, livestock exclusion and livestock nutrient management.  I 

found that controlled tile drainage is a highly preferable conservation practice for abating excess 

phosphorus emission with net return gains on the farm.  No-till, buffer strips, grassed waterways 

and livestock exclusion are highly cost-effective practices.  However, there is a wide variance in 

abatement costs on specific fields.  Site-specific characteristics should be carefully considered.  
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1.  Chapter 1 Introduction and Motivations 

Tone et al. (1997) and Sharpley et al. (1999) have argued that eutrophication1 is a critical 

problem impairing the quality of surface waters. Lake Erie has experienced a recurring problem 

of algae bloom.  During the 1970s and 1980s, water quality in the Lake Erie Basin was severely 

impaired by algal blooms. With the creation of the U.S. EPA in December 1970 and subsequent 

laws and regulations, such as the Great Lakes Water Quality Agreement and Clean Water Act in 

1972, Safe Drinking Water Act in 1974, water quality of Lake Erie has improved substantially.  

Charlton et al. (1993) and Makarewicz and Bertram (1991) reported that phosphorus loading 

from identified sources into the lake declines by 50% within 10 years of the peak levels observed 

in 1968.  Makarewicz (1993) observed that total phytoplankton biomass declined during the 

1970s and 1980s, indicating an 89% total reduction in biomass in some areas of the lake.  

However, Joosse and Baker (2011) reported a return to annual increases in soluble reactive 

phosphorus loading to the lake at the beginning in the mid-1990s.  Brittain et al. (2000) marked 

the identification of toxic Microcystis aeruginosa in Lake Erie in 1995 as the beginning of a 

second cyanobacterial-driven decline in Lake Erie water quality.  

The U.S. EPA (1990) identified phosphorus as the single most important nutrient to manage 

for controlling accelerated eutrophication in freshwater lakes, which is supplied to crops through 

application of both commercial fertilizer and animal manure.  Moreover, previous studies by 

Vollenweider (1968), Corell (1998), Perry (1998), Daniels et al. (2004), Moore and Edwards 

(2005), and Sims and Sharpley (2005) have identified phosphorus as the limiting nutrient 

contributing to eutrophication in freshwater systems for algae growth.   

																																								 																				 	
1 According to Food and Agriculture Organization (1996), eutrophication is the enrichment of 
surface waters with plant nutrients and the subsequent abundant growth of plants within the 
waters.   
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According to Environment Canada (2005), phosphorus enters freshwater systems in four main 

ways: (i) atmospheric inputs, including rain and dust; (ii) identified (discrete) sources, including 

sewage treatment plants and industrial effluents; (iii) diffuse sources, including stormwater, 

agricultural, and land clearing runoff; and (iv) diffuse sources from within the water system, 

including washout from riverbanks and re-suspension from sediments. International Joint 

Commission (2014) has identified field crop farming in the Great Lakes region as the significant 

source of phosphorus.  Moreover, Novotny and Chesters (1989), Rekolainen et al. (1999), 

Sharpley et al. (1999), Gilley and Risse (2000), Harmel et al. (2004) and Yu et al. (2004) 

indicated that agricultural activities are the major diffuse source of nutrients reaching water. 

Figure 1.2 illustrates the total phosphorus loads (TP) into Lake Erie during 1967-2011 from 

municipal and industrial identified sources, monitored and estimated diffuse sources, 

atmospheric deposition, and inter-lake transfers.  Diffuse source from agriculture has taken the 

place of industry identified sources since 1976 as the dominant contributor to phosphorus 

loading. Therefore, managing phosphorous loading from agricultural landscape is critical for 

resolving algae bloom issues in the Great Lakes.   

Dove and Chapra (2015) summarized long-term trends of phosphorus concentrations in the 

Great Lakes.  Figure 1.1 illustrates trends of open lake, spring (April to May) total phosphorus 

concentrations for the Great Lakes against GLWQA2 target concentrations present in dashed 

lines.  All the lakes show statistically significant downward trends for total phosphorus 

concentrations.  After GLWQA, Lake Michigan, Lake Huron and Lake Superior have met the 

target most of the time.  Total phosphorus concentrations in the Lake Ontario show a strong 

																																								 																				 	
2 As a consequence of eutrophication due to increased phosphorus loadings, the United States 
and Canada signed the Great Lakes Water Quality Agreement (GLWQA) in 1972.  And in 1978, 
the GLWQA was revised to reflect a broadened goal of protecting the entire Great Lakes 
ecosystem.  
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downward trend. After 1990s, target of total phosphorus concentration has been met.  However, 

concentrations of total phosphorus in the Lake Erie are the highest and most variable.  There is 

no clear downward trend of total phosphorus concentrations.  Particularly, offshore 

concentrations do not always meet objectives in the central and western basins.  The greatest 

frequency and magnitude of guideline exceedances are observed in the western basin. 

In response to the growing concerns over toxic algae bloom, farmers, conservation authorities 

and governments have worked together to promote and implement agricultural Beneficial 

Management Practices (BMPs)3 to order to address the environmental risks along with 

agriculture.  Agricultural Beneficial Management Practices (BMPs), in the form of agricultural 

production practices that reduce adverse environmental effects of farming, have been 

recommended frequently and commonly implemented in Ontario and elsewhere.  Within this 

context, it is necessary to evaluate both off-farm environmental effects and on-farm economic 

effects of BMPs.  

1.1 Economic Problem 

Solving the problem of eutrophication requires implementing agricultural BMPs for abating 

excessive phosphorus loads.  Farmers and conservation agencies are two groups confronted with 

economic problems within the context.  Farmers, suggested by Dupont (2010), can be considered 

as individual economic agents seeking to optimize their on-farm decisions regarding resource 

use.  Meanwhile, with concerns about water quality issues, and more importantly, facing current 

and potential regulations targeting at phosphorus loading reduction as well, farmers would like to 

adopt the BMPs for abating excess phosphorus emission with least costs.  Conservation agencies, 

																																								 																				 	
3 According to Ontario Ministry of Agricultural, Food, and Resource Affairs (OMAFRA), BMPs 
are practical, affordable approaches to conserving a farm's soil and water resources maintaining 
agricultural productivity and profitability.  Other definitions are stated in Chapter 2.  
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such as the Ministry of the Environmental and Climate Change (MOECC), the Ontario Ministry 

of Agriculture, Food and Rural Affairs (OMAFRA), with the aim of abating excess phosphorus 

emission from agricultural sources, needs to fully understand excessive phosphorus loading 

reductions due to BMP implementation and their associated costs.  
 

1.2 Economic Research Problem 

To address the economic problem, researchers should balance the tradeoff between on-farm 

economic effects and off-farm environmental effects.  Consequently, it is necessary to conduct 

the cost-effectiveness analysis in order to evaluate effectiveness in abating phosphorus loading 

and associated costs of BMPs implementation in the meanwhile.  Measuring abatement costs for 

phosphorus emission reduction of BMPs can help famers to select most efficient practices in 

meeting both agricultural production and environmental goals.  In addition, conservation 

agencies can be well informed of phosphorus emission reductions due to BMP implementation 

and corresponding costs on farm.  In this thesis, I apply meta-analysis to examine abatement 

costs of BMPs for excess phosphorus loading from agricultural field.    

1.3 Purpose and Objectives  

The purpose of this thesis is to measure abatement costs of agricultural Beneficial 

Management Practices (BMPs) on crop farms and livestock farms in reducing excess total 

phosphorus emission in Ontario.  To achieve the goal, the study has the following objectives:  

1)  To review phosphorus balance on Ontario farms, and identify representative agricultural 

Beneficial Management Practices (BMPs) for mitigating phosphorus loss in Ontario;  

2)  To review meta-analysis and previous studies conducting a meta-analysis of BMP abatement 

costs in reducing phosphorus emission in Ontario, and outline the procedure meta-analysis in this 

thesis,  
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3)  To collect relevant literature and construct data based used for the meta-analysis,  

4)  To evaluate effectiveness, costs, and abatement costs of BMPs, conduct comparisons based 

on abatement costs, and analyze heterogeneity of BMP abatement costs,  

5) To outline findings, limitations and implications of this research to farmers, OMAFRA, 

conservation authorities and researchers, and inform future studies of current gaps.  

1.4 Thesis Organization 

This thesis is comprised of six chapters.  Chapter 2 examines nutrient balance in Ontario, and 

selects ten representative BMPs on crop and livestock farms in Ontario.  Chapter 3 contains 

selecting cost-effectiveness analysis as the criterion for comparing BMPs, reviewing of meta-

analysis and previous synthesis studies on BMPs in reducing phosphorus emission, and then 

formulating the problem for meta-analysis.  Chapter 4 develops all specific procedures to 

construct the data base for meta-analysis including literature searching and data collection.  

Chapter 5 examined and compared BMP abatement costs.  Finally, Chapter 6 outlines the 

structures of the thesis, summarizing major findings, discussing the implications and limitations 

of this thesis, and suggestions for future research.  
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2.  Chapter 2 Phosphorus on Ontario Farms and Representative Beneficial 

Management Practices for phosphorus in Ontario  
2.1 Introduction 

The objectives of this chapter are to (i) provide background for major crop farms and livestock 

farms in Ontario, and phosphorus loading generated by agricultural activities on farms, 

 (ii) identify two representative agricultural beneficial management practice lists for phosphorus 

mitigation on crop and livestock farms in Ontario for further study in the thesis.  This chapter 

selects and examines BMPs for phosphorus mitigation on crop farms and livestock farms which 

are widely applied in Ontario.  The major findings in this chapter are applicable and widely used 

BMPs for phosphorus on Ontario crop farms and livestock farms selected from all BMPs for 

phosphorus reduction suggested by OMAFRA and previous program.  This chapter is arranged 

by following four sections: introduction, phosphorus emission on Ontario farms, and selection of 

representative BMPs for phosphorus in Ontario case. 

2.2 Phosphorus Balance on Ontario Farms 

    Phosphorus is an essential nutrient for plant growth.  Healthy soils contain P, but not always in 

the amounts required by crops.  Hence, supplementing P with manure or fertilizers is often 

necessary to maximize productivity and economic returns.  However, over-application and 

improper timing or placement of manure and fertilizers, or reduced nutrient uptake due to 

drought or crop damage, can result in the accumulation of excess nutrients in the soil and their 

subsequent loss to the environment.  Phosphorus loss represents the total off-farm phosphorus 

loss leaving the farm from all crop and grass land into surface water, which cause eutrophication 

in consequence.  Nutrients loss to the environment also represents an economic loss for 

producers since the nutrients are not available to meet the needs of the crop. 
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Phosphorus reach surface waters in different forms in soil, water, and sediments.  Surface 

runoff and erosion are the primary mechanisms carrying P to surface water in most settings.  As 

shown by Mueller et al. (1984), Sharpley et al. (1992), Bundy et al. (2001), and Daverede et al. 

(2004), total P and available P runoff losses are highly correlated to sediment losses or erosion.  

According to Environment Canada (2005), forms of phosphorus entering surface waters can be 

divided into inorganic phosphorus and organic phosphorus, as shown in Table 2.1.  Inorganic 

phosphorus can be further divided into particulate, mostly bound to sediment particles and 

soluble phosphorus based on availability to aquatic vegetation.  Soluble phosphorus includes 

decomposing manure, plant residues, fertilizer, sewage, industrial wastewater.  And organic 

phosphorus is soils, plant residues, manure, sewage, which are not available until being 

decomposed.  Sharpley et al. (1992) reported that sediment-absorbed P constitutes 60% to 90% 

of P transported in runoff from cultivated land.  While runoff from grass, forest, and non-

cultivated land carries little sediment and is usually dominated by dissolved P.  

To reduce phosphorus loss from farms, farm-level phosphorus balance should be fully 

explored.  Farm phosphorus balance represents the amount of farm phosphorus imported minus 

exported excluding off-farm phosphorus loss with runoff and erosion.  It was reported that about 

75% of agricultural soils in Ontario contain high or excessive levels of soil test P 

(PPI/PPIC/FAR, 2001).  However, with implementation of livestock nutrient management, 

regulations, conservation practices and BMPs, considerable decrease in the annual P surplus in 

Ontario has been observed.  Figure 2.1 shows agricultural phosphorus balance trends in Ontario 

from 1981 to 2011 based on Census of Agriculture.  Ontario shows a trend of balancing P inputs 

and outputs, which is the province that is the closet to balance across Canada according to AAFC 

(2016), although a small accumulation of P around 2kg/ha still occurs each year in the soil.  
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What should be emphasized is that all these calculation of cumulative P balance from AAFC 

(2016) were performed using Census of Agriculture data. Thus allocation of P applications to 

watersheds is subject to the limitations of the Census data and to any errors in the assumptions 

made in the allocation process. All these made the results uncertain inevitably.  And the risk of 

direct losses of dissolved P from surface applications of manure or fertilizer is not considered 

because of insufficient data on nutrient application methods and timing. 

Since P in the soil will be removed with harvest crops, which may offset the P inputs applied 

from fertilizer and manure.  Thus the balance between the amounts applied and removed 

determines whether soils are being built up or depleted in P, which are finally risks to 

environment.  Bruulsema et al. (2001) estimated the total amount of P inputs from manure P, 

fertilizer P, and removal of nutrients in harvested, and get P balance finally, present in Figure 

2.2.  They showed that agricultural P inputs from manure and fertilizer and P removals with 

harvesting have recently become more closely balanced in Ontario.  For their estimations, 

nutrient outputs from non-agricultural areas and pastures are not included.  And livestock other 

than cattle, swine, hens and chickens are not included. In addition, fertilizer sales between 2001 

to 2006 reporting in Canada made a transition from the retail level to wholesale, indicating the 

amount applied for a specific year may not be accurate.  

    Although manure, a by-product of the livestock industry, can be a valuable source of nutrients 

for crop growth, it also has the potential to contaminate surface and ground water resources. 

Identification of the risk of environmental contamination from manure is complex.  There are 

many factors which impact the fate of manure constituents.  First of all, the nature of the manure 

varies considerably depending on the type, diet and age of the livestock, the type of livestock 

housing and use of bedding, type and length of storage, and the method, timing and rate of 
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manure application.  Secondly, the characteristics of the land receiving the manure will influence 

the fate of manure constituents through factors such as soil texture (percentages of sand, silt, and 

clay), slope, depth to water table, proximity to water resources, and tillage.  Finally, the weather 

(e.g., wind speed during application, and rainfall intensity, frequency and duration before and 

after manure application) determines if potential contaminants move off-site in surface runoff, 

tile drainage flow, ground water, air or remain in the rooting zone where nutrients can be taken 

up by crops.  This is but a partial list of all the factors which influence the fate of manure in the 

environment.  As a result, it is impossible to predict precisely what will happen to manure under 

any given set of conditions.  

    As discussed above, estimations of P balance from these studies have several limitations. But 

they do show that Ontario has a trend of approaching P balance, with a small amount of 

phosphorus accumulated in soils per year.  In terms of P inputs from fertilizer and manure 

application, P removal with harvesting has almost reached balance.  

2.3 Excess Phosphorus Emission on Farms in Ontario 

     According to Environmental Sustainability of Canadian Agriculture (2015), concern over 

concentrated crop production in Ontario mainly focuses on soil erosion and nutrient loss from 

fertilizer and manure application.  According to 2011Census of Agriculture, Ontario reported 8.9 

million acres of cropland in Ontario, which accounted for 70.5% of total farmland in Ontario, 

comparing to 10.2% at the national level.  The high ratio of cropland to total farm area indicates 

that a large proportion of farmland is put into crop production and intensity of farming is pretty 

high, as opposed to perennial crops such as forage, hay and pasture.  Increasingly, intensive 

livestock operations have also attracted particular attention for production, storage, and disposal 

of large amounts of phosphorus-bearing manure.  
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2.3.1 Fertilizer Application on Crop Farms 

Phosphorus is an important plant nutrient for crop production, and is provided either from the 

soil or from soil amendments, such as commercial fertilizers or animal manures.  Commercial 

fertilizer is one of the two main sources of phosphorus on crop farms.  Table 2.3 summarizes 

acreage and farms with commercial fertilizer application.  In Ontario, farm land areas with 

commercial fertilizer application increasing from 41.70% to 45.97% of total farm areas in 

Ontario between 1991 and 2011.  Parry (1998) identified agricultural diffuse sources of 

pollution, such as spreading of manure and inorganic fertilizers, as the largest contributions of 

nutrients to surface and ground waters.  Moreover, Torbert et al. (2002), Sharpley et al. (1996) 

and Sims et al. (2000) reported that continued addition of fertilizer and manure in excess of crop 

requirements has resulted in increases in phosphorus content of surface soils, contributing to 

accelerated P losses and eutrophication of surface water. 

2.3.2 Manure Application on Crop Farms 

    Manure is a by-product of raising livestock.  It is an important source of crop nutrients, and a 

disposal problem as well.  Based on the 2011 Census of Agriculture, 60.39% of total 31,371 

farms in Ontario report producing or using manure.  Among all farms in Ontario, 54.03% report 

applying manure on agricultural operation, which is almost the same percentage of farms 

reporting using commercial fertilizer in 2011 (53.72%).  The southern and western regions of 

Ontario experience the highest application levels of manure, where most livestock are located.  

Furthermore, based on 2011 Census of Agriculture, 7.80% of total census farm areas in Ontario 

report that manure reaches the soil by direct deposition from grazing animals, where grazing 

animals will defecate directly onto soil and vegetation.  In farm areas where manure is applied, 
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solid or composted manure (428,687 hectares) are applied greater than liquid manure (290,601 

hectares).  

2.3.3 Manure on Livestock Farms 

    OMAFRA (2000) and Bast et al. (2009) proposed concerns over livestock farms with the 

increasing intensification of animal production in Ontario.  According to Census of Agriculture, 

number of four major types of farms, beef, dairy, hog and poultry farms, continue to fall from 

1981 to 2011.  Nevertheless, the average head of livestock has increased on a per-farm basis over 

the last 30 years, which indicates an intensification and concentration of production on Ontario 

livestock and poultry farms.  As a consequence, on-farm manure capacity can grow to exceed the 

capacity of surrounding land to use it as fertilizer, sometimes leading to higher application rates.  

Figure 2.3 shows distribution of manure production in Canada by sub-sub-drainage area and 

Ontario is the province with most intensive manure production.  Specifically, Livestock in 

Ontario, located east of Lake Huron, produced the most manure per hectare of land.  The Upper 

Thames and Upper Grand in Ontario were the second and third most intensive manure-producing 

sub-sub-drainage areas respectively.   These areas are highly vulnerable to phosphorus pollution 

with larger manure applied.   

Moreover, OMAFRA (2010) reported that uncovered manure storage facilities, livestock yards 

and permanent outdoor confinement areas are exposed to rainfall and snowfall. These liquids and 

any others, such as urine, that are not absorbed by the manure are called “runoff” when they 

leave the facilities, which will increase phosphorus level in surface waters.  
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2.4 Agricultural Beneficial Management Practices for Phosphorus Mitigation in Ontario 

2.4.1 Agricultural Beneficial Management Practices (BMPs) 

2011 Farm Environmental Management Survey (FEMS) reported that producers across 

Canada are adopting beneficial management practices (BMPs) in order to manage manure, 

fertilizers and pesticides more efficiently and protect land and water resources.  Basic paradigm 

of the BMP approach is to implement an economically feasible practice or combination of 

practices that will address a particular water quality problem (Ritter and Shirmohammadi, 2001).  

There are lots of definitions of BMPs obtained from industry, government and researchers, 

including: 

(1) A practice or system of practices designed to prevent or mitigate damage or adverse effects 

caused by farming, construction, manufacturing or other anthropogenic activities (USDA, 2015), 

    (2) A practice or combination of practices that are determined by an appropriate agency to be 

the most effective and practicable (including technological, economic and institutional 

considerations) means of controlling identified and diffuse source pollutants at levels compatible 

with environmental quality goals (Soil and Water Conservation Society,1982), 

    (3) A farming method that minimizes risk to the environment without sacrificing economic 

productivity (Hilliard et al., 2002), 

    (4) A practical, affordable approach to conserving a farm’s soil and water resources without 

sacrificing productivity (OMAFRA, 2003), 

    (5) An agricultural management practice that: mitigates or minimizes negative impacts and 

risk to the environment; ensures the long term health of land related resources used for 

agriculture and does not negatively impact the long term economic viability of producers 

(McGarry, Prairie Farm Rehabilitation Administration (PFRA), 2004), 
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    (6) A beneficial management practice considers the balance of nutrients for agricultural 

profitable crop production (Crop Nutrients Council, 2005), 

    (7) Management practices can be qualified as “beneficial” if they are economically sustainable 

for farmers while contributing to food quality and/or quantity and the protection of 

environmental resources (Canadian Fertilizer Institute, 2005). 

2.4.2 Beneficial Management Practices for Phosphorus Suggested by OMAFRA 

OMAFRA (2011) states that practical and proven best management practices (BMPs) can 

reduce phosphorus pollution from agricultural sources.  However, most BMPs are site-specific, 

meaning that every BMP will not be suitable for every source and form of phosphorus, nor for 

every farm operation.  Table 1 in the Appendix is a summary table of Best Management 

Practices for phosphorus grouped by farm type, published by OMAFRA (2011).  The table lists 

all the BMPs for on-farm management to keep phosphorus in its place, as an instruction for 

farmers, showing all possible BMPs which will likely best suit agricultural operations.  

On grain and oilseed crop farms, nutrient storage for manure, fertilizers, solutions, bio-solids, 

compost, nutrient-enriched irrigation water etc., is the one applicable BMP for identified source. 

Concerning diffuse source BMPs on crop farms, do a Nutrient Management Plan (NMP), soil & 

solutions test, right source, rate, time and place, monitoring, soil improvement (cover crops, add 

organic matter, and crop rotation), soil drainage, controlled drainage, residue management (no-

till, mulch tillage), erosion control practices (field buffers, strip cropping), erosion control 

structures (grassed waterways, water and sediment control basins (WASCOBs), diversion 

terraces, grade control structures, etc.), and riparian management (buffer strips, livestock 

exclusion, streambank protection) will all be applicable practices. 
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On livestock farms with confined livestock, nutrient storage, vegetated filter strips, 

constructed wetlands, tank and treatment trench can be applied. However, the four BMPs do not 

work for farms with grazed livestock. To deal with diffuse source on confined livestock farms, 

except controlled drainage, all other BMPs can be applied. And on grazed livestock farms, in 

addition to controlled drainage, residue management and erosion control practices do not work.  

OMAFRA lists all possible BMPs that can be adopted to reduce phosphorus on different farm 

types. However, some BMPs in the list are not applied widely, for example diversion terraces, 

grade control structures are not commonly discussed.  So practically in Ontario, only part of the 

list is actually being applied commonly on farms.  The thesis will select representative BMPs in 

Ontario for further discuss other than including all BMPs.  

2.4.3 Agricultural Beneficial Management Practices Studied GLASI 

The Great Lakes Agricultural Stewardship Initative (GLASI) is a program that helps farmers 

implement Best Management Practices (BMPs) on their land, recommended to them through a 

Farmland Health Check-up. Opportunities to monitor BMPs that are implemented through this 

project will also help to determine their environmental and economic effectiveness.  Table 2 in 

the Appendix show BMPs that will address different farmland challenges, involving cover crops, 

adding organic amendments, buffer strips, field windbreaks (also called windstrips), equipment 

customization, erosion control structures, fragile land retirement, BMP adoption through 

equipment rentals and custom work.  Additionally, Table 3 in the Appendix shows specific BMP 

in four priority subwatersheds of Southwestern Ontario, that is Ausable bayfield, Essex region, 

Lower Thames, and Upper Thames.  These two tables are used to select and identify BMPs 

examined in this thesis.  
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2.4.4 Selection of Representative Agricultural Beneficial Management Practices in Ontario 

In this thesis, representative BMPs for abating excess phosphorus loss in Ontario are selected 

based on following criteria: 

 (1) BMPs which are effective in reducing phosphorus loading to surface waters on crop farms 

and livestock farms,  

(2) BMPs that are available and commonly adopted in Ontario, 

(3) BMPs that are economically applicable for farmers.   

Therefore, 9 representative BMPs for reducing phosphorus emission crop farms and livestock 

farms are developed in Table 2.5.  BMPs on crop farms involve cover crops, reduced tillage, 

nutrient management, buffer strips, grassed waterways, Water and Sediment Control Basins 

(WASCoBs), and controlled tile drainage.  BMPs on livestock farms involve livestock nutrient 

management and livestock exclusion.  These selected BMPs are those considered most 

representative practices that farmer would implement to minimize off-site phosphorus loading.  

2.4.4.1 Reduced Tillage 

In conventional tillage systems, tillage practices will turn over the top 15 to 20 cm of soil, 

burying plant residues and exposing the soil, followed by secondary tillage to break up soil 

aggregates and produce a smooth, even seedbed.  Reduced tillage abate phosphorus emission 

with additional crop residue left on the surface after the growing season, which minimizes soil 

disturbance, enriches soil and reduces erosion, runoff and loss of phosphorus from cropland.  

Reduced tillage involves various specific tillage systems based on different tillage practices and 

machines.  In this thesis, reduced tillage is defined as a general tillage system that leaves 30% or 

greater cover of crop residuals on the soil after planting.  Conservation tillage and no-till are two 
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main categories of reduced tillage.  According to Unger (2006), conservation tillage is any 

combination of tillage and planting practices that reduce the loss of soil and water relative to 

losses with conventional tillage, including any tillage system that retains protective amounts of 

crop residuals on the soil surface.  No-till, also called zero-till, minimum tillage, or direct 

seeding, leaves all of the residue on the soil surface, where the soil is not disturbed between 

harvesting one crop and planting the next.  Manuring and Fenster (1983) defined no-tillage or 

zero tillage as a technique that involves opening a narrow path in the soil into which seed is 

planted, while the remaining soil surface is undisturbed.  Conservation Technology Information 

Center (1995) defined no-till as the tillage system that leaves soil undisturbed except for seed 

planting and nutrient injection.  

Conservation tillage system and no-till are widely adopted in Ontario.  Table 2.4 shows 

percentage of survey cropland area under various tillage practices in Ontario.  Cropland area 

with conventional tillage is decreasing sharply, and meanwhile reduced tillage systems, 

especially no-till increase massively in the last twenty years.  By 2011, there are still 37.07% of 

cropland applying conventional tillage, while 33.08% are applying no-till.  

2.4.4.2 Crop Nutrient Management  

Nutrient management is one of the most prevalent BMPs used to address diffuse-source 

pollution from agricultural lands.  As a source reduction managerial practice, USDA defines 

nutrient management as the optimization of the plant nutrient applications, including amount, 

method, and timing of applications of fertilizer, manure, and other soil amendments.  Ritter and 

Shirmohammadi (2001) concluded the objective of this optimization is to enhance forage and 

crop yields while minimizing the loss of nutrients to surface and groundwater resources via 

managing the amount, form, placement, and timing of plant nutrient applications.  Novotny 
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(2003) suggested that nutrient management included a series of practices designed to decrease 

the availability of excess nutrients through improvements in timing, applications rates, and 

location selection for fertilizer placement.  And it also should involve fertilizer selection, crop 

variety selection, and conservation systems.  

Hilliard and Reedyk (2015) concludes that the principles of Nutrient Management Planning 

include: (1) applying fertilizer only to make up the difference between what is there and what is 

required to achieve the target yield, which also ensures cost-effectiveness for the producer, and 

(2) ensuring that the added nutrient is available to the crop.  In other words, right rate of right 

nutrient should be applied at the right time and place.  OMAFRA has developed handbooks and 

worksheets to assist farmers in the development of nutrient management plans. Besides, there are 

other definitions of nutrient management.  By using Ontario’s NMAN3 nutrient management 

planning software, optimal fertilization rates for P and N are recommended, representing optimal 

fertilizer rates, balancing soil tests, manure availability and future fertilization needs, without 

sacrificing crop yield.  

2.4.4.3 Cover Crops 

NRCS defined cover crops as crops grown during the time period between the harvest and 

planting of the primary crop.  Reeves (1994) took cover crops as crops grown to cover the 

ground to protect the soil from erosion and from loss of plant nutrients through leaching and 

runoff.  Ritter and Shirmohammadi (2001) mentioned that the main purpose of cover crops is to 

provide soil cover and protection against soil erosion.  As reported in Michigan State University 

Extension, typically 80 percent of runoffs around Great Lakes occurs between October and June 

with most of that at snowmelt in March. Therefore, cover crop can protect soil during non-

growing season when there were no crops in the field.   
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Sharpley and Smith (1991) proposed a broad range of plant material for cover crops, such as 

ryegrass, winter wheat, forage grasses and legumes.  Pindilli (2015) present that choice of crop to 

plant depends on factors such as cost, availability, and suitability.  In Ontario, alfalfa and red 

clover are most common cover crops.  Alfalfa is a perennial plant, and has been known to live 

for 5 years or more, however, often alfalfa has thinned out badly by the third production year.  

While, red clover is the most popular in eastern and northern Ontario, accounting for 22% of the 

forage legume seed soil in the whole province.  It is a short-lived perennial, persisting 1 to 2 

years in southern Ontario, while 2 to 3 years in northern Ontario.  Grain seeded with red clover 

may be pushed for higher yields than with other legumes such as alfalfa and trefoil. Application 

of red clover are generally designed to improve overall yield.  For the Ontario setting, which is 

dominated by a corn, soybean and winter wheat rotation, red clover or alfalfa was assumed to be 

seeded in the early spring of the year when winter wheat is grown in the field and remain 

growing after wheat harvest until it was ploughed down in the late fall in preparation for next 

year’s crop.  And with red clover, a total of 66kg/ha of N was assumed to be supplied to the next 

year’s crop through the red clover plough down. 

 2.4.4.4 Buffer Strips 

Vegetative buffers come in a variety of forms. The U.S. Department of Agriculture-Natural 

Resources Conservation Service (USDA-NRCS) includes seven types of water-erosion-control 

buffers in its National Handbook of Conservation Practices (USDA-NRCS, 2005a). According to 

their placement in the fields, these buffers can be divided as “in-field” buffers and “edge-of-

field” buffers. “In-field” buffers include:  Grassed Waterways (NRCS code 412), Contour Buffer 

Strips (NRCS code 332), and Alley Cropping (NRCS code 311).  “Edge-of-field” buffers 

include: Field Border (NRCS code 386), Filter Strip (NRCS code 393), and Riparian Forest 



																																																																																								19	
	

Buffer (NRCS code 391).  And seventh buffer is Vegetative Barrier (NRCS code 601), which 

may be used both in field or at the edge of field.  Schmitt et al. (1999) defined filter strips as 

narrow strips of permanent vegetation, generally placed between the agricultural land being used 

and a water body to be protected, to reduce contaminants in surface runoff from adjacent 

agricultural fields.   

In this thesis, definition of buffer strips is adopted from Government of Ontario (2011), as 

strips of planted permanent vegetation-grass, herbaceous shrubs, trees or a workable combination 

of any of these – alongside watercourses, ponds, lakes or wetlands.  They are placed strategically 

along sensitive natural areas to remove sediment and other pollutants from runoff by interfering 

with the transport of sediment, slowing water velocity and allowing the material and any 

absorbed pollutants to drop out. Figure 2.4 illustrates buffer strips on a crop farm.  Buffer strips 

are established in the riparian area of the stream.  Surface runoff delivers phosphorus from 

upstream cropland into waters.  Before entering the stream, phosphorus emission from upstream 

cropland is captured by vegetative strips. It is a widely adopted BMP in reducing soil erosion and 

nutrient loading in Ontario.   

2.4.4.5 Grassed Waterways 

According to OMAFRA (2011), grassed waterways are broad, shallow, vegetated channels 

often located within large fields. They are designed and constructed to transport the concentrated 

flow of surface water (runoff) at safe velocities. Chow et al. (1999) show that grassed waterways 

are a common erosion control practice in North American agriculture. When properly 

constructed, grassed waterways can safely transport large water flows downslope.  They decrease 

flow velocity and provides protection against the cutting action of water, thereby minimizing 

erosion.  And the vegetation helps trap sediments and remove inputs such as nitrogen, 
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phosphorus, herbicides and pesticides through plant uptake and sorption by soil.  To serve this 

function as effectively as possible, there is usually a selection of fast-growing grass sown in the 

waterways and it is mowed frequently to prevent sward-damaging sedimentation.  Temple (1999) 

and Fiener and Auerswald (2003) reported that the frequent mowing is necessary to reduce 

hydraulic roughness because otherwise the grassed waterways exhibit a high sediment trapping 

efficiency that may damage the sward and lead to ephemeral gullying.  

 2.4.4.6 Water and Sediment Control Basins 

According to OMAFRA (Water and Sediment Control Structure Factsheet, 2012), water and 

sediment control basins (WASCoBs), also called berms, sediment catchment basins, are water 

and sediment control structures that are commonly used for preventing bank, gully erosion, and 

reducing amount of sediments leaving the farm field.  A water and sediment control basin 

consists of a berm and ponded area.  The runoff water is temporarily stored behind the berm, 

eliminating its erosive capabilities further downslope.  This ponded water is slowly released 

through an inlet riser pipe to an underground drainpipe exiting at an adequate outlet.  By 

controlling the water runoff, berms allow to keep some amount of sediments and nutrients on the 

field, which otherwise would be lost for farmer and would enter the river stream system.  

2.4.4.7 Controlled Tile Drainage 

Controlled tile drainage (CTD), also referred to as drainage water management (DWM), is a 

practice used to control or manipulate the ground water elevation in a tile drained field.  It 

manages the timing and amount of water discharging from agricultural drainage systems.  Feser 

et al. (2010) conducted a field study in Minnesota comparing freely drained fields to those with 

controlled drainage, reporting that total phosphorus loading reduced by 50%.  Tan and Zhang 

(2010) reported that traditionally in Ontario, agricultural sub-surface drainage is necessary for 
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economic and efficient crop production.  Conventional (free) tile drainage is the traditional 

subsurface drainage system in Ontario and Midwestern USA.  As reported in Michigan State 

University Extension, much of the most productive farmland in Ontario, Michigan and Ohio is 

tile drained. With tile drainage, excess nutrients from commercial fertilizers and livestock 

manure can quickly move to tile drains through preferential flow paths, reducing soil erosion and 

phosphorus in streams.  Tan et al. (2007) and Tan and Zhang (2010) suggest that controlled 

drainage with a subsurface irrigation system (CDS) involves installation of risers on tile outflows 

after planting in order to prevent excessive drainage of the crop root zone and a pumping system 

to pump water back to tile lines during the growing season to provide irrigation water directly to 

the crop root zone.  

Tile drainage is widely implemented, providing the basis to construct controlled tile drainage.  

The tile drainage area data were obtained from the Ministry of Natural Resources based on 

information of licensed agricultural tile drainage area up to 2012.  Contractors who plan to install 

tile drainage are required to inform OMAFRA of the installation location. Up to 2012, in 

Ontario, excluding Northern Region, the amount of tile drainage area reached 1,646,624 

hectares, about 62.3% of the cropland area based on the 2012 Crop Inventory.  Southern Ontario 

has 882,554.49 hectares of tile drainage area.  Western Ontario has the second largest tile drained 

area at 517,502.09 hectares.  

Figure 2.5 illustrates how controlled tile drainage works to reduced phosphorus emission and 

increase yields.  As shown in the figure, a water control structure is established in a drain to vary 

the depth of the drainage outlet.  The water table must rise above the outlet depth for drainage to 

occur.  The outlet depth, as determined by the control structure. After harvesting, the outlet depth 

is raised to limit drainage outflow and reduce phosphorus delivery to ditches and streams during 
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the off-season.  The outlet is lowered in early spring and in the fall again so that the drain can 

flow freely before field operations such as planting and harvesting.  Altering planting and spring 

field operations, the outlet depth is raised again to store water for the crop growth during 

growing season. With proper management and timely precipitation, crop yields increased 

variously. Table 2.6 summarizes crop yield response with controlled tile drainage in North 

America. Tan et al. (1998), Fausey (2005), Drury et al. (2009), Helmers et al. (2012), Cooke and 

Verma (2012) and Ghane et al. (2012) found soybean has no yield response to controlled tile 

drainage.  However, Madramootoo et al. (1995) and Tan et al. (2007), Poole et al. (2011), and 

Jaynes (2012) shown that soybean yields increased up to 49% with drainage management. Corn 

yield response are diverse across studies.  Fausey (2005), Drury et al. (2009), Jaynes (2012) and 

Cooke and Verma (2012) found that corn has no yield response to controlled tile drainage.  In 

comparison, Poole et al. (2011), Ghane et al. (2012) and Delbeaq et al. (2012) shown that 

controlled tile drainage increased corn yields ranging from 1% to 19%.  Tan et al. (2007) show 

that corn yield increased by 91% comparing regularly drained corns. Poole et al. (2015) also 

examined wheat yield with controlled tile drainage implemented in North Carolina, but they did 

not find any response. 

2.4.4.8 Livestock Exclusion from Waterways 

Meals (2001) noted that direct deposition of waste into streams, destruction of riparian 

vegetation, and trampling of streambanks and streambeds are all problems associated with 

unrestricted livestock grazing.  Such activities may represent important sources of sediment, 

nutrients, and bacteria to surface waters in Vermont.  Davis et al. (1991) and Mostaghimi et al. 

(2001) recommended livestock exclusion as a BMP to improve riparian health and water quality 
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of stream and rivers.  Livestock exclusion fencing (or streambank fencing, streamside livestock 

exclusion) is a practice on farm restricting livestock to streams and other watercourses.  

Zeckoski and Benham (2007) illustrated that an effective streamside livestock exclusion 

fencing system includes several components: (1) providing off-stream water sources, (2) 

ensuring that livestock are comfortable, (3) streamside fencing, such as woven wire, barbed wire, 

rail or board, cable wire, high-tensile wire and electric, (4) providing hardened stream crossings 

if pasture is present on both sides of a stream, (5) establishing riparian buffers between the fence 

and the stream.  Figure 2.6 shows a typical livestock exclusion on a livestock or dairy farm.  

Fence is established along the stream to prevent animals from waterways.  And off-stream 

watering is constructed for watering.  In addition, a crossing is built for animals to cross since 

pasture is located on both sides of the stream.  However, every livestock stream exclusion system 

is unique, with multiple design and component combinations.  For example, Godwin and Miner 

(1996) reported that off-stream watering without fencing is an effective alternative to stream 

fencing.   

2.4.4.9 Livestock Nutrient Management  

Nutrient management on livestock farms is a cost-effective process to reduce losses on 

livestock farms. It can help the farmer optimize the value of the manure and other nutrients in the 

cropping program while minimizing the risks to surface and ground water resources.  On 

livestock farms, manure storage, manure nutrient testing, crediting, and proper timing of 

applications are keys to nutrient management success.  And manure testing is a critical element 

in achieving cost savings.  If farmers are not taking adequate credit for the nutrient content of 

manure applied to crops, which means commercial fertilizer was applied to manured fields at 

rates close to those used for non-manured cropland, excessive phosphorus will be accumulated.  
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Different from nutrient management on crop farms, nutrient management on livestock farms are 

under regulation. Ontario Regulation 267/03, under the Nutrient Management Act, 2002 (NMA) 

contains provisions that apply to those farms required to have a Nutrient Management Strategy 

(NMS) or Nutrient Management Plan (NMP).  Large farms with ≥ 300 Nutrient Units (NU) 4 and 

small farms with > 5NU - that since December 31, 2005 need a building permit for livestock 

housing or manure storage - are required to have one or both of these documents.  Under the 

Nutrient Management Act (2002), any new or expanded liquid manure storage on a farm must 

meet a number of standards, as specified in Ontario Regulation 267/03, as amended (Ontario 

Regulation 267/03), including large-diameter round concrete storages, rectangular concrete 

storage and other types of storage structures.  For solid manure, new and expanding permanent 

solid nutrient storage facilities as defined by the Nutrient Management Act, 2002, and Ontario 

Regulation 267/03, amended to Ontario Regulation 338/09, must meet the requirements of the 

NM Regulation.  The regulation applies to uncovered and covered storage, including in-barn 

storages, using a broker to periodically remove manure, and temporary field storage.  

2.5 Summary  

    I reviewed phosphorus balance on Ontario farms and illustrated excess phosphorus emission in 

Ontario in this chapter.  To address excess phosphorus emission issues, agricultural BMPs for 

abating phosphorus loading in Ontario are recommended to farmers.   10 representative BMPs 

commonly applied in Ontario are selected in this chapter.   

 

																																								 																				 	
4 One Nutrient Unit is defined as the number of livestock that produce manure, a fertilizer 
replacement value, of either 43kg of nitrogen or 55kg of phosphate, which ever one is lower, on 
an annual basis. For multiple livestock types on a farm, multiple calculations of NU are required. 
The factors required for these calculations are available from OMAFRA and are an average of 
the nutrient content of the manure.  
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3.  Chapter 3 Meta-analysis and Review of Cost-Effectiveness Analysis of 

Beneficial Management Practices in Reducing Excessive Phosphorus Emission 
3.1 Introduction 

    Curtis and Robertson (2003) noted that a key reason for observed limited adoption of BMPs 

on farms is linked to landowners’ reservations about the BMPs, stemming from farmers’ 

awareness that the costs associated with such management practices cannot be recovered from 

farm profits.  Farmers are less likely to adopt high-cost BMPs even though they may be the most 

effective.  Therefore, examining associated costs of BMPs for farmers to reduce excess 

phosphorus using Beneficial Management Practices (BMPs) is very important.   

To address excess phosphorus loading issues in an efficient manner, this thesis develops a 

meta-analysis to estimate the cost-effectiveness of agricultural BMPs in reducing phosphorus 

loadings.  The purpose of this chapter is: (1) to select abatement costs as a useful method in 

terms of selection for efficient BMPs, (2) to acknowledge general principles of meta-analysis in 

order to apply it as a method for understanding the cost-effectiveness of BMPs in reducing 

excess phosphorus in Ontario, (3) to outline the steps taken to conduct my meta-analysis in 

subsequent chapters, (4) to review and evaluate previous synthesis studies of BMP abatement 

costs in reducing phosphorus.  In the following sections, I summarize four major stages of 

conducting meta-analysis, and describe general principles.  Then I review previous synthesis 

studies of abatement costs for BMPs in reducing phosphorus. Limitations and gaps are identified 

afterwards. Lastly, several questions to be addressed through meta-analysis are stated.  This 

chapter concludes with identification of the substantial gap in meta-analysis for BMP abatement 

costs in reducing phosphorus.  

 

 



																																																																																								26	
	

3.2 Cost-Effectiveness Analysis 

Given limited resources, farmers and conservation authorities are seeking the most efficient 

BMP strategy to reduce phosphorus loss from agriculture without sacrificing revenue.  The goal 

of implementing agricultural BMPs is to obtain the most abatement of phosphorus emission per 

dollar of cost.  Knowledge of abatement cost helps farmers to choose more efficient conservation 

practices to for reducing excess phosphorus loss in cropland with the least costs.  Ritter and 

Shirmohammadi (2001) present that although cost-share incentives and some regulations are 

used, current diffuse-source pollution abatement programs rely mostly on voluntary 

implementation of management practices.  Therefore, when selecting BMPs for phosphorus, one 

must consider not only their effectiveness in reducing phosphorus into streams, but also whether 

implementation of the practice is economically feasible for farmers involved.  Therefore, BMPs 

which reduce phosphorus with the least costs are most acceptable both on environmental and 

economic side.  

Confronted with the situation of reducing excess phosphorus loading with additional costs for 

farmers, identifying the cost-efficient mean is the key point to balance the tradeoff between 

environmental and economic effects.  There are two approaches for comparing BMPs with both 

environmental effectiveness and economic costs into consideration: Cost-Benefit Analysis 

(CBA) and Cost-Effectiveness Analysis (CEA). According to Boardman et al.  (2011), cost-

benefit analysis is a policy assessment method that quantifies in monetary terms the value of all 

consequences of a policy to all members of society.  As a widely used alternative to cost-benefit 

analysis, cost-effectiveness analysis compares alternatives in terms of the ratio of their costs and 

a single quantified, but not monetized, effectiveness measure.  Lee (1999) and Turpin et al.  

(2005) suggest that comparing candidate BMPs based on cost-effectiveness criteria should be an 
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important step in the development of any agri-environmental scheme so that costs and benefits 

are both taken into account.  And Boardman et al.  (2011) stated that cost-effectiveness analysis 

involved computing cost-effectiveness ratios and using these ratios to choose more efficient 

policies.  Cost effectiveness is an appropriate guide for the more efficient allocation of resources, 

and the measured impacts measured should be as comprehensively as possible.  Cost-

effectiveness analysis not only determine the best strategy to reduce phosphorus, but also provide 

more socially acceptable options to farmers and conservation authorities so that conservation 

resources can be used to minimize per-unit pollution reduction costs.  Therefore, cost-

effectiveness analysis is chosen as the criterion to evaluate and compare BMPs for reducing 

phosphorus.   

3.3 Marginal Abatement Cost of BMP in Reducing Phosphorus Emission 

This section discusses theoretical framework of BMP marginal abatement cost in reducing 

excess phosphorus.  Kesicki and Strachan (2011) showed that marginal abatement cost curves 

(MAC) are tools to identify relatively cost-effective mitigation measures across the economy.  In 

environmental economics, McKitrick (1999) defined marginal abatement cost as costs to pay per 

additional unit of emissions reduction.  MAC is derived usually to estimate how expensive it 

would be to tighten the target emission reduction further and reduce one more unit of emissions.  

In this study, abatement costs on farm with BMP implementation are explored, represented by 

changes in net farm returns due to implementing BMPs.  

Eory et al. (2013) showed that MAC is used jointly with the marginal benefit (MB) to 

determine the optimal pollution reduction level.  Figure 3.1 illustrates marginal abatement costs 

(MAC) and marginal benefit (MB) of reduction in phosphorus emission (E).  The marginal costs 

of controlling emissions typically increase with incremental emission reduction.  In comparison, 
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marginal benefit of reducing pollution emission decrease.  Typically, with no phosphorus 

mitigated, there is no abatement cost.  Marginal abatement cost (MAC) would increase while 

marginal benefit (MB) decrease for unit abatement.  The crossover point represents the socially 

efficient equilibrium where the optimum level of abatement occurs at E*.  And the corresponding 

abatement cost is AC* for per unit phosphorus emission reduced.  The total cost of abatement for 

BMP is the area under the marginal cost curve between the origin and the level of abatement.  

Similarly, the total benefit of abatement is the area under the marginal benefit curve between the 

origin and the level of abatement.  At the abatement level of E*, net social gains of reducing 

excessive phosphorus are maximized, present by area AOB.  

Figure 3.2 shows marginal abatement cost (MAC) curves for three hypothetical BMPs in 

reducing phosphorus emission with respect to site j assuming that other factors are the same.  

Typically, marginal abatement cost curve of BMP0 (!"#$%&'()*+,) originates from zero with no 

phosphorus emission abatement as illustrated in Figure 3.1.  !"#$%&'()*+- represents the marginal 

abatement cost curve of hypothetical BMP1 in reducing excessive phosphorus.  In this case, 

there are still associated abatement costs with no phosphorus emission reduction.  In comparison, 

!"#$%&'(
)*+. represents the marginal abatement cost curve of hypothetical BMP2 in reducing 

excessive phosphorus.  BMP2 represent a highly preferable BMP which increases net gains 

associated with excess phosphorus reduction.  Aside from BMP categories, location of BMP 

implementation affects marginal abatement costs as well.  In Figure 3.2, marginal abatement 

curves are assumed in the same site j.   

Figure 3.3 illustrates comparison between two hypothetical BMPs in the same location (site j) 

in reducing phosphorus emission.  Supposing abatement level of phosphorus emission targeting 

at E*, marginal cost of per unit phosphorus reduction is AC1 with abatement cost curve of 
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!"#$%&'(
)*+-.  Adopting a more cost-effective practice would swift the marginal abatement curve to 

!"#$%&'(
)*+..  The marginal abatement cost of phosphorus would decrease to AC2 with the same 

amount of abatement level.  Area of AOB illustrates the net gains to society with more cost-

efficient conservation practice.  Similarly, assuming the abatement cost is AC*, phosphorus 

emission is reduced by E1 comparing to E2 with abatement cost curve of !"#$%&'()*+- and 

!"#$%&'(
)*+- respectively.  Social net gains associated with a more cost-effective BMP is 

represented by the area COD.  

Figure 3.4 represents three hypothetical functions forms of BMP marginal abatement cost 

curves in reducing excess phosphorus.  MAC0, MAC1 and MAC2 represent linear, convex and 

concave function forms of BMP marginal abatement cost curves respectively.  Marginal 

abatement cost remains the same with more phosphorus emission reduction with MAC0.  With a 

convex function form of marginal abatement cost curve (MAC1), marginal abatement cost 

increases with an increasing rate for more phosphorus emission reduced.  In comparison, 

marginal abatement cost increases with more phosphorus emission reduction with a decreasing 

rate.   

3.4 Meta-Analysis 

3.4.1 Introduction to Meta-Analysis 

    Meta-analysis, a term coined by Glass (1976) originally in education research, refers to the 

statistical analysis of a large collection of results from individual studies for the purpose of 

integrating findings.   Glass proposed this approach as an alternative to narrative reviews of 

research.  Borenstein et al.  (2009) describes meta-analysis as the statistical synthesis of results 

of a set previous studies.  Noel (2012) defines meta-analysis, also called quantitative research 

synthesis, as a systematic summary of results from previous studies.  The core of meta-analysis 
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is a systematic synthesis of a set of previous empirical studies to draw conclusions regarding 

typical findings and sources of variability across studies.  It is a generally a statistical approach 

to draw conclusions from existing empirical literature, where individual study is taken as one 

unit of analysis.  

Glass et al.  (1981), Hunter et al.  (1982), Rosenthal (1984), Hedges and Olkin (1985), Cooper 

and Hedges (1994), Cooper (2009), Borenstein et al.  (2009) and Noel (2012), and literally 

thousands of meta-analytic papers, primarily covering applications in health sciences and 

education, have demonstrated the applicability of this approach in diverse fields.  Hartung et al.  

(2008) summarized numerous applications of meta-analysis in the fields of education, medicine, 

and the social sciences.  In terms of environmental problems, there were several studies where 

meta-analysis methods were applied.  To address the issues of cleaning up superfund waste sites, 

including nuclear, chemical and biological problems at the National Priorities List (NPL), 

evaluation of superfund cleanup technologies was conducted by Sinha et al.  (1991), and Sinha 

and Sinha (1995) through synthesizing several studies to compare and determine the final 

rankings of a few such technologies based on whether a desirable percentage of the total 

contaminant has been removed in an interim sample after a certain period of operation of the 

technology from baseline sample.  Li et al.  (2000) provided another example of meta-analysis 

applications which focused on water quality in Hillsdale Lake, where results from several 

empirical studies of lake user perceptions of good water quality were pooled to arrive at an 

overall conclusion about the water clarity level.  Therefore, I plan to apply the meta-analysis 

approach in this thesis to studies of the cost effectiveness of BMPs as a means of reducing 

phosphorus losses from agricultural lands.  

Glass (1976) groups empirical research into three levels – primary analysis, secondary 
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analysis and meta-analysis.  According to Glass, primary analysis is the original analysis of data 

in a research study.  Noel (2012) explains that primary data analysis involves a researcher 

collecting data from individual persons, companies, and so on, and then analyzing these data to 

provide answers to the research questions that motivated the study.  Glass (1976) describes 

secondary analysis as the re-analysis of data for the purpose of answering the original research 

question with better statistical techniques, or answering new questions with old data.  Both 

primary and secondary data analysis require access to the full, raw data as collected in the study.  

In contrast, Hartung et al.  (2008) characterize meta-analysis as the statistical analysis of the 

summary findings of previous empirical studies which all targeted towards a common goal.  And 

Noel (2012) furthermore explained differences between meta-analysis and first/secondary 

analysis in two aspects.  First, meta-analysis involves the results of studies as the unit of analysis, 

specifically results in the form of effect sizes.  Obtaining these effect sizes does not require 

having access to the raw data (which are all-too-often unavailable), as it is usually possible to 

compute these effect sizes from the data reported in papers resulting from the original, primary 

or secondary, analysis.  Second, meta-analysis is the analysis of results from multiple studies, in 

which individual studies are the unit of analysis.  The number of studies can range from as few as 

two to as many as several hundred (or more, limited only the availability of relevant studies).  

Therefore, a meta-analysis involves drawing inferences from a sample of studies, in contrast to 

primary and secondary analyses that involve drawing inferences from a sample of individuals.   

A literature review can be defined as a synthesis of prior literature on a particular topic.  

Present by Cooper (1998, 2009), literature reviews differ along several dimensions, including 

their focus, goals, perspective, coverage, organization, intended audience, and method of 

synthesis.  In comparison, meta-analyses focus on research outcomes, which is a quantitative 
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method of synthesizing empirical research results in which conclusions are based on the 

statistical analysis of effect sizes from individual studies.  It is a flexible and powerful approach 

to advancing scientific knowledge in that it presents a statistically defensible approach to 

synthesizing empirical findings, which are the foundation of empirical sciences.   

3.4.2 Generally Principles of Meta-Analysis 

Hartung et al.  (2008) summarized four stages of research synthesis involving problem 

formulation, data collection, data evaluation, and finally data analysis and interpretation stages.  

According to Noel (2012), there are four stages of meta-analysis generally: (1) studies of a topic 

are first systematically identified, (2) criteria for including and excluding studies are defined, (3) 

in traditional meta-analysis, data from the eligible studies are abstracted or collected from the 

investigators in the study, (4) the data are then analyzed including statistical tests of the 

heterogeneity of the study results.  These four stages are simplified into the following four 

subsections, and consequent principles in each stage are summarized.  

3.4.2.1 Problem Formulation  

Hedges (1994) states that at the stage of formulating research synthesis problem, the universe 

of which generalizations are made by conducting meta-analysis should be clearly spelled out.  

Noel (2012) proposes that conclusions the author draws from results after completing the meta-

analysis will be properly framed at this stage, avoiding either understating or overstating the 

generalizability of findings.  Hartung et al.  (2008) suggest that the heart of the enterprise of 

carrying out meta-analysis or synthesizing research consists of comparing and combining the 

results of individual primary studies of a particular, focused research question. In this thesis, 

abatement cost of BMPs in reducing phosphorus within context similar to Ontario is the core to 

be explored through meta-analysis.  Most meta-analyses focus on relationships between 
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variables.  Correspondingly, Hedges (1994) and Hartung et al.  (2008) mentioned that objectively 

and clearly defining the effect size index, to be estimated or tested in a meta-analysis problem is 

also fundamental at this stage.  Borenstein et al. (2009) present effect size as the term to quantify 

the relationship between two variables or a difference between groups.  In this thesis, correlation 

coefficient capturing relationship between abatement costs and effectiveness are the effect size 

index to be examined.  More importantly, this thesis focuses more on summarizing abatement 

costs estimates by integrating previous studies.  

3.4.2.2 Selection Criteria 

After articulating one or more research questions for the meta-analysis, the next stage is to 

locate the studies that will provide information to answer these questions.  The third stage of 

meta-analysis is the evaluation of studies to decide which should inform the review, including 

searching for relevant literature and drawing conclusions regarding relevance.  At this stage, 

Noel (2012) said that the important consideration at this stage is references to a larger population 

of possible studies from the sample of studies included in the review, in order to be more 

representative of the total population as possible.  The goal of identifying the relevant literature 

for a meta-analytic review is to obtain a representative, unbiased collection of studies from 

which inferences can be made about a larger population of studies.  At this stage, criteria for 

literature selection should be constructed and guide literature searching.  The inclusion criteria 

are a set of explicit statements about the features of studies that will be included in the meta-

analysis.  Consequently, the next step is to begin searching for empirical studies that fit selection 

criteria.  Noel (2012) suggested three common approaches: (1) electronic databases serve as the 

primary search tool.  Unpublished works, including conference programs, dissertations, and 

other grey literature are also important sources.  (2) in the process of coding literature, searching 
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for cited studies that are relevant for the review are especially useful in identifying older studies.  

(3) communication with researchers in the field can provide additional sources.  

3.4.2.3 Data Collection 

Within selection criteria, relevant studies are collected and coded at this stage.  Principles of 

transparency and replicability should be achieved.  Noel (2012) stated that author should provide 

enough detailed of the coding process such that readers know exactly how author made coding 

decisions, and could reach the same decisions when applying the coding strategy to studies 

included in the meta-analysis.  Hence, it is important to describe fully how each study 

characteristics is quantified.  Cooper (2009) stated that some study characteristics are coded in a 

straightforward way, while some study characteristics are less obvious.  It is critical to fully 

report the coding process to ensure transparency and replicability.  Moreover, artifact corrections 

are necessary for some studies in the process of coding articles.  Noel (2012) argued that there 

are imperfections in the measurement of constructs due to a variety of sources including 

unreliability of the measures, imperfect validity of the measures, or imperfect ways in which the 

variables were managed in primary studies.  These imperfections of measurement require 

author’s corrections for artifacts within these studies in the meta-analysis.  

3.4.2.4 Data Analysis and Interpretation 

This stage of meta-analysis involves describing and combining various characteristics and 

effect sizes of from primary studies, and then statistically analyzing the collection of coded data.   

Noel (2012) proposes several procedures, (1) combining results across studies in order to draw 

generalization, (2) summarizing mean effect size, specifically in terms of statistical significance 

and confidence intervals around the mean, (3) analysis of variability across studies, (4) meta-

regression with fixed-effect model or random-effect model.  Fixed-effect model assumes that the 



																																																																																								35	
	

effect size is consistent across the body of study results.  Borenstein et al.  (2009) state that, 

under the assumption of homogeneous effects sizes, there is one true effect size which underlies 

all the studies in the meta-analysis, and that all differences in observed effects are due to 

sampling error.   While random-effect model assumes that the true effect size varies from study 

to study.  When heterogeneity across studies is believed to exist, in other words, the hypothesis 

of homogeneity is not found to be tenable, a meta-analyst must estimate the extent and sources of 

heterogeneity among studies.  In such cases, a random effects model without assuming the 

homogeneity allows the true effect could vary from study to study.  Moreover, estimates of both 

study-specific effects and underlying population effects are explored.   

3.4.3 Summary of Meta-Analysis and Implications 

Given summary and discussion above, main procedures and principles included in a general 

meta-analysis are presented.  Transparency and reliability are two critical requirements through 

meta-analysis.  Following general steps in meta-analysis, there will be four stages in my meta-

analysis:  

(1) Problem formulation: This meta-analysis focuses on farm-level BMP abatement costs in 

reducing excess phosphorus loading broadly.  Specifically, mean, range estimates of BMP 

effectiveness, costs and abatement costs, variability, and comparisons of BMPs are explored.  

Moreover, relationship of abatement costs and effectiveness are examined.  All these specific 

questions to be solved are derived based on the original economic problem, and literature review 

of previous synthesis studies of BMP abatement costs.  It is further discussed in the next section 

of this chapter.  

(2) Literature selection: Selection criteria for literature inclusion are stated to achieve the goal 

of meta-analysis.  And based on selection criteria, relevant articles are searched.  All specific 
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procedures of this stage are present in Chapter 4.  

(3) Data collection: With relevant articles selected, efforts are emphasized on coding these 

articles, involving extracting data points (effectiveness, costs and abatement costs) from 

individual studies, adjusting their results if no straightforward results are available, and 

calculations for some studies based on reasonable assumptions.  It is a very time-consuming 

process and being handled with caution.  A summary of the coded dataset is stated in Chapter 4.  

In addition, associated data points table and individual literature are put in the Appendix.  

(4) Data analysis and interpretation: Dataset constructed are analyzed in the Chapter 5.  

Distribution and heterogeneity of abatement costs for each BMP in reducing phosphorus are 

discussed.  And comparisons between BMPs are also included in this chapter.  Additionally, a 

meta-regression is applied to address the relationship between effectiveness and abatement costs.  

3.5 Cost-Effectiveness Analysis Review of BMPs in Reducing Phosphorous Emission 

Although currently there is no comprehensive meta-analysis of abatement costs for BMPs in 

reducing phosphorus, a few studies have conducted simple synthesis studies of BMP abatement 

costs in reducing phosphorus, either based on own empirical results or reviewing previous 

literature. These synthesis studies are summarized and discussed in the following section, 

focusing on their approach and results, which helps to inform the meta-analysis in this thesis.   

3.5.1 Review of Existing Synthesis Studies of Cost Effectiveness Analysis  

DRPA (1989) conducted a literature review of agricultural BMPs to assess the cost-

effectiveness of each BMP in reducing phosphorus in agricultural diffuse source runoff in the 

Great Lakes basin and to identify critical factors influencing the cost-effectiveness of BMPs in 

controlling sediment and phosphorus.  Table 3.1 presents a summary of the range of cost-

effectiveness estimates for some of the most commonly used BMPs.  All cost estimates are 
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converted into 2016 Canadian dollars.  For all five BMPs examined in this study, conservation 

tillage is the most cost-effective strategy with increase in net returns due to cost savings in 

operation and maintenance.  However, there is a wide variance of abatement costs for 

phosphorus emission reduction of conservation tillage (reduced tillage) (<0 up to $436.51/kg) 

and no till (<0 up to $176.37/kg).  Grassed waterways is also a highly efficient practice 

comparing to other practices, with abatement costs ranging from $2.07 to $51.81 for per 

kilogram phosphorus mitigated.  Sediment control basins are the least cost-effective, with 

expense for implementing BMPs to reduce unit phosphorus at $23.15 up to $925.93.  It is 

significantly more expensive than other BMPs.   

DRPA (1989) reported a considerable variation in the cost-effectiveness of each BMP due to 

variations in site specific conditions, like field slope, soil texture, crop and rainfall patterns.  For 

example, operation and maintenance cost of conservation till and no-till were saved relative to 

conventional tillage by US $3.00/acre to US $7.50/acre per year for low till and by US 

$5.00/acre to US $15.00/acre per year for no-till.  Phosphorus loss was reduced by 25% to 50% 

for low-till comparing to the baseline, which depended on the specific site conditions as well.  

Site-specific criteria are critical in the cost-effectiveness analysis of BMPs and slight changes in 

field conditions, as indicated by the review of literature, can have substantial effects on both the 

cost of implementation and relative effectiveness of various agricultural BMPs.   

There are several limitations of this review by DRPA (1989).  First, although yield variances 

of ±10 percent for both corn and soybeans with reduced tillage have been shown based on 

literature reviewed, yield response was not included in cost estimation.  Therefore, cost 

estimation of BMP is higher than the actual value since higher yield might offset some cost.  On 

the other, cost estimation may be lower than the actual value with lower yields.  Secondly, cost-



																																																																																								38	
	

effectiveness estimates are calculated using the midpoint of cost range estimate, yield variance 

and effectiveness range for each BMP in this study due to the fact that there were limited studies 

conducted both cost and effectiveness analysis.  However, estimates of cost-effectiveness are 

biased with midpoint of the cost and effectiveness to represent the totality.  And estimates are 

present as “<0” rather than a specifically quantified estimate when the cost-effectiveness 

estimates are negative.  Thirdly, phosphorus loading in the baseline was assumed to range from 

0.56 lb/acre/yr to 12.1 lb/acre/yr, which was a wide range and cannot capture the specific 

conditions of each study accurately.  At last, cost effectiveness analysis of some common BMPs 

implemented in the Great Lakes Basin is not available at that time.  For example, no estimates on 

reductions in phosphorus loading with nutrient management practices, involving application 

rates, methods, timing are available.   

Sharpley et al.  (2006) summarized results from USDA-ASCS (1992) and Heathman et al.  

(1995) to assess cost effectiveness of BMPs in reducing P losses from continuous corn with a 5% 

slope and 140 kg/ha/yr P from manure broadcast in Pennsylvania, as summarized in Table 3.2.  

BMPs evaluated included contour cropping, terraces, conservation tillage, vegetative buffer 

areas, and manure management.  Comparing to baseline without any BMP implementation, 

conservation tillage was the most efficient practice for P reduction, which increased on-farm cost 

at $1.05 for per kilogram P reduced with 3.9 kilograms P mitigated per hectare annually.  

Vegetative buffer areas were a highly cost effective as well, which reduced 2.5-kilogram 

phosphorus per hectare per year in total with $1.44 for per kilogram P reduction.  Among five 

BMPs examined, terraces and manure management were least efficient practices with abatement 

costs at $6.17 and $4.33 respectively for per kilogram P reduced from baseline.  According to his 

summary, Sharpley et al.  (2006) concluded that cost-effectiveness of BMPs is not universal and 
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can vary by site or region.  Site-specific conditions should be carefully considered.  This study is 

not a strict synthesis study. Only five cases with data obtained from two empirical studies are 

analyzed and the data base are not enough for generalizing abatement costs.  

McDowell and Nash (2012) reviewed the cost effectiveness of mitigation strategies for New 

Zealand and Australian dairy farms where little or no subsidies exist, grouping strategies into (1) 

management strategies including optimum soil test P, low solubility P fertilizer, stream fencing, 

restricted grazing of cropland, greater effluent pond storages/application area, flood irrigation 

management and low rate effluent application to land, (2) amendments including tile drain 

amendments, red mud amendment, alum to pasture and grazed cropland, and (3) edge-of-field 

mitigations involving grass buffer strips, sorbents in and near streams, sediment traps, dams and 

water recycling, constructed wetlands, and natural seepage wetlands.  A summary of potential 

range in effectiveness and cost-effectiveness of each mitigation strategy reviewed in this paper is 

presented in Table 3.3.  The study showed that cost-effectiveness of strategies tended to be better 

when focused on management as opposed to amendments and edge-of-field strategies.  Due to 

increasing complexity and number of flow pathways, the opportunity to remove or mitigate the 

impact of P decreases with increasing scale while the cost increases.  Hence, the most efficient 

strategy is to reduce P loss at the source.  Furthermore, the cost-effectiveness of some of these 

mitigation strategies will also be improved by targeting the right strategy to critical source areas 

so that P loss was minimized while profitability maintained.  Clearly identifying critical source 

areas where specific mitigation measures are likely to have the greatest overall impact on P 

exports is fundamental for optimizing policy and mitigation measures.  One limitation of this 

review was that only percentage reductions from baseline were presented.  In addition, the cost-
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effectiveness estimates were calculated by taking mean of effectiveness and costs, which could 

be biased since mean values cannot capture abatement costs of each individual studies.  

O’Neill (2015) aggregated estimated agricultural BMP effectiveness and costs from a wide 

range of empirical studies to estimate BMP cost-effectiveness in reducing phosphorus for each 

study.  It is a very important study to inform meta-analysis in this thesis.  This study used field-

scale empirical data from previous studies to estimate effectiveness, cost and cost-effectiveness 

values for 143 BMP installations from 12 types of BMPs to reduce TP loads to improve water 

quality in five Midwestern states including Minnesota, Wisconsin, Iowa, Illinois, and Indiana.  

This study relied exclusively on empirical data (not modeled) by aggregating and summarizing 

BMP effectiveness and cost data from field experiments.  Summarized annual baseline load to 

reflect the unique site conditions of each BMP installation was established from actual research 

study or simulated for studies shorter than 1 year.  Research conducted in Minnesota, Iowa, 

Wisconsin, Illinois, and Indiana after 1970 reporting P loading reduction were used to estimate 

effectiveness by reduction from baseline.  This study estimated the farm-level financial costs of 

agricultural BMP implementation borne by the landowner including materials, labor, 

maintenance and opportunity costs.  Costs were estimated using 2015 Environmental Quality 

Incentives Program (EQIP) General Payment Schedule (USDA NRCS 2014b) rates.   

 Cost-effectiveness values for each BMP installation in each reviewed study were estimated 

and plotted to view the distribution of the various BMPs in reducing total phosphorus on the 

cost-effectiveness plane in small-, medium-, and large-scale as shown in Figure 3.4.  The entire 

cost-effectiveness plane on each scale was divided into five cost-effectiveness regions, ranging 

from most to least cost-effective based on two lines Q1 (slope =US $3.32/lb total P reduced) and 

Q3 (slope=US $31.98/lb total P reduced) modified from Obenchain (1999): (1) dominating 
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region which was highly favorable with pollution reduction and cost decreased, (2) cost-

effectiveness <Q1, (3) cost-effectiveness ≥Q1 and ≤Q3, (4) cost-effectiveness >Q3, and (5) 

dominated region which was highly unfavorable with pollution increased and cost increased as 

well.  On small-scale, fertilizer rate reduction and filter strips were examined.  There was a wide 

variance of cost-effectiveness for filter strips ranging from less than $10.32 to approaching 

$99.63 for per kilogram P reduced.  Reducing high rate of fertilizer to medium level were more 

cost effective than reducing fertilizer from medium to low level, which gained larger net returns 

and reduced more P from baseline.  O’Neill found that economic costs increased with larger total 

phosphorus loading reduction.  On large scale as shown in Figure 3.5, there are four BMPs 

examined: perennial vegetation, terraces, wetland creation and fertilizer reduction.  Fertilizer 

reduction is a highly favorable practice which reduced total phosphorus loading while increased 

net returns in the meanwhile.  Annual costs of perennial vegetation remained constant with larger 

loading reduction.  Terraces was the worst-performing BMP in reducing phosphorus, which 

reduced less than 226.8 kilograms with associated costs over $34,916 per acre.  In terms of 

wetland construction, there was a wide range of cost variance ranging from US $1413/acre to 

over US $28,260/acre and effectiveness ranging from almost zero to 3,175.2 kilograms per year.  

From these results, generalization cannot be achieved.  And annual costs per hectare remained 

constant even decreased with more phosphorus reduced from baseline.   

3.5.2 Limitations of Synthesis Studies 

    The review above had also identified some limitations in the current literature.   

1. To my best knowledge, a comprehensive meta-analysis of cost-effectiveness of BMPs in 

reducing phosphorus has not yet been done for Canadian context.  
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2. These synthesis studies can be divided into three categories: (1) range estimates of cost 

effectiveness using midpoint of separate cost and effectiveness studies, including DRPA (1989) 

and McDowell and Nash (2012).  However, cost-effectiveness estimates in individual study 

through aggregating its specific cost and effectiveness results is the proper way to show a likely 

range of cost-effectiveness values across regions with similar context of the landscape.  (2) 

synthesis of cost effectiveness of BMPs based on single empirical results, including Epp and 

Hamlett (1996), Kramer et al.  (1999), Sharpley et al.  (2006), Wortmann et al.  (2011), (3) 

O’Neill (2015), the one study that has aggregated BMP effectiveness and costs from empirical 

studies to estimate BMP cost-effectiveness.  

3.  Research is lacking in comparisons between BMPs. Few studies compared BMPs based on 

average abatement costs, but no studies have compared them in terms of statistical significance. 

In addition, research is lacking in comparing BMP effectiveness, cost, to cost-effectiveness 

estimates.  

4.  Most synthesis studies of BMP cost-effectiveness in reducing phosphorus emission focus 

on value and range estimates. However, to my best knowledge, heterogeneity of cost-

effectiveness has not been examined and discussed.  

5.  Effects of abatement level, BMP and location on BMP abatement costs have not been 

examined completely.  

3.6 Summary 

    Cost-effectiveness is a favorable method for BMP comparison and selection in mitigating 

phosphorus.  However, there is a gap in comprehensive meta-analysis of BMP abatement cost in 

reducing excess phosphorus loadings on farms.  Referring to general principles and steps for 

meta-analysis, my meta-analysis conducted in this thesis is outlined.  And through reviewing 
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existing synthesis studies, there are following question needed to be addressed in this thesis:  

    (1) Generalization of range, average level, variance for costs, effectiveness and abatement cost 

of each single BMP on crop farms and livestock farms are lacking currently and will be 

summarized in this study.   

    (2) Rankings of BMP candidates based on cost, effectiveness and cost-effectiveness criteria 

are compared and analyzed since ranking BMPs solely in terms of their effectiveness to reduce 

nutrient runoff can lead to cost-prohibited recommendations.  Consequently, farmers and 

conservation agencies need to weigh trade-offs between nutrient runoff reduction and net cost 

increase when selecting BMPs.   

    (3) Heterogeneity of cost-effectiveness of BMPs in reducing phosphorus in Ontario and other 

locations with similar conditions are analyzed.  Furthermore, factors affecting heterogeneity are 

explored and whether cost-effectiveness can be applied generally was examined.   

(4) Relationship between phosphorus reduction and abatement costs under BMPs are 

examined.  
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4.  Chapter 4 Literature Selection and Data Collection 
4.1 Introduction 

In the previous chapter, I reviewed general principles of meta-analysis and formulated the 

problem to be addressed.  This chapter outlines all procedures for selecting literature and 

collecting data.  The purpose of this chapter is to build dataset for meta-analysis to examine 

abatement costs of agricultural BMPs in reducing excess phosphorus loadings.  There are mainly 

four sections: (1) selection criteria of relevant literature and consequent searching process, (2) 

general principles guiding data collection for abatement level, economic cost and abatement cost 

of a BMP, (3) scatter plots of abatement level, economic cost and abatement cost for the whole 

dataset, and finally (4) a summary of this chapter.  

4.2 Literature Search and Selection 

The purpose of meta-analysis is to evaluate the abatement costs of agricultural Beneficial 

Management Practices (BMPs) in reducing excess total phosphorus loading on farms in Ontario. 

The selection criteria of relevant literature are discussed as follows:  

(1) peer reviewed studies and government documents after 1980.  Non-referred articles and 

thesis are not included.    

(2) BMPs are among 7 selected BMPs on crop farms and 2 selected BMPs on livestock farms.  

BMPs on crop farms include reduced tillage, crop nutrient management with and without manure 

application, cover crops, buffer strips, grassed waterways, water and sediment control basins 

(WASCoBs), controlled tile drainage on crop farms.  BMPs on livestock farms include livestock 

exclusion and livestock nutrient management.   
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(3) Study sites are located in North America with similar agronomic and geographical 

conditions with Ontario, including major commodities5, climate, and topography.  

(4) estimates of abatement level for phosphorus emission, economic costs excluding payment 

from other sources, and abatement costs (or cost effectiveness, cost efficiency) can be extracted 

following these four approaches: 

  (i) extracting two or three quantitative estimates of abatement level, economic costs and 

abatement costs from original studies directly,  

  (ii) only abatement level of a BMP is reported but cost estimation can be referred to another 

study with highly similar context   

      (iii) only abatement level of a BMP is reported and cost estimation from another study with 

similar context is not available, economic costs can be estimated based on my own assumptions 

with data availability.  

The database used in this thesis for literature searching is Google Scholar, ProQuest and 

Agricultural Best Management Practice Database (2015).  Key words involve effectiveness, 

abatement, costs, abatement costs, BMP (or specific BMP), and phosphorus.  References and 

cited articles of reviewed studies are examined for more available studies during the process of 

coding.  In addition, three key publications summarizing effectiveness by Gitau et al. (2005), 

																																								 																				 	
5 In Ontario, corn, soybean and wheat are three major crops.  According to 2011 Census of 
Agriculture, 36.14% of total farms in Ontario reported soybean production, and 26.40% and 
31.15% respectively are reporting wheat and corn production respectively in Ontario.  Land area 
for soybean, corn and wheat farming are around 20%, 16% and 10% respectively of total farm 
land use in Ontario.  With respect to market receipts in 2011, soybeans, corn and wheat reached 
$1,077 million, $1,338 million and $315 million.  Majority (60%) of Ontario’s livestock farms 
are located in the Western and Southern regions. There are four major farm types in Ontario in 
terms of farm numbers including beef cattle ranching and farming (13.68% of total farms), dairy 
cattle and milk production (7.77% of total farms), hog and pig farming (2.38% of total farms), 
and poultry and egg production (3.12% of total farms).  In terms of market receipts, dairy 
products ($1,895 million), cattle and calves ($1,028 millions), poultry ($891 millions) and hogs 
($902 millions) are top four commodities over all livestock and poultry products in Ontario. 
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cost-effectiveness by Miller et al. (2012) and PhD thesis by O’Neill (2015) are examined to 

check whether there are any studies missed.  Lastly, communications with experts also provide 

important information.  

4.3 Conventions on Data Collection 

To build up the dataset, diverse measurement of abatement level, economic cost and abatement 

cost of BMPs across studies are adjusted following four general conventions below.  

4.3.1 Treatment Area  

Estimates of abatement level, economic cost and abatement cost of a BMP are subject to 

treatment area. The treatment area of management BMPs, such as reduced tillage, nutrient 

management on crop and livestock farms, cover crop, are easily identified.  Acreage applied or 

affected by these BMP is defined as the treatment area.  In particular, acreage of tilled cropland 

are treatment areas of reduced tillage.   Treatment areas of crop nutrient management are areas 

where cropland with fertilizer and manure application are affected according to nutrient 

management practices.  Treatment areas of cover crops are acreage of cropland where cover 

crops are planted.  Acreage of pastureland with fertilizer and manure application of farmland 

affected due to livestock nutrient management is regarded as the treatment area.   

However, treatment area of structural BMPs are quite tricky, and defined differently across 

studies.  In addition to the land area utilized to establish BMPs, contributing upstream cropland 

in the drainage area is also affected.  For consistency, treatment area of each structural BMPs is 

defined specifically in Table 4.1.  Table 4.1 illustrates definition of treatment area of each 

structural BMP, involving buffer strips, grassed waterways, water and sediment control basins, 

controlled tile drainage and livestock exclusion.  Treatment area of buffer strips involve land area 

taken out of production for buffer establishment and drained cropland in the upstream area.  
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Similarly, treatment area of grassed waterways and WASCoBs are composed of two parts, 

drainage area and land area used for BMP establishment. Treatment area of controlled tile 

drainage is the land area drained by the tile drainage system.  Implementation of livestock 

exclusion from waterways excludes part of riparian pasture from grazing.  Treatment area 

involves both the excluded riparian pasture and grazing pasture field with fence. 

With clear definition, treatment area of each BMP can be identified consistently.  Treatment 

area of a BMP is obtained from original studies with available information.  However, some 

studies did not provide a clue to estimate treatment areas.  Corresponding, assumptions by author 

are applied in each particular study.  Appendix Table 4 contains all assumptions and adjustment 

concerning treatment area in the notes.  

4.3.2 Abatement Level of Phosphorus Emission 

A substantial number of research have examined abatement level of various agricultural BMPs 

to improve water quality.  Estimation of abatement level requires measurements of phosphorus 

loss from a given area pre- and post-BMP installation.  The difference of phosphorus emission 

levels between pre- and post-BMP establishment is defined as abatement level of a BMP.  The 

change could be negative or positive.  Generally, abatement level is positive, indicating that 

phosphorus loss decreased with a BMP implemented.  

    There are two main measures of phosphorus loading to assess the effect of BMPs on excess 

phosphorus emission: concentration6 and discharge or loading7.  In order to obtain exact amount 

of phosphorus loss reduction due to BMP implementation, loading is chosen as the measurement. 

																																								 																				 	
6 According to US EPA, discharge or loading measures the rate of mass, weight, or volume 
transport of some constituent, typically reported in units like tons/day, pounds/day, 
kilograms/hectare, etc.  
7 According to US EPA, concentration measures the mass, weight, or volume of a constituent 
relative to the volume of transporting fluid, or fluid-constituent mixture, typically reported in 
units like mg/L, ppm, etc.  
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I use the amount of excess phosphorus loading trapped per hectare of treatment area owing to a 

BMP implementation as the measurement of abatement level.  Annual P loading are averaged 

onto treatment area of a BMP.   Estimation of abatement level is calculated by the following 

equation. 

        /!0	"23456574	8595: = 	 <==>?@	AB&?@	C'D>E&%B=	%=	+FB$GFBH>$	IJ%$$%B=	
AH'?&J'=&	<H'?

	                   (4.1) 

Diverse units across studies are converted to metric units.  The unit of abatement level is 

unified into kilogram per hectare per year (kg/ha/yr).   

4.3.3 Economic Costs of Establishing Beneficial Management Practices  

On-farm economic costs of BMPs are the change in net returns on farm pre- and post-BMP 

implementation, including installation, operation and maintenance, and opportunity costs 

resulting from foregone interest, depreciation, cropland acreage change and yield change. 

Equation 4.2 shows the formula to estimate total economic costs of a BMP.  

																						KL43:	#LM4 = 	∆O = ΠQ?$'@%=' R, T, U, V 	− Π)*+ R, T, U, V 																													(4.2)   

where Π)*+ and ΠQ?$'@%=' are functions of net returns per farm, 

          R is a vector of outputs on farm, including crops and livestock,  

          T is a vector of prices of outputs on farms,  

              U is a vector of inputs on farms,  

          V is a vector of prices of inputs on farms,  

In this thesis, I define BMP cost as total economic costs averaged onto treatment area, 

indicating on-farm net return change per hectare of treatment area after implementing a BMP.  

Equation 4.3 illustrates the standard approach to estimate annual farm-level economic cost of a 

BMP on a representative farm.  

                                              /!0	#LM4 = AB&?@	)*+	]B$&

AH'?&J'=&	<H'?$
                                                  (4.3) 
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    Units of currency are converted into 2016 Canadian dollars according to USDA real annual 

country exchange rates and annual average CPI. Appendix Table 5 lists annual exchange rate and 

CPI in Canada from 1980 to 2016.  Unit adjustment is based on values in the table.   

    Annual total BMP cost is the sum of annualized installation cost, maintenance and opportunity 

cost.  Annualizing installation cost is a key step included in BMP cost estimation.  Installation 

costs happen in the first year.  Therefore, there are some aspects that are considered during the 

estimation: (1) Time frame: when assessing the economics of BMPs, the “time horizon”, or 

lifespan really matters. (2) Discount rate: the discount rate is a commonly published value used 

in amortizations. Hence, installation cost can be annualized using the following net present value 

annuity formula: 

																																																"77^3:_`5a	bLM4 =
Hc

-d(-eH)fg
                                                        (4.4) 

where r is the discount rate; 

           I is the installation cost; 

           n is the time horizon of the lifespan or evaluation.  

    In this study, discount rate is 5% based on USDA ERS Agricultural Services, Index for Prices 

Paid, and consistent with assumption of EPA cost estimations.  However, economic evaluation of 

BMPs in each specific study varies extensively resulting from diverse methods, assumptions 

(e.g.  lifespan of BMP), interest rate and data limitations.  Furthermore, cost estimates are usually 

not transparent.  It is difficult to adjust based on original results.  Lastly, data is limited on a 

specific site, which makes accurate estimation less practical.  

4.3.4 Abatement Cost of Beneficial Management Practices in Reducing Phosphorus 

Abatement cost is defined as BMP cost for per unit phosphorus reduced.  Equation 4.5 

illustrates the approach to estimate abatement cost of a BMP i with BMP cost and abatement 
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level estimates.  

                                 			/!0	"23456574	#LM4 = )*+	]B$&

<Q?&'J'=&	h'i'@
                                        (4.5) 

The unit of abatement cost is unified into dollars spent for per kilogram phosphorus loss 

reduced ($/k).  Diverse units across studies are converted to metric units.  And units of currency 

are converted into 2016 Canadian dollars based on Appendix Table 5.  

4.4 A Summary of Dataset 

There is a total of 398 articles fulfilling the selection criteria.  Most studies have multiple 

results where various BMPs under diverse scenarios are examined in individual studies. In total, 

there are 192 data points obtained. Appendix Table 4 lists relevant information of the whole 

dataset in the order of publication time from 1984 to 2016, involving author, date, study location, 

study type, commodity, BMP, abatement level, economic cost and abatement cost.  

There are 12 articles examining both abatement level and economic costs of no-till with 21 

data obtained.  These studies include no-till in corn-soybean rotations in Pennsylvania by 

Crowder and Young (1985), corn-soybean-wheat rotations in Great Lakes Basins by DPRA 

(1989), continuous corn in Pennsylvania by Epp and Hamlett (1996), corn-soybean rotations in 

Iowa by Keith et al.  (2000), corn-grain sorghum in Kansas by Devlin et al.  (2003), corn-

soybean rotations in Iowa by Czapar et al.  (2006), continuous corn in Michigan by Kieser and 

Associates (2008), corn-soybean rotations in Kansas by Williams et al.  (2012), corn-soybean-

winter wheat rotations in Ontario by Yang et al.  (2013), continuous corn in New York by 

Ghebremichael et al.  (2013), corn-soybean-wheat and corn-barley-wheat rotations in Virginia by 

Movafaghi et al.  (2013), corn-soybean production by York County Coalition for Clean Waters 

																																								 																				 	
8 Studies referred for cost estimates are not counted here.  Article #30, #31 and #37 are two 
combined studies to obtain abatement cost.  
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(2013) in Pennsylvania, and corn-soybean rotations in Vermont by Henderson (2015).   

Nine articles focus on conservation tillage with 17 data points obtained.  These studies include 

chisel plow in corn-soybean rotations in Pennsylvania by Crowder and Young (1985), corn-

soybean rotations in Ohio and corn-soybean-wheat production on Great Lakes Basins, 

continuous corn in Pennsylvania by USDA (1992), continuous corn production in Wisconsin by 

Kramer (1999), corn-soybean-wheat rotations in Ontario by Stonehouse (1999), corn-grain 

sorghum in Kansas by Devlin et al.  (2003), corn-soybean production in Minnesota by Johansson 

et al.  (2004), continuous corn in Pennsylvania by Sharpley et al.  (2006), and corn-soybean 

rotations in Illinois by Illinois Nutrient Loss Reduction Strategy (2016).  Different from other 

eleven empirical studies, DPRA (1989) is a synthesis study summarizing costs and effectiveness 

from previous empirical studies around Great Lake Basins.  

There are 5 and 4 articles estimating costs and phosphorus abatement of crop nutrient 

management without and with manure application on crop farms, with 15 and 12 data points 

obtained respectively.  Studies examining nutrient management with only fertilizer application 

include fertilizer rate restriction and application timing in corn-soybean production in Iowa by 

Keith et al. (2000), fertilizer application rate reduction in corn-soybean production in Minnesota 

by Westra et al. (2002), fertilizer application method (subsurface application) in corn-sorghum in 

Kansas by Devlin et al. (2003), fertilizer application rate reduction and fertilizer incorporation in 

corn-soybean production in Minnesota by Johansson et al. (2004), fertilizer application rate 

reduction in corn production in Michigan by Kieser and Associates (2008), optimum fertilizer 

application rate in corn-soybean-winter wheat rotations in Ontario by Yang et al. (2013), and 

fertilizer application rate reduction in corn-soybean production in Illinois by Illinois Nutrient 

Loss Reduction Strategy (2016).  Studies examining nutrient management with manure 
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application include adjustment of fertilizer and manure application rate, timing and method by 

Epp and Hamlett (1996) in Pennsylvania, rate and method adjustment in corn production in Iowa 

by Keith et al. (2000), manure incorporation in Pennsylvania by Rotz et al. (2001), manure 

incorporation in corn-sorghum production in Kansas by Devlin et al. (2003), fertilizer and 

manure application rate restriction in corn production of Virginia by Honham et al. (2006).  

There is a total of 7 articles assessing abatement costs of cover crops included in the meta-

analysis, including rye in continuous corn in Michigan by Kieser and Associates (2008), red 

clover in corn-soybean-winter wheat rotations in Ontario by Yang et al.  (2013), rye in 

continuous corn in Vermont by Ghebremichael et al. (2013), various types of covers in corn-

soybean rotations in Michigan by Mutch et al. (2012), rye in corn-soybean rotations in Vermont 

by Henderson (2015), rye in corn-soybean rotations in Illinois by Illinois Nutrient Loss 

Reduction Strategy (2016).  There is a total of 10 data points obtained.  

Buffer strips are examined extensively across studies as a common BMP.  In total, 16 articles 

with 36 data points are covered.  These articles include Peterjohn and Correll (1984) in 

Maryland, Stonehouse (1999) in Ontario, Devlin et al.  (2003) in Kansas, Qiu (2003) in 

Missouri, Lee et al.  (2003) in Iowa, Bonham et al.  (2006) in Virginia, Sharpley et al.  (2006) in 

Pennsylvania, Liu et al.  (2007) in Ontario, Helmers et al.  (2008) in Kansas and Iowa, Kiesser 

and Assoicates (2008) in Michigan, Duchemin and Hogue (2009) in Quebec, Williams et al.  

(2012) in Kansas, Movafaghi et al.  (2013) in Vermont, Henderson (2015) in Vermont, and 

Illinois Nutrient Loss Reduction Strategy (2016) in Illinois.  

Grassed waterway is less examined by researchers comparing to other BMPs. There are 5 

studies examining cost-effectiveness of grassed waterways, including empirical studies by 

Crowder and Young (1985) in Pennsylvania, Keith et al. (2000) in Iowa, Williams et al. (2012) 
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in Kansas, and Henderson (2015) in Vermont, and one literature synthesis by DPRA (1989) in 

the Great Lakes Basin.  And 5 data points are obtained.  

Water and sediment control basins (WASCoBs) are a costly BMP, less examined by previous 

studies.  There are 4 studies focusing on WASCoBs with 37 data points obtained.  Three out of 

these four are empirical studies by Epp and Hamlett (1996) in Pennsylvania, Czapar et al.  

(2006) in Iowa and Yang et al.  (2013) in Ontario, and one is a synthesis of previous empirical 

studies by DPRA (1989).  Although limited articles examining WASCoBs, Yang et al. (2013) 

provided real cost estimates and simulated abatement level of 32 specific basins in Ontario.  This 

previous piece of information fills the gap.  

Currently, there are no studies examining both environmental and economic effects for 

Controlled Tile Drainage (CTD).  Effectiveness are reported by Tan et al. (2007) in Ontario, 

Evans et al. (2010) in North Carolina, Feser et al. (2010) in Minnesota, Tan and Zhang (2011) in 

Ontario, and Que et al. (2015) in Ontario. In order to obtain abatement costs of Controlled Tile 

Drainage (CTD), cost estimations of controlled tile drainage are based on Crabbé et al. (2012) 

with corn and soybean production in Ontario and Drainage Water Management for Midwestern 

Row Crop Agriculture (2010).  

BMPs on livestock farms included livestock nutrient management and livestock exclusion. 

There are 6 articles focusing on livestock nutrient management, with 24 data points obtained. 

There are 4 articles assessing cost-effectiveness of livestock exclusion, with 7 data points 

obtained.  These studies involve livestock exclusion on a dairy farm in Pennsylvania by Galeone 

(1999), on a dairy farm in Vermont by Meals (2001), on a cattle farm in Alberta by Miller et al. 

(2010), and on a dairy farm in Pennsylvania by York County Coalition for Clean Waters (2013).  

Cost-effectiveness results in these four studies are not available directly.  
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Figure 4.1 summarizes study studies sites covered in the meta-analysis. Three provinces in 

Canada are included, involving Ontario, Quebec, and Alberta.  14 states in the United States, 

including Vermont, Maryland, New York, Pennsylvania, Virginia, North Carolina, Ohio, 

Michigan, Wisconsin, Illinois, Minnesota, Iowa, Missouri, and Kansas are covered in the meta-

analysis.  Table 4.3 summarizes 39 reviewed studies by locations.  Out of 39 studies, 22 studies 

are located in the Great Lake Region.  BMPs are assessed extensively in the Great Lake Region 

with 141 data points out scattered.  Ontario and Pennsylvania are two key locations examined 

with BMP implementation. Table 4.3 summarizes 39 studies by period.  Out of all 39 articles, 28 

articles are conducted after 2000.  Comparing to limited studies before 1999, studies conducted 

between 2000 and 2009 are 15, and 13 after 2009.  Most data points used in meta-analysis come 

from the period after 1999, which can better capture more recent situations.  The variety of 

practices being examined increased.  In particular, crop nutrient management and controlled tile 

drainage are two promising conservation practices that are being implemented and examined 

recently.   

4.5 Scatterplot of BMP Abatement Level, Cost, and Abatement Cost 

After building up the dataset, distribution of abatement level, economic cost and abatement 

level of each data point is present using scatterplot.  I utilize the scatterplot to double check data 

accuracy in case any mistake exists. Figure 4.2 illustrates scatterplot of abatement level of each 

data point.   Most abatement level values located in the very bottom.  There are 10 outliers with 

abatement level larger than 7 kg/ha/yr.  These outliers come from 5 studies by USDA (1992) 

(data point #13), Epp and Hamlett (1996) (data point #15, #18 and #21), Stonehouse (1999) (data 

point #46, #47), Czapr et al. (2006) (data point #89, #90), Duchemin and Hogue (2009) (data 

point #118, #119).  USDA (1992) examined conservation tillage on a crop farm in Pennsylvania 
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with corn planted.  It is reported that 12.3 kg/ha/yr phosphorus loading was reduced from 

baseline after implementing conservation tillage. Epp and Hamlett (1996) reported that 

implementation of no-till, livestock nutrient management and WASCoBs on a corn-based farm 

in the Union site reduced 7.17 kg/ha/yr, 7.17 kg/ha/yr and 8.83 kg/ha/yr respectively. Stonehouse 

(1999) applied a simulation model to examine phosphorus loss reduction with conservation 

tillage and buffer strips implemented.  It is reported that 37.2 kg/ha/yr and 31.0 kg/ha/yr 

phosphorus emission were reduced from baseline.  These two values are obtained directly from 

the original study, but extremely far from the rest of observations.  Czapar et al. (2006) showed 

that phosphorus emission was reduced by 11.2 kg/ha/yr and 12.9 kg/ha/yr with no-till and 

WASCoBs implemented on a corn-soybean form in Iowa. Duchemin and Hogue (2009) 

examined buffer strips on a corn-based farm. They showed that 7.96 kg/ha/yr and 7.86 kg/ha/yr 

phosphorus emission were reduced from baseline with a 5-m grass buffer and grass/tree buffer 

respectively.  

    Figure 4.3 illustrates scatterplot of economic costs of each data point across studies. Out of 

178 data points, 160 data points are within -$110/ha/yr to $110/ha/yr.  There are 12 data points 

far away from the majority, obtained from 10 studies by Peterjohn and Correll (1984) (data point 

#1), DPRA (1989) (data point #12), Epp and Hamlett (1996) (data point #14, #20), Kramer 

(1999) (data point #38, #39, #45), Bonham et al. (2006) (data point #82, #83), Czapr et al. 

(2006) (data point #90), Duchemin and Hogue (2009) (data point #118, #119), Yang et al. (2013) 

(data point #170), Ghebremichael et al. (2013) (data point #179, #180, #181) and Henderson 

(2015) (data point #184).  Ghebremichael et al. (2013) found that no-till implementation in New 

York on a corn-dairy farm increased net returns by $393.63/ha/yr.  

Figure 4.4 illustrates scatterplot of abatement cost of each data point.  There are 21 extreme 
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outliers far away from the majority and 5 infinite values.  Yang et al. (2013) found that 

abatement costs of three specific WASCoBs in Ontario are $819/kg, $1,052.57/kg and 

$1,065.93/kg respectively (data point #167, #170, #178).  These three values are obtained 

directly without adjustment (data point #60, #64, #66).  Abatement costs of crop nutrient 

management in Minnesota by Westra et al. (2002) ranged from $1,066.73/kg to $1,227.73/kg 

assuming that treatment area is all cropland area in the whole watershed.  Bonham et al. (2006) 

examined crop nutrient management on a corn-based farm in Virginia.  Abatement costs under 

two simulation models are both beyond $1,000/kg (data point #82, #83).  And implementation of 

buffer strips on the farm costs $2,828.28/kg to reduce per kilogram phosphorus loading (data 

point #84).  It is because buffer strips are not effective in reducing phosphorus loss at 0.022 

kg/ha/yr in this study.  Ghebremichael et al. (2013) also examined buffer strips on a corn-dairy in 

Vermont. Abatement cost of buffer strips was estimated to be $1,285/kg for per kilogram 

phosphorus reduced (data point #181).  In addition, Ghebremichael et al. (2013) reported that 

application of no-till on a corn-dairy farm in New York increased net returns by $605.59/kg for 

per kilogram phosphorus mitigated.  Feser et al. (2010) examined effectiveness of controlled tile 

drainage in reducing phosphorus emission. No yield benefits are observed in the experiment.  

Therefore, economic costs of controlled tile drainage in this case only involve installation and 

maintenance costs. Cost estimates of installation and maintenance are referred to Drainage 

Water Management for Midwestern Row Crop Agriculture (2010).  Abatement level of 

controlled tile drainage is $2,828.28/kg because only 0.010 kg/ha/yr phosphorus loss was 

reduced by the drainage system as reported (data point #121).   

    Throughout the process, dataset is double checked to avoid artificial errors.  Figure 4.2, Figure 

4.3 and Figure 4.4 present that extreme outliers exist in the estimates of abatement level, 
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economic costs and abatement costs.  These outliers should be considered carefully during the 

process of data analysis.  Identifying and dropping these outliers for data analysis are discussed 

in the next chapter.   

4.6 Summary  

In this chapter, I discussed all literature searching and data collection procedures.  Following 

the selection criteria of relevant literature, I obtained 192 estimates of abatement level, costs and 

abatement costs from 39 articles.  Afterwards, I unified these estimates of each BMP into the 

same units following four general conventions.  Appendix Table 4 discussed all these procedures 

in detail.  The database is constructed finally, compromising of BMP effectiveness, costs and 

abatement costs estimates.  This dataset will be further analyzed in the following chapter.  
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5.  Chapter 5 Results and Discussion 

5.1 Introduction 

 The purpose of this chapter is to present the results of meta-analysis on BMP abatement cost 

in reducing phosphorus emission with similar context of Ontario.  There are four sections in this 

chapter.  First, I summarize abatement level, economic cost and abatement cost of BMPs by 

category.  Second, I test statistically significant differences using median values of abatement 

level, cost and abatement cost respectively.  Finally, I apply a regression model to examine the 

effects of abatement level, BMP category and locations on abatement costs in reducing 

phosphorus emission.  This thesis chapter revealed controlled tile drainage, no-till and buffer 

strips are three top-performing BMPs in reducing phosphorus with the least cost generally, but 

heterogeneity of specific sites should be considered carefully when applying BMPs.  

5.2 Distribution of Abatement Costs of 9 Selected BMPs in Reducing Phosphorus 

In this section, I examine field-level abatement level, economic costs, and abatement costs in 

reducing phosphorus emission of 9 selected BMPs on crop and livestock farms.  Generalization 

of each type of BMPs is discussed.  I mainly use box and whisker plots to explore distribution of 

field-level abatement costs.  Before proceeding to results discussion, general knowledge of 

distribution and box and whisker plot is discussed first.  

Quartiles are important indicators of distribution.  If a data set of values is arranged in 

ascending order of magnitude, then the whole data set can be divided into four parts using 

quartiles.  Figure 5.1 illustrates quartiles of an ascending data set.  The median (Q2) is the middle 

value of the data set.9  The lower quartile (Q1) is the median of the lower half of the data set, 

																																								 																				 	
9 The formula to obtain the median is “!5a_37 = -

.
(7 + 1)” where n is the number of data 

values in the data set.  
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indicating that 25% of values in the data set are lower or equal to Q1.10 It is the bottom of the 

first quartile and the top of the second quartile. The upper quartile (Q3) is the median of the 

upper half of the data set, meaning that 75% of values in the data set are lower or equal to Q3.11 

It is the bottom of the third quartile and the top of the fourth quartile. In other words, 25% if 

values in the data set are higher or equal to Q3.  Minimum and maximum values are denoted as 

Q0 and Q4 respectively. The interquartile range was present, as the distance between 25% and 

75% of the data, which is a good indicator of variation since it reduces the influence of outlines. 

It describes the middle 50% of the data values, defined in equation 5.1.   

																																																					lmn = m3 − m1																																																		 5.1 		 

A whisker and box plot (also called boxplot), is a graph that presents information from a five-

number summary, including maximum, 3rd quartile (Q3), median, 1st quartile (Q1) and 

minimum.  It is useful for comparing distributions, and indicating whether a distribution is 

skewed and whether there are any outliners in the data set.  Figure 5.2 illustrates a whisker and 

box plot. The top and bottom of the box are the upper quartile (Q3) and lower quartile (Q1) 

respectively, so the box spans the interquartile range.  This means that middle 50% of values lie 

within the box.  The median value (Q2) is marked by a vertical line inside the box. The T-bars 

that extend from the box are called inner fences or whiskers.  Inner fences or whiskers extend to 

1.5 times the height of the box or, if no data point has a value in that range, to the minimum or 

maximum values.  And the boxplot also identifies extreme values which do not fall in the inner 

fences.  Outliners are data points with values between 1.5 and 3 times of the interquartile range 

																																								 																				 	
10 The formula to obtain the lower quartile is “m1 = -

q
(7 + 1)” where n is the number of data 

values in the data set.  
11 The formula to obtain the upper quartile is “m3 = r

q
(7 + 1)” where n is the number of data 

values in the data set.  
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(IQR) away from the box, marked as small circles.  Extreme outliers are cases with values more 

than 3 times of the interquartile range (IQR) from the box, marked as stars in the plot.  

5.2.1 Reduced Tillage 

There are 12 (21 data points) and 9 studies (17 data points) examining conservation tillage and 

no-till respectively.  Table 5.1 summarizes descriptive statistics of abatement level, costs, and 

abatement costs of no-till and conservation tillage, involving minimum, Q1, median, mean, Q3, 

maximum and standard deviation values.  There is not much difference in medians of abatement 

level between conservation tillage and no-till.  Phosphorus reductions with conservation tillage 

ranged from 0.177 kg/ha/yr to 37.2 kg/ha/yr, with a mean of 3.83 kg/ha/yr and a median point at 

1.48 kg/ha/yr.  In comparison, no-till performs slightly less effective, which reduced phosphorus 

by 2.39 kg/ha/yr on average and 1.41 kg/ha/yr of median point.  However, conservation tillage 

has a larger variance in effectiveness, indicating that specific phosphorus loading with 

conservation tillage relies more on site-specific situations.  In terms of median economic costs, 

costs of equipment switching, operating cost savings and potential yield response are considered.  

Considering median points, annual economic costs of no-till are $4.90/ha/yr, comparing to 

conservation tillage at $61.01/ha/yr.  Reduced tillage saves on-farm costs for less machinery, 

labor, time, fuel, but the use of pesticides increased correspondingly.  Cost estimation of reduced 

tillage highly depends on the specific modelling applied.   

Combining cost and effectiveness, no-till is a much more efficient tillage system, whose 

abatement cost is negligible ($2.94/kg) considering median point, and even bringing gains to net 

returns ($45.63/ha/yr) on average.  Nevertheless, conservation tillage reduced annual farm 

returns considerably generally, ranging from $41.9/kg to $61.95/kg.  The abatement cost of no-

till and conservation tillage is present in the plot box in Figure 5.1.  Middle 50% of no-till 
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abatement cost lies below 0, indicating that generally no-till is a preferably cost-effective 

conservation practice for reducing phosphorus emission.  In comparison, middle 50% cases of 

conservation tillage are positive, indicating additional costs incurred by conservation tillage.  At 

places with similar context as Ontario, no-till performs much more cost-effective than 

conservation tillage.   

What should be emphasized is that specific site factors should be considered carefully.  Miller 

et al. (2012) reported that soil type, crop type, slope and climate play a pivotal in deciding which 

method is the most effective and profitable. And conservation tillage is most effective on well 

drained soils while may delayed field access on poorly drained soils.  Although crop type and 

climate are similar for articles included in the meta-analysis, soil type, slope and drainage are not 

controlled across studies.  

5.2.2 Crop Nutrient Management  

There are 5 (15 data points) and 4 studies (12 data points) examining crop nutrient 

management without and with manure application respectively.  Figure 5.2 summarizes 

abatement level, cost and abatement cost of crop nutrient management implementation.  On crop 

farms with fertilizer application only, nutrient management is not a highly effective practice in 

reducing phosphorus, which mitigated total phosphorus loading from cropland by 0.210 kg/ha/yr 

on average.  The median of abatement level with nutrient management without manure is 0.096 

kg/ha/yr, which is very least effective.  In comparison, with both manure and fertilizer 

application on farms, nutrient management is a relatively effective practice for phosphorus 

reduction.  There are a wide range of economic costs of crop nutrient management practices, 

ranging from -$105.60/ha/yr to$280.34/ha/yr.  In terms of abatement cost, nutrient management 

practices with manure application performs better than without manure application on crop 
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farms.  Median abatement cost of nutrient management with manure application is $42.21/kg 

comparing to $175.49/kg without manure application.  On average, crop nutrient management 

with manure application is more cost-effective at $140.52/kg, while abatement cost increased up 

to $349.42/kg for crop nutrient management without manure application.  Figure 5.4 presents 

distribution of abatement costs for crop nutrient management practices without and with manure 

application.  Middle 50% of abatement costs for crop nutrient management without manure 

application are above 0 up to $449.97/kg.  Around 25% of abatement costs for crop nutrient 

management with manure application are located below 0, indicating that farm-level net returns 

increased with nutrient management implementation.   

Nutrient management involves several elements, including application rate, timing, method, 

and source management.  Table 5.3 summarizes abatement costs of nutrient management with 

and without manure application by application rate, timing and method.  P application rate limit 

on farm with only fertilizer application is relatively expensive with $87.11 for per unit kilogram 

P reduced from cropland.  In comparison, fertilizer incorporation is more efficient strategy, 

which only cost $13.91 per hectare.  However, on crop farms with both manure and fertilizer 

application, P application limit is a more efficient choice for reducing phosphorus at $8.28/kg, 

relative to changing application method with $131.01/kg and alternative manure handling 

methods (i.e. composing and hauling) with $431.62/kg.  

The reason for that comes from two aspects: (1) reducing phosphorus application rate on crop 

farms is the least effective conservation practice in mitigating phosphorus loading relative to 

changing application timing and method on farms without manure application, at 0.096 kg/ha/yr 

in general.  One major site characteristics accounting for the wide variance of nutrient 

management is the heterogeneity in nutrient balance across different fields.  On farms with only 
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fertilizer applied, phosphorus application rate is usually close to the optimum rate since it is easy 

to obtain the phosphorus content level.  Therefore, reducing phosphorus rate does not perform 

effectively since excess phosphorous is limited.  And alternative application procedure is the 

most efficient strategy for farms without manure application with abatement cost of $1.04/kg.  

However, on farms with manure application, phosphorus level contained in manure is usually 

unknown.  Excess phosphorous in this case is much larger, and P application rate limit acts more 

effective.  While on farms with manure application, P rate reduction is more effective than 

application method by 0.336kg per hectare per year.  (2) In terms of economic costs either on 

farms with and without manure application, costs associated with injecting or otherwise 

incorporating fertilizer requires more input costs, including machinery purchase, operation, 

associated labor and fuel costs.  In comparison, phosphorus application limit is less costly which 

included soil testing generally, even saving costs on farms with less fertilizer purchased and less 

manure applied.  Implementation of nutrient management practices that are designed to ensure 

that excess nutrients are not applied on lands, will inevitably increase transport costs to distant 

areas on the farm, even to other farms. 

Alternative fertilizer application timing, is relatively effective in reducing phosphorus loading, 

but corresponding costs are much higher since split applications are implemented in this case.   

More assessment of alternative application timing needed to be conducted to evaluate switching 

from autumn to spring application.  Multi-practices include P application rate limit and timing 

changing is not a highly cost-effective strategy on crop farms without manure application.  And 

combination of P application rate restriction with manure hauling off and composting on farms 

with manure application is the least cost-effective approach with associated abatement costs at 

$431.62 for per kilogram P reduced.  Composting manures is becoming an increasingly popular 
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option for farmers to stabilize nutrients, allowing farmers to have a smaller amount of material to 

spread, and have a more pleasant material to spread. 		More combinations of nutrient 

management practices should be assessed to explore cost-effective scenario.  

Nutrient management on crop farm is a relatively widely explored practice strategy.  However, 

more research is needed in many areas to better understand optimum nutrient rate, application 

timing, and most effective methods to reduce nutrient runoff while increasing productivity.  And 

evaluating P placement methods on both short and long term P loss needs more emphasis.  

5.2.3 Cover Crops  

There are 7 studies examining cover crops with 10 data points obtained.  Figure 5.5 

summarizes abatement level, cost and abatement cost of cover crops on crop farms in reducing 

phosphorus emission. Cover crops reduced excess phosphorus emission ranging from 0.250 

kg/ha to 1.62 kg/ha per year due to sediment reduction by cover protection during winter, 

nutrients uptake and soil filtration.  In terms of associated economic cost estimation of cover 

crops, associated seed, planting and termination costs are major components.  Yang et al.  (2013) 

examined red clover in Ontario, which reduced P by 0.463 kg/ha/yr while increased net returns 

by $10.76/ha/yr.  In this case, red clover as a legume, has nitrogen credits for the following crop, 

reducing actual fertilizer farmers would normally purchase.  Therefore, cost savings could offset 

establishment cost, broadcast spreading cost and crop insurance costs.  For all the rest of studies 

included in the meta-analysis for cover crops, rye is applied and net costs to farms are observed, 

ranging from $10.76/ha/yr to $277.20/ha/yr.  N credits are not included in their cost estimation.  

In summary, abatement cost of cover crops ranged from -$23.23/kg to $452.77/kg with median at 

$59.65/kg for per kilogram phosphorus emission reduced.  

  Regardless of the specific production choices, most of the costs associated with the cover 
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crop will be (1) establishment including seed costs and planting costs, (2) termination costs of 

cover crop for the following crop either by herbicides or tillage, and (3) cost savings of fertilizer 

because of nitrogen credits by legume cover crops.  Additionally, the lifespan of cover crops is 

also important for economic assessment.  According to the USDA (2011), net benefits of cover 

crops into a corn/soybean rotation are estimated with negative returns within less than 10 years, 

while they bring net returns for farmers after 10 years since soil organic matter increased due to 

cover crops. Therefore, cover crop may be a profitable practice in the long run.  Although there is 

a wide acknowledge of the phosphorus reduction by cover crops, research is limited to quantify 

this reduction. 

5.2.4 Buffer Strips 

Buffer strips is a widely explored BMP.  There are 16 studies examining buffer strips with 34 

data points obtained.  Figure 5.6 summarizes abatement level, cost and abatement cost of buffer 

strips on crop farms in reducing phosphorus emission. Buffer strips are an effective practice to 

reduce phosphorus, with 2.30 kg captured by buffers for per hectare cropland served (drained) 

per year from runoff into streams on average.  Median of abatement level is 0.567 kg/ha/yr 

representing the central tendency.  Nieber et al. (2011) summarized two literature reviews 

showing that total phosphorus removal could be represented as a function of buffer width 

according to the following equation 5.2.  

																																												s = 15.84 ln w + 5.9																																																		(	5.2) 

where y is removal efficiency as percentage of total phosphorus reduced due to buffer strips       

and   

        x is the width of the buffer strip in feet.  

In addition to buffer width, Miller et al. (2012) reported that flow concentration, soil type and 
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age of vegetation are important factors for effectiveness of buffer strips as well.  

 The cost of buffer strips depends on amount and the value of the land taken out of production, 

buffer installation costs, plant establishment costs and maintenance costs.  On average, buffer 

strips on cropland would generate $44.63/ha/yr for per hectare cropland treated by the strips.  

The median value of economic costs establishing buffer strips is much lower at $16.83/ha/yr.  In 

general, buffer strips are an efficient practice for phosphorus mitigation with low abatement costs 

in reducing phosphorus from cropland, with median annualized abatement cost of buffer strips at 

$14.06 for per kilogram phosphorus reduced, and a range from $5.71/kg to $33.79/kg in general 

cases (middle 50% cases).  It is the most cost-effective structural BMP in reducing phosphorus 

without affecting crop yields.  

5.2.5 Grassed Waterways  

Similar with buffer strips, grassed waterways are vegetation structures installed on agricultural 

fields to capture sediment and sediment-bound nutrients through filtering and volume reduction.  

Additionally, grassed waterways are an important BMP wherever concentrated flows occur to 

control gully erosion on steeper slopes, while buffer strips perform more efficient with uniform 

runoff.  There are 5 studies examining grassed waterways with 5 data points obtained.  Figure 5.7 

summarizes abatement level, cost and abatement cost of grassed waterways on crop farms in 

reducing phosphorus emission.  Excess phosphorus reduced by grassed waterways ranged from 

0.302 kg/ha/yr up to 2.92 kg/ha/yr, which is more effective than buffer strips in general.  

Economic costs of establishing grassed waterways ranged from $6.70/ha/yr to $44.45/ha/yr for 

per hectare treatment cropland.  Abatement cost of grassed waterways is $36.85/kg for per unit 

kilogram phosphorus conserved.  The median abatement cost of grassed waterways is $8.24/kg.  

One reason explaining the difference in abatement costs is due to the design of grassed 
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waterways based specific site conditions.  DPRA (1989) present that costs for grassed waterways 

are quite site-specific, as size of the waterways are a function of the watershed slope and acres 

drained.  Serving areas from studies in the meta-analysis have a wide range, from 40 to 75 acres 

and larger areas.  Another reason for the variance of abatement costs of grassed waterways is 

lack of consistency of cost estimation of grassed waterways.  Cost of grassed waterways is 

comprised of earthmoving and shaping, seeding and fertilizing expenses.  And annual operation 

and maintenance costs are typically estimated as a percentage of the initial investment, ranging 

from 5 percent to 10 percent.  Particularly, Crowder and Young (1985) estimated costs of grassed 

waterways on a farm in Pennsylvania as opportunity cost taken out of production.  Keith et al.  

(2002) also consider land shaping costs in addition to opportunity. While Williams et al.  (2012) 

and Henderson (2015) only included investment cost, and annual operation and maintenance 

costs in their assessment without considering opportunity costs. Johnson (2011) conducted the 

most comprehensive economic evaluation, compromised of seedbed preparation, seeding, land 

shaping, establishment cost and opportunity cost in total.  

5.2.6 Water and Sediment Control Basins 

Although WASCoBs is not a popular BMP examined widely with only 4 available studies, 

Yang et al. (2013) provided abatement level and cost estimates of 32 specific WASCoBS in 

Ontario.  There are 37 data points obtained.  Figure 5.8 summarizes abatement level, cost and 

abatement cost of WASCoBs on crop farms in reducing phosphorus emission.  Through 

detaining and releasing sediment and nutrient-laden water with a piped outlet or through 

infiltration from upstream contributing areas, sediment basin performs most effectively in 

reducing phosphorus with 5.893-kilogram phosphorus reduction for per hectare drainage area in 

general.  Gassman et al. (2006) found 80% reduction in sediment-bound phosphorus using the 
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APEX model, and 64% and 74% reduction using SWAT for sediment and organic P respectively.  

Therefore, WASCoBs is a preferable choice considering effectiveness in reducing phosphorus.  

However, substantial costs of constructing and maintaining sediment basins is often cited as their 

major disadvantage.  On average, annual average cost of establishing WASCoBs is over 

$77.93/ha/yr per hectare land area treated, comprised of construction costs, including earthwork 

and outlet construction, operating and maintenance costs, like mowing vegetative cover in the 

around the basin and periodically cleaning out material accumulating in the basin.  Abatement 

costs of WASCoBs range from $1.88/kg to $1,065.93/kg for per kilogram P reduced due to wide 

range of abatement level and implementation costs.  On average, abatement cost of WASCoBS is 

$277.10 on average for per kilogram phosphorus loading reduction, which is a least cost 

effective practice.   

Typically, WASCoBs associated costs include (1) construction costs compromising costs of 

earth work and outlet installation, (2) annual operation and maintenance costs, usually taken as a 

certain percentage of installation cost, (3) interest opportunity cost due to large amount of capital 

investment for berms, and (4) forgone income cost due to land taken out of production.  Fill 

height of the embankment and sediment basin size are the two key considerations for WASCoBs 

in terms of their abatement cost.  Miller et al.  (2012) presented that the fill height of the 

embankment is dependent on the spacing between two WASCoBs.  Sediment basin size, usually 

expressed in terms of area drained, is a major cost-determining factor, which is dependent on 

several variables including of rainfall, area drained, soil type, and topography.   

Although the use of WASCoBs are widespread and performed highly effective at trapping 

phosphorus, research is lacking in exploring their effectiveness and associated costs.  The usage 

of WASCoBs warrants further consideration.  And it is very expensive for famers to establish the 
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basins, which need financial incentives from governments and conservation organizations.  

Besides, Zhou et al. (2009) and Miller et al. (2012) reported that WASCoBs should be 

constructed where the combination of topography and soils would lead to watercourse or gully 

erosion or otherwise damage the land.  Therefore, WASCoBs is a very promising BMP in areas 

that are prone to erosion, and should be included for incentive payments to mitigate phosphorus 

loading.  

5.2.7 Controlled Tile Drainage 

There are 4 studies examining cover crops with 7 data points obtained.  Figure 5.9 summarizes 

abatement level, cost and abatement cost of controlled tile drainage on crop farms in reducing 

phosphorus emission.  Excess phosphorus reduction attributed to controlled drainage result 

primarily from reductions in water yield volume through a water control structure that effectively 

controls the elevation of the water table.  Based on results from Tan et al. (2007) and Tan and 

Zhang (2012) through field experiments, 0.192 kg/ha phosphorus loading was reduced with 

controlled drainage on average.   

Application of controlled tile drainage is on the basis of an existing tile drained system.  

Typically, the cost of controlled tile drainage is the marginal cost of installing a control structure 

and non-perforated pipe on the existing tile drained system.  The economics of controlled tile 

drainage systems depend on (1) crop yield response, (2) initial capital investment for the 

materials and installation of the system, and (3) any annual operation and maintenance costs, 

such as electricity for pumped outlets.  The control structure is the main component of the tol 

marginal capital cost of adding controlled tile drainage to an existing tile drainage system. 

Crabbé et al. (2002) reported that the cost of a 1.83-meter high by 0.152-meter diameter control 

structure is $988.60 in 2016 Canadian dollars. The total annual cost for the structure including 
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installation, interest, and maintenance is $34.39/ha/yr with a 20-year lifespan.  Additional costs 

of controlled drainage can be offset by gross revenue due to crop yields increase.  Referring to 

Crabbé et al. (2002), an increase of $38.70 on cropland was estimated in Ontario with tile 

drainage updated to controlled drainage.   

Through integrating effectiveness and costs estimations by studies in Ontario, controlled tile 

drainage is a preferable structural practice, with increased farm net returns by $54.51/kg for per 

unit kilogram phosphorus conserved taking the median values.  Therefore, controlled tile 

drainage is profitable structural practice to reduce phosphorus, highly recommended for farms 

with tile drainage on farm.  Miller et al. (2012) illustrates that drainage area, soil types, and 

climate are all important factors for effectiveness.  Evans et al. (1996) showed that drain spacing 

and quality of surface drainage affect profitability of drainage management.  They reported that a 

tile spacing of 75 feet for both fair and good surface drainage incurs the maximum profits with 

highest yields.  Controlled drainage is a relatively new practice but a very promising practice for 

phosphorus reduction, calling for more exploration and emphasis by researchers. 

Iowa State University acknowledged that the most difficult part of computing a tile investment 

analysis is estimating the yield response from the improved drainage.  Table 5.4 shows that 

soybean, wheat and corn yields increased up to 49%, 47.5% and 91% with controlled tile 

drainage based on studies by Colwell (1978), Cooper et al. (1992), etc.  However, there is a 

substantial difference across studies.  Sands et al. (2010) present that the level of yield increase 

for a given year depends greatly on how poorly drained the soul was prior to drainage and the 

timing of seasonal rainfall.  

5.2.8 Livestock Nutrient Management  

    There are 6 studies examining livestock nutrient management with 24 data points obtained.  
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Figure 5.10 summarizes abatement level, cost and abatement cost of livestock nutrient 

management on livestock farms in reducing phosphorus emission.  Abatement cost of livestock 

nutrient management for per kilogram phosphorus reduced from baseline is $95.86/kg on 

average.  However, the median point is $44.07/kg with 1st quartile at $22.85/kg, indicating that 

25% of abatement costs across studies concentrate among this range.  And there is a wide 

variance of abatement costs mainly due to diverse economic costs.  In the bottom, nutrient 

management will increase on-farm net returns by $236.23/kg for per kilogram phosphorus 

conserved.  However, the maximum abatement cost is $230.20/kg.  Therefore, assessing 

abatement costs of nutrient management should consider the particular situation on each site with 

caution.  As Chizmazia (1996) proposed, an efficient NMP is environmentally sound, maximizes 

crop benefits and feed quality, minimizes nutrient loss during manure collection, storage and 

application, and maximizes nutrient uses by crops.  Given these multiple objectives, a NMP has 

to be site-specific to help address production system-specific conditions.   

5.2.9 Livestock Exclusion from Waterways  

There are 4 studies examining livestock nutrient management with 3 data points obtained.  

Figure 5.11 summarizes abatement level, cost and abatement cost of livestock exclusion from 

waterways on livestock farms in reducing phosphorus emission.  Through restricting animals 

with access to water resources so that animal waste cannot be directly deposited into the stream, 

exclusion fencing reduced total phosphorus by 0.197 kg/ha/yr on average.  However, Miller et al. 

(2010) reported that streambank fencing did not reduce phosphorus loading within the cattle-

excluded pasture in Alberta.  Costs of exclusion are negligible with maximum annual cost at 

$5.63 per hectare.  Hence, livestock exclusion is a highly cost-effective strategy to reduce 

phosphorus, which conserved unit kilogram phosphorus with only $3.59/ha/yr on average. 
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Median abatement cost of livestock exclusion is $11.48/kg, and average abatement cost is at 

$20.67/kg.  

The reason for low abatement costs for livestock exclusion is that the treatment acreage of 

fence is relatively large and lifespan of fence last over 20 years usually.  As a result, installation 

and maintenance costs of fence are negligible.  For example, Afari-Sefa et al. (2008) provided a 

comprehensive estimation of costs for 75-m long, 0.91-m high fencing, consisting of a strand of 

high tensile electrical fence, on a 316-ha farmland with 170 dairy animals and milking 50 cows 

in Nova Scotia.  Afari-Sefa et al. (2008) reported a total cost of $3,136.00 over 20 years, with an 

annualized cost of $1.01ha/yr for the whole farmland.   

The important part of assessing abatement cost of livestock exclusion comes from whether off-

stream water system and water access ramps are included in the cost estimation.  Typically, 

abatement costs associated with livestock exclusion fencing should consist of (1) establishment 

costs, including materials, labor and technical personnel, (2) annual maintenance costs, and (3) 

opportunity cost of land taken out of growing pasture.  Heatwole et al. (1987) only considered 

physical fence.  However, with both off-stream water system and water access ramps or either 

one considered, abatement cost of this practice would increase to some extent.  Afari-Sefa et al. 

(2008) noted that 47% of total cost for livestock exclusion comes to materials used in 

constructing electrical fence and off-stream watering system, 32% attributing to construction and 

maintenance costs, and only 7% is from opportunity cost.  The Chesapeake Bay Commission 

(2012) in Pennsylvania estimated that off-stream watering system costs US $1,200.00 to reduce a 

pound of phosphorus, which was substantially higher than results reported by Heatwole et al. 

(1987).  Afari-Sefa et al. (2008) noted that the costs associated with fencing to exclude livestock 

from waterways can vary not only according to the type, quality and estimated lifespan of 
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fencing, but also on topography and other site-specific characteristics.   

DPRA (1989) reported effectiveness of the livestock fencing in a water system depends on 

slope and soil stability of the streambank, along with water system characteristics such as 

capacity of the stream to assimilate contaminants.  Using the assumption of Soil Conservation 

Service (SCS) that 2.0% of the amount of phosphorus excreted is contributed to the watercourse, 

Ontario Ministry of Environment (2001) estimated excess phosphorus loading reduced by 

livestock access restriction with the following equation 

yzz5b4_9575MM = 7^625{	Lz	37_63:M ∗ 37_63:	}ℎLM}ℎL{^M	z3b4L{12 ∗ a3sM ∗ 0.02 

This calculation is limited to the amount of phosphorus excreted directly into the watercourse.  

Phosphorus reductions are affected by the number of animals and days that animals have access 

to the watercourse, and animal type.  Obviously, more empirical research should be done 

concerning livestock exclusion, especially its effectiveness in reducing phosphorus in different 

situations (i.e. fence only, with off-stream watering or water access ramping).  

5.3 Comparisons of Abatement Costs of BMPs in Reducing Phosphorus 

5.3.1 Distribution of Abatement Costs for All BMPs 

Figure 5.12 shows the distribution of BMP abatement costs in reducing excess phosphorus on 

farms.  Abatement costs of all BMPs are normally distributed, with mean of $140.755/kg, 

median of $34.97/kg and a standard deviation of 375.87.  Most abatement costs are within $0 to 

$100/kg.  However, there are several extreme values for abatement costs, some of which are 

higher than $1,000.00/kg.  Therefore, median represents the central tendency better than the 

																																								 																				 	
12 Animal phosphorus factor indicates phosphorus produced per day per animal.  According to 
the report of Ontario Ministry of Environment (2001), animal phosphorus factor varies by animal 
type: 0.04kg for dairy cow, 0.016kg for dairy heifer, 0.057kg for beef cow, 0.027kg for sows and 
litters, 0.0005kg for laying hens.  
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mean. Figure 5.13 summarizes abatement costs by BMP category using a box and whisker plot.  

BMPs are ordered by the ranking of abatement costs based on the median value, from the lowest 

to the highest from left to right.   Controlled tile drainage is preferable practice with negative 

abatement costs which increase net returns and reduce phosphorus meanwhile.  No-till and 

livestock exclusion are two highly efficient practices with negligible expense for per kilogram 

phosphorus reduced.  Additionally, buffer strips are also a preferable BMP with a low abatement 

cost.  Nutrient management on crop and livestock farms is a common practice, but does not 

appear to be cost-effectively.  Abatement costs for cover crops depend on the choice of cover 

crops since cover crops in 8 studies out of 9 are rye, abatement costs of cover crops are relatively 

higher.  Grassed waterways and sediment basin are least recommended for farmers, which are 

much more expensive than other BMPs for reducing phosphorus on cropland. 

5.3.2 A Comparisons of Abatement Costs of BMPs in Reducing Phosphorus  

To compare abatement costs between BMPs, indicators representing general abatement costs 

are used.  Median and mean are two indicators of central tendency.  In this thesis, comparisons of 

BMP abatement costs are based on medians.  The reason is because that there are extreme values 

in abatement level and abatement costs.  Therefore, means of abatement costs are affected by 

extreme values as discussed before.  Medians are more robust over average values to represent 

central tendency. Table 5.4 presents ranking of BMPs based on medians of abatement level, 

economic cost and abatement costs respectively. Only with the purpose of reducing most 

phosphorus emission regardless of associated costs, conservation tillage, no-till and grassed 

waterways are three top options.  Crop nutrient management either with or without manure 

application and controlled tile drainage are least BMPs in reducing excess phosphorus.  On 

livestock farm, nutrient management (0.999 kg/ha/yr) shows a preference to livestock exclusion 
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(0.000 kg/ha/yr).   

In comparison, ranking of BMPs is overturned with economic costs as the criteria.  Controlled 

tile drainage shows profitable results, with $19.30 gains for per hectare treated by controlled tile 

drainage.  Nutrient management either with manure application or not is an economically 

feasible practice, with only $2.52 and $15.13 for per hectare cropland treated per year.  No-till, 

buffer strips and grassed waterways are also good choices with subject to costs, lower than 

$25/ha/yr.  Cover crops, conservation tillage and WASCoBS are relatively costly for farmers to 

adopt. On livestock farm, livestock exclusion is a more economic applicable practice with only 

economic cost of $9.12/ha/yr over nutrient management.  

    In terms of abatement cost, controlled tile drainage is a highly favourable practice, which 

reduced per kilogram excess phosphorus with net returns gained by $54.51/kg on farm.  Besides, 

no-till is also a highly cost-efficient practice with negligible cost ($2.94/kg) for per kilogram 

phosphorus reduced.  Grassed waterways and buffer strips are also highly cost-effective practices 

for farmers to adopt for phosphorus reduction with additional cost at $8.24/ha/yr and 

$14.06/ha/yr respectively.  WASCoBS is a least cost-effective BMP in reducing excess 

phosphorus from crop farms, with abatement cost of $120.87/kg for per kilogram phosphorus 

reduced.  And on crop farms with only fertilizer applied, crop nutrient management is not a good 

choice, with annual additional cost at $175.49/kg for per kilogram phosphorus reduced. 

T-test is conducted to compare BMPs in terms of their statistical differences in abatement cost 

to reduce excess phosphorus.  Table 5.5 illustrates the T-test for equality of abatement costs in 

reducing excess phosphorus for management BMPs and structural BMPs.  There are 99 data 

points for management practices, including reduced tillage, nutrient management and cover crop 

88 data points for structural BMPs including buffer strip, grassed waterways, water and sediment 
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control basins and controlled tile drainage.  The average abatement cost of management BMPs in 

reducing phosphorus is $104.94/kg with standard deviation at 304.76.  In comparison, the 

average abatement cost of structural BMPs is $181.04/kg with the standard deviation at 440.82.  

The null hypothesis is that there is no statistically significant difference between the average 

abatement cost of management and structural BMPs in reducing excess phosphorus. The 

significance of Levene’s test is 0.176, larger than 0.05.  Therefore, equal variance of 

management and structural BMPs are assumed.  Results of T-test are referred to the first row.  

Through T-test, no statistically significantly difference between means of abatement costs for 

management BMP and structural BMP is observed, as the significance value 0.168 is above 0.05.  

Therefore, management practices do not perform statistically cost-effective over structural 

BMPs. 

Table 5.6 summarizes T-test results of abatement costs between two BMPs in reducing excess 

phosphorus.  Equal variances assumed are present in Italic with results through Levene’s Test for 

equality of variances.  Abatement cost of conservation tillage shows a significant difference from 

no-till, crop nutrient management without manure application and WASCoBS.  In addition to 

conservation tillage, crop nutrient management without manure and WASCoBs, no-till show 

statistical difference from cover crops and livestock nutrient management.  Grassed waterways 

shows significant difference from crop nutrient management without manure/WASCoBs.  And 

there is also significant difference between livestock nutrient management and WASCoBs.   

5.3.3 Frontier Analysis of BMP Abatement Cost relative to Abatement Level 

Figure 5.15 illustrates two frontiers of BMP abatement costs by the red lines.  The bottom line 

connects the data points which are located below the rest of other data points with similar 

abatement level.  This bottom line is the efficient frontier, representing the most cost-effective 
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BMPs which reduced excess phosphorus with the least abatement costs.  Controlled tile 

drainage, no-till, conservation tillage are three BMPs with most data points on the efficient 

frontier.  Besides, crop nutrient management without manure, buffer strips, WASCoBs, and 

livestock nutrient management also have some data points located on the efficient frontier.  The 

top line connects the data points which are located above the rest of the data points with similar 

abatement level.  Livestock nutrient management is the BMP with the most data points on the 

least-efficient frontier.  In addition, crop nutrient management without manure, cover crop, 

buffer strips, and WASCoBs also involve data points on the frontier.   

5.3.4 Heterogeneity Analysis of Abatement Costs of BMPs in Reducing Phosphorus  

Previous efforts to evaluate agricultural BMP costs have focused on average abatement costs, 

but not much information about the heterogeneity.  To estimate the heterogeneity in field-level 

abatement costs of BMP in reducing excess phosphorus, there are three measures discussed: 

interquartile range (IQR), variances and the coefficient of variation.  According to Norusis 

(2006), variance is the most commonly used measure of variability, which indicates the data is 

heterogeneous with a large value.  And the most significant measure for the analysis of 

heterogeneity is the coefficient of variation, which is independent of unit and allows for the 

comparison of heterogeneity between BMPs.   

In terms of interquartile range, crop nutrient management, WASCoBs and controlled tile 

drainage are three BMPs with largest range over $292/kg.  In comparison, no-till, buffer strips, 

grassed waterways, and livestock exclusion are four BMPs with abatement costs less than 

$30/kg.  Similarly, crop nutrient management, WASCoBs and controlled tile drainage have 

largest standard deviation.  Besides, buffer strips have a standard deviation of 507.56, indicating 

that there are extreme outliers of abatement costs for buffer strips.  Grassed waterways and 
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livestock exclusion have the lowest standard deviation, indicating that abatement costs are very 

concentrated.   

The coefficient of variation (CV) is another measure to compare heterogeneity of BMP 

abatement costs.  Figure 5.14 shows the coefficient of variation for each BMP category.  Crop 

nutrient management with manure has the highest value of 421.80%.  Buffer strips, no-till and 

controlled tile drainage have a relatively higher coefficient over 300%.  Crop nutrient 

management without manure, cover crop and WASCoBs and livestock exclusion have the lowest 

coefficients of variation less than 150%.  O’Neill (2015) also found large range of BMP 

abatement cost by aggregating cost and effectiveness results with empirical studies.  Hence, 

although no-till, buffer strips and nutrient management performed highly cost-effectively, site-

specific characteristics should be considered with caution since there are high variances.  

In summary, Table 5.8 specifies all these factors affecting heterogeneity of abatement costs. 

Here are two main reasons for the wide ranges of abatement cost estimates.  Wide ranges of 

methodologies and assumptions of each study are artificial factors.  Furthermore, abatement cost 

estimates are sensitive to many factors.  In terms of cost estimation, Weersink et al. (1992) 

Parker et al. (1994), Walker (1994), Wossink and Osmond (2002) and O’Neill (2015) 

summarized factors include but not limited to the location, type, scale, access to capital, life 

expectancy, maintenance of a BMP.  For example, Weersink et al. (1992) estimated costs of 

chisel plow, no-till and ridge tillage in southern Ontario.  Net returns of chisel plow (no-till, 

ridge-till) under clay soils decreased by $71.56/ha/yr ($180.80/ha/yr, $104.72/ha/yr) on average, 

while net returns gained by $15.95/ha/yr ($143.05/ha/yr, $255.84/ha/yr) under sandy soils.  

Economic costs of each reduced tillage system decreased with larger farm size.  Factors affecting 

effectiveness results include but not limited to rainfall intensity, soil type and slope, present by 
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Kleinman et al. (2006).  Environmental Protection Branch (2014) in Georgia Department of 

Natural Resources acknowledged that although progress has been made in the protection and 

enhancement of water quality, much more work is still needed to identify diffuse source 

management strategies that are both effective and economically achievable under site-specific 

physical characteristics and management practices.   

5.4 Meta-Regression of Abatement Costs of BMPs in Reducing Excess Phosphorus 

Conceptual framework expects abatement level, BMP category and locations affect abatement 

costs of BMPs in reducing excess phosphorus.  I examined how BMP abatement costs changed 

by BMP category and locations using the medians of abatement level and abatement costs in 

Figure 5.16 and Figure 5.17.  In Figure 5.16, BMPs are ordered from the lowest to the highest 

with respect to abatement level from left to right.  The red dotted line shows the trend line of all 

BMP abatement costs relative to effectiveness.  Livestock exclusion, crop nutrient management 

with and without manure application, and controlled tile drainage are four least effective BMPs 

in reducing excess phosphorus, less than 0.2 kg/ha/yr.  In comparison, grassed waterways, no-till 

and conservation tillage are three top effective BMPs with over 1.4 kg/ha/yr excess phosphorus 

reduced from baseline.  BMPs located above the trend line, involving livestock exclusion, 

controlled tile drainage, crop nutrient management with manure application, buffer strips, 

grassed waterways, and no-till are highly cost-effective practices, which reduce excess 

phosphorus with less abatement costs than the general.  Particularly, controlled tile drainage is an 

outstanding BMP which reduced phosphorus emission with gains in net returns.  Less cost-

effective BMPs located above the trendline, including crop nutrient management without manure 

application, livestock nutrient management, cover crops and WASCoBs are BMPs with high 

abatement costs.  
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Figure 5.17 illustrates BMP abatement costs by locations using the medians of abatement level 

and abatement costs.  Abatement level of BMPs in most locations are lower than 2.0 kg/ha/yr.  

However, Ohio, Maryland and Quebec are three states which reduced much more phosphorus 

emission than generality.  The red dotted line represents the trendline of abatement costs with 

abatement level by locations.  Most locations surround the trendline, while Minnesota, New 

York and Maryland are three locations far away from the majority.   

It is very surprising to find that both trendlines in Figure 5.16 and Figure 5.17 are downward 

sloping.  It contradicts the expectation by the conceptual framework, indicating that abatement 

costs decrease with more phosphorus emission abated.  Therefore, effects of abatement level on 

abatement costs should be examined further.  In the following section, I apply the two empirical 

models to examine the effects of abatement level, BMP category and locations on abatement 

costs.   

5.4.1 Meta-regression  

Meta-regression is used to explore impacts of abatement level, BMP category and location on 

abatement cost.  As discussed in the theoretical framework, I expect abatement costs to increase 

with more phosphorus emission reduced.  And abatement costs vary with respect to BMP 

implemented and study locations. Equation 5.1 illustrates the relationship between abatement 

level, BMPs, locations and abatement costs.   

																					/!0	"23456574	#LM4 = z "23456574	8595:, /!0, 8Lb34_L7 																				(5.1) 

In the equation, BMP abatement cost depends on the abatement level, BMP implemented, and 

locations.  The empirical model can be estimated in at least two function forms.  I consider linear 

and quadratic functions. Equation 5.2 illustrates the relationship in a linear form.  Equation 5.3 

explains impacts of three variable categories in the quadratic form.  
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																																		s = Ä + Åw + ÇÉÑÖ+ ÜáàUâäãàå + ç																																											(5.2)									      

                            		s = Ä + Å-w
. + Å.w + ÇÉÑÖ+ ÜáàUâäãàå + ç																											(5.3)	 

where s is abatement costs of BMPs in reducing excess phosphorus in $/kg, 

           Ä is the intercept, 

           w is abatement level, indicating phosphorus loading reduction due to BMPs in kg/ha/yr, 

           Å is the coefficient of abatement w and ln(x),		

            Å- is the coefficient of squared abatement level w., 

            Å. is the coefficient of squared abatement level w , 

												ÉÑÖ is a vector of dummy binary variables, representing no-till, conservation tillage,  

                nutrient management without manure application, nutrient management with manure  

                application, cover crop, buffer strips, grassed waterways, water and sediment control  

                basins, controlled tile drainage, and livestock exclusion,  

           Ç is a vector of coefficients of binary dummy binary variables ÉÑÖ,     

           Location is a vector of dummy binary variables, representing provinces in Canada and  

               states in the United States,  

           Ü is a vector of coefficients of binary dummy binary variables áàUâäãàå,     

           ç is the error term.  

Conservation tillage is dropped in BMP dummy variables.  In location dummy variables, 

Ontario is dropped.  The default condition is implementing conservation tillage in Ontario.  

5.4.2 Summary of Variables and Outliers 

There are 192 data points in total, including 5 infinite values for abatement cost (#24 on 

livestock nutrient management, #122 on livestock exclusion, #123 on livestock exclusion, #124 
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on livestock exclusion, #125 on livestock exclusion)13 and 12 ranges (#5, #9, #10, #11, #12, #23, 

#58, #104, #105, #120, #121, #185). To conduct meta-regression with the most available data 

points, I take medians of the 12 ranges. Therefore, 187 data points are available for regression 

analysis.   

An outlier is an observation that is numerically distant from the rest of the data, appearing to 

deviate markedly from other members.  As discussed in Figure 4.2 to Figure 4.4 which present 

scatterplot of abatement level, economic cost and abatement cost, outliers which are located far 

away from the majority exist.  Identification of outliers serves multiple purposes.  And in the 

context of meta-analysis, identification of outliers can be used as part of a sensitivity analysis 

that includes meta-analyses with and without outliers.  There are diverse approaches to identify 

outliers.  I apply two ways: (1) one-step by BMP, and (2) three steps by abatement level and 

abatement cost of all BMPs.   Specifically, the interquartile range of a BMP category is defined 

as one step, as illustrated by the Equation 5.1.   

Following the one-step criterion by BMP, one data point is identified as an outlier if either one 

of abatement level and abatement cost of a BMP is located away from the median of the BMP 

category by one step.  As long as abatement level and abatement cost of a BMP are within one 

step from the median, the data points are non-outliers. Table 5.9 summarizes steps and range of 

each BMP category.  Range is defined as one step away from the median.  Using this table, 72 

data points are identified as outliers and excluded.  In terms of abatement level, WASCoBs have 

the largest range from -0.624 kg/ha/yr to 1.61 kg/ha/yr.  Crop nutrient management without 

manure (-0.011 kg/ha/yr to 0.203 kg/ha/yr), controlled tile drainage (-0.041 kg/ha/yr to 0.321 

kg/ha/yr), crop nutrient management with manure (0.024 kg/ha/yr to 0.390 kg/ha/yr) and 

																																								 																				 	
13 Five infinite values for abatement costs arose because that phosphorus loadings are not 
reduced with BMP implementation.   
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livestock exclusion (-0.474 kg/ha/yr to 0.504 kg/ha/yr) are four BMPs with the least range of 

abatement level.  In terms of abatement cost, crop nutrient management with manure  

(-$219.01/kg to $569.99/kg) and without manure application (-$351.77/kg to $436.19/kg) have 

much wider range than other management BMPs.  Among structural BMPs, WASCoBs have the 

widest range from -$202.52/kg to $444.26/kg. Controlled tile drainage (-$347.42/kg to 

$238.40/kg) is the other structural BMP with wide range of abatement cost.  No-till (-$12.89/kg 

to $18.77/kg) and grassed waterways (-$9.16/kg to $25.64/kg) are two out of all eleven BMPs 

with the least abatement cost range.  A summary of ranges with respect to both abatement level 

and abatement cost indicates that data points of WASCoBs are distributed dispersedly.  In 

comparison, no-till, buffer strips, grassed waterways, and livestock exclusion have centralized 

distribution of both abatement level and abatement costs. Crop nutrient management with and 

without manure application have less effective in reducing phosphorus emission, and are quite 

costly for per kilogram phosphorus abated.   

Following this procedure of one-step by BMP, there are 72 data points are excluded as 

outliers.  Table 5.10 summarizes data points of each independent variable in the regression 

model with and without outliers.  In the regression model with outliers, there are 187 data points 

including 99 data points of management BMPs and 88 data points of structural BMPs.  There are 

three categories of independent variables, including abatement level, 11 BMP dummy variables, 

and 17 location dummy variables.  BMP variables are divided into management and structural 

BMPs.  Management BMPs include conservation tillage, no-till, crop nutrient management with 

and without manure application, cover crops and livestock nutrient management.  17 location 

dummy variables are divided into Great Lakes Region and non-Great Lakes Region. There is a 

total of 192 data points in the dataset.  Five data points with infinite values are excluded.   
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Without outliers, there is a total of 115 data points, involving 63 and 52 data points of 

management BMPs and structural BMPs respectively.  7 and 9 data points of no-till and 

conservation tillage are excluded as outliers respectively.  Crop nutrient management without 

and with manure application have 5 and 4 outliers excluded.  There are two outliers of cover 

crops, with 8 data points left in the regression model without outliers.  Livestock nutrient 

management has 9 outliers out of 24 data points.  In terms of location dummy variables, 141 out 

of 192 data points (73.4%) are located in the Great Lakes Region with outliers.  In the regression 

model without outliers, 92 out of 115 data points (80%) come from the Great Lakes Region.  

Ontario and Pennsylvania are two key sites extensively examined in previous studies, involving 

54 and 28 data points respectively.  After excluding outliers, there are 34 and 17 data points left 

in Ontario and Pennsylvania.  Michigan, Minnesota and Wisconsin are three important sties with 

13, 14 and 18 data points with outliers and 11, 10, and 11 data points excluding outliers 

respectively. In the non-Great Lakes Region, Iowa and Kansas have 15 and 10 data points 

respectively.  8 data points in Iowa and 2 data points in Kansas are identified as outliers. There 

are no data points in Alberta, Quebec and Maryland with outliers excluded. 

    Following three steps taking BMPs as a whole, a data point is identified as an outlier, if either 

one of abatement level and abatement cost of a BMP is located away from the medians (1.951 

kg/ha/yr for abatement level, and $153.65/kg for abatement cost) by three steps (3 times of 

interquartile range).  As long as abatement level and abatement cost of a BMP are within three 

steps from the median, the data points are non-outliers.  Particularly, the range of abatement level 

is limited from -3.69 kg/ha/yr to 4.77 kg/ha/yr.  Abatement costs are limited from -$321.07/kg to 

$391.01/kg.  Following this procedure, there are 55 data points are excluded as outliers, with 132 

data points left.  Table 5.9 summarizes data points of each independent variable in the regression 
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model with and without outliers.  There are three categories of independent variables, including 

abatement level, 11 BMP dummy variables, and 17 location dummy variables.  However, 

Alberta has no data points because they are infinite values.  And excluding outliers, there is no 

data points in Quebec as well.  BMP variables are divided into management and structural 

BMPs. Location dummy variables are divided into the Great Lakes Region and the non-Great 

Lakes Region.  In the regression model with outliers, there are 187 data points including 99 data 

points of management BMPs and 88 data points of structural BMPs.  Without outliers, there is a 

total of 132 data points, involving 69 and 63 data points of management BMPs and structural 

BMPs respectively.  4 data points of no-till and conservation tillage are excluded as outliers 

respectively.  Crop nutrient management without and with manure application have 7 and 8 

outliers excluded.  There are two outliers of cover crops, with 8 data points left in the regression 

model without outliers.  Livestock nutrient management has 5 outliers out of 24 data points.  In 

terms of structural BMPs, there are no outliers for grassed waterways and livestock exclusion. 6 

data points are identified as outliers for buffer strips.  Controlled tile drainage has three outliers 

out of 7 data points.  Water and sediment control basins involve 16 outliers out of 37 data points.  

In terms of location dummy variables, 141 out of 192 data points (73.4%) are located in the 

Great Lakes Region with outliers.  In the regression model without outliers, 92 out of 115 data 

points (78.03%) come from the Great Lakes Region.  Ontario and Pennsylvania are two key sites 

extensively examined in previous studies, involving 54 and 28 data points respectively.  After 

excluding outliers, there are 37 and 20 data points left in Ontario and Pennsylvania.  Michigan, 

Minnesota and Wisconsin are three important sties with 13, 14 and 18 data points with outliers 

and 13, 6, and 15 data points excluding outliers respectively. In the non-Great Lakes Region, 

Iowa has 15 data points including 9 outliers. Excluding 2 outliers, there is zero and 5 data points 
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in Quebec and Vermont respectively.  There are no data points in Maryland, North Carolina, 

Missouri and Kansas. 

5.4.3 Results of Meta-Regression 

Table 5.11 presents six sets of regression results in linear and quadratic function forms with 

and without outliers. The table identifies coefficients on each variable, and their corresponding 

significance. Robust standard errors are reported in the parenthesis below.  In addition, two 

statistical measure are also reported in the table, involving sample size and adjusted R2.  The 

adjusted R2 for the regression in linear form without outliers is 0.584, meaning that 

approximately 58.4% of the total variation in the BMP abatement costs is accounted for in this 

regression model.  Higher values of adjusted R2 indicates the regression model fits the dataset 

better.  Adjusted R2 in linear and quadratic regression models without outliers are higher than 

those with outliers over 25%.  Excluding outliers by one step within each BMP category 

accounts for 42.1% and 47.1% of variation with linear and quadratic forms.  Excluding outliers 

increased the accuracy of regression model.   

Apart from adjusted R2 significant variable is another important consideration.  Apart from 

linear functional form with all data points, abatement level and abatement level squared are all 

statistically significant.  In terms of BMP dummies, regression model without outliers has the 

most significant variables in both functional forms, including cover crop, WASCoBs, controlled 

tile drainage and livestock nutrient management.  There are 2 significant BMP dummies, 

involving buffer strips and WASCoBs in both linear and quadratic functional forms with all data 

points.  Excluding outliers by BMP category following the second approach, only WASCoBs 

have statistically significant effects on abatement costs.  In comparison to BMP dummies, the 

more significant location dummies, the worse regression results are.  It is because agronomic and 
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geographic characteristics of each location are similar to Ontario when selecting literature.  

Therefore, excluding outliers following the first approach performs worst with 8 significant 

locations dummies out of 14 location dummies.  Excluding outliers by BMP category only 

involves 1 and 3 significant variables respectively.  With all data points included, linear function 

form has 4 significant variables while quadratic form has 5 significant dummies.   

Considering values of R2 and significant variables of abatement level, BMP dummies and 

location dummies, regression models with all data points and excluding BMPs by category are 

chosen as best approaches to interpret effects on BMP abatement costs.  Within each approach, 

quadratic function performs better than linear function since it allows data to say more.  

Therefore, the best model is quadratic form with data points excluded by BMP category, shown 

in the sixth column of regression results.  The second best model is quadratic form with all data 

points, shown in the second column of regression results.  In following sections, effects of 

abatement level, BMP category and location on BMP abatement costs are explained based on 

these two models. 

As discussed in the conceptual framework, typically abatement cost is assumed to be zero with 

no phosphorus emission reduction.  However, I hypothesize that abatement cost could incur with 

no abatement level.  According to the regression results, none of intercepts in two models show 

significance. Therefore, there is no evidence to accept the hypothesis, which means BMP 

abatement cost is zero with no phosphorus reduction.  

In this part, estimates of coefficients to derive abatement costs are based on regression results 

excluding outliers by BMP category, which is the best model.  With conservation tillage 

implemented in Ontario, average abatement cost (AAC) of phosphorus reduction is explained in 

the equation 5.4, 
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																																																																	""# = 62.142w. − 213.485w																																												(5.4)       

Total abatement cost (TAC) is shown in the equation 5.5,  

																																																													K"# = 62.142wr − 213.485w.																																												(5.5) 

Marginal abatement cost (MAC) is shown in the equation 5.6,  

																																																												!"# = 186.426w. − 426.97w																																													(5.6) 

Applying estimates of coefficients to derive abatement costs are based on regression results 

with all data points, which is the second best model. With conservation tillage implemented in 

Ontario, average abatement cost (AAC) of phosphorus reduction is explained in the equation 5.7, 

																																																																	""# = 1.429w. − 46.424w																																														(5.7)       

Total abatement cost (TAC) is shown in the equation 5.8,  

																																																									K"# = 1.429wr − 46.424w.																																													(5.8) 

Marginal abatement cost (MAC) is shown in the equation 5.9,  

																																																							!"# = 4.287w. − 92.848w																																																(5.9) 

BMP abatement costs are expected to increase with more phosphorus reduction. However, 

abatement costs in both regression models do not show an upward sloping.  Particularly, average 

and marginal abatement costs of conservation tillage for phosphorus reduction decrease first, and 

then increase.  The Wisconsin Department of Natural Resources (2012) estimated the shadow 

price of phosphorus is $54.74 per kilogram in 2016 Canadian dollars, indicating that each 

kilogram of phosphorus reduced brings $54.74 in benefits.  Assuming marginal benefit of 

phosphorus reduction is $54.74, the social optimum abatement level is 2.41 kg/ha/yr where 

marginal benefit equal to marginal abatement cost.   

Two main reasons for that marginal abatement cost decrease and then increase with more 

phosphorus reduction are owing to economics of scale and noises in the dataset.  Since data 
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points are based on aggregate sites, marginal abatement costs initially falling as emissions are 

reduced due to economics of scale.  However, marginal abatement costs ultimately must rise as 

emissions are reduced toward zero.  Noise in the dataset comes from diverse methods across 

studies and wide variation of site-specific characteristics in a BMP implementation.  

Generalization that BMP abatement cost goes up with larger abatement level cannot be achieved.  

Similarly, Epp and Hamlett (1996) found that there is very wide variation among BMPs in 

abatement costs of reducing sediment and nutrient losses. Some BMP combinations are less 

profitable than the baseline practices. Based on their results, Epp and Hamlett concluded that one 

cannot generalize about the effects of BMPs across sites.  Therefore, site-specific nature should 

be recognized before implementing a BMP. 

Based on the best model, average abatement cost of conservation tillage for phosphorus 

reduction in Ontario decreases until abatement level is 1.72 kg/ha/yr, and then goes up.  And 

average abatement cost is positive until abatement level is over 3.44 kg/ha/yr.  Marginal 

abatement cost of conservation tillage decreases if abatement level is less than 1.15 kg/ha/yr, 

while it increases with more phosphorus emission reduced.  If the target of phosphorus reduction 

is 1 kg/ha/yr, the marginal abatement cost is -$240.54/kg.  Mitigating more than 2.29 kg/ha/yr 

phosphorus requires additional costs of phosphorus.  If the second best model is applied, average 

abatement cost of conservation tillage in Ontario for phosphorus reduction decrease if abatement 

level is less than 16.24 kg/ha/yr.  Marginal abatement cost of conservation tillage decreases if 

abatement level is less than 10.83 kg/ha/yr, while it increases with more phosphorus emission 

reduced.  

Conservation tillage in BMP dummy variables and Ontario in location dummy variables are 

dropped as the default situation.  In both models, none of 5 management BMPs show significant 
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impacts on BMP abatement costs, indicating no statistical difference among management BMPs. 

WASCoBs is the only structural BMPs which statistically affects abatement costs in both 

models.  Establishing WASCoBs on cropland significantly increased average abatement cost for 

per kilogram phosphorus by $189.58/kg in the best model and by $447.11/kg in the second best 

model.  Additionally, buffer strips in the regression model with all data points included also have 

a significant effect on average abatement costs by $249.28/kg for per kilogram phosphorus 

emission reduced.   

Comparing to BMPs in Ontario, implementing BMPs for phosphorus abatement in the United 

States with similar agronomic context all show an increases in abatement costs.  According to the 

best model, Michigan, Wisconsin and Kansas show significant effects. Comparing to Ontario, 

implementation of BMPs in these three states are more expensive, with an increase of abatement 

cost by $87.45/kg, $137.26/kg, and $93.33/kg respectively.  

5.5 Summary  

This chapter analyzes BMP abatement costs in various aspects.  Distribution of BMP 

abatement level, cost and abatement cost are examined fists.  Furthermore, all these BMPs are 

compared between each other in terms of their abatement level, economic costs, and abatement 

costs.  The results show that controlled tile drainage is a highly preferable BMP which increased 

on-farm profits while perform effectively for phosphorus reduction.  In addition, no-till, buffer 

strips and grassed waterways are efficient practices with relatively lower costs.  On livestock 

farm, livestock exclusion from waterways is a promising practice for phosphorus reduction, 

warranting more research.  Heterogeneity is a crucial aspect for BMP abatement costs with a 

wide variance for BMP abatement costs.  Economics of scale exist with BMP implementation in 

the field.  
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6.  Chapter 6 Findings and Conclusion 

The purpose of this thesis is to understand abatement costs of agricultural BMPs in reducing 

excess phosphorus loading on farms.  To achieve this goal, I first examined phosphorus balance 

and excess phosphorus emission on crop farms and livestock farms in Ontario.  And I select 7 

representative BMPs on crop farms and 2 BMPs on livestock farms in Chapter 2.  In Chapter 3, I 

reviewed meta-analysis and previous synthesis studies on BMP abatement costs on phosphorus 

abatement.  In Chapter 4, I developed the selection criteria for searching relevant literature to be 

included in the meta-analysis.  Conventions on collecting data points are discussed.  In Chapter 

5, I analyzed and compared abatement costs of each individual BMP.  Heterogeneity of BMP 

abatement costs in reducing phosphorus emission across studies is analyzed as well.  This 

chapter discusses the conclusions and implications for farmers, conservation managers and 

researchers.  

6.1 Principle Findings  

1. Controlled tile drainage is the top-performing BMP to abate excess phosphorus loading which 

increases net returns with phosphorus loss reduced.  No-till, grassed waterways, buffer strips are 

highly cost-effective BMPs in reducing phosphorus emission on crop farms.  Livestock 

exclusion from grassed waterways are an efficient practice on livestock farm to reduce excess 

phosphorus loss.   

2. There is no significant difference between abatement costs of management BMPs and 

structural BMPs. 

3. Abatement level, economic costs, and abatement costs do not equate between each other.  

BMPs ranked significantly differently based on different criteria.  Regarding abatement level or 

cost-minimization as proxy for cost-effective BMP placement is not feasible.  
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4. There is significant heterogeneity in field-level abatement costs of BMPs in reducing 

phosphorus emission.  Coefficients of variation ranged widely from 45.80% to 351.90%.   

5. According to meta-regression, BMP abatement cost decrease first with more phosphorus 

abatement owing to economics of scale and then increase ultimately.  And BMP abatement costs 

vary with BMPs and locations.  

6.2 Contributions and Implications  

This thesis conducted a meta-analysis of BMP abatement cost in reducing excess phosphorus 

loading in Ontario and places with similar context.  This study acknowledges the significant gap 

in abatement cost analysis of BMPs in reducing phosphorus.  Implications to farmers, 

conservation authorities and researchers are discussed below.  

No-till, buffer strips, grassed waterways, controlled tile drainage and livestock exclusion are 

cost-effective choices for farmers to reduce phosphorus loss on farms.  Particularly, controlled 

tile drainage is a promising practice for phosphorus abatement.  Farmers should balance the 

tradeoff between on-farm costs and excessive phosphorus reduction with implementing BMPs.  

On crop farms, with tile drainage constructed already, implementation of controlled tile drainage 

would increase net returns due to higher yields. It is highly recommended for farmers to 

maximize their profits and improve water quality in the meanwhile.  Additionally, no-till system, 

buffer strips, grassed waterways are best alternatives to reduce P with the least cost or even net 

returns within some fields.  On livestock farm, excluding livestock from waterways are most 

efficient practices for phosphorus emission abatement.  

OMAFRA and other conservation agencies should provide incentive payment and subsidies to 

farmers in order to stimulate adoption behavior.  For example, Water and Sediment Control 

Basin (WASCoBs) are most effective in capturing phosphorus loss, but it is extremely costly on 
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farm.  Therefore, essential subsidies for farmers would help to encourage the adoption on farm to 

improve water quality.  Furthermore, controlled tile drainage, no-till, buffer strips, and nutrient 

management, livestock exclusion from streams are Best Available Techniques (BAT)14 can be 

developed and guide for farmers through extension.  

For researchers, there is a gap that impacts of site-specific characteristics, such as slope, 

precipitation, soil type, on abatement costs have not been explored. The high degree of 

heterogeneity in abatement costs of BMPs in reducing phosphorus emission indicates that it is 

not reasonable to apply results directly in previous studies with analytical assumptions.  Taking 

average abatement costs would underestimate the abatement cost of BMPs for many farmers.  

This thesis identifies the need for conducting more detailed analysis by incorporating the 

inherent heterogeneity in field-level factors into the assessment of abatement costs. 

     BMP effectiveness and abatement cost are not equivalent.  Regarding targeting of BMPs as a 

cost-effective approach for BMP placement is not tenable.  Targeting focuses research efforts on 

modeling processes on the landscape and prioritizing conservation efforts on areas of the 

landscape that contribute disproportionate amounts of pollution.  Galzki et al.  (2011) stated that 

the BMPs targeted to critical source areas can maximize their benefits on water quality and also 

maximize the efficiency of funding used for conservation.  And Wortmann et al.  (2008) 

proposes targeting as a cost-effective and efficient use of local, state, and federal resources to 

improve water quality by promoting effective practices on the major pollutant sources.  And it is 

believed that targeting BMPs to important source or mitigation areas is likely to have the most 

																																								 																				 	
14 According to the definition of “Best Available Techniques” of European Directive on 
Industrial Emissions (2010), Best Available Technology (BAT) means the most effective and 
advanced state in the development of activities and their methods of operation which indicates 
the practical suitability of particular techniques for providing the basis for emission limit values 
and other permit conditions designed to prevent and where that is not practicable, to reduce 
emissions and the impact on the environment as a whole.  
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cost-effective impact on water quality.  However, according to comparisons of BMPs by meta-

analysis, BMP placement based on physical targeting strategies is not equivalent to cost-effective 

BMP placement.  For example, WASCoBs (water and sediment control basins) is the most 

effective practice, while controlled tile drainage is the second least effective practice.  

Combining their economic costs, WASCoBs is the least cost-effective practice while controlled 

tile drainage is the most preferable practice to reducing phosphorus.  Studies by Veith et al.  

(2004) and Arabi et al.  (2006) also confirms that physical targeting may not be the most cost-

effective option, and may unnecessarily limit conservation efforts to a few lands while also 

possibly eliminating near-optimal conservation options that may be more socially acceptable. 

6.3 Uncertainty and Limitations  

Meta-analysis of abatement cost is not a straightforward task and subject to many uncertainties 

and limitations, including:  

1. Each study has unique, even unstated assumptions and methodologies in estimating BMP 

abatement cost, like vegetation, acreage of implementation and drainage, annual operation and 

maintenance cost, expected lifespan. There is lack of consistency in cost estimation across 

studies.  For example, the lifespan of evaluation across studies varies, ranging from 1 year to 

more than 50 years.  Raghavan et al. (2002) conclude cost estimation for best management 

practices should include (i) capital costs, including construction, erosion and sediment control, 

design (engineering and administrative), permitting and contingencies, (ii) operation and 

maintenance costs, including costs for construction, design, and permitting, (iii) inflation 

adjustment, and (iv) regional adjustment.  As present by Boardman et al. (2011), for abatement 

cost to be an efficient guide for decision making, it should include all potential costs and cost 

measurement should be constant across all alternatives.  Cost estimates of BMP implementation 
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are comprised of (i) investment costs, annualized over the expected life of the BMP, (ii) annual 

(operation and maintenance) costs and (iii) opportunity costs containing any other changes in 

farm income resulting from changes in yields, cropped acreage, etc.  However, there is lack of 

consistency of cost estimations across studies.  The measurement of costs in cost estimates varies 

enormously.  Generally, cost estimates are comprised of investment costs, annualized over the 

expected life of the BMP, annual (operation and maintenance) costs and any other changes in 

farm income resulting from changes in yields, cropped acreage, etc.  However, different articles 

use different methods to estimate costs and include diverse components within the estimation.  

Therefore, range of costs may appear broadly.  For example, Gitau et al.  (2006) included tree 

planting, fences, crossings, incentive payments, alternative watering system in the cost 

estimation of forest buffers.  Therefore, cost of forest buffers was $1300/ha, which was 

extremely high comparing to other estimations.  

2. Only individual on-farm costs are considered.  Costs and benefits to society with agricultural 

BMPs implemented, which would be of interest to governments, are not included in this thesis. 

3. Abatement cost of single BMP is assessed. However, multi-BMPs can perform better than 

single BMP.  DPRA (1989) present that grassed waterways are most effective when used in 

conjunction with a management practice such as conservation tillage.  

6.4 Suggestions for Future Research 

    This thesis provides a rich resource concerning BMP abatement costs in excessive phosphorus 

abatement. Future researchers can extend their studies referring to my dataset. Heterogeneity 

factors of specific field plays a critical role in BMP abatement cost in excessive phosphorus 

reduction.  Context-specific data should be incorporated to estimate the abatement costs on field 

level, including hydrologic, topographic, soils information, and previous farm management 
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practices.  In recognition of the significant variability across studies, there is a need to explore 

particular BMP operations in the specific site from a sample of individual operations rather than 

attempt to characterize overall costs for the region. 
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Figure 1.1 Trends of Open Lake, Spring (April – May) Total Phosphorus (TP) Concentrations for the Great Lakes 
 

 
Source: Dove and Chapra (2015).  
Note: 1. Total phosphorus (TP) concentration is measured in the unit of µg P/L.  2. The dashed lines in the figure represents the existing total 

phosphorus concentration targets by the Great Lakes Water Quality Agreement (GLWQA).  
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Figure 1.2 Total Phosphorus Loads (TP) into Lake Erie during 1967-2011 from Municipal and Industrial Identified Sources, Monitored 
and Estimated Diffuse Sources, Atmospheric Deposition, and Inter-Lake Transfers 
 

   
Source: Scavia et al. (2014) 
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Table 2.1 Forms of Phosphorus Entering Surface Waters 

Form Common Sources Availability to Aquatic Vegetation 
Inorganic phosphorus   
    Particulate  Bound to sediment particles Variable (ranging from few% 

to >75% available) 
    Soluble Decomposing manure, plant 

residues, fertilizer, sewage, 
industrial wastewater 

Readily available 

Organic phosphorus Soils, plant residues, manure, 
sewage 

Becomes available when organic 
matter decomposes 

Source: P.A. Chambers, Environment Canada 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 																													106	

Figure 2.1 Phosphorus Balance in Ontario from 1981 to 2011       

 

Source: Agriculture and Agri-Food Canada (2016). 
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Figure 2.2 Agricultural Phosphorus Balance Trends in Ontario from 1955 to 2008 

 

Source: Bruulsema, et al. (2011)  
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Table 2.2 Number of Farms Reporting Crop and Livestock Production in 2011 

 Canada Ontario Percentage  

Total number of farms  
205,730 
(100%) 

51,950 
(100%) 25.25% 

Oilseed and grain farms 
61,692 
(29.99%) 

15,818 
(30.45%) 25.64% 

Beef cattle ranching and farming, 
including feedlots  

37,406 
(18.18%) 

7,105 
(13.68%) 18.99% 

Dairy cattle and milk production  
12,207 
(5.93%) 

4,036 
(7.77%) 33.06% 

Hog and pig farming  
3,470 
(1.69%) 

1,235 
(2.38%) 35.59% 

Poultry and egg production  
4,484 
(2.18%) 

1,619 
(3.12%) 36.11% 

Source: Statistics Canada, Census of Agriculture. 
Notes:  
1. The classification of farm types is based on North American Industry Classification 
System (NAICS) Canada 2012. 
2. Parenthesis represent percentage of each farm category in total farms.  
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Table 2.3 Area and Farms of Commercial Fertilizer on Crop farms in Ontario  

Application 1991 1996 2001 2006 2011 

Number of Farms 68,633 67,520 59,728 57,211 51,950 

Number of Farms with 
fertilizer 

44,205 41,877 35,445 32,580 27,905 

Percentage of total 
farms1 % 

64.41 62.02 59.34 56.95 53.72 

Total Area of Farmland 5,451,379 5,616,860 5,466,233 5,386,453 5,126,653 

Area with fertilizer(ha) 2,273,448 2,407,516 2,231,823 2,376,275 2,356,780 

Percentage of total area on 
farms2 % 

41.70 42.86 40.83 44.12 45.97 

Source: Statistics Canada, Census of Agriculture.  
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Figure 2.3 Intensity of Manure Production by sub-sub-drainage area, 2006 

 

Source: Agriculture and Agri-Food Canada and Statistics Canada, Customized tabulations, 
Census of Agriculture, Census Geographic Component Base 2006.   
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Table 2.4 Percentage of Cropland Area under Various Tillage Practices in Ontario 
 

Year Total land1 

Conventional tillage2 Conservation tillage3 No-till4 

Hectare % Hectare % Hectare % 

1991 2,508,344 1,961,173 78.19% 445,981 17.78% 101,190 4.03% 

1996 2,495,761 1,484,356 59.48% 556,350 22.29% 455,055 18.23% 

2001 2,699,146 1,397,312 51.77% 584,384 21.65% 717,449 26.58% 

2006 2,699,477 1,185,337 43.91% 670,925 24.85% 843,215 31.24% 

2011 2,863,199 1,061,424 37.07% 854,537 29.85% 947,237 33.08% 
Source: Statistics Canada, Census of Agriculture. 
Notes: 
1. Total land shows total land prepared for seeding. 
2. Conventional tillage means tillage incorporating most of the crop residue into the soil. 
3. Conservation tillage means tillage retaining most of the crop residue on the surface. 
4. No-till means no-till seeding or zero-till seeding. 
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Table 2.5 Agricultural BMPs for Reducing Phosphorus Emission on Farms in Ontario 

Source: Ontario Ministry of Agriculture, Food and Rural Affairs (2011). 

 
 
 
 
 
 
 
 
 

BMP Major Concerns Type1 Yield effects 

Crop Farm 

1. Cover Crops 
    

Covering the soil when a crop is not being 
grown. 

Source reduction; 
managerial 

Yes 

2. Reduced Tillage Leaving over 30% of residues  Source reduction; 
managerial 

Yes 

3. Crop Nutrient 
Management5 

Optimizing crop yield and quality, 
minimizing fertilizer input costs and 
protect soil and water. 

Source reduction; 
managerial 

Yes 

4. Buffer Strips Strips of planted permanent vegetation 
alongside watercourses, ponds, lakes or 
wetlands. 

Transport 
interruption; 
structural 

No 

5. Grassed 
Waterways 

Broad, shallow and vegetated channels for 
trapping sediment and reducing channel 
erosion from runoff 

Transport 
interruption; 
structural  

No 

6. Water and 
sediment control 
basins 

Water and sediment control structures Transport 
interruption; 
structural 

No 

7. Controlled tile 
drainage 

Placing slotted drain tubes beneath the 
soil surface, well below tillage depth 

Transport 
interruption; 
structural 

Yes 

Livestock Farm 

1. Livestock 
Exclusion1 

Amount of land taken out of production 
with fence; location of an off-stream 
watering source 

Transport 
interruption; 
structural 
 

No 

2. Livestock 
Nutrient 
Management  

Outlining cropping practices, field 
management and land application of 
manure and other nutrients  

Source reduction; 
managerial 
 

Yes 
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Figure 2.4 Diagram of Buffer Strips 

 
Source: Made by Author.  
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Figure 2.5 Illustration of Controlled Tile Drainage to Reduce Phosphorus Emission and Increase Yields 

	

	
Source: Frankenberger et al. (2014) 
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Table 2.6 Summary of Crop Yields Response to Controlled Tile Drainage in North America 

Crop Yield response Location References 

Soybean 35% 

0% 

0% 

49% 

0% 

10% 

8% 

0% 

0% 

0% 

Quebec 

Ontario 

Ohio 

Ontario 

Ontario 

North Carolina 

               Iowa 

Iowa 

Illinois 

                                      Ohio 

Madramootoo et al. (1995) 

Tan et al. (1998) 

Fausey (2005) 

Tan et al. (2007) 

Drury et al. (2009) 

Poole et al. (2011) 

Jaynes (2012) 

Helmers et al. (2012) 

Cooke and Verma (2012) 

Ghane et al. (2012) 

Wheat 0% North Carolina Poole et al. (2015) 

Corn 0% 

91% 

0% 

11% 

1% ~ 19% 

5.8% ~ 9.8% 

0% 

0% 

Ohio 

Ontario 

Ontario 

        North Carolina 

               Ohio 

                                    Indiana 

               Iowa 

              Illinois 

Fausey (2005) 

Tan et al. (2007) 

Drury et al. (2009) 

Poole et al. (2011) 

Ghane et al. (2012) 

Delbeaq et al. (2012) 

Jaynes (2012) 

Cooke and Verma (2012) 

Source: Author’s summary of studies examining soybean, wheat and corn yield response to controlled tile drainage in North America.  
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Figure 2.6 Diagram of Livestock Exclusion from Waterways 
 

 
Source: Made by Author. 
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Figure 3.1 Marginal Abatement Cost and Marginal Benefit of Reduction in Phosphorus 

Emission 

 
Notes: 1. MAC is marginal abatement curve with respect to reduction in phosphorus emission. 

2. MB is marginal benefit of reduction in phosphorus emission.  

3. E* is the social efficient reduction in phosphorus emission, where marginal abatement cost 

equals marginal benefits of reduction in phosphorus emission. 

4. AC* is the corresponding abatement costs of reduction in phosphorus emission where marginal 

abatement cost equals marginal benefits of reduction in phosphorus emission.  
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Figure 3.2 Marginal Abatement Cost Curves of Three Hypothetical BMPs in Phosphorus 

Emission Reduction with respect to Location 

 
Note: 

1. !"#$%&'()*+,, !"#$%&'()*+- and !"#$%&'()*+. are marginal abatement curves of three hypothetical 

BMPs in reducing phosphorus emission with zero, positive and negative abatement costs with no 

reduction in phosphorus emission.  

2.  Marginal abatement cost curves are not necessarily linear.   
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Figure 3.3 Three Hypothetical Function Forms of BMP Marginal Abatement Cost Curves 

in Reducing Phosphorus Emission 

 
Notes:  1. MAC0 is the marginal abatement curve with a linear function in reducing phosphorus 

emission. 

2. MAC1 the is marginal abatement curve with a convex function in reducing phosphorus 

emission. 

3. MAC2 is the marginal abatement curve with a concave function in reducing phosphorus 

emission.  
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Figure 3.4 Comparison of Two Hypothetical BMPs with respect to Marginal Abatement 

Cost       

 
Notes: 1.  !"#$%&'()*+-and !"#$%&'()*+. are two marginal abatement curves with respect to reduction 

in phosphorus emission. 

2.  E* is the social efficient reduction in phosphorus emission, where marginal abatement cost 

equals marginal benefits of reduction in phosphorus emission. 

3.  AC* is the corresponding abatement costs of reduction in phosphorus emission where 

marginal abatement cost equals marginal benefits of reduction in phosphorus emission.  

4.  AC0 and AC1 are abatement costs of marginal abatement cost curves MAC0 and MAC1 with 

respect to a targeted reduction in phosphorus emission at E*.  

5.  E0 and E1 are reductions in phosphorus emission of marginal abatement cost curves MAC0 

and MAC1 with respect to a given abatement cost at AC*.  

6.  Marginal abatement cost curve is not necessary a straight line.  

7.  Marginal abatement cost curve not necessarily crosses the origin.  
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Table 3.1 Estimated Cost and Effectiveness Ranges of Major Best Management Practices (BMPs) used in the Great Lakes 
Basin to Reduce Excess Phosphorus for Agriculture Production1 

BMPs 
Costs  

Yield 
change  

Phosphorus Loss Reduction Cost-
effectiveness4 

 Investment 
Operation & 
Maintenance 

Annualized2     
Percentage  

Loading3 

                                   -----------------------------------$/ha--------------------------     -----%-----      ----%----      ----kg/ha-----       ------$/kg------      
Conservation tillage 
  Low till __ -7.41 to -18.53 -7.41 to -18.53 ±10 25 to 50 0.15 to 5.61 <0 to 436.51 
  No-till __ -12.36 to -37.07 -12.36 to -37.07 ±10 50 to 80 0.28 to 8.97 <0 to 176.37 
Contouring 7.41 to 29.65 7.41 to 14.83 8.65 to 19.77 __ 35 to 75 0.19 to 8.41 1.70 to 72.44 
Terraces 151.35 to 1,779.12 7.41 to 88.96 25.21 to 298.00 __ 50 to 75 0.28 to 8.41 19.22 to 576.72 
Grassed 
Waterways5 

39.54 to 98.84 1.98 to 4.94 6.67 to 16.56 __ 40 to 50 0.22 to 5.61 2.07 to 51.81 

Sediment Basins6 247.00 to 741.00 247.00 to 741.00 64.99 to 194.71 __ 25 to 50 0.15 to 5.61 23.15 to 925.93 
Source: Adapted from DPRA (1989).   
Notes:  
1.  Cost and effectiveness estimates based on review of the literature as presented in the study.   
2.  Investment costs are annualized at a 10 percent rate over the useful life of the BMP. 
3.  Phosphorus losses before implementation of each BMP are estimated to range from 0.561 kg/ha to 11.2 kg/ha in edge-of-field.   
4.  Cost-effectiveness estimates are calculated using the midpoint of the annualized cost range estimate for each BMP. 
5.  Grassed waterway costs are estimated on the assumption that one hectare grassed waterway will serve 75 hectares of cropland.   
6.  Sediment basin costs are estimated on the assumption that each basin serves 3.24 hectares of cropland. 
7. Units are converted into metric units and 2016 Canadian Dollar by author.    
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Table 3.2 Cost-effectiveness of Beneficial Management Practices in Reducing Excess 

Phosphorus on Farm with Continuous Corn in Pennsylvania1 

BMP Phosphorus Loss (kg/ha/yr) Cost-effectiveness ($/kg)2 

None 10.0 _ 

Contour cropping 6.3 2.23 

Terraces 3.2 6.17 

Conservation tillage 3.9 1.05 

Vegetative buffer areas 2.5 1.44 

Manure management 2.8 4.33 

All BMPs 1.8 6.49 

Source: Summary of Sharpley et al.  (2006) with results from USDA-ASCS (1992) and Heathman 
et al.  (1995) 
Notes: 1.  The study was conducted on crop farm with continuous planted with 5% slope and 140 
kg phosphorus manure broadcast per hectare per year in Pennsylvania.   
2.  Unit of cost is converted into 2016 Canadian dollars. 
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Figure 3.5 The Cost-Effectiveness of Agricultural Management Practices in Reducing 

Phosphorus Loss in a Northeastern Iowa Watershed 

 
Source: Wortmann et al.  (2011) 
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Table 3.3 Summary of Effectiveness and Abatement Cost of Phosphorus Mitigation 
Strategies for Low-, Average-, High-Producing Farms in Australia and New Zealand 

BMP 
Effectiveness 

(%) 

Abatement Cost (US 

$/kg)2 

Management   

  Optimum soil test P 5 - 20 NA1 

  Low solubility P fertilizer 0 - 20 0.00 – 21.34 

  Stream fencing 10 - 30 2.13 – 48.02 

  Restricted grazing of cropland 30 - 50 32.01 – 213.40 

  Greater effluent pond storage/application area 10 - 30 2.13 – 32.01 

  Flood irrigation management 40 - 60 2.13 – 213.40 

  Low rate effluent application to land 10 - 30 5.34 – 37.35 

Amendment   

  Tile drain amendments 50 21.34 – 80.03 

  Red mud (bauxite residue) 20 - 98 80.03 to 160.05 

  Alum to pasture 5 - 30 117.37 to >426.80 

  Alum to grazed cropland 30 128.04 – 234.74 

Edge of field   

  Grass buffer strips 0 - 20 21.34 to >213.40 

  Sorbents in and near streams 20 275.00 

  Sediment traps 10 - 20 > 426.80 

  Dams and water recycling 50 - 95 -213.40 to 426.80 

  Constructed wetlands -426 to 77 106.70 to >426.80 

  Natural seepage wetlands <10 106.70 to >426.80 

Source: Adapted from McDowell and Nash (2012).   
Note: 1.  It depends on existing soil test P concentration. 
2. Unit of cost is converted into 2016 Canadian dollars.  
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Figure 3.6 Cost-Effectiveness of Small-, Median, and Large-Scale BMP Implementation

   

 

 
 
Source: O’Neill (2015) 
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Table 4.1 Definition of Treatment Area of Structural BMPs 

Structural 

BMPs1 Treatment Area2 Details 

Buffer Strips Drainage area3 + 
 buffer area 

Total land area including both upstream 
contributing cropland and cropland taken out of 
production for buffer establishment 

Grassed 
Waterways 

Drainage area3 + 
grassed area 

Total land area including both upstream 
contributing cropland and cropland taken out of 
production for grassed area establishment 

Water and 
Sediment Control 
Basins 

Drainage area3 + 
 basin area 

Total land area including both upstream 
contributing cropland and cropland taken out of 
production for basin establishment 

Controlled Tile 
Drainage 

Drainage area3 Total land area drained by the tile drainage 
system 

Livestock 
Exclusion 

Pasture field Total pasture field including both grazing 
pasture and riparian pasture excluded by fence 

Notes: 

1. Structural BMPs abate emissions through establishing structural or vegetative practices 

between source area and streams. Structural BMPs include buffer strips, grassed waterways, 

water and sediment control basins (WASCoBs), controlled tile drainage and livestock exclusion.  

2. Treatment area is the land area affected by a BMP. In terms of structural BMPs, in addition to 

the land area which is taken out of production to establish the BMP, upstream land area is 

included in the treatment area.  Figure 2.4 illustrates buffer strips as an example of a structural 

BMP. Treatment area of buffer strips includes upstream cropland and the buffer area.  

3. Drainage area of structural BMPs is defined as the contributing land area draining into a 

stream at a given point within structural areas. Generally, surface runoff area is considered as the 

drainage area. In Figure 2.4, upstream cropland is identified as drainage area.  
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Figure 4.1 Summary of Study Sites Covered in the Meta-Analysis  
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Table 4.2 Summary of Data Set by Location 

Locations 
Number of 

Articles 
Number of Data 

Points 
BMPs examined 

Great Lakes Region 
  Ontario 5 54 no-till, conservation tillage, crop nutrient 

management, cover crops, buffer strips, 
water and sediment control basins, 
controlled tile drainage 

  New York 2 2 no-till, livestock nutrient management  
  Pennsylvania 7 28 no-till, conservation tillage, cover crop, 

buffer strips, grassed waterways, water 
and sediment control basins, livestock 
nutrient management, livestock exclusion   

  Ohio 1 7 conservation tillage, no-till, grassed 
waterways, water and sediment control 
basins 

  Michigan 2 13 no-till, crop nutrient management, cover 
crops, buffer strips 

  Illinois 1 5 conservation tillage, crop nutrient 
management, cover crops, buffer strips 

  Wisconsin 1 18 conservation tillage, livestock nutrient 
management 

  Minnesota 3 14 conservation tillage, crop nutrient 
management, controlled tile drainage 

Non-Great Lakes Region 
  Alberta 1 4 livestock exclusion 
  Quebec 1 2 buffer strips 
  Vermont 3 7 no-till, cover crops, buffer strips, grassed 

waterways 
  Maryland 1 1 buffer strips 
  Virginia 3 9 no-till, crop nutrient management, buffer 

strips, livestock nutrient management  
 North Carolina 1 1 controlled tile drainage 
  Iowa 4 15 no-till, crop nutrient management, buffer 

strips, grassed waterways, water and 
sediment control basins 

  Missouri 1 2 buffer strips 
  Kansas 2 10 conservation tillage, no-till, crop nutrient 

management, buffer strips, grassed 
waterways, livestock nutrient 
management 
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Table 4.3 Summary of Data Set by Time Period 

Period 
Number of 

Articles 
Number of Data 

Points 
BMPs Examined 

1980-1989 3 12 no-till, conservation tillage, cover crop, 

buffer strips, grassed waterways, water 

and sediment control basins 

1990-1999 8 36 no-till, conservation tillage, buffer strips, 

water and sediment control basins, 

controlled tile drainage, livestock nutrient 

management, livestock exclusion 

2000-2009 15 71 no-till, conservation tillage, crop nutrient 

management, cover crops, buffer strips, 

grassed waterways, water and sediment 

control basins, livestock nutrient 

management, livestock exclusion 

2010-2017 13 73 no-till, conservation tillage, crop nutrient 

management, cover crops, buffer strips, 

grassed waterways, water and sediment 

control basins, controlled tile drainage, 

livestock nutrient management, livestock 

exclusion 
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Figure 4.2 Distribution of BMP Abatement Level in Reducing Excess Phosphorus of Each 

Data Point 
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Figure 4.3 Distribution of Economic Cost of Implementing BMPs of Each Data Point 
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Figure 4.4 Distribution of BMP Abatement Cost in Reducing Excess Phosphorus of Each 

Data Point 
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Figure 5.1 Definition of Quartiles   

 

 

Notes: 
1. Q0 denotes the minimum.  
2. The lower quartile (Q1) is the median of the lower half of the data set, indicating that 25% of values in the data set are lower or 
equal to Q1.  
3. The median (Q2) is the middle value of the data set.  
4. The upper quartile (Q3) is the median of the upper half of the data set, meaning that 75% of values in the data set are lower or equal 
to Q3.   
3. The fourth quartile (Q4) denotes the maximum. 
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Figure 5.2 Introduction of the Whisker and Box Plot  

                                

Notes: 
1. The lower quartile (Q1) is the median of the lower half of the data set, indicating that 25% of 
values in the data set are lower or equal to Q1. 
2. The median (Q2) is the middle value of the data set. 
3. The upper quartile (Q3) is the median of the upper half of the data set, meaning that 75% of 
values in the data set are lower or equal to Q3.   
4. Interquartile range (IQR) is the range between Q1 and Q3, measuring the middle 50% of the 
data set. 
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Table 5.1 Summary of Abatement Cost of Reduced Tillage in Reducing Phosphorus Emission1 

Reduced Tillage Data Points Minimum 1st quartile2 Median Mean 3rd quartile3 Maximum Std. Deviation 

Abatement level (kg/ha/yr) 

  No-till 17 0.135 0.650 1.41 2.39 2.42 11.2 2.86 

  Conservation tillage 21 0.177 0.913 1.48 3.83 2.88 37.2 8.08 

Economic cost ($/ha/yr) 

  No-till 17 -393.63 -4.15 4.90 -20.93 20.60 108.96 107.01 

  Conservation tillage 21 -107.22 4.16 61.01 40.50 95.32 95.32 57.16 

Abatement cost ($/kg) 

  No-till 17 -605.59 -6.33 2.94 -45.63 9.50 91.95 160.06 

  Conservation tillage 21 -48.50 1.07 41.9 61.95 60.23 503.32 117.90 

Source: Author’s calculation based on 12 studies examining no-till abatement costs and 9 articles examining abatement costs of 
conservation tillage.  
Notes: 
1. Cost is measured in 2016 Canadian Dollars.  
2. The lower quartile (Q1) is the median of the lower half of the data set, indicating that 25% of values in the data set are lower or 
equal to Q1. 
3. The upper quartile (Q3) is the median of the upper half of the data set, meaning that 75% of values in the data set are lower or equal 
to Q3.   
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Figure 5.3 Abatement Cost of Reduced Tillage in Reducing Phosphorus Emission 

                               

Source: Author’s calculation based on 12 studies examining no-till abatement costs and 9 articles examining abatement costs of 
conservation tillage.  
Notes:  1. Number of data points for each BMP is shown in the parenthesis.  
2. Cost is measured in 2016 Canadian Dollars.  
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Table 5.2 Summary of Abatement Cost of Crop Nutrient Management in Reducing Phosphorus Emission1 

Crop Nutrient 
Management 

Data Points Minimum 1st quartile2 Median Mean 3rd quartile3 Maximum Std. Deviation 

Abatement level (kg/ha/yr) 

  Without Manure 15 0.004 0.048 0.096 0.210 0.155 1.04 0.341 

  With Manure 12 0.012 0.079 0.207 0.172 0.262 0.286 0.101 

Economic cost ($/ha/yr) 

  Without Manure 15 -24.56 7.19 15.13 29.29 41.32 105.87 35.35 

  With Manure 12 -105.60 -69.25 2.52 14.62 5.58 280.34 130.60 

Abatement Cost ($/kg) 

  Without Manure 15 -142.43 55.47 175.49 349.42 449.97 1227.73 437.91 

  With Manure 12 -369.49 -262.56 42.21 140.52 131.42 1430.32 592.71 

Source: Author’s calculation based on 5 studies examining abatement costs of crop nutrient management without manure application 
and 4 studies examining abatement costs of crop nutrient management without manure application.  
Note: 1. Cost is measured in 2016 Canadian Dollars.  
2. The lower quartile (Q1) is the median of the lower half of the data set, indicating that 25% of values in the data set are lower or 
equal to Q1. 
3. The upper quartile (Q3) is the median of the upper half of the data set, meaning that 75% of values in the data set are lower or equal 
to Q3.   
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Figure 5.4 Abatement Cost of Nutrient Management in Reducing Phosphorus Emission 

                                
Source: Author’s calculation based on 5 studies examining abatement costs of crop nutrient management without manure application 
and 4 studies examining abatement costs of crop nutrient management without manure application.  
Notes:  
1. Number of data points for each BMP is shown in the parenthesis.  
2. Cost is measured in 2016 Canadian Dollars.  
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Table 5.3 Abatement Costs of Nutrient Management Practices with and without Manure Application1                                       

 

        Fertilizer Application  Fertilizer and manure Application 

Rate Method Timing  Rate Method Multi-practices 

Abatement Level 

(kg/ha/yr) 

0.096 
(0.083) 

 

0.282 
(0.000) 

 

1.04 
(0.518) 

 

 0.224 
(0.026) 

 

0.194 
(0.343) 

2.64 
(3.39) 

 

Cost ($/ha/yr)4 
9.05 

(43.87) 
 

87.72 
(0.000) 

 

14.42 
(2.98) 

 

 111.99 
(189) 

 

52.51 
(43.58) 

-117.89 
(92.2) 

 

Abatement Cost ($/kg)4 87.11 
(279) 

310.78 
(0.000) 

13.91 
(30.1) 

 492.08 
(886) 

131.01 
(180) 

-52.88 
(116) 

Source: Author’s calculation based on 5 studies examining abatement costs of crop nutrient management without manure application 
and 4 studies examining abatement costs of crop nutrient management without manure application.  
Notes:  
1. Results are based on median value to represent general situations since there is a wide variance.  
2. Value in the parenthesis represents standard deviation within each category.  
3. Multi-practices include fertilizer application rate restriction, timing and method adjustment. 
4. Cost is measured in 2016 Canadian Dollars.  
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Figure 5.5 Abatement Cost of Cover Crops in Reducing Phosphorus Emission 

   
Source: Author’s calculation based on 7 studies examining abatement costs of cover crops in mitigating excess phosphorus.  
Notes:  
1. Number of data points is shown in the parenthesis.  
2. Cost is measured in 2016 Canadian Dollars.  
 

Cover Crop 
Abatement 

level 
(kg/ha/yr) 

Economic 
Cost 

($/ha/yr) 

Abatement 
Cost 

($/kg) 
Minimum 0.250 -10.76 -23.23 
1st quartile 0.402 21.12 16.51 
Median 0.852 35.26 59.65 
Mean 0.878 74.41 126.26 
3rd quartile 1.34 94.95 156.70 
Maximum 1.62 277.20 452.77 
Std. Deviation 0.521 86.44 163.52 
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Figure 5.6 Abatement Cost of Buffer Strips in Reducing Phosphorus Emission 

 
Source: Author’s calculation based on 16 studies examining abatement costs of buffer strips in mitigating excess phosphorus.  
Notes: 1. There is a total of 36 data points of buffer strips.  Here 2 data points are excluded since they are extremely far from the 
majority: (1) Bonham et al. (2006) found that buffer strips in Virginia decreased phosphorus loss by 0.022 kg/ha/yr with associated 
cost of $65.96/ha/yr.  In this case, abatement cost of buffer strips was $2,828.28/kg for per kilogram phosphorus reduced from 
baseline; (2) Ghebremichael et al. (2013) shown that buffer strips on a corn-dairy mixed farm in Vermont reduced phosphorus by 
0.153 kg/ha/yr while increased on-farm cost by $196.71/ha/yr. Abatement cost of buffer strips in this syudy was $1,285.65/kg. 
2. Number of data points for each BMP is shown in the parenthesis.  
3. Cost is measured in 2016 Canadian Dollars.  

Buffer Strips 
Abatement 

Level 
(kg/ha/yr) 

Economic 
Cost 

($/ha/yr) 

Abatement 
Cost 

($/kg) 
Minimum 0.022 1.09 1.35 
1st Quartile 0.433 6.04 5.71 
Median 0.567 16.83 14.06 
Mean 2.30 44.63 139.32 
3rd Quartile 1.78 24.71 33.79 
Maximum 31.0 363.97 2,828.28 
Std. Deviation 5.30 81.95 507.56 



 																																																																					142	

Figure 5.7 Abatement Cost of Grassed Waterway in Reducing Phosphorus Emission 

 
Source: Author’s calculation based on 5 studies examining abatement costs of grassed waterways in mitigating excess phosphorus.  
Notes:  
1. Number of data points is shown in the parenthesis.  
2. Cost is measured in 2016 Canadian Dollars.  

Grassed Waterway 
Abatement 

Level 
(kg/ha/yr) 

Economic 
Cost 

($/ha/yr) 

Abatement 
Cost 

($/kg) 
Minimum 0.302 6.70 4.72 
1st Quartile 1.37 19.20 4.89 
Median 1.39     23.61 8.24 
Mean 1.66 24.43 36.85 
3rd Quartile 2.33 28.17 22.29 
Maximum 2.92 44.45 144.09 
Std. Deviation 1.01 13.76 60.38 
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Figure 5.8 Abatement Cost of Water and Sediment Control Basins in Reducing Phosphorus  

 
Source: Author’s calculation based on 4 studies examining abatement costs of WASCoBs in mitigating excess phosphorus.  
Notes:  
1. Number of data points is shown in the parenthesis.  
2. Cost is measured in 2016 Canadian Dollars.  

WASCoBs 
Abatement 

Level 
(kg/ha/yr) 

Economic 
Cost 

($/ha/yr) 

Abatement 
Cost 

($/kg) 
Minimum 0.054 0.59 1.88 
1st Quartile 0.175 56.28 51.00 
Median 0.491 56.34 120.87 
Mean 1.47 77.93 238.99 
3rd Quartile 1.29 56.39 374.39 
Maximum 12.9 529.48 1,065.93 
Std. Deviation 2.61 89.38 278.45 
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Figure 5.9 Abatement Cost of Controlled Tile Drainage in Reducing Phosphorus  

 
Source: Author’s calculation based on 4 studies examining abatement costs of controlled tile drainage in mitigating excess 
phosphorus. 
Notes:  1. Number of data points is shown in the parenthesis.  
2. Cost is measured in 2016 Canadian Dollars. 

Controlled Tile 
Drainage 

Abatement 
Level 

(kg/ha/yr) 

Economic 
Cost 

($/ha/yr) 

Abatement 
Cost 

($/kg) 
Minimum 0.010 -50.47 -360.51 
1st Quartile 0.120 -34.89 -140.20 
Median 0.140 -19.30 -54.51 
Mean 0.192 -10.65 261.07 
3rd Quartile 0.301 21.42 152.71 
Maximum 0.354 22.18 2,217.50 
Std. Deviation 0.131 32.80 882.10 
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Figure 5.10 Abatement Cost of Livestock Nutrient Management in Reducing Phosphorus  

 
Source: Author’s calculation based on 6 studies examining abatement costs of livestock nutrient management in mitigating excess 
phosphorus. 
Notes:  
1. Number of data points is shown in the parenthesis. There is a total of 25 data points of buffer strips with one infinite value excluded.   
2. Cost is measured in 2016 Canadian Dollars.  
 

Livestock 
Nutrient 
Management  

Abatement 
Level 

(kg/ha/yr) 

Economic 
Cost 

($/ha/yr) 

Abatement 
Cost 

($/kg) 
Minimum -0.193 -8.88 -236.23 
1st Quartile 0.389 22.85 12.62 
Median 1.02 44.07 57.57 
Mean 1.65 95.86 69.75 
3rd Quartile 2.16 105.34 149.49 
Maximum 7.17 644.81 230.20 
Std. Deviation 1.79 143.69 105.08 



 																																																																					146	

Figure 5.11 Abatement Cost of Livestock Exclusion in Reducing Phosphorus  

 
Source: Author’s calculation based on 4 studies examining abatement costs of livestock exclusion in mitigating excess phosphorus. 
Notes: 1. Number of data points is shown in the parenthesis. There is a total of 7 data points of livestock exclusion with 4 infinite 
values excluded.   
2. Cost is measured in 2016 Canadian Dollars.  

Livestock 
Exclusion 

Abatement 
Level 

(kg/ha/yr) 

Economic 
Cost 

($/ha/yr) 

Abatement  
Cost 

($/kg) 
Minimum -0.200 0.82 -4.10 
1st Quartile -0.093 0.82 3.69 
Median 0.015 0.82 11.48 
Mean 0.197 3.59 20.67 
3rd Quartile 0.396 4.97 33.05 
Maximum 0.777 9.12 54.62 
Std. Deviation 0.513 4.79 30.42 
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Figure 5.12 Distribution of Abatement Costs of BMPs in Mitigating Excess Phosphorus on farms 
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Figure 5.12 Comparison of Abatement Costs of Selected BMPs in Mitigating Excess Phosphorus 

                                     
Notes: 1. From left to right, BMPs are ordered by their median value of abatement costs from the highest to the lowest.  2. Data points 
higher than $600/kg and lower than -$400/kg are excluded. 3. No-till (NT).  4. Conservation tillage (CT). 5. Crop Nutrient 
Management without manure application (CNMWO).  6. Nutrient Management with manure application (CNMW).  7. Cover crops 
(CC).  8. Buffer strips (BS). 9. Grassed waterways (GW).  10. Water and sediment control basins (WASCOBS). 11. Controlled tile 
drainage (CTD). 12.  Livestock Nutrient Management (LNM).  13.  Livestock Exclusion (LE).  14. Number of data points for each 
BMP is shown in the parenthesis.  15. Cost is measured in 2016 Canadian Dollars.  
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Table 5.4 Summary of Rankings of Selected BMPs Based on Abatement Level, Economic Cost and Abatement Cost 

Ranking Abatement Level1 

(kg/ha/yr) 
Economic Cost2 

($/ha/yr) 
Abatement Cost3 

($/kg) 
Crop Farm 
1 Conservation Tillage 

(1.48) 
Controlled Tile Drainage 
(-$19.30) 

Controlled Tile Drainage 
(-$54.51) 

2 No-till 
(1.41) 

Nutrient Management w Manure5 

($2.52) 
No-till 
($2.94) 

3 Grassed Waterways 
(1.39) 

No-till 
($4.90) 

Grassed Waterways 
($8.24) 

4 Cover Crops 
(0.852) 

Nutrient Management w/o Manure4 

($15.13) 
Buffer Strips  
($14.06) 

5 Buffer Strips 
(0.567) 

Buffer Strips 
($16.83) 

Conservation Tillage 
($41.90) 

6 Water and Sediment Control Basins 
(0.491) 

Grassed Waterways 
($23.61) 

Nutrient Management w Manure5 

($42.21) 
7 Nutrient Management w Manure5 

(0.207) 
Cover Crops 
($35.26) 

Cover Crop 
($59.65) 

8 Controlled Tile Drainage 
(0.140) 

Water and Sediment Control Basins 
($56.34) 

 Water and Sediment Control Basins 
($120.87) 

9 Nutrient Management w/o Manure4 

(0.096) 
Conservation Tillage 
($61.01) 

Nutrient Management w/o Manure4 

($175.49) 
Livestock Farm 
1 Livestock Nutrient Management  

(0.999) 
Livestock Exclusion 
($9.12) 

Livestock Exclusion 
($11.48) 

2 Livestock Exclusion 
(0.000) 

Livestock Nutrient Management  
($44.07) 

Livestock Nutrient Management 
($57.57) 

Notes: 1. Ranking is from the highest to the lowest based on median value of effectiveness of BMPs in reducing phosphorus within each 
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category.  

2. Ranking is from the lowest to the highest based on median value of costs of BMPs within each category. 

3. Ranking is from the lowest to the highest based on median value of abatement costs of BMPs in reducing phosphorus within each 

category. 

4. Nutrient Management Practices without manure applied on cropland.  

5. Nutrient Management Practices with manure applied on cropland. 

6. Cost and Abatement Cost are present in Canadian dollars in 2016. 
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Table 5.5 T-test for Equality of Abatement Cost Medians for Management BMPs and Structural BMPs in Reducing Phosphorus  

 Number Mean of abatement cost Std. Deviation Std. Error Mean 

Management BMPs 99 104.94 304.76 30.63 

Structural BMPs 88 181.04 440.82 46.99 

 

 Levene’s Test for 
Equality of Variance 

 T-test for Equality of Means 

 F Sig. 

 

t df 
Sig.  

(2-tailed) 
Mean 

Difference 
Std. Error 
Difference 

95% Confidence Interval 
of the Difference 

 Lower Upper 

Equal variances 
assumed 

1.847 0.176  -1.385 185 0.168 27.526 -76.102 54.932 -184.476 

Equal variances 
not assumed 

   -1.357 152.233 0.177 27.526 -76.102 56.092 -186.922 
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Table 5.6 Statistical Difference of Abatement Costs between BMPs in Reducing Excess Phosphorus  

 CT NT CNMWO CNMW CC BS GW CTD WASCoBs LNM LE 

Conservation 
tillage 

__ 0.022*** 0.025*** 0.658 0.221 0.496 0.652 0.573 0.001*** 0.816 0.559 

No-till 
__ __ 0.004*** 0.309 0.013*** 0.150 

 
0.279  

 
0.395 

 
0.000*** 

 
0.008*** 0.493 

Crop nutrient 
management 

without manure 

__ __ __ 0.302 0.088 0.168 0.016*** 0.754 0.377 0.028*** 0.223 

Crop nutrient 
management 
with manure 

__ __ __ __ 0.938 0.995 0.707 0.725 0.588 0.689 0.739 

Cover crop 
__ __ __ __ __ 0.937 0.265 0.703         0.229 0.236 0.303 

Buffer strip 
__ __ __ __ __ __ 0.658 0.613 0.300 0.512 0.692 

Grassed 
Waterways 

__ __ __ __ __ __ __ 0.588 0.001*** 0.508 0.687 

Controlled tile 
drainage 

__ __ __ __ __ __ __ __ 0.950 0.588 0.661 

Water and 
sediment control 

basins 

__ __ __ __ __ __ __ __ __ 0.002*** 0.188 

Livestock 
nutrient 

management 

__ __ __ __ __ __ __ __ __ __ 0.436 

Livestock 
Exclusion  

__ __ __ __ __ __ __ __ __ __ __ 

Notes: 1.  Equal variances assumed are present in Italic with results through Levene’s Test for equality of variances. 2.  *** denotes 5% significance.  
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Table 5.7 Measurement of Heterogeneity for BMP Abatement Costs  

 Interquartile Range1 Standard Deviation Coefficient of Variation2 

No-till 15.83 160.06 350.78% 
Conservation tillage 59.16 117.90 190.31% 
Nutrient management without manure 394.50 437.91 125.32% 
Nutrient management with manure 393.98 592.71 421.80% 
Cover crop 140.19 163.52 129.51% 
Buffer strips 28.08 507.56 364.31% 
Grassed waterways 17.4 60.38 163.85% 
Water and sediment control basins 323.39 278.45 116.51% 
Controlled tile drainage 292.91 882.10 337.88% 
Livestock Nutrient management  136.87 105.08 150.65% 
Livestock exclusion 29.36 30.42 147.17% 

Notes: 1.  Interquartile Range (IQR) denotes the range between the Q1 (the bottom of 1st quartile) and Q3 (the top of the 4th quartile).  

2. The coefficient of variation (CV) is defined as the ratio of the standard deviation to the mean. It shows the extent of variability in 

relation to the mean of the population. 
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Figure 5.14 Coefficients of Variation of Abatement Costs for BMPs in Reducing Phosphorus 

 
Notes: 1. The coefficient of variance (CV) is the ratio of the standard deviation to the mean. It shows the extent of variability in 

relation to the mean of the population.  

2. The coefficient of variation should be computed only for data measured on a ratio scale, as these are the measurements that can only 

take non-negative values. Absolute values are applied of each value.  
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Table 5.8 Drivers of Variation in BMP Abatement Level and Abatement Cost 

Heterogeneity Category Variation Drivers 

Economic Costs  

   Installation Costs Location, soil type, availability of equipment, material costs, labor costs, land condition, type of crop, 

water availability, tree density, farm size 

   Maintenance Costs Precipitation, presence/absence of pests, labor costs 

   Opportunity Costs Type of crop, quality of soil 

Abatement Level Location, soil type, geologic setting, land-river segment, precipitation 
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Figure 5.15 Frontiers of BMP Abatement Costs in Reducing Phosphorus Emission 

 
Notes: 1. The scatter plot is based on 132 data points excluding extreme outliers of abatement level and abatement costs. 2. NT (No-

till), CT (Conservation tillage), CNMWO (Crop nutrient management without manure), CC (Cover crop), BS (Buffer strips), 

WASCoBS (Water and sediment control basins), CTD (Controlled tile drainage), LNM (Livestock nutrient management).  
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Figure 5.16 Comparison of Abatement Costs by BMP using Medians of Abatement Level and Abatement Costs 

 
Notes: 1. Cost is measured in 2016 Canadian Dollars.  
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Figure 5.17 Comparison of Abatement Costs by Locations using Medians of Abatement Level and Abatement Costs 

 
Notes: 1. MN (Minnesota), NC (North Carolina), IA (Iowa), MO (Missouri), VA (Virginia), ON (Ontario), VT (Vermont), 
PA(Pennsylvania), IL (Illinois), KS (Kansas), MI (Michigan), WI (Wisconsin), NY(New York), OH(Ohio), MA (Maryland), QC 
(Quebec).  
2. Cost is measured in 2016 Canadian Dollars.  
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Table 5.9 Summary of Steps and Range of Abatement Level and Abatement Cost for Outliers Exclusion 

 Abatement Level (kg/ha/yr) Abatement Cost ($/kg) 

 Median Step1 Range2 Median Step1 Range2 

Management BMPs       

Conservation tillage 1.48 1.97 -0.487 to 3.45 41.90 59.16 -17.26 to 101.06 

No-till 1.41 1.77 -0.360 to 3.18 2.94 15.83 -12.89 to 18.77 

Crop nutrient management without manure  0.096 0.107 -0.011 to 0.203 175.49 394.50 -219.01 to 569.99 

Crop nutrient management with manure  0.207 0.183 0.024 to 0.390 42.21 393.98 -351.77 to 436.19 

Cover crops 0.852 0.936 -0.085 to 1.79 59.65 140.19 -80.54 to 199.84 

Livestock nutrient management 1.02 1.77 -0.752 to 2.791 57.57 136.87 -79.31 to 194.44 

Structural BMPs       
Buffer strips 0.567 1.345 -0.778 to 1.91 14.06 28.09 -14.03 to 42.15 

Grassed waterways 1.39 0.960 0.430 to 2.35 8.24 17.40 -9.16 to 25.64 

Water and sediment control basins 0.491 1.12 -0.624 to 1.61 120.87 323.39 -202.52 to 444.26 

Controlled tile drainage 0.14 0.181 -0.041 to 0.321 -54.51 292.91 -347.42 to 238.40 

Livestock exclusion 0.015 0.489 -0.474 to 0.504 11.48 29.36 -17.88 to 40.84 
Note: 1. Step is defined as the interquartile.  It is the difference between 3rd quartile and 1st quartile.  

2. Range is used to identify outliers.  It is defined as one step away from medians.  
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Table 5.10 Summary of Independent Variables with and without Outliers  

Variables 
Data Points1 

With outliers Without outliers2 Without outliers by BMPs3  

Abatement Level 187 132 115 

BMP Dummy Variables 187 132 115 

   Management BMPs 99 69 63 

       Conservation tillage 21 17 14 

       No-till 17 13 8 

       Crop nutrient management without manure  15 8 10 

       Crop nutrient management with manure  12 4 8 

       Cover crop 10 8 8 

       Livestock nutrient management 24 19 15 

   Structural BMPs 88 63 52 

      Buffer strips 36 30 22 

      Grassed waterways 5 5 3 

      Controlled tile drainage 7 4 3 

      Water and sediment control basins 37 21 23 

      Livestock Exclusion 3 3 1 

Location Dummy Variables 187 132 115 

   Great Lakes Region4 141 103 92 
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      Ontario 54 37 34 

      New York 2 1 1 

      Pennsylvania 28 20 17 

      Ohio 7 7 5 

      Michigan 13 13 11 

      Illinois 5 4 3 

      Wisconsin 18 15 11 

      Minnesota 14 6 10 

   Non-Great Lakes Region5 46 29 23 

      Alberta 0 0 0 

      Quebec 2 0 0 

      Vermont 7 5 3 

      Maryland 1 1 0 

      Virginia 8 4 2 

      North Carolina 1 1 1 

       Missouri 2 2 2 

       Iowa 15 6 7 

       Kansas 10 10 8 
Notes: 1.  There are 192 data points in the data set including five infinite values.   

2. A BMP is identified as an outlier if it is located away from medians of abatement level and abatement cost by three times of 

interquartile range. Interquartile range is the distance between Q1 (bottom of the 1st quartile) and Q3 (the top of the 4th quartile).   
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3. Outliers are identified by abatement level and abatement costs of a BMP away from medians of each BMP category by one step 

(interquartile range of a BMP category).   

4. Great Lakes Regions include Ontario in Canada, and 9 states of the United States, involving New York, Pennsylvania, Ohio, 

Indiana, Michigan, Illinois, Wisconsin, Minnesota.  

5. Non-Great Lakes Region include provinces in Canada and states in the United States out of Great Lake Region but with similar 

agronomic context in Ontario.   
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Table 5.11 Meta-Regression Results with Respect to Different Function Forms and Outliers  

 With Outliers Without Outliers 
Without Outliers by BMP 

category 

Linear Quadratic Linear Quadratic Linear Quadratic 

Intercept	 -135.212 
(130.060) 

-178.855 
(129.663) 

3.991 
(20.220) 

19.228 
(21.353) 

12.478 
(61.503) 

74.748 
(62.140) 

Abatement Level -4.145 
(6.640) 

-46.424** 
(19.308) 

-16.847*** 
(4.785) 

-43.671*** 
(14.244) 

-40.491** 
(20.248) 

-213.485*** 
(59.263) 

Abatement Level Squared � 1.429** 
(0.614) 

� 6.391** 
(3.202) 

� 62.142*** 
(20.121) 

BMP Dummy Variables   

    Management BMPs 
  

      No-till -12.491 
(130.074) 

27.798 
(129.477) 

6.062 
(19.611) 

4.654 
(19.353) 

13.184 
(59.655) 

24.085 
(57.121) 

 Crop Nutrient Management  
  without manure 

-4.225 
(169.952) 

16.595 
(167.891) 

-30.434 
(26.463) 

-38.164 
(26.384) 

99.991 
(70.666) 

50.144 
(69.437) 

Crop Nutrient Management  
with manure 

186.046 
(166.480) 

139.206 
(165.456) 

22.015 
(30.518) 

1.945 
(31.732) 

-51.211 
(80.524) 

-131.945 
(81.275) 

      Cover Crop 154.727 
(160.441) 

166.148 
(158.346) 

53.850** 
(23.482) 

50.657** 
(23.214) 

48.254 
(63.931) 

63.144 
(61.289) 

 Livestock Nutrient Management -34.303 
(111.392) 

-30.251 
(109.899) 

50.754*** 
(16.587) 

44.728*** 
(16.635) 

28.063 
(47.418) 

34.954 
(45.372) 
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    Structural BMPs 
  

       Buffer Strips 214.440* 
(125.378) 

249.284** 
(124.585) 

21.726 
(18.867) 

19.394 
(18.644) 

27.851 
(57.661) 

36.664 
(55.181) 

       Grassed Waterways 
 

57.467 
(181.101) 

77.255 
(178.853) 

22.496 
(24.871) 

25.134 
(24.564) 

16.308 
(76.218) 

38.842 
(73.205) 

WASCoBS 367.856*** 
(131.767) 

447.107*** 
(134.369) 

99.661*** 
(21.722) 

100.550*** 
(21.427) 

187.202*** 
(63.977) 

189.578*** 
(61.147) 

Controlled Tile Drainage 213.146 
(185.325) 

256.139 
(183.748) 

-110.865*** 
(32.446) 

-119.096*** 
(32.264) 

-13.459 
(89.431) 

-55.010 
(86.521) 

       Livestock Exclusion -41.839 
(225.539) 

-77.663 
(223.019) 

6.652 
(30.920) 

-10.185 
(31.639) 

-54.131 
(112.466) 

-144.933 
(111.432) 

Location Dummy Variables 
  

    Great Lakes Region   

        New York -130.589 
(258.486) 

-42.603 
(257.776) 

4.940 
(50.057) 

20.995 
(50.018) 

84.640 
(125.395) 

17.866 
(121.774) 

        Pennsylvania 138.091 
(106.650) 

238.740** 
(112.833) 

-2.930 
(17.963) 

0.694 
(17.808) 

29.454 
(53.986) 

20.903 
(51.668) 

        Ohio 116.000 
(157.706) 

221.549 
(162.045) 

44.967* 
(23.901) 

43.631* 
(23.581) 

76.326 
(78.963) 

66.084 
(75.537) 

        Michigan 34.828 
(128.169) 

118.131 
(131.402) 

20.645 
(19.586) 

30.733 
(19.966) 

54.115 
(53.210) 

87.447* 
(51.985) 
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        Illinois 93.713 
(174.829) 

154.504 
(174.430) 

-20.388 
(26.609) 

-14.110 
(26.430) 

-44.238 
(66.340) 

-8.305 
(64.459) 

       Wisconsin 275.724** 
(136.318) 

388.954*** 
(143.001) 

83.798*** 
(23.743) 

89.628*** 
(23.597) 

109.191 
(68.499) 

137.257** 
(66.092) 

       Minnesota 640.371*** 
(159.843) 

665.153*** 
(158.039) 

116.843*** 
(30.866) 

110.311*** 
(30.616) 

95.599 
(62.176) 

93.843 
(59.425) 

    Non-Great Lakes Region 
  

        Alberta — — — — — — 

        Quebec -15.970 
(252.143) 

237.854 
(271.583) 

— — — — 

        Vermont 319.458** 
(154.881) 

381.002** 
(155.056) 

45.905* 
(24.678) 

55.223** 
(24.781) 

73.941 
(68.216) 

92.995 
(65.485) 

       Maryland 37.280 
(344.539) 

179.126 
(345.297) 

136.264*** 
(47.669) 

137.480*** 
(47.016) 

— — 

       Virginia 735.957*** 
(146.746) 

820.086*** 
(149.204) 

38.005 
(29.035) 

46.592 
(28.956) 

72.357 
(97.567) 

100.617 
(93.693) 

       North Carolina 6.762 
(366.597) 

17.893 
(361.669) 

194.696*** 
(50.755) 

193.925*** 
(50.057) 

94.642 
(122.962) 

112.862 
(117.662) 

       Missouri -57.644 
(249.927) 

-33.197 
(246.769) 

0.631 
(33.015) 

-3.141 
(32.615) 

-5.115 
(73.721) 

-20.326 
(70.627) 
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       Iowa -70.236 
(125.020) 

37.486 
(131.724) 

68.596*** 
(21.795) 

65.744*** 
(21.542) 

-138.281* 
(70.963) 

-85.655 
(69.927) 

       Kansas 104.084 
(132.045) 

173.726 
(133.650) 

35.289* 
(19.819) 

46.006** 
(20.270) 

51.767 
(50.917) 

93.333* 
(50.488) 

Observations 187 187 132 132 115 115 

Residual Std Error 335.8 331.3 43.95 43.35 97.1 92.8 

Degrees of Freedom 160 159 106 105 90 89 

R2 0.313 0.336 0.584 0.599 0.543 0.587 

Adjusted !" 0.202 0.223 0.485 0.500 0.421 0.471 

F-statistics 2.809 2.98 5.943 6.029 4.452 5.061 

P-value 4.09e-05 1.128e-05 2.85e-11 1.355e-11 1.13e-07 6.239e-09 

Notes:  

1. *** denotes 1% significant level, ** denotes 5% significant level, * denotes 1% significant level.  

1. Conservation tillage is dropped within BMP dummy variables.  

2. Ontario is dropped within location dummy variables.  
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7.  Appendix 
 
Table 1 OMAFRA BMP Summary Table for Phosphorus by Farm Type 

BMPs Confined 
Livestock 

Grazed 
Livestock 

Grain & 
Oilseed 
Crops 

Annual Hort. 
Crops 

Muck 
Crops 

Perennial 
Hort. 
Crops3 

Greenhouse 
& Container 
Nursery 

Rural 
Non-farm 

Point Source BMPs 

Nutrient 
Storage1 

√  √ √ √ √ √ √ 

Vegetated 
Filter Strips 

√   √ √  √  

Constructed 
Wetlands 

√    √  √  

Tank + 
Treatment 
Trench2 

√      √ √ 

Diffuse Source BMPs 

Do a NMP √ √ √ √ √ √ √  

Soil + 
Solutions Test 

√ √ √ √ √ √ √ √ 

Right Source √ √ √ √ √ √ √ √ 

Right Rate √ √ √ √ √ √ √ √ 

Right Time √ √ √ √ √ √ √ √ 

Right Place √ √ √ √ √ √ √ √ 

Monitoring4  √ √ √ √ √ √ √  

Soil 
Improvement5 

√ √ √ √ √ √  √ 

Soil Drainage √ √ √ √ √ √ √  

Controlled 
Drainage   √ √ √    

Residue 
Management 6 

√  √ √     

Erosion 
Control 
Practices7 

√  √ √ √ √ √  

Erosion 
Control 
Structures 8 

√ √ √ √ √ √ √ √ 

Riparian 
Management9 

√ √ √ √ √ √ √ √ 

Source: Government of Ontario (2011) 
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Notes:  
1. Nutrient Storage = for manure, fertilizers, solutions, biosolids, compost, nutrient-enriched 
irrigation water etc. 
2. Tank + Treatment Trench = for septage, milking centre cashwaters 
3. Perennial Horticulture Crops = field nursery, ginseng, small fruit, etc. 
4. Monitoring = there is a monitoring component to most environmental management systems 
5. Soil Improvement = cover crops, add organic matter, crop rotation 
6. Residue Management = no-till, mulch tillage 
7. Erosion Control Practices = field buffers, strip cropping 
8. Erosion Control Structures = grassed waterways, WASCoBs, diversion terraces, grade control 
structures, etc. 
9. Riparian Management = buffer strips, livestock exclusion, streambank protection 
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Table 2 BMPs for Diverse Purposes in GLASI 

BMPs Water 
Erosion 

Wind 
Erosion 

Tillage 
Erosion 

Surface 
Structure 

Subsurface 
Structure 

Phosphorus 

1. Cover Crops ✓ ✓ ✓ ✓ ✓ ✓ 

2. Adding 
Organic 
Amendments 

✓ ✓ ✓ ✓ ✓ ✓ 

3. Crop Nutrient 
Plans  

     ✓ 

4. Buffer Strips ✓     ✓ 

5. Field 
Windbreaks or 
Windstrips 

 ✓     

6. Equipment 
Customization 

✓ ✓ ✓ ✓ ✓ ✓ 

7. Erosion Control 
Structures 

✓     ✓ 

8. Fragile Land 
Retirement  

✓ ✓ ✓  ✓ ✓ 

9. BMP Adoption 
through 
Equipment 
Rentals and 
Custom Work 

✓ ✓ ✓ ✓ ✓ ✓ 

10. Runoff Water 
Management 

     ✓ 

Source: Ontario Soil and Crop Improvement Association (2015) 
Note:  
1.  GLASI denotes Great Lakes Agricultural Stewardship Initiative  
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Table 3 The BMP List for Six GLASI Priority Sub-Watersheds 

BMPs Ausable 
Bayfield 

Essex Region Lower 
Thames 

Upper Thames 

Gully Creek & 
Garvey-Glenn 
Watersheds 

Wigle Creek Jeannettes 
Creek 

North Medway 
Creek & Kettle 
Creek 

1. Cover Crops ✓ ✓ ✓ ✓ 

2. Soil Amendments ✓    

3. In-Field Erosion 
Control Structures 

✓ ✓  ✓ 

4. Retire Marginal 
Lands 

✓ ✓  ✓ 

5. Contour Cropping 
and Strip Cropping 

✓ ✓  ✓ 

6. Conservation 
Tillage 

✓ ✓  ✓ 

7. Optimize Placement 
and Timing of 
Phosphorus 
Applications 

 ✓ ✓ ✓ 

8. Phosphorus 
Management  

✓    

9. Crop Nutrient Plans 
or Field Nutrient 
Management Plans 

✓ ✓ ✓ ✓ 

10. Field Windbreaks 
or Wind Strips 

✓ ✓  ✓ 

11. Buffer Strips ✓ ✓  ✓ 

12. Drainage Water 
Management 

✓ ✓  ✓ 

13. Innovative Actions ✓ ✓  ✓ 

 
Source: Ontario Soil and Crop Improvement Association.
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Appendix Table 4 Adjusted Data for Meta-Analysis1 

# Author, Date Location Study type Commodity BMP 
Abatement 

Level 
(kg/ha/yr)2  

Economic 
Cost 

($/ha/yr)3 

Abatement 
Cost  

($/kg)4  

Data 
Point 

# 

1 Peterjohn and 
Correll, 1984 
(P.1471) 

Maryland Observation Corn Buffer strips 3.58 $363.97 $101.67 15 

2 
 

Crowder and 
Young, 1985 
(P.20, Table 12) 
 

Pennsylvania 
 

Simulation 
 

Dairy and 
Corn silage 

Grassed 
waterways 

2.33 $19.20 $8.24 26 

No-till 2.42 $0.00 $0.00 37 

Chisel plow 1.66 $0.00 $0.00 48 

Cover Crop 0.583 $0.00 to 
$55.64 

$0 to 
$95.43 

59 

3 DPRA, 1989 
(P. III-3, Table 
III-16;  
P. 3, Table 1) 

Ohio Simulation Corn, 
Soybean 

Reduced 
tillage10 

0.218 $15.49 $71.05 611 

0.545 $22.83 $41.90 712 

1.09 $61.01 $55.97 813 

Great Lakes 
Basins 

Literature 
synthesis 

Corn, 
soybean, 
wheat 

Conservation 
tillage 

0.140 to 
5.61 

-$15.07 to  
-$37.68 

-$5.35 914 

No-till 0.281 to 
8.97 

-$25.12 to  
-$75.35 

-$6.33 1015 

Grassed 
waterways 

0.224 to 
5.61 

$13.56 to 
$33.66 

$4.72 1116 

Water and 
sediment 
control basins 

0.140 to 
5.61 

$132.11 to 
$395.84 

$53.52 1217 

4 USDA, 1992 
(P.38, Table V-
3; P.45, Table 
V-7) 

Pennsylvania Simulation Corn  Conservation 
tillage 

12.3 $25.16 $2.04 1318 
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5 
 

Epp and 
Hamlett, 1996 
(Table 3,  
Table 6) 

Pennsylvania Simulation Corn No-till19 0.536 -$128.02 -$131.31 1422 

7.17 $0.19 $0.41 1522 

2.64 -$4.15 -$8.42 1622 

Livestock 
nutrient 
management20 

0.536 -$8.88 -$27.33 1722 

7.17 $3.83 $4.27 1822 

2.64 $21.51 $19.79 1922 

Water and 
sediment 
control 
basins21 

1.29 $529.48 $621.46 2022 

8.83 $0.59 $1.88 2122 

3.60 $0.73 $2.50 2222 

6 Evans et al. 
1996a 
(Figure 7) 

North 
Carolina 

Modelling Corn, wheat, 
soybean 

Controlled tile 
drainage 

0.247 ___ -$74.21 to 
$93.10 

2323 

7 Evan et al. 
1996b 
(Table 6&7) 

___ -$18.33 to 
$22.99 

8 VanDyk, et al. 
1999 
(Table 4&5) 

Virginia Field Study Dairy Livestock 
nutrient 
management24  

0.00 $8.03 ∞ 2425 

4.00 $74.27 $18.57 2526 

Hog Livestock 
nutrient 
management27 

2.00 $22.85 $11.42 2628 

Poultry Livestock 
nutrient 
management29  

2.00 $104.83 $52.41  2730 

9 Kramer, 1999 
(P. 21, Table 7; 
P. 35, Table 
A2) 

Wisconsin Consultation 
with 
watershed 
technicians 

Crop Conservation 
tillage31 

1.35 $61.83 $43.02 2832 

4.48 $61.83 $12.91 2932 

0.177 $95.32 $503.32 3033 

1.73 $95.32 $51.62 3133 

1.48 $95.32 $60.23 3233 



																																																																																																																						173	
	

2.59 $95.32 $34.42 3333 

1.73 $95.32 $51.62 3433 

1.48 $95.32 $60.23 3533 

2.96 $95.32 $30.11 3633 

Crop & 
Dairy 

Conservation 
tillage 

0.334 $95.32 $266.71 3733 

Livestock 
nutrient 
management34 

4.75 $383.76 $66.85 3835 

Livestock Livestock 
nutrient 
management36 

1.81 $216.35 $119.63 3937 

0.429 $84.62 $197.52 4037 

0.999 $97.65 $97.75 4137 

1.08 $75.20 $69.70 4237 

1.95 $109.95 $56.51 4338 

Dairy Livestock 
nutrient 
management39 

0.480 $106.86 $222.48 4437 

3.77 $644.81 $170.99 4537 

10 Stonehouse, 
1999  
(Table 1&3) 

Ontario Simulation Corn, 
Soybean, 
Wheat 

Chisel plow 37.2 -$107.22 -$2.88 4640 

Buffer strips 31.0 $41.71 $1.35 4740 

11 Galeone, 1999 
(Table 2) 

Pennsylvania Simulation Dairy Fencing -0.2 $0.82 -$4.10 4841 

12 
 

Keith, et al. 
2000 
(Table 9 to 
Table 23) 
 

Iowa 
 

Simulation Corn, 
Soybean 
 

No-till 0.224 $20.60 $91.95 49 

Crop nutrient 
management42 

0.286 -$93.15 -$326.22 50 

0.286 -$105.60 -$369.49 51 

0.282 -$92.21 -$326.70 52 

Grassed 
waterways 

0.302 $44.45 $144.09 53 
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Corn & 
dairy, hog 
and beef 
cattle 

Crop nutrient 
management43 

0.223 -$51.12 -$228.83 54 

0.255 -$61.59 -$241.34 55 

0.012 $3.60 $297.73 56 

0.061 $1.43 $23.47 57 

13 Meals, 2001 
(Table 1, P. 
179&182) 

Vermont Monitoring Dairy  Fencing 0.294 to 
1.26 

$3.76 to 
$14.47  

$11.48 5844 

14 Westra, et al. 
2002 
(P.501, Table 1) 
 

Minnesota Modelling Corn, 
Soybean 

Crop nutrient 
management45  

0.024 $1.00 $41.90 5946 

0.025 $30.77 $1,227.73 6046 

0.048 $4.70 $98.37 6146 

0.048 $51.49 $107.80 6246 

0.072 $12.57 $175.49 6346 

0.072 $76.42 $1,066.73 6446 

0.096 $26.38 $276.15 6546 

0.096 $105.87 $1,108.24 6646 

15 Devlin, et al. 
2003 
(P2-4, Table) 

Kansas Modelling Corn, grain 
sorghum 

Crop nutrient 
management47 

1.04 $15.13 $14.58 6748 

1.04 $15.13 $14.58 6848 

Buffer strips49 1.73 $16.83 $9.73 6950 

1.04 $16.83 $16.22 7050 

Conservation 
tillage 

1.21 $0.00 $0.00 7148 

No-till 1.38 $0.00 $0.00 7248 
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Livestock Livestock 
nutrient 
management51 

0.692 $110.26 $159.34 7348 

16 Qiu, 2003 
(Table 1 & 3) 

Missouri Monitoring Corn, 
Soybean 

Buffer strips52 0.310  $7.29 $23.50 7453 

0.440 $7.29 $16.56 7553 

17 Lee, et al. 2003 
(Table 1) 

Iowa Monitoring Corn, 
Soybean 

Buffer strips54 0.159 $20.03 $125.97 7655 

0.180 $20.03 $111.28 7755 

18 Johansson, et 
al. 2004 
(Table 2) 

Minnesota Simulation Corn, 
Soybean 

Chisel Plow 0.190 $13.57 $71.44 78 

Crop nutrient 
management56  

0.110 $31.15 $283.19 79 

0.170 $81.89 $481.70 80 

0.140 $9.67 $69.04 81 

19 
 

Bonham, et al. 
2006 
(Table 3, 5 &6) 

Virginia Modelling Corn Crop nutrient 
management57 

0.224 $280.34 $1,221.37 82 

0.191 $277.03 $1,430.32 83 

Buffer strips58 0.022 $65.96 $2,828.28 84 

0.594 $69.26 $114.79 85 

20 Gitau, et al. 
2006 
(Table 2, 5 &6) 

New York Simulation Dairy and 
Crops 

Livestock 
nutrient 
management59  

2.77 $36.04 $13.02 86 

21 
 

Sharpley, et al. 
2006 
(P. 24, Table 5) 

Pennsylvania 
 

Simulation Corn 
 

Conservation 
tillage 

3.90 $4.16 $1.07 87 

Buffer strips 2.50 $3.67 $1.47 88 

22 Czapar, et al. 
2006 
(Table 3 & 4) 

Iowa Modelling Corn, 
Soybean 

No-till 11.2 $32.98 $2.94 89 

Water and 
sediment 

12.9 $197.98 $15.36 90 
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control basins 

23 Liu, et al. 2007 
(Table 2 & 4) 

Ontario Modelling Corn, 
Soybean 

Buffer strips60 0.540 $1.31 $2.42 9161 

0.440 $1.68 $3.81 9261 

0.450 $2.71 $6.02 9361 

0.410 $1.09 $2.67 9461 

0.410 $2.68 $6.53 9561 

0.650 $1.46 $2.24 9661 

0.350 $1.64 $4.69 9761 

0.450 $2.14 $4.76 9861 

  1.14 $14.27 $12.52 9961 

0.520 $7.12 $13.69 10061 

0.620 $12.20 $19.68 10161 

0.490 $16.37 $33.40 10261 

0.480 $24.58 $51.21 10361 

24 Helmers, et al. 
2008 
(P. 53,  
Table 4-1) 

Iowa Modelling Corn, 
Soybean 

Buffer strips62 4.41-7.34 $20.03 $2.65 to 
$4.50 

104 

1.04-1.74 $20.03 $11.65 to 
$19.32 

105 

25 Kieser and 
Associates, 
2008 
(P. 15, Table 5;  

Michigan Modelling Corn No-till63 1.41 $5.15 $3.65 10664 

1.58 $5.15 $3.27 10764 

1.75 $5.15 $2.94 10864 
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P. 22, Table 6; 
P. 23, Table 7; 
Appendix 
Table A) 

Buffer strips63 2.95 $24.69 $8.36 10964 

2.29 $24.69 $10.80 11064 

1.89 $24.76 $13.10 11164 

Cover crop63 1.34 $21.04 $15.74 11264 

1.35 $21.14 $15.69 11364 

1.12 $21.11 $18.83 11464 

Crop nutrient 
management63 

0.081 $5.58 $68.98 11564 

0.092 $5.58 $60.95 11664 

0.073 $5.58 $75.98 11764 

26 
 

Duchemin and 
Hogue, 2009 
(Table 6) 

Quebec Experiment Corn Buffer strips65 7.96 $241.14 $30.29 11866 

7.86 $240.97 $30.66 11966 

27 Feser et al. 
2010 
(Table 1) 

Minnesota Experiment Soybean, 
Corn 

Controlled tile 
drainage67 

0.100 $18.88 to  
$25.47 

$188.80 to  
$254.70 

12068 

0.010 $18.88 to  
$25.47 

$1888.00 to  
$2547.00 

12168 

28 Miller et al. 
2010 
(Table 4) 

Alberta Monitoring Cattle Fencing69 0.000 $8.22 to 
$15.95 

∞ 12270 

0.000 $8.12 to 
$15.68 

∞ 12370 

0.000 $7.56 to 
$23.35 

∞ 12470 

0.000 $8.24 ∞ 12570 

29 Rotz, et al. Pennsylvania Simulation Cow-calf Livestock 0.194 $44.06 $227.12 12672 
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2011 
(Table 3, 4, & 
5) 

and swine nutrient 
management71 

0.259 -$6.68 -$25.78 12772 

Dairy 
 

Livestock 
nutrient 
management73 
 

-0.193 $45.59 -$236.23 12872 

0.152 $34.99 $230.20 12972 

0.171 -$1.06 -$6.20 13072 

0.267 $39.04 $146.21 13172 

0.555 $32.53 $58.62 13272 

1.04 $28.19 $27.11 13372 

30 Tan, et al. 2007 
(Figure 6) & 
Crabbé, et al. 
2012 (P. 36) 

Ontario Modelling& 
Experiment 
 

Corn Controlled 
Tile Drainage 

0.354 -$50.47 -$142.57 134 

Soybean Controlled 
Tile Drainage 

0.354 -$19.30 -$54.51 135 

31 Tan and Zhang, 
2011 (Table 7) 
& Crabbé, et 
al. 2012 (P. 36) 

Ontario Modelling& 
Experiment 
 

Corn Controlled 
Tile Drainage 

0.140 -$50.47 -$360.51 136 

Soybean Controlled 
Tile Drainage 

0.140 -$19.30 -$137.83 137 

32 Williams, et al. 
2012 
(Figure 3 & 4) 

Kansas Spreadsheet 
based 
modelling 

Corn, 
soybean, 
alfalfa 

No-till 1.39 $26.04 $18.73 138 

Buffer strips73 1.74 $22.58 $13.87 139 

Grassed 
waterways74 

1.39 $28.17 $22.29 140 

33 York County 
Coalition for 
Clean Waters, 
2013 
(Appendix D, 
P. D2) 

Pennsylvania Modelling Dairy Fencing 0.015 $0.82 $54.62 14175 

Corn, 
soybean 

Buffer strips 0.479 $6.83 $14.25 14276 

No-till 0.516 $4.90 $9.50 143 



																																																																																																																						179	
	

34 Yang, et al. 
2013 
(P. 90, 
Table 7-3;  
P. 93,  
Table 7-4&7-5; 
P. 96,  
Table 7-6; 
P. 125,  
Table 8-2; 
P. 156, Table 
D-9) 

Ontario Simulation Soybean-
Winter 
Wheat-Corn 

No-till 1.58 $41.30 $26.14 14477 

Crop nutrient 
management78 

0.004 $1.67 $418.24 14579 

Cover Crop 0.463 -$10.76 -$23.23 14680 

Water and 
sediment 
control 
basins81 

0.142 $56.35 $397.13 147 

0.329 $56.34 $171.09 148 

0.365 $56.36 $154.39 149 

0.372 $56.40 $151.44 150 
1.226 $56.26 $45.88 151 
0.114 $56.39 $495.42 152 
0.717 $56.33 $78.54 153 

0.175 $56.31 $322.46 154 

1.105 $56.37 $51.00 155 
0.150 $56.34 $374.39 156 

0.466 $56.32 $120.87 157 
1.024 $56.33 $55.02 158 
0.584 $56.36 $96.52 159 

0.299 $56.36 $188.34 160 

0.110 $56.28 $511.43 161 
0.145 $57.03 $392.10 162 
0.541 $56.39 $104.19 163 
1.613 $56.32 $34.91 164 

5.584 $56.24 $10.07 165 

1.917 $56.31 $29.38 166 
0.069 $56.33 $819.75 167 
0.190 $56.39 $297.25 168 
0.256 $56.48 $220.40 169 
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0.153 $162.60 $1,065.93 170 
0.131 $56.28 $430.99 171 
0.491 $56.39 $114.94 172 
0.377 $56.19 $149.15 173 
1.351 $37.63 $27.85 174 
0.528 $56.11 $106.17 175 
0.917 $56.35 $61.44 176 
3.315 $56.25 $16.97 177 
0.054 $56.39 $1,052.57 178 

35 Ghebremichael, 
et al. 2013 
(Table 3 & 4) 

New York Modelling Corn, dairy No-till 0.650 -$393.63 -$605.59 17982 

Vermont Modelling Corn, dairy Cover crop 0.340 $153.94 $452.77 18083 

Buffer strips 0.153 $196.71 $1,285.65 18184 

36 Movafaghi, et 
al. 2013 
(P. 5, Table 1; 
P.10) 

Virginia Modelling Corn, 
soybean 

No-till 0.135 -$30.18 -$223.59 18285 

37 Mutch, et al. 
2012 & 
Midwest Cover 
Crops Council, 
2015 
(P. 19, Table) 

Michigan Survey 
 

Corn, 
soybean 
 

Cover crops 
 

0.381 $42.70 $112.06 18386 

38 Henderson, 
2015 
(P. 5, Table) 

Vermont Modelling Corn-
soybean 

Cover crops 1.62 $277.20 $171.58 184 

No-till 0.961 to 
1.76 

$38.46 to 
$70.50 

$40.04 185 

Buffer strips 0.348 $13.91 $40.04 18687 

Grassed 
waterways 

1.37 $6.70 $4.89 18788 

39 Illinois 
Nutrient Loss 

Illinois Modelling Corn, 
Soybean 

Conservation 
tillage 

0.913 -$44.28 -$48.50 18889 
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Reduction 
Strategy, 2016 
(P. B-2;  
P. 3-48,  
Table 3.14) 

 Crop nutrient 
management90 

0.172 -$24.56 -$142.43 18991 

Cover crops92 0.250 $94.95 $379.81 19093 

1.33 $94.95 $71.58 19193 

Buffer strips 1.38 $48.19 $34.97 19294 

Source: Author’s summary and calculation of 41 studies fulfilling the selection criteria. 
Notes: 
1. Italics indicates results based on author’s calculation as explained in the notes below.  
2. Abatement level indicates total phosphorus reduction from baseline (current situation) due to the implementation of BMP.  All units 
are transformed into metric units.  Transformation of units are based on 1 acre = 0.4047 hectare, 1 pound = 0.4536 kg. Three 
significant digits are applied to measure abatement level.  
3. Economic costs indicate change in net farm returns because of BMP implementation. Units of currency are converted to 2016 
Canadian dollars to two decimal places. Dollars referring to Appendix Table 5.  
4. Abatement costs is measured with economic costs divided by abatement level. Abatement cost is also called cost-effectiveness or 
cost efficiency. Two decimal places are applied.   
5. The studied subwatershed is a 16.3-ha basin of which 10.4 ha was planted with corn, and remaining 5.9 ha is riparian forest.  It is 
reported that total phosphorus uptake by forest trees are estimated to be 9.9 kg/ha/yr, indicating per hectare forest buffer could capture 
9.9-kg total phosphorus emission per year.  Total phosphorus reduction was 58.41 kg/yr.  With treatment area of 16.3 ha (sum of corn 
field and forest buffers), abatement level was 3.58 kg/ha/yr.  I estimated cost of forest buffers in this study since cost estimation is not 
reported in the original article. Corn is the predominant crop in the basin, taking around 63.80% of total acreage. The study period of 
this article is from March 1981 to March 1982.  Based on data from USDA, corn value in Maryland of 1981 was 1981 US 
$700.529/ha (average corn yield is 6,591.512kg/ha and price of corn for grain is 1981 US $0.106). Opportunity cost of the forest 
buffer strip was $887.088/ha/yr.  Based on Delaware Department of Natural Resource and Environmental Control (2007), annualized 
establishment and maintenance costs with 10-year lifespan at 5% discount rate of were 2007 US $77.215/ha/yr ($118.452/ha/yr) for 
trees.  Therefore, total cost of forest buffers was $1,005.540/ha/yr for per hectare buffers implemented. With 5.9-ha forest buffer 
serving 16.3-ha treatment area, economic cost was $363.968/ha/yr. Abatement cost was $101.67/kg through dividing economic costs 
($363.968/ha/yr) by abatement level (3.58 kg/ha/yr).  
6. Phosphorus loss was 4.484 kg/ha with 20-ton manure daily spread on surface with 5% slope for corn silage. Grassed waterway 
saved total phosphorus emission by 52%.  Abatement level by grassed waterways was 2.33 kg/ha.  
7. Phosphorus loss was 4.484 kg/ha with 20-ton manure daily spread on surface with 5% slope for corn silage. Chisel plowing/reduced 
tillage saved total phosphorus emission by 37%.  Abatement level was 1.66 kg/ha/yr due to reduced tillage implementation. 
8. Phosphorus loss was 4.484 kg/ha with 20-ton manure daily spread on surface with 5% slope for corn silage. No-till saved total 
phosphorus emission by 54%.  Abatement level was 2.42 kg/ha due to no-till.  
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9. Phosphorus loss was 4.484 kg/ha with 20-ton manure daily spread on surface with 5% slope for corn silage.  Cover crops saved 
total phosphorus emission by 13%.  Abatement level was 0.583 kg/ha due to implementing winter cover crops.  Costs of winter cover 
and residue management vary according to crop residue.  
10. For data point #6 to #8, three scenarios of reduced tillage were examined respectively with 95% reliability: (1) 10% targeted 
reduction in phosphorus loadings via 49% of continuous corn applied with conservation tillage and 22% of corn-soybean applied with 
conservation tillage, (2) 25% phosphorus loading reduction via 49% of continuous corn with conservation tillage and 37% of corn-
soybean rotation with conservation tillage, (3) 50% phosphorus loading reduction via 65% of continuous corn with conservation 
tillage and 35% of corn-soybean rotation with no-till. The baseline was 25% of cropland was continuous corn with conventional 
tillage, 15 % are continuous soybeans with conventional tillage, and 60 % are corn-soybean rotation with conventional tillage.  The 
baseline edge-of-stream phosphorus losses was 2.181 kg/ha/yr under current cropping practices.  
11.  Assuming 10% reduction target can be achieved by applying conservation tillage, abatement level was 0.218 kg/ha/yr.  Average 
cost-effectiveness was reported at $25.54/kg. And economic cost can be obtained with abatement level and abatement costs.  
12. Assuming 25% reduction target can be achieved by applying conservation tillage, abatement level was 0.545 kg/ha/yr.  Average 
cost-effectiveness was reported at $15.06/kg. And economic cost can be obtained with abatement level and abatement costs.  
13. Assuming 50% reduction target can be achieved by applying conservation tillage, abatement level was 1.09 kg/ha/yr.  Average 
cost-effectiveness was reported at $20.12/kg. And economic cost can be obtained with abatement level and abatement costs.  
14. Baseline phosphorus loss was estimated to range from 0.561 kg/ha/yr to 11.21 kg/ha/yr in the original article.  Conservation tillage 
reduced phosphorus loss by 25% to 50%.  Abatement level by conservation tillage ranged from 0.140 kg/ha/yr to 5.605 kg/ha/yr.  
Economic cost ranged from -$28.165/ha/yr to -70.415/ha/yr.  Although abatement cost was reported ranging from <0 to 
$1,658.806/kg, the range is so broad.  Therefore, abatement cost was estimated via dividing economic costs by abatement level using 
midpoint of abatement level and cost estimate. 
15. Baseline phosphorus loss was estimated to range from 0.561 kg/ha/yr to 11.21 kg/ha/yr in the original article.  No-till reduced 
phosphorus loss by 50% to 80%.  Abatement level by no-till ranged from 0.281 kg/ha/yr to 8.968 kg/ha/yr.  Economic cost was 
reported ranging from -$46.941/ha to -$140.827/ha.  Abatement cost was reported ranging from <0 to $670.225/kg.  Although 
abatement cost was reported, the range is so broad.  Therefore, abatement cost was estimated via dividing economic costs by 
abatement level using midpoint of abatement level and cost estimate. 
16. Baseline phosphorus loss was estimated to range from 0.561 kg/ha/yr to 11.21 kg/ha/yr in the original article.  Grassed waterways 
reduced phosphorus loss by 40% to 50%.  Abatement level by grassed waterway ranged from 0.224 kg/ha/yr to 5.605 kg/ha/yr.  
Economic cost was reported ranging from $25.351/ha/yr to $62.903/ha/yr.  Abatement cost was reported ranging from $7.875/kg to 
$196.882/kg. Although abatement cost was reported, the range is so broad.  Therefore, abatement cost was estimated via dividing 
economic costs by abatement level using midpoint of abatement level and cost estimate. 
17. Baseline phosphorus loss was estimated to range from 0.561 kg/ha/yr to 11.21 kg/ha/yr in the original article.  Water and sediment 
control basins reduced phosphorus loss by 25% to 50%.  Abatement level by sediment basins ranged from 0.140 kg/ha/yr to 5.605 
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kg/ha/yr.  Economic cost was reported ranging from $246.917/ha/yr to $739.812/ha/yr.  Abatement cost was reported ranging from 
$87.968/kg to $3,518.675/kg. Although abatement cost was reported, the range is so broad.  Therefore, abatement cost was estimated 
via dividing economic costs by abatement level using midpoint of abatement level and cost estimate. 
18. Economic cost of conservation tillage was obtained with abatement cost and abatement level reported in the original report.  
19.Data points #14 to #16 represents results on 1.6-ha Adam site with no-till corn-corn-winter wheat-soybean rotations, 9.7-ha Union 
site with no-till continuous corn, 6.0-ha Wyoming site with no-till corn-corn-corn-oats-meadow-meadow rotations respectively.  
20. Data points #17 to #19 represents results of livestock nutrient management, including manure storage facilities, fertilizer and 
manure application rate restriction on Adam site, Union site, and Wyoming site respectively. 
21. Data points #20 to #22 represents results of water and sediment control basins on Adam site, Union site, Wyoming site 
respectively. 
22. Phosphorus reduction on Adam, Union and Wyoming sites with each BMP implementation is reported in the original article.  In 
addition, difference from baseline of net field income per pound of reduction in phosphorus loss per acre ($/lb/acre) with BMP applied 
is reported as well.  Abatement cost can be obtained with BMP implementation acreage on each site. Finally, economic costs can be 
estimated with abatement level and corresponding abatement costs.  
23. Average annual total phosphorus transport in surface and subsurface drainage outflow was 0.247 kg/ha/yr at the field edge based 
on 125 site-years of data collected at 14 locations in eastern North Carolina.  It represents the average reduction of phosphorus loss 
with controlled tile drainage.  Depending on tile spacing, net returns of conventional and controlled tile drainage estimates vary.  Cost 
estimates here are obtained by averaging net returns with various tile spacing and surface drainage condition.  Net returns decreased 
by $22.99/ha assuming minimum management of the controlled tile drainage.  Assuming controlled tile drainage is intensive 
management, net returns of controlled tile drainage increased by up to 10 percent.  Under this condition, economic cost of controlled 
tile drainage was -$18.33/ha/yr, indicating net returns increase with upgrading conventional tile drainage to controlled drainage.      
24. Data point #24 represent results of livestock nutrient management on Southwest Dairy farm with including crediting manure for 
nutrients, reducing nitrogen fertilizer, split nitrogen applications and nitrate quick test.  Data point #25 represents result of livestock 
nutrient management on Shenandoah Valley Dairy farm, including installing manure pit, applying manure to more land, crediting 
manure for nutrients and reducing commercial fertilizer applications.   
25. The Southwest dairy farm consists of 101 ha of cropland affected by the nutrient management plan.  Net income change with 
nutrient management plan was $811.193/yr.  Therefore, economic cost of nutrient management plan was $8.03/ha/yr.  Abatement cost 
was estimated with abatement level and economic cost obtained.  
26.  The Shenandoah Valley dairy farm consists of approximately 127 ha affected by the nutrient management plan.  Net income 
change with nutrient management plan was $9432.424/yr.  Therefore, economic cost of nutrient management plan was $74.27/ha/yr. 
Abatement cost was estimated with abatement level and economic cost obtained.  
27. Data point #26 represents results of livestock nutrient management on Southeast Swine farm, including constructing manure 
storage, applying manure to all cropland, injecting manure applied to corn, crediting manure for nutrients, and reducing commercial 
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fertilizer applications.   
28. The Southeast swine farm has approximately 271 ha under a nutrient management plan. Net income change with nutrient 
management plan was $6191.761/yr.  Therefore, economic cost of nutrient management plan was $22.85/ha/yr. Abatement cost was 
estimated with abatement level and economic cost obtained.  
29. Data point #27 represents results of livestock nutrient management on Piedmont Poultry farm, including constructing 2 litter sheds 
and mortality composter, reducing litter applications, composting poultry mortalities and selling excess litter.  
30. The Piedmont poultry farm has around 45 ha of pasture affected by the nutrient management plan. Net income change with 
nutrient management plan was $4717.239/yr.  Therefore, economic cost of nutrient management plan was $104.83/ha/yr. Abatement 
cost was estimated with abatement level and economic cost obtained.  
31. Data points #28 to #36 represent conservation tillage implemented on 9 specific watersheds in the Fox-Wolf basin, involving 
Apple and Ashwaubenon Creeks in Lower Fox, Duck Creek in Lower Fox, Apple and Ashwsubenon Creeks in Lower Fox, Duck 
Creek in Lower Fox, Duck Creek in Lower Fox, Pine-Willow Rivers in Wolf River, Plum Creek in Lower Fox, Lake Winnebago East 
in Upper Fox, and Neenah Creek in Upper Fox. 
32. Cost estimates of conservation tillage are based on assumption that annual cost of conservation tillage per hectare was 
$61.827/ha/yr.  
33. Cost estimates of conservation tillage are based on assumption that annual cost of conservation tillage per hectare was 
$95.317/ha/yr. 
34. Data point #38 represents constructing manure storage pit on a crop and dairy farm in Duck Creek of Lower Fox.  
35.  Herd size is 70 while land size is not available on this crop and dairy farm.  Ratio of herd size to land size on other three crop and 
dairy farms (145 herd on 32.376 ha; 114 herd on 63.943 ha; 220 herd on 121.41 ha) on the same basin are used to estimate land size of 
this farm.  On average, each hectare farmland serves 0.445 herd.  With 70 herd on this livestock farm, land size was 31.173 hectares.  
Economic cost and abatement level were calculated corresponding with total costs and phosphorus reduction available. 
36. Data points #39 to #43 represent constructing manure storage pit and application rate restriction on four livestock farms 
respectively.  Data point #44 represent building manure storage pit on a livestock farm.  
37. Land size, total annual cost and TP reduction of each site is reported.  Assuming whole land of each site is affected by the 
livestock nutrient management plan, abatement level and economic cost of livestock nutrient management plan on each site are 
obtained through averaging total costs and P reduction over each whole land size.  
38. Herd size is 112 while land size is not available on this livestock farm.  Ratio of herd size to land size on other two livestock farms 
(150 herd on 228.656 ha; 340 herd on 142.45 ha) on the same basin are used to estimate land size of this farm.  On average, each herd 
takes 0.971-ha farmland on a livestock farm.  With 112 herd on this livestock farm, land size was 108.806 hectares.  Economic cost 
and abatement level were calculated corresponding with total costs and phosphorus reduction available. 
39. Data point #44 represents constructing manure storage pit and application rate restriction on a dairy farm.  Data point #45 
represents constructing manure storage structure on a dairy farm. 
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40. Acreage of cropland applied with conservation tillage are not reported. Total cost of conservation tillage and buffer strips are 
reported.  Therefore, treatment areas of conservation tillage and buffer strips are estimated to obtain economic costs and abatement 
costs.  According to Kettle Creek Watershed Characterization Report (2008), 83% of total 14,000-ha watershed are used for 
agriculture with 70% overall in cropped agricultural use.  And proportions of cropland planted with maize, soybean and wheat are 
36%, 27.5% and 5.5% respectively.  Here, I assume treatment area of conservation tillage are fields planted with these three major 
crops, which is 5,612.46 hectares.  Similarly, treatment areas of buffer strips are 5,612.46 ha where part of the cropland are used for 
buffer areas.  
41. Information of fencing is not available in the original study for cost estimation.  Therefore, economic costs of fencing are adopted 
from York County Coalition for Clean Waters (2013) directly since these two studies both focus on livestock fencing in Pennsylvania.  
42. Data point #50 represents elimination of fall crop removal fertilizer applications, but remains spring starter applications.  
Specifically, minimum requirements for manure management with elimination of fall crop removal applications.  Data point #51 
represents minimum requirements for manure management, nitrogen reduction with elimination of fall crop removal applications and 
more judicious accounting for manure and legume nitrogen credits.  Data point #52 represents minimum requirements for manure 
management, with elimination of fall crop removal applications, split applications of nitrogen fertilizer, and more judicious accounting 
for manure and legume nitrogen credits.  
43. Data point #54 represents minimum requirements for manure management, with manure application at the high phosphorus rate on 
manure application fields.  Data point #55 represents minimum requirements for manure management, with manure application at the 
low phosphorus rate on manure application fields.  Data point #56 represents minimum requirements for manure management, with 
incorporation of solid manure into the soil within 24 hours after land application.  Data point #57 represents minimum requirements 
for manure management, with injection of liquid manure into the soil. 
44. Annual phosphorus emission before implementing the practice is 0.7 to 3.0 kg/ha/yr.  With fencing constructed, total phosphorus 
emission was reduced by 42%.  Therefore, abatement level with fencing is 0.294 to 1.26 kg/ha/yr.  Total treatment cost was 
$70,297.77 and total phosphorus emission reduced by 6,123.499 kg/yr in the first post-treatment year.  Abatement cost was $11.48 for 
per kilogram phosphorus reduced.  And economic cost of livestock exclusion was estimated using abatement level and abatement cost.  
45. Data points #59 and #60 represent 10% reduction of fertilizer application rate with and without targeting.  Data points #61 and #62 
represent 20% reduction of fertilizer application rate with and without targeting. Data points #63 and #64 represent 30% reduction of 
fertilizer application rate with and without targeting. Data points #65 and #66 represent 40% reduction of fertilizer application rate 
with and without targeting. 
46. In this study, total phosphorus emission reduction and associated total costs with and without targeting and cost estimates were 
reported.  Abatement cost is obtained through dividing total costs over total phosphorus emission reduction.  However, treatment area 
is not available for abatement level and economic cost estimates.  Considering that implementation of nutrient management is 
simulated at a whole watershed scale, all cropland was assumed to be affected by fertilizer rate reduction, which was over 80% of the 
285,000-ha watershed.  Hence, treatment area of nutrient management is 216,600 hectares.  
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47. Data points #67 and #68 represent subsurface fertilizer application under conventional tillage and no-till systems respectively. 
48. In this study, phosphorus loading under baseline was not reported.  Annual phosphorus loading in the baseline from a similar study 
of Kansas watershed by Williams et al. (2012) was adopted, that is 3.46kg/ha per year under conventional tillage system. And as 
reported by Devlin et al., switching from conventional tillage to no-till would mitigate total phosphorus 40%, and annual phosphorus 
loading under no-till was 2.07 kg/ha consequently.  Hence, based on these values, abatement level, and abatement costs can be 
obtained.   
49. Data points #69 and #70 represent buffer strips under conventional tillage and no-till systems respectively. 
50. Annual phosphorus loading in the baseline from a similar study of Kansas watershed by Williams et al. (2012) was adopted to 
estimate abatement level.  In addition, economic cost is measured with the expected loss in profitability on farm associated with 
adoption involving establishment cost and annual opportunity cost, which is measured with average land rental rate.  However, the 
land rental price is not reported.  I assume the 2003 weighted land rental price of irrigated and non-irrigated cropland in Kansas 
presenting the opportunity cost of per hectare cropland.  According to Kansas Land Prices and Cash Rental Rates of Farm 
Management Guide by Research and Extension in the Department of Agricultural Economics, Kansas, land rental value was US 
$36/acre for non-irrigated cropland and US $68/acre for irrigated cropland. And according to 2003 Agricultural Census in Kansas, 
there are totally 9,570,633 acres in farms while 2,543,950 acres are irrigated. Therefore, percentage of irrigated farms is 26.58% 
relative to 73.42% of non-irrigated proportion. Weighted land rental value of both non-irrigated and irrigated cropland is $192.44 per 
hectare.  Assuming 5% of the land area in buffer strips, and correspondently, economic cost of buffer strips was $9.62/ha/yr.  
Combining effectiveness and cost estimation, abatement costs of buffer strips under conventional tillage and no-till are obtained.   
51. Data point #73 represents liquid manure injection on a livestock farm. 
52. Data points #74 and #75 represent results of 35-m grass buffer strips at the edge of field and within variable source areas 
respectively.   
53. Under two scenarios with and without targeting, economic cost of constructing per hectare buffer is $145.69 including one-time 
installation cost over 10 years with 5% discount rate, and annual land opportunity cost.  Assuming buffers take 5% of the total 
cropland, then the annualized cost of buffer strips was $7.29/ha/yr. Abatement costs of buffers with and without targeting at variable 
source areas are obtained with abatement level and economic costs available.  
54. Data points #76 and #77 represent a 7-m wide switchgrass buffer and a 16.3-m wide switchgrass and woody buffer. 
55. This study is based on an experiment, where 29.11 m2 grassed buffers served 90.61-m2 upstream cropland (24.32% of total 
treatment area), and 66.83 m2 trees/woody buffers served cropland of the same acreage (55.82% of total treatment area).  Hence, 
opportunity costs were $26.77/ha/yr for grassed buffers and $82.56/ha/yr for forest/woody buffers.  The proportion of buffer areas is 
much higher than that in practice.  Although it is possible to estimate costs with information given, it is not reliable in the real world. 
Here, cost estimation of buffers referred to another study in Iowa by Helmers et al (2008).  
56. Data point #79 represents medium fertilizer rate by decreasing fertilizer application rate from high level in the baseline (180kg/ha 
nitrogen +50kg/ha phosphorus for corn and 20kg/ha for soybeans) to medium level (140kg/ha nitrogen + 20kg/ha phosphorus for corn 



																																																																																																																						187	
	

and 10kg/ha phosphorus for soybeans).  Data point #80 represents low fertilizer rate by decreasing fertilizer application rate from high 
level in the baseline (180kg/ha nitrogen +50kg/ha phosphorus for corn and 20kg/ha phosphorus for soybeans) to low level (80kg/ha 
nitrogen for corn).  Data point #81 represents fertilizer incorporated on cropland. 
57. Data points #82 and #83 represent results of fertilizer and manure application rate restriction based on watershed simulation 
modelling with specific farms (specific types of farms are modeled at specific locations) and watershed simulation modelling with 
multi-representative farms (a set of farms representing major farm types in the watershed not directly linked to locations).  
58.  Data points #84 and #85 represent results of buffer strips based on watershed simulation modelling with specific farms (specific 
types of farms are modeled at specific locations) and watershed simulation modelling with multi-representative farms (a set of farms 
representing major farm types in the watershed not directly linked to locations).  
59. Data point #86 represents results of soul and manure testing, manure testing and transport and spreading. 
60.Data point #91 to #97 represent 3-m grass buffers in seven sub-basins. Data point #98 and #99 represent 5-m grass buffers in two 
sub-basins.  Data point #100 represents a 10-m forest buffer in a sub-basin.  Data point #101 to #103 represent 30-m forest buffers in 
three sub-basins.   
61. Since no costs reported in the article, I estimated associated costs in each sub-basin with given information and data referring to 
Statistics Canada. Average yields and prices of grain corn, soybeans, winter wheat and hay in Ontario were used to represent the 
watershed.  As reported in the original study, 20.80% of the total watershed was for row crops, 6.05% for small grains, 22.18% for 
hay.  Considering that corn, soybean and winter wheat are three major crops in Ontario, I use grain corn and soybean to represent row 
crops, and winter wheat to represent small grains. Average annual opportunity cost for per hectare cropland in the watershed is 
$331.50/ha assuming buffers will not affect other types of land use (i.e. brush, forest, residential area, industrial area and bare 
agricultural fields).  As sub-basin and buffer areas are available, opportunity cost of each sub-basin can be estimated through dividing 
total opportunity cost of each sub-basin (i.e. total crop value of buffer areas) taken out of production by total sub-basin areas.   
Estimation of establishment and maintenance costs by Delaware Department of Natural Resource and Environmental Control (2007) 
was adopted.  Based on Delaware Department of Natural Resource and Environmental Control (2007), annualized establishment and 
maintenance costs with 10-year lifespan at 5% discount rate of were $95.498/ha/yr (2007 US $77.215/ha/yr) for forest buffers and 
$96.661/ha/yr (2007 US $78.155/ha/yr) for grass buffers.  Economic costs of each buffer strips are the sum of opportunity costs taken 
out of production and establishment and maintenance costs.  Combined with buffer proportions in each sub-basin, economic costs of 
buffer strips averaged onto all upstream cropland are obtained.  
62. Data points #106 and #107 represent results of buffer strips under typical tillage no-till systems respectively.  
63. Data points #106 to #108 represent effectiveness of no-till system implemented on 25%, 50% and 75% of selected agricultural 
areas and costs of no-till system implemented on 25%, 50% and 75% of total land in the watershed. Data points #109 to #111 
represent effectiveness of buffer strips implemented on 25%, 50% and 75% of selected agricultural areas and costs of buffer strips 
implemented on 25%, 50% and 75% of total land in the watershed. Data points #112 to #114 represent effectiveness of cover crops 
implemented on 25%, 50% and 75% of selected agricultural areas and costs of cover crops implemented on 25%, 50% and 75% of 
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total land in the watershed. Data points #115 to #117 represent effectiveness of 25% reduction of fertilizer and manure application 
rates implemented on 25%, 50% and 75% of selected agricultural areas and costs of 25% reduction of fertilizer and manure 
application implemented on 25%, 50% and 75% of total land in the watershed.  
64. Annual phosphorus loading of baseline in every sub-watershed varies from each other, from lowest loading ranging 0.006-0.087 
kg/ha to highest ranging 1.44-3.19 kg/ha.  Abatement level in each sub-basin is reported in percentage reduction, which result in a 
huge wide range.  Hence, abatement level is estimated using costs and abatement costs.  Total average annual costs of BMP 
implementation in the whole watershed were reported without treatment areas under each scenario.  Assuming that treatment areas are 
only cropland, excluding other land uses.  Referring to appendix table, cropland acreage in each sub-basin is available, with a sum of 
24,871.037-ha cropland in total. With application rate of 25%, 50% and 75% total land, treatment areas can be estimated through total 
cropland in the whole watershed multiplied by application rate.  Consequently, average annual economic costs of BMP 
implementation under each scenario can be obtained.  Combined with cost of average annual load reductions reported, abatement level 
is also available.   
65. Data points #118 and #119 represent results of 5-m grass buffers and grass/tree buffers respectively.  
66. In this study, abatement level is measured by total annual loading reduction divided by plot area (treated cropland).  According to 
treatment area defined, buffer areas is missed. Given information concerning experiment plots, buffer areas take 1/7 of total treatment 
areas (source area cropland is six times of buffer areas). Therefore, effectiveness is adjusted consequently.  Cost estimates are not 
given in this study. Economic costs of each buffer strips are the sum of opportunity costs taken out of production and establishment 
and maintenance costs.  I estimated associated costs with information reported and data from Statistics Canada. Since the experiment 
was carried out in 2004, opportunity cost of land per hectare taken out of production was measured with corn price in 2004.  
According to Statistics Canada, yield of corn for grain was 8,300 kg/ha, and farm price was $175.137/ton in Quebec of 2004.  
Opportunity cost with 25 m2 grass filters was $3.978.  Based on Delaware Department of Natural Resource and Environmental 
Control (2007), annualized establishment and maintenance costs with 10-year lifespan at 5% discount rate of was $96.661/ha/yr (2007 
US $78.155/ha/yr) for grass buffers and $95.498/ha/yr (2007 US $77.215/ha/yr) for forest buffers.  Hence, establishment and 
maintenance costs of 25-m2 grass buffers and tree/grass were $0.242 and $0.239 respectively.  Total economic costs including 
opportunity costs, establishment costs and maintenance are $4.220 for grass and $4.217 trees/grass respectively.  Treatment area of 
each plot are 0.0175 hectares.  Hence, economic costs were $241.143/ha/yr for grass buffers and $240.971/ha/yr for tree/grass buffers. 
Economic costs are much higher than other buffer strips because ratio of buffer area to total treatment area is too high in the 
experiment design.  Combine with abatement level with each buffers, abatement costs are available.  
67. Data points #120 and #121 represent total P abatement level with controlled tile drainage in 2008 and 2009 respectively. 
68. Costs estimates are not reported in the study.  Feser et al. (2010) observed that yield difference is negligible between conventional 
tile drainage and controlled tile drainage.  Referring to Drainage Water Management for Midwestern Row Crop Agriculture (2010,  
P. 205), average annual costs of controlled tile drainage in Minnesota ranged from $18.88/ha/yr to $25.47/ha/yr (2010 US 
$6.73/acre/yr to $9.08/acre/yr).  Therefore, economic costs of controlled tile drainage in this study only involved installation and 



																																																																																																																						189	
	

annual maintenance costs without yields benefits. 
69. Data points #122 to #125 represent results of streambank fencing from 2004 to 2007. 
70. From 2004 to 2007, Miller et al. (2010) observed total phosphorus loading reduced by -1.5 to 1.5 Mg/yr, -23.2 to 18.4 Mg/yr, -2.1 
to 1.5 Mg/yr and -1.3 to 0.9 Mg/yr respectively, which were negligible.  With information of fencing, I estimated associated costs of 
the fencing.  Referring to AAFC (WEBs Fact Sheet #5, 2011), costs of conventional cattle fencing in this project at $2.142/m (2011 
CAD $2/m).  With 800-m fencing on both sides of streams and crossings, total length of fence are around 1850 meters.  With 5% 
discount over 20 years, annualized installation cost is $465.370/yr.  Assuming that annual maintenance cost is 5% of total installation 
costs, installation and maintenance costs of fencing are $3.609/ha/yr.  There are 10-ha pasture taken out of grazing, opportunity costs 
are estimated by the pasture rental in Lethbridge county.  With survey data from Alberta Government, pastureland rental varies widely 
with a range from $83.026/ha/yr to $222.39/ha/yr (2005 CAD $28.00/acre to $75.00/acre) in 2005, $72.703/ha/yr to $363.515/ha/yr 
(2006 CAD $25.00/acre to $125/acre) in 2006, $85.368/ha/yr (2007 CAD $30/acre) in 2007.  No data is available in 2004.  Therefore, 
I apply rental of 2005 to represent the value in 2004, which ranged from $84.852/ha/yr to $227.283/ha/yr (2004 CAD $28.00/acre to 
$75.00/acre).  Costs of stream bank fencing were the sum of annualized installation costs, maintenance costs, and opportunity costs.  
With a 184-ha total pastureland including 10-ha excluded pasture from production (5.43%), costs of fencing were $8.22/ha/yr to 
$15.95/ha/yr in 2004, $8.12/ha/yr to $15.68/ha/yr 2005, $7.56/ha/yr to $23.35/ha/yr in 2006 and $8.24/ha/yr in 2007 respectively.  
71. Data point #126 represent manure band with aeration on a cow-calf and swine farm.  Data point #127 represents manure with 
shallow disk injection on a cow-calf and swine farm.  
72.  Economic costs of livestock nutrient management practices on these three farms are reported in net returns change per cow.  
Given cow number and pasture land affected of each farm, economic costs are obtained.  Specifically, on the swine and cow-calf beef 
farm (34 cows), 54-ha of farmland was in permanent perennial grassland receiving nutrient from manure from beef and swine. Net 
returns decreased by $69.98/cow implementing band with aeration and increased by $10.60/cow implementing shallow disk injection.  
Combining with total cow numbers and pastureland acreage, corresponding economic costs are $44.06/ha/yr and -$6.68/ha/yr.  
Following the same method, economic costs of three manure handling practices on the 100-ha grazing dairy farm with 100 cows and 
660-ha large confinement dairy farm with 1,350 cows are estimated.  
73. The typical application method used on dairy farms in the northeastern United States is broadcast on the surface without 
incorporation, which was taken as the baseline for comparison. Data point #128 to #130 represent three manure handling strategies on 
a grazing dairy farm, involving broadcast with tillage incorporation, band with aeration, and shallow disk injection.  Specifically, data 
point #128 represents manure incorporated into corn land by tillage within 8-hours of broadcast application.  Data point #129 
represents manure deposited in bands behind an aeration unit that punctures the soil surface improving.  Data point #130 represents 
manure deposited in a slot opened with a disk coulter. Data point #131 to #133 represent three manure handling strategies on a large 
confinement dairy farm involving broadcast with tillage incorporation, band with aeration, and shallow disk injection.  Specifically, 
data point #131 represents manure incorporated into corn land by tillage within 8-hours of broadcast application.  Data point #132 
represents manure deposited in bands behind an aeration unit that punctures the soil surface improving.  Data point #133 represents 
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manure deposited in a slot opened with a disk coulter. 
73. Annualized cost of constructing buffer strips per hectare is $361.268. In this study, it is assumed that per hectare buffer treated 15-
hectare cropland.  Therefore, economic costs of buffer strips averaged onto all treatment area is $22.58/ha/yr.  
74. Annualized cost of constructing buffer strips per hectare is $309.859. In this study, it is assumed that per hectare grassed area 
treated 10-hectare cropland.  Therefore, economic costs of grassed waterways averaged onto all treatment area is $28.17/ha/yr. 
75. Treatment area is not stated in the report.  Therefore, I referred to Meals (2001) to estimate treatment acreage of fencing on a dairy 
farm.  According to Meals (2001), on a typical dairy farm in Vermont, fence is constructed on both sides of 2,300-m stream with 
fenced riparian zones ranging from 2 meters to 8 meters. Total fence riparian area is 2.3 hectares using average width of 5 meters.  The 
total treatment area is 1,422 hectares as source area of the fencing.  Therefore, the ratio of fenced areas to treatment area is 0.162%.  
Assuming the ratio on the dairy farm in Pennsylvania remains the same, abatement level of total phosphorus is estimated at 0.015 
kg/ha/yr. With abatement cost of fencing, economic cost of fencing is obtained.  
76. Abatement level estimate is based on the assumption that buffer area takes 5% of total treatment area, following Helmers et al. 
(2008).  
77. Cost effectiveness of no-till was measured in the unit of kg/$1000 (2013 CAD), indicating volume of total P reduction (kg) for per 
$1,000 spent (2013 CAD). In each specific field of the simulated watershed, there is a wide variance of abatement costs.  Considering 
that 25% and 36% of crop fields in ranges of less than -40kg/$1,000 (2013 CAD) and between -40kg/$1,000 (2013 CAD) to 
0kg/$1,000 (2013 CAD), I assume 40-kg reduction for per $1,000 spent (2013 CAD) represent the most cases.  Hence, average 
abatement cost of reduced tillage was $26.14/kg.  
78. Data Point #145 represents optimum fertilizer rate application on cropland. 
79. Here I followed the same method stated in Note #83 to estimate abatement costs of nutrient management.  The most common 
cases with phosphorus reduction due to nutrient management was 0 kg to 5 kg with per $1,000 spent (2013 CAD).  Assuming average 
2.5kg phosphorus was reduced with $1,000 (2013 CAD), abatement cost of crop nutrient management for per kilogram phosphorus 
loading reduced was $418.24/kg.  
80. Here I followed the same method stated in Note #83 to estimate abatement costs of cover crop.  Majority of crop fields with cover 
crop have a positive pattern of TP yield reduction and economic gains of 19%, 12%, and 13% in ranges of 0-30kg/$1,000 (2013 
CAD), 30-60kg/$1,000 (2013 CAD), and larger than 60kg/$1,000 (2013 CAD) respectively.  Assuming 30-60kg/$1,000 (2013 CAD) 
as the representative abatement costs, that is -$23.23/kg (net return gains) for per kilogram TP reduced using the medium point.  
81. Data points #147 to #178 represent results of 32 specific water and sediment control basins (WASCoBs) examined in the study. 
Subbasin area of each WASCoB is taken as the treatment area to estimate abatement level and economic cost.  In the original report, 
ponding area of each WASCoB is reported as the drainage area of upstream sub-basin by mistake.  However, the drainage area of each 
WASCoB is supposed to be the total acreage of the sub-basin.   
82. Implementation of no-till on the farm increased net returns by 2013 US $43/cow/yr. Given 102 cows with 12-ha corn field, 
economic cost of no-till was -$393.63/ha/yr.  
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83. Implementation of cover crop on the farm decreased net returns by 2013 US $54/cow/yr. Given 135 cows with 51-ha corn field, 
economic cost of cover crops was $153.94/ha/yr.   
84. Buffer areas are modelled as 10% of total corn fields.  Implementation of cover crop on the farm decreased net returns by 2013 US 
$69/cow/yr. Given 135 cows with 51-ha corn field, economic cost of cover crops was $196.71/ha/yr.   
85. In this study, economic costs of no-till only involve variable cost of production assuming no need for fixed costs to be accounted. 
No-till production reduces labor costs and costs associated with machinery while increased pesticide cost, costs of killing prior crop 
mechanically and the time cost of learning a new production method. With adoption of no-till, the variable cost of production for corn 
increased by 6.95% per bushel, while increased yields in the meanwhile.  Specific yield response and associated variable costs were 
not reported.  Here I assume benefits of yield increase offset extra variable costs associated with variable costs. Therefore, costs of no-
till implemented on corn field is zero.  For soybean production, no-till production is reported to be approximately $60.371/ha less 
expensive than conventionally tilled soybeans.  For a two-year corn-soybean rotation, annual average cost of no-till is -$30.18/ha/yr.  
86. Mutch et al. (2012) assessed the amount of phosphorus mitigated with cover crops implementation based on data from surveys.  
They estimated that average cover crops will reduce total phosphorus by 0.381kg/ha including 0.336kg/ha from wind erosion and 
0.045kg/ha from water erosion.  Cost estimate of cover crops is referred to another survey by the Midwest Cover Crops Council 
(2012).	Their findings are based on surveys of farmers from Midwest, including Missouri, Wisconsin, Minnesota, Michigan, Indiana, 
Ohio, Iowa and South Dakota. In this study, cost of cover crops is estimated by the willingness to pay for cover crops including 
purchasing seed and herbicides to terminate cover crops, and establishment cost.		 The average total cost of cover crops was 
$130.66/ha/yr.  
87. In this study, acres impacted by buffers are acres of buffers implemented, which does not match the definition of treatment area in 
this thesis.  Therefore, their reported results are adjusted as follows. 10.8-m grass buffer was established on the edge of cropland by 
converting corn into grass.  Based on the average difference in land rent from corn to hay land, the annual cost of buffer was estimated 
at $730.818/ha/yr.  In this study, 673-ha buffer areas were established.  Assuming that source area of buffer strips is corn-silage area in 
the watershed, which is 35,371 hectares. Therefore, economic cost of buffer strips was $13.905/ha/yr.  Abatement cost was reported at 
$40.044/kg, and abatement level was obtained consequently.  
88. In this study, annual cost of grassed waterways to producer was $509.54/ha as determined for permanent pasture.   
The amount of acreage converted to grassed waterways are unknown. Therefore, I refer to the assumption by DPRA (1989) that per 
hectare grassed area will serve 75 hectares of cropland. Economic cost of grassed waterways was $6.704/ha. Comparing to abatement 
level of buffer strips (18% reduction from baseline at 0.348 kg/ha/yr), P loss reduction with grassed waterways was 1.373 kg/ha/yr 
(71% reduction from baseline).  
89. Changing conventional tillage to conservation tillage or no-till on 1.8 million acres eroding at greater than the soil T value reduced 
phosphorus by 50% associated with $44.275/ha (2012 US $17.00/acre) gains in net return. Abatement costs of the reduced tillage was 
-$48.499/kg (2016 US -$16.60/lb).  Abatement level with reduced tillage is 0.913 kg/ha/yr.  
90. Data point #189 represents restriction of phosphorus application rate.  
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91. Annualized associated cost savings with nutrient management was $24.56/ha (US $7.50/acre) on farm. For per kilogram P 
reduced, farmer can gain by $142.43/kg (2016 US -$48.75/lb) for per kilogram reduced. P loading reduction was 0.172 kg/ha/yr.  
92. Data point #190 represents cover crops implemented on all corn/soybean tile-drained acres. Data point #191 represents cover crops 
implemented on 1.6 million acres eroding at greater than the soil T value and currently in conservation tillage or no-till.  
93. Environmental and economic impacts of cover crops were analyzed under two conditions as stated in Note #98. Under both 
conditions, cost of cover crops was $94.95/ha (2016 US $29/acre) including aerial seed application, seeds purchase and partial spray 
to cover any additional problems. With cover crops on all corn/soybean tile-drained acres, abatement cost was $379.81/kg (2016 US 
$130.4/lb). In comparison, targeting cover crops on 1.6 million acres eroding at greater than the soil T value and currently in 
conservation tillage or no-till, corresponding abatement cost was $71.58/kg (2016 US $24.5/lb). Phosphorus reduction under both 
conditions are obtained with costs and abatement costs.  
94. Economic cost of constructing buffer strips was estimated at $963.76/ha (US $294.36/acre). Assuming buffers taking 5% of total 
cropland following Helmers et al. (2008), economic cost of buffer strips on farm was $48.19/ha (US $14.72/acre). Abatement cost of 
buffers was reported at $34.97/kg (US $11.97/acre). Hence, abatement level was estimated at 1.38 kg/ha/yr.  
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Appendix Table 5 Annual Exchange Rate and Annual Average Consumer Price Index (CPI) 
from 1980 to 2016 in Canada 

Year Annual Exchange Rate1 

 (USD to CAD) 
Annual Average CPI2  

(2002=100.0) 

1980 1.169 44.0 
1981 1.199 49.5 
1982 1.234 54.9 
1983 1.232 58.1 
1984 1.295 60.6 
1985 1.365 63.0 
1986 1.390 65.6 
1987 1.326 68.5 
1988 1.231 71.2 
1989 1.184 74.8 
1990 1.167 78.4 
1991 1.146 82.8 
1992 1.209 84.0 
1993 1.290 85.6 
1994 1.366 85.7 
1995 1.372 87.6 
1996 1.363 88.9 
1997 1.385 90.4 
1998 1.483 91.3 
1999 1.486 92.9 
2000 1.485 95.4 
2001 1.549 97.8 
2002 1.569 100.0 
2003 1.401 102.8 
2004 1.301 104.7 
2005 1.212 107.0 
2006 1.134 109.1 
2007 1.074 111.5 
2008 1.067 114.1 
2009 1.143 114.4 
2010 1.030 116.5 
2011 0.990 119.9 
2012 0.999 121.7 
2013 1.030 122.8 
2014 1.106 125.2 
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2015 1.279 126.6 
2016 1.325 128.4 

Source: USDA and Statistics Canada.  
Notes:  
1. Exchange rates are expressed as 1 unit of the foreign currency converted into Canadian dollars.  
In this thesis, annual exchange rate is legacy annual average rates (also called nominal exchange 
rate).  It is derived by averaging 12 monthly nominal exchange rates.   
2. Annual average CPI (Consumer Price Index) for all items are obtained by averaging the indexes 
for the 12 months of the calendar year.   
 
 
 


