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This study develops and applies integrated hydrologic-economic optimization 

modeling for evaluating costs effectiveness of beneficial management practices (BMPs) 

in agricultural watersheds. The study has three components. Firstly, it defines agriculture 

as a social-natural system, formulates the system functions, and develops theoretical and 

empirical frameworks for integrated hydrologic-economic modeling for evaluating BMP 

cost effectiveness and optimal placement in agricultural watersheds. The integrated 

modeling contributes to advancing the methodology for watershed-based BMP 

assessment and improving our understanding on spatial tradeoffs of BMP costs and 

benefits.  Secondly, the study develops a user friendly interface for the integrated 

modeling as an open-source Whitebox GIS plug-in. The interface facilitates the use of the 

complex integrated modeling for conducting watershed-based BMP assessment by 

scientists and conservation managers. Finally, the study empirically applies the integrated 



modeling to produce new information on the cost effectiveness of representative 

agricultural BMPs including zero tillage, optimium fertilizer application rates, and red 

clover as a cover crop in the Gully Creek watershed of southwestern Ontario. The 

simulation results show that zero tillage reduces the sediment and nitrogen loads by 45% 

and 43%, respectively, costing the farmers about 2% of the net return. Applying the 

practice to corn sown after soybeans appears to be profitable. Application of the optimum 

fertilizer application rates, red clover as a cover crop BMPs, and multiple BMPs are cost-

effective in reducing sediment and nutrient loads. Simulation of optimal BMP allocations 

in the watershed produces several cost-effective BMP policies subject to environmental 

targets.  It also shows that the magnitude of BMP cost depends on the number of 

available BMP alternatives. The functional relationships between BMP costs and water 

quality benefits depend on the type of pollutant and the level of environmental target. A 

piecewise function with steep, moderate, and flat regions better describes the 

relationships and produces the highest fit. This finding extends our understanding of the 

BMP cost benefit relationships which are considered to be generally monotonic. 
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CHAPTER 1.  

INTRODUCTION 

1.1 Introduction 

The watershed-based integrated hydrologic-economic evaluation of agricultural 

Beneficial Management Practices (BMPs)
1
 is conducted in the context of several 

legislative frameworks   the Great Lakes Water Quality Agreement and Growing 

Forward Agricultural Policy Framework (Winfield & Benevides, 2003; Agriculture and 

Agri-Food Canada [AAFC], 2011; Ontario Ministry of Agriculture, Food and Rural 

Affairs [OMAFRA] Great Lakes Program, 2010) – and provides crucial decision-making 

information to farmers and water conservation authorities. Having been conducted over 

several years, the studies have already produced much valuable information on the 

effectiveness of a variety of agricultural BMPs such as conservation tillage, forage 

conversion, nutrient application, and manure management (AAFC, 2011). Examples of 

such studies are the federal-level Watershed Evaluation of Beneficial Management 

Practices (WEBs) project and the Ontario provincial Watershed Based Best Management 

Practices Evaluation (WBBE) project.  Although contributing to our understanding of the 

environmental effects and costs associated with application of agricultural BMPs in the 

watersheds, the studies still leave many unanswered questions relating to effects of field-

level soil and management conditions; combined effects of applying multiple BMPs; an 

optimal BMP allocation in watersheds; and relations between environmental benefits and 

costs, among others (Ewert et al, 2011; Volk, 2011; Delden, Vliet, Rutledge, & Kirkby, 

2011). In addition, the availability of flexible and user-friendly BMP evaluation tools is 

                                                           
1
 Beneficial Management Practices (BMPs) and Best Management Practices (BMPs) are used 

interchangeably in this research. Please see Appendix C for the distinctions given by different authors.  
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considered a factor restraining the production of such information (Harou, Pulido-

Velazquez, Rosenberg, Medellín-Azuara, Lund, & Howitt, 2009; Daniel, Camp, 

LeBoeuf, Penrod, Dobbins, & Abkowitz, 2011).  

The current research aims to address several such gaps in knowledge: i) develop a 

watershed-based BMP evaluation and allocation model, ii) develop the user-friendly 

interface to facilitate the usage of the model by scientists and policy analysts, and iii) 

apply the developed model to produce the new watershed-specific information on cost-

effectiveness of selected agricultural BMPs such as zero tillage, optimum fertilizer 

application rates, and red clover as a cover crop for the Gully Creek watershed 

(Southwest Ontario). The current research is a component of the three-year OMAFRA’s 

WBBE project focusing on the evaluation of structural and non-structural BMPs for the 

eastern part of Lake Huron (Watershed Based Best Management Practices Evaluation 

[WBBE], 2010). The remainder of the chapter further elaborates on the problem by 

introducing general background information along with the statement on the existing 

knowledge gaps, introducing the objectives and research outline. 

1.2 Background  and Knowledge Gaps 

Technical background information overviewing the existing theoretical and 

analytical evaluation frameworks, approaches for integrating hydrologic and economic 

models, their functionality and other related topics are covered in the next chapter. The 

purpose of this section is to provide the general background for the integrated watershed-

based BMP evaluation in terms of the definition of the research field of interest, 

formulation of the general knowledge on the topic, and main existing gaps of knowledge. 
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Definition of Watershed-Based Integrated BMP Evaluation 

Watershed-based integrated hydrologic-economic BMP evaluation refers to the 

assessment of both the environmental benefits and costs associated with BMP application 

in the context of the common simulation environment. The watershed part of the 

definition implies a watershed scale of the assessment and accounting for all the 

interconnections among BMP effects. This allows evaluating not only the point effects of 

a BMP, but also its effects on other spatial adjacent elements and the watershed system as 

a whole. It also combines the private prospective through evaluating farm-level impacts 

and social policy prospective – through assessing the impacts on other stakeholders in the 

watershed. The watershed as a spatial scale of assessment is used because its underlying 

hydrologic cycle structure provides a natural way of accounting for all spatial links and 

interactions in the context of the hydrologic connectivity process (Brooks, Ffolliott, 

Gregersen, & DeBano, 2003). The integrated hydrologic-economic part of the definition 

above means that both the hydrologic and economic processes of interest are accounted 

for, and their parameters such as sediment, nutrient loads, and farm net return are used to 

construct integrated BMP evaluation criteria such as cost-benefit ratios. These criteria 

then can be used for ranking the alternative BMPs and choosing the most efficient one, 

given some objectives and preferences. 

Major BMP Evaluation Approaches 

A watershed-based integrated hydrologic-economic assessment can be based on a 

simulation framework that evaluates a “if-then” type of behavior (simulation assessment) 

or  on a optimization framework that aims minimization of BMP costs, or alternatively, 
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maximization of environmental benefits (optimization assessment).The simulation 

assessment discussed here can be viewed as a special case of the optimization 

assessment, where the decision-maker restricts the system to some specific activities. It is 

proven that the optimization type of assessment, unlike simulation one, provides, given 

some assumptions about the functions, the sufficient conditions to determine the cost-

effective policy (Boardman, 2001; Field & Olewiler, 2002). This is an appealing feature 

for a BMP evaluation and policy-making process.  

A watershed-based integrated hydrologic-economic evaluation approach is 

important because it is superior to the individual assessments  hydrologic and economic 

  in several ways. First, it relates the environmental benefits and economic costs in the 

context of the common simulation framework that allows for exploring the behavior of 

underlying farming system and the causal relationships in a consistent way. Second, it 

adds a spatial dimension to the evaluation, allowing us to explore the impacts of applying 

a BMP on the adjacent territories and on the underlying ecological system, which is not 

possible under the individual evaluation approaches. The watershed-based integrated 

approach also allows us to incorporate a spatial heterogeneity into BMP evaluation 

process. Combination of both  integrated and spatial features of the watershed integrated 

modeling – presents a comprehensive and flexible holistic framework for a BMP 

evaluation and optimal allocation in the watershed. 
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Selected Legislative Frameworks and Evaluation Tools for Watershed-Based 

Integrated Hydrologic-Economic BMP Assessment     

Because of its appealing features and the theoretical soundness, a watershed-

based integrated assessment is already an important component of BMP assessment and 

policy decision-making in Canada (AAFC, 2007). The policy is currently administered in 

the context of several legislation frameworks – The Great Lakes Water Quality 

Agreement, Canada-Ontario Agreement on the Great Lakes Basin Ecosystem, and 

Growing Forward Agricultural Policy Framework (Winfield & Benevides, 2003; AAFC, 

2011). Thus, in 2004 Agriculture and Agri-Food Canada with the cooperation of over 70 

partners launched the WEBs project.  This project aims the evaluation of BMPs impacts 

in nine watersheds across Canada covering all provinces except Northern Territories, 

Yukon, and Nunavut (AAFC, 2011; Amon-Armah et al., 2013). In Ontario, Ontario 

Ministry of Agriculture, Food and Rural Affair launched in 2010 the initiative on 

Watershed Based Best Management Practices Evaluation project, which is a part of the 

OMAFRA's Great Lakes Program (OMAFRA, 2012). In the context of this initiative, the 

BMP evaluation was conducted in two areas  southeast shores of Lake Huron and Kettle 

Creek headwaters of Lake Erie (WBBE, 2010). 

Other countries also conduct watershed-based evaluations of agricultural BMPs in 

the context of different legislation fraweworks. In the US, for example, the integrated 

watershed-based BMP evaluation is conducted mostly in the context of  National Water 

Program that is administered jointly by National Institude of Food and Agriculture 

(NIFA) and Land Grant Colleges and Universities (National Water Program, 2013). The 

program administers a BMP evaluation in the context of several categories – Evaluting 
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BMPs at the Wateshed Scale, Pollution Trading, Economic Feasibility of BMPs, but 

especially in the context of Watershed Models with Economic Components (National 

Water Program, 2013).  One example of extensive watershed-based BMP assessment and 

integrated watershed management is the Nine Element Watershed Planning framework 

performed by the Kansas State University (K-State Research and Extension, 2014). A 

specially created group of scientistis – Watershed Restoration and Protection Strategy 

(WRAPS) team – is responsible for BMP assessment and its implemenmtation in the 

most frigile watersheds in the Kansas State and neigbouring states (K-State Research and 

Extension, 2014). The WRAPS group also participates in preparing and administering 

BMP auctions that take place starting from 2007 (K-State Research and Extension, 2014).   

 The University of Arizona performs extensive work developing  the web-based 

Spatial Decision Support System that allows helping agricultural producers to choose the 

most economically feasible BMPs based on site-specific data (The University of Arizona, 

2014). University of Nebraska is developing the Pollution-Economic Decision Support 

Tool to help farm communities adopt the BMPs and develop watershed management 

plans (USDA, 2014). Iowa State University, University of Minnesota, and Texas Institute 

for Applied Environmental Research are also known for their extensive research and 

modeling assessment for developemnt of community-based watershed plans (USDA, 

2014). 

The European Union conducts watershed-based evaluations of BMPs  in the 

context of several legislation frameworks  European Water Frawework Directive 

(2000/60/EC), Groundwater Directive (2006/118/EC), and Nitrate Directive 

(91/676/EEC) – which set the general principles, strategy, and evaluation approaches for 
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integrated water management (The EU Water Framework Directive, 2014; The EU 

Nitrate Directive, 2014; The EU Groundwater Directive, 2014). An example is the 

Integrated Agro-Economic-Hydrologic Modeling Framework developed by the 

Polytechnic University of Madrid (Spain) and Stockholm Environmental Institute 

(Sweden). The framework was applied to the Upper Guadiana Basin in Spain to assess 

the impacts of water use limitations on farm sector. Another example is the SWAT-

Environmental Costing Model developed by Cools et al. and applied to the Grote Nete 

catchement (Belgium) to assess the impacts of different agricultural practices on the 

catchment water quality. More examples are given in the next chapter.      

BMP evaluations discussed here are conducted by specially built integrated 

hydrologic-economic models. One example of such model in the context of the 

mentioned WEBs projects is the CanSWAT-Economic Model built by the Guelph 

Watershed Evaluation group (WEG) in cooperation with partners for BMP assessment in 

the South Tobacco Creek Watershed (AAFC, 2013). Another example is the integrated 

hydrological, biological, and economic modeling framework that specifically aims the 

impacts of riparian zone management (Watanabe, Adams, Wu, 2006). Most integrated 

models are based on some form of loose coupling of hydrologic modeling with economic 

assessment tools. These assessment frameworks normally are not built as the integrated 

models, but they can be appropriate for assessing many types of structural BMPs such as 

dams, holding ponds, and berms. Only two of the nine BMP evaluations performed in the 

context of WEBs   the South Tobacco Creek Watershed and the Bras d'Henri 

Watersheds   used integrated hydrologic-economic modeling frameworks based on 

coupling between hydrologic and economic components (AAFC, 2013). It is noteworthy 
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that much of the research on a BMP assessment is performed by projects aiming the 

individual environmental and economic BMP effects (George Morris Centre, 2007). 

Although such evaluations frequently do not reflect a spatial context, they still produce 

important information about costs and environmental benefits of applying specific BMPs. 

Selected Gaps of Knowledge 

Having been implemented for several years, the projects and programs have 

produced much valuable information on BMP effectiveness, with the potential for use by 

farmers, government agencies, and water conservation authorities. The remainder of this 

section covers the known information and major knowledge gaps related to the integrated 

hydrologic-economic BMP assessment. This information also serves as the justification 

for the research objectives outlined in the next section and consist of three major groups.  

First, the BMP assessment studies require special evaluation tools – watershed-

based hydrologic-economic models.  Most of the existing integrated models are 

developed in the context of the BMP evaluation studies, and their methodologies reflect 

the regional specifics as well as the purposes of related research projects. The latter 

determine the architecture and functionality of the integrated models in terms of types of 

BMPs covered, evaluation criteria, integration approach of hydrologic and economic 

components, and a type of the objective function. As a result, there exist a number of 

integrated models that differ significantly by functionality and evaluation criteria. For 

example, the integrated hydrologic-economic model developed by Kragt at el. uses the 

social efficiency framework by employing Bayesian network modeling, and is designed 

mostly to study general land-use strategies (Kragt, Newham, Bennett, & Jakeman, 2011). 
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The integrated agro-economic-hydrological Modeling framework developed in 

Polytechnic University of Madrid (Spain) and Stockholm Environmental Institute 

(Sweden) is based on a cost-effectiveness framework that uses farmer utility functions to 

explore different water quality limits (Consuelo, Paloma, Thomas, & Sakuina, 2007). The 

already mentioned CanSWAT-Economic Model is based on a cost-effectiveness 

framework, but it uses the watershed specific (South Tobacco Creek) crop yield-

simulating equations, making the model difficult to apply to other watersheds and 

regions. The project-determined and empirically driven design and functionality of 

integrated models are useful for studying specific problems, but it becomes difficult to 

apply such models to other watersheds and regions. Building more generic and flexible 

integrated models that can be used for a variety of BMPs and different watersheds would 

help to close this gap. In addition, the development of more generic integrated models, 

among other factors, is restricted by the development of the related theory and 

methodology of the integrated modeling and assessment. In particular, as follows from 

the overview of over 20 integrated hydrologic-economic models, the theoretical and 

methodological aspects of the assessment in terms of the definition, principles, functions, 

and methodology of the integrated system as a holistic framework are not rigorously 

formulated (Braat & Lierop, 1987; Cai, M. ASCE, McKinney, A. ASCE, & Lasdon, 

2003). There is no agreement on how the integrated hydrologic-system has to be 

formulated in order to provide sufficient functionally, flexibility, and generality (Kragt, 

Newham, Bennett, & Jakeman, 2011; Kianiard, 2006). 

Second, most of the integrated models used for a watershed-based BMP 

assessment use a loose coupling integration approach where the results of environmental 
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modeling are imported in some ways to the economic models or simply used for the 

economic evaluation, making this approach non-user-friendly and time consuming. One 

way to facilitate this is to build the related software which allows us to automate the data 

management, to facilitate a scenario selection, and to display the results. Only a limited 

number of integrated models have computer-based interfaces for setting scenarios, 

running the model and displaying the results. One such example is the coupled 

hydrological-economic model developed by Ahrends, Mast, Rodgers, & Kunstmann for 

studying irrigation practices (Ahrends, Mast, Rodgers, & Kunstmann, 2008). The 

interface for that model is built in PERL programming language and allows for 

communicating the Water Balance Simulation Model (WaSiM) and non-linear 

optimization economic model encoded  in General Algebraic Modeling System (GAMS). 

Another example is the interface developed by the WEG which manages setting the 

scenarios, running the SWAT and the economic model, and displaying the results. This 

interface presents a number of valuable features relating to using the maps and GIS 

systems to setup BMP scenarios and display the results. The model does not however 

have an optimization routine necessary for optimal BMP allocation and for evaluating 

cost-efficiency of BMPs in watersheds. The lack of computer-based user interfaces for 

many already developed integrated models significantly limits their use, especially by 

users other than their developers. 

Third, there already exist a number of studies on watershed-based hydrologic-

economic evaluation of agricultural BMPs for a variety of watersheds and regions in 

Canada (AAFC, 2011; Amon-Armah et al., 2013). The most comprehensive is the 

introduced WEBs project, covering nine priority watersheds for all Canadian provinces 
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excluding Northern Territories, Yukon, and Nunavut. The studies covering a watershed-

based BMP evaluation exist also at the provincial level, such as the WBBE in Ontario, 

Regional Plans in Alberta, and Canada-Saskatchewan Farm Stewardship Program 

Saskatchewan (Alberta Ministry of Agriculture and Rural Development, 2014; Bassett, 

2014). Also available are many individual studies initiated by research organizations and 

scientists covering integrated BMP assessment and its methodology (Harou, Pulido-

Velazquez, Rosenberg, Medellín-Azuara, Lund, & Howitt, 2009; Daniel, Camp, 

LeBoeuf, Penrod, Dobbins, & Abkowitz, 2011; Yang, Liu, Simmons & Oginskyy, 2013). 

These studies produce a large amount of mostly watershed-specific information on the 

effectiveness of various agricultural BMPs such as conservation tillage, nutrient 

management, and land-use optimization. The watershed- and region-specific nature of the 

information can be revealed by comparing the effects of similar BMPs among different 

watersheds and regions. For example, one such study shows that the negative impacts of 

zero tillage on the net farm revenue in Ontario is almost two times larger than in 

Manitoba and almost three  times larger than in Quebec. The same tendency holds for 

such BMPs as nutrient management and soil testing (George Morris Centre, 2007). 

Another example is cost of exclusion fencing and off-stream animal watering, which 

ranges among the WEB’s watersheds from $4.26/m/year in Nova Scotia to $14.4/m/year 

in British Columbia (AAFC, 2011). The differences in BMP effects are caused by 

heterogeneity of local natural and economic conditions, making it difficult or even 

impossible to transfer the results from one region to another. One of the consequences of 

this is that in order to fully reflect local conditions, the BMP evaluations have to be 

conducted for every major region or a group of regions with similar environmental and 
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economic characteristics. In practice, the evaluation is conducted mostly in some priority 

regions that experience pollution problems.  One such region covers the watersheds 

contributing directly to the Great Lakes basin. Being located in an area of intensive 

agricultural production, the region received significant attention in recent years, in 

particular in the context of the Canada-Ontario Great Lakes Basin Agreement (Winfield 

& Benevides, 2003; AAFC, 2011). The current study aims to help reduce a knowledge 

gap on the BMP effects for the Gully Creek watershed draining to the east shore of Lake 

Huron, and is a part of the OMAFRA’s WBBE imitative (OMAFRA, 2012; WBBE, 

2010).  

1.3 Research Objectives  

The general purpose of this research is to contribute to the field of watershed-

based evaluation of agricultural BMPs and policies by developing a BMP evaluation tool 

and applying the tool for the Gully Creek watershed.  To achieve this purpose, the 

following research objectives are presented: 

1.  Develop the methodology, design, and build an integrated hydrologic-economic 

model for BMP evaluation and optimal allocation in agricultural watersheds. This 

objective aims to achieve following goals:  

 i) Overview the existing theoretical and analytical policy evaluation frameworks 

(criteria).  Emphasis will be placed on evaluating the strengths and weaknesses 

of the existing analytical frameworks and determining the gaps in knowledge. 

The frameworks to be revisited are social efficiency, cost efficiency, and 

dynamic efficiency.  The attention will be paid to exploring the different ways of 
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integrating the hydrologic and economic components in the context of the 

common modeling environment, analyzing the functionality of the integrated 

models, BMP characterization, and how the uncertainty and variability of the 

results are implemented in integrated hydrologic-economic modeling.   

 ii) Develop an integrated hydrologic-economic model for BMP evaluation and 

optimal allocation. This sub-objective aims to formulate modeling objectives, 

evaluation criteria, requirements, and to develop conceptual and empirical 

integrated models for watershed-based BMP modeling and assessment. The 

modeling objectives intend to determine the evaluation criteria and requirements 

for the structure, functionality, and resolution of the integrated model. The 

specific modeling requirements will be formulated in terms of types of BMPs, 

environmental and economic processes of interest, and measures. The 

conceptual model will introduce the framework for the intended integrated 

model in terms of the definition of agricultural watersheds as social-natural 

systems, its description, and functions. The related mathematical formulation of 

the conceptual model will present an analytical formulation of a multi-polluter 

profit maximization problem subject to environmental constraints. The optimal 

solutions under different policy conditions will be explored. Empirical model 

will keep the major characteristics of the conceptual and theoretical 

mathematical model, but with some modifications necessary to reflect the 

research objectives, specifics of the study area and data availability. It will 

present the mathematical formulation of the empirical integrated model along 

with the governing equations used for hydrologic and economic simulation. 
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2. Develop a computer-based interface for the integrated modeling system. This 

objective aims the development and description of the graphical user interface for the 

integrated model. The use interface manual will be prepared to facilitate the usage of 

the model by scientists and practitioners. 

3. Apply the integrated model to produce new information on the effectiveness of 

selected agricultural BMPs for the Gully Creek watershed in the Southwest Ontario. 

The objective aims to determine the cost-effectiveness of selected agricultural BMPs 

and cost-effective BMP policies for the study area. The three sub-objectives are set 

to reach this goal. 

 i) Simulate environmental and economic effects of   selected BMPs (simulation 

assessment).  This sub-objective aims to produce new information about the 

benefits and costs of implementing the selected agro-environmental practices in 

the Gully Creek watershed. The BMPs selected to be evaluated in this study are 

i) zero tillage,  ii) optimum fertilizer application rates, iii) red clover as a cover 

crop, and iv) multiple BMPs in combination. Comparison and ranking of the 

BMPs will be performed and discussed. 

 ii) Evaluate the cost-effectiveness of selected BMPs and policies (optimization 

assessment).  The results of the sub-objective above will be used to produce 

cost-effective BMP policies for the study area by optimizing BMP allocation in 

the watershed given some environmental targets. The results of the optimization 

assessment will be compared with the results of the simulation assessment to 

decide whether a simulation alone can produce a cost-efficient policy and under 

which conditions.  
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 iii) Evaluate the relationships between the environmental benefits of interest and 

BMP costs. This sub-objective can be viewed as an extension of the previous 

one in the sense that the ranges of environmental benchmarks will be used to 

explore the relationships between BMP costs and environmental targets. 

Several scenarios will be designed to examine single- and multi-factor 

relationships. Fitting the evaluated relationships and derivation of marginal 

abatement costs associated with specific BMP policy will be made. 

1.4 Thesis Outline 

The research results are presented in five chapters. Chapter 1 covers the introduction, 

general background information, knowledge gaps, research objectives, and outline. 

Chapter 2 discusses the existing policy evaluation frameworks, integrated hydrologic-

economic models, along with the variability of results. Chapter 3 presents the 

methodology of the integrated modeling and the description of the conceptual, empirical, 

and computer models.  This chapter presents and discusses all the related methods used in 

the research. Chapter 4 presents the empirical results and discusses related assumptions 

and data. It describes the study area, model setup and validation, assessment results, and 

the revealed functional relationships between BMP costs and environmental benefits. 

Chapter 5 highlights the major findings and conclusions, outlines the major contributions 

and limitations, and presents recommendations for the future research. 
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CHAPTER 2.  

APPROACHES TO AND METHODS FOR WATERSHED INTEGRATED 

EVALUATION OF AGRICULTURAL BMPS AND POLICIES 

2.1 Introduction 

This chapter presents an overview of the existing theoretical frameworks and 

approaches for integrated hydrologic-economic watershed modeling of agricultural 

BMPs. The information serves the following purposes:  i)   identifying the relevant theory 

and  methodology, and introducing the  terminology and definitions to be used in the 

research, and ii) locating the thesis research in the context of the existing scholarly and 

research fields.  

Drawing from a wide range of environmental problems that require the public 

policy, this overview is concerned mostly with modeling and evaluating the BMPs and 

policies that aim to treat the negative externalities from agricultural non-point sources.  

The overview focuses mostly on  the analytical frameworks that evaluate BMPs using the 

watershed-based integrated hydrologic-economic optimization modeling tools. These 

modeling tools provide a theoretically sound analytical framework for BMP modeling 

and evaluation because they allow to reflect the multiple spatial interconnections of 

environmental and economic effects of BMPs in the context of the hydrologic cycle 

(Attwood, McCarl, Chen, Eddleman, Nayda, & Srinivasa, 2003; Nair, Sohngen, King, 

Fausey, Witter,  & Southgate, 2010).  Attention is paid to topics relating to the model 

integration approaches, model functionality and BMP characterization, and problems of 

uncertainty and variability associated with BMP modeling and assessment. 
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2.2 Existing Theoretical Criteria and Analytical Evaluation Frameworks 

The methodology of assessment of agricultural BMPs and agri-environmental 

polices depends on the political and economic frameworks prevailing in the society. 

Those frameworks determine the definition of the society, its goals and the role of 

government (Rosen, & Gayer, 2009). The role of government in particular can directly 

affect the choice of policy evaluation criteria such as social efficiency, equitable 

distribution of policy effects, feasibility of the policy in terms of implementation, likely 

support of policy by public, among others (Coleman, 1980). The following section  

covers mostly the static and dynamic efficiency and cost-efficiency evaluation criteria, 

which are the cornerstone of mainstream economic theory (Nicolson, 2002; Field & 

Olewiler, 2002; Stavins, Wagner A., & Wagner, G., 2003). These criteria provide a 

theoretically sound and consistent approach for policy modeling and evaluation (Stavins, 

Wagner A., & Wagner, G., 2003). Other mentioned criteria such as aiming social equity 

and ethical aspects are out of scope of the current research and are not discussed in this 

overview. More information on justification for such decision is given below.        

2.2.1 Social Efficiency  

The social efficiency assessment is a well-developed theory and methodology in 

the context of welfare and environmental economics (Nicholson, 2002; Field, & 

Olewiler, 2002). Concept efficiency itself broadly refers to the situation (policy outcome) 

where scarce resources are used in the most efficient way and the output of the economy 

is priced  by society at the highest attainable value (McConnell, Brue, & Barbiero, 1993; 

Lipsey, Ragan, & Courant, 1997). The necessary and sufficient conditions for a policy 

outcome to be efficient are that both the productive efficiency and allocation efficiency 
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must be satisfied (Nicholson, 2002). Intuitively, this means that the policy has to produce 

the outcome at the lowest possible cost and at quantity required by society.  The two 

social efficiency criteria most frequently used in policy analysis are Pareto efficiency and 

Kaldor-Hicks efficiency (Table 2-1). According to the Pareto criterion, an efficient policy 

is the one that i) shows some improvement over the baseline conditions (Pareto 

improvement), and ii) reaches a point (conditions) where further improvements are 

impossible without making someone worse off  (Pareto efficient). Figure 2-1 shows the 

Pareto improvement region as the points enclosed by the triangle, with Pareto efficient 

points located on the Pareto Frontier. It follows from this definition of the efficiency that 

a Pareto optimum is not unique; different policies or BMP combinations can be equally 

Pareto efficient. To overcome this requires augmenting the Pareto efficiency framework 

by a social welfare function (Perman, Ma, McGilvray, & Common, 2003). Solving this 

system simultaneously results in the unique Pareto optimum, although defining and 

building such a community welfare function is a significant conceptual and analytical 

challenge (Perman, Ma, McGilvray, & Common, 2003).  The two conditions discussed 

for Pareto optimum are automatically satisfied under the perfect market competition, as 

stated by the First Welfare Theorem (Kreps, 1990).  In the case of a market failure, the 

Pareto criterion can still be achieved under the condition that the losers of the policy are 

fully compensated, so nobody is disadvantaged, as stated by the Second Welfare 

Theorem (Kreps, 1990). Figure 2-1 indicates that any point on the Potential Pareto 

frontier can be Pareto optimum if the social planner redistributes the policy benefits to 

compensate the losers of the policy. 
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Figure 2-1. Definition of Pareto Efficiency  

 

This is possible, at least in theory, because any improvement in the status quo increases 

the welfare of society (net benefits) that potentially can be redistributed. In other words, 

any policy that increases the net benefits over some baseline scenario is a Pareto 

improvement. This also implies that the policy with the highest net benefits among all 

possible alternatives is a Pareto efficient (Equation 2-1).  
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Equation 2-1. Sufficient Conditions for Pareto Efficiency 

)(:)( iPPEiPiffTruePE    

where PE is the Pareto efficient solution and P(i) is a Pareto improvement for scenarios i. 

It is difficult, however, to satisfy a Pareto efficiency criterion because of high cost 

involved in identifying the losers of the policy and the high transaction cost associated 

with the actual compensation (Coleman, 1980; Table 2-2). To avoid this problem, a new, 

less restrictive Kaldor-Hicks efficiency criterion is used as the theoretical foundation for 

policy analysis (Boardman, Greenberg, Vining, & Weimer, 2001). The Kaldor-Hicks 

criterion does not require actual compensation to the losers of the policy  the possibility 

of this occurring is sufficient.   In other words, as long as the policy produces some 

additional wealth (net benefits), then it is possible to redistribute a portion of that wealth 

to make at least someone no worse off. The main analytical framework that implements 

the Kaldor-Hicks criterion for policy evaluation is Cost-Benefit Analysis (Boardman, 

Greenberg, Vining, & Weimer, 2001). The main decision rule under Cost-Benefit 

Analysis states that an efficient policy is one that maximizes the net benefits of the policy 

(Boardman, Greenberg, Vining, & Weimer, 2001). The net benefits are defined as the 

difference between the benefits from decreased pollution and abatement cost to society to 

treat that pollution. 

Figure 2-2 introduces the MAC-MD analytical framework frequently used to 

conduct a Cost-Benefit Analysis.  MAC (marginal abatement cost) is an incremental 

social abatement cost calculated with respect to some reference point, usually the 

preceding level of emission (Field & Olewiler, 2002).  
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Table 2-1. Criteria, Analytical Frameworks, and Measures for Policy Analysis 

Criteria Analytical Frameworks Measures 

Efficiency (Pareto, 

Kaldor-Hicks) 

Cost-Benefit Analysis - Net benefits 

- Consumers’ and producers’ 

surplus 

Cost-effectiveness Cost-Effectiveness 

Analysis 

Social abatement cost 

Dynamic efficiency and 

dynamic cost efficiency 

- Dynamic Cost-Benefit 

Analysis 

- Dynamic Cost-

Effectiveness Analysis 

- Non-decreasing net benefits 

- Non-increasing costs 

Source: Boardman, Greenberg, Vining, & Weimer, 2001 
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The two major methods used for calculating the MAC in practice are expert-based and 

model-derived (Kesicki, 2011). MD (marginal damage) presents the social cost of an 

additional unit of negative externalities (Field & Olewiler, 2002). Evaluation of the costs 

of negative externalities normally uses a set of direct and indirect methods. Examples of 

the direct methods are calculation of costs due to changes in productivity, health care 

cost, and restoration of damaged property; examples of indirect methods are hedonic 

pricing, travel costs, and contingent valuation. In analytical applications, the MD curve is 

read from right to left, meaning decreasing marginal damage caused by emission.  Under 

the MAC-MD analytical framework, the efficient policy corresponds to the point where 

the social marginal cost of abatement coincides with the marginal cost of damage. 

Intuitively, if the existing emission  level is higher than  the optimum, then the policy is 

not efficient because the damage from the emission  exceeds the abatement cost. 

Alternatively, if the policy emission  is lower than the optimum, then the cost to treat it 

exceeds the damage, meaning that some portion of the resources is wasted. Because the 

MAC and MD represent marginal quantities, integrating these functions allows the 

computing of total abatement cost and total damage cost, respectively. 

Mathematically an efficient policy as the net benefits maximization problem is 

defined by Equation 2-2.   The benefits in that equation represent the difference between 

the cost of damage under the policy and some baseline scenarios; the costs are the social 

abatement cost defined above. The effects of market-incentive instruments can be 

evaluated by changing the level tax or subsidy in the cost portion of the equation and 

examining how the system adapts in terms of production level, abatement activities, and 

emission.   



23 

 

Table 2-2. Strengths and Weaknesses of Different Policy Evaluation Criteria 

Theoretical foundation Strengths Weaknesses 

Social efficiency (Pareto) - Theoretically sound framework aiming social 

efficiency 

- High implementation cost 

- Difficulties of benefits evaluation 

Social  efficiency (Kaldor-

Hicks) 

- Theoretically sound framework aiming potential 

social efficiency 

- Appealing decision rule: choose the policy with 

the highest positive net benefits 

- Difficulties of benefits evaluation 

Cost-efficiency - Requited data can be more easily measured or 

generated 

 

- Socially efficient solution is not guaranteed 

Dynamic efficiency - Theoretically sound framework aiming potential 

sustainability 

- High implementation cost 

- Difficulties of benefits evaluation 

Dynamic cost-efficiency - Requited data can be more easily measured or 

generated 

 

- Social efficient solution is not guaranteed 

- Difficulties of evaluation of cost-emission ratios 

for long time span 
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Solving such a system for a specified range of taxes/subsidies allows us to determine the 

level of the economic instrument that results in a socially-efficient level of emission. 

Equation 2-2. Social Efficiency as Net Benefits Maximization Problem 
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where NB is the net benefits of the policy, B(.) is the function that simulates the policy 

benefits showing the societal cost of forgone damage, C(.) is the function that simulates 

the social abatement cost of treating the emission, e is the emission level, p is the cost of 

damage caused by one unit of emission, y is the level of production, a is the cost of 

abatement, r is the emission tax/subsidy level, g is the government enforcement and 

monitoring cost, i is the polluter ID, and I is the number of polluters. 

This analytical formulation can also be used to examine the effects of command-and-

control instruments by restricting the objective function by some level of emission. The 

optimized solution shows the maximized net benefits of reaching a specified  level of 

emission. Running this system for a range of specified environmental targets allows 

examining both marginal abatement cost and total abatement cost. The latter can be 

defined in this context as the change in the net benefits due to achieving some specified 

environmental target. 

The Kaldor-Hicks efficiency criterion is implemented in a number of integrated 

hydrologic-economic models targeting land-, surface-, and groundwater-using strategies 

(Table 2-3).  
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Figure 2-2. Definition of MAC-MD Analytical Framework 

MAC(y,e,a,r,g) is the social marginal abatement cost function showing change in the polluter’s profit due to changes in production y, level of 

emission e, cost of abatement a, emission tax/subsidy level r, and cost of government enforcement and monitoring  g. 

MD(e,p) is the marginal damage function showing the societal cost of damage caused by the polluter. It depends on the level of pollution e, and 

the cost of a unit of the pollution p. 

e* is the optimal level of pollution , and r* is the optimal level of emission tax/subsidy. 

0 

r* 

$/Emission 

Emission 
e* 
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These models are capable of evaluating the benefits and cost of the policies and serve as a 

major tool for conducting the Cost-Benefits Analysis.  Frequently, such applications aim  

the social efficiency of water use in small and large watersheds. The policy benefits in 

these applications are typically calculated through changes in-stream and off-stream 

values of water (Cai, McKinney & Leon, 2003; Watanabe, Adams, & Wu, 2006; Ringler 

&  Cai, 2013; Nair et al., 2010). The in-stream water value is frequently evaluated by 

direct measurement – value of changed fish stock or boating, for example (Ringler &  

Cai, 2013). Evaluating the off-stream water value considers knowledge of the water 

demand function for different types of consumer. Because the information for calculating 

the water demand function is usually unavailable, different forms of contingent and 

indirect evaluation are frequently applied (Cai, McKinney, & Leon, 2003; Watanabe, 

Adams, & Wu, 2006). Costs of the policies are represented by agricultural production 

costs, hydropower generation costs, and other costs depending on application (Ward, 

Booker, & Michelsen, 2006;  Kragt, Newham, Bennett, & Jakeman, 2010). An example 

of these types of applications is the model by Ringler &  Cai (2013). It evaluates the 

efficiency and impacts of the competing demands for water use in the Mekong basin 

under different land- and water-use strategies. The policy benefits of this model are 

represented by the in-stream water value as calculated by changes in the value of the fish 

stock. To evaluate the change in the fish stock, Ringler & Cai  apply  the Semi-

Distributed Land-Use Runoff Process (SLURP) model to generate the water balance and 

then used a linear relationship between the water availability and the size of the fish 

stock.  
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Table 2-3. Selected Integrated Models Implementing Social Efficiency Criterion 

Name of Model General Problem 

Requiring Public 

Policy 

Specific Problems 

Addressed 

Application Site (study 

area) 

Analytical 

Framework 

Reference 

Integrated hydrologic-

agronomic-economic model 

Externalities (in-

stream and off-

stream water value) 

Impacts of land- and 

water-use  strategies 

on water value 

Syr Darya River Basin, 

Central Asia 

Cost-Benefit 

Analysis 

Cai, McKinney, & 

Leon, 2003 

Integrated economic-

hydrologic model 

Market distortions  

and externalities 

Efficiency of land- 

and water-use 

strategies 

Mekong River Basin, 

Southeast Asia 

Cost-Benefit 

Analysis 

Ringler, & Cai,  

2013 

Integrated watershed 

hydrologic-economic model 

for non-point source pollution  

Externalities (water 

pollution) 

Efficiency of land- 

and water-use 

strategies 

Upper Big Walnut 

Creek Watershed, Ohio, 

USA 

Cost-Benefit 

Analysis 

Nair, Sohngen, 

King, Fausey,  

Witter, & Southgate,  

2010 

Integrated model for 

economic non-market 

valuation and catchment 

modeling 

Externalities (water 

pollution, 

biodiversity) 

Impacts of land-use 

strategies on 

catchment benefits 

George catchment, 

Tasmania 

Bayesian 

network 

modeling 

Kragt,  Newham, 

Bennett, & Jakeman, 

2011 

Integrated hydrological, 

biological, and economic 

modeling framework 

Externalities (in-

stream water value) 

Impacts of riparian 

zones on temperature 

and fish density 

Grande Ronde River 

Basin, USA  

Cost-Benefit 

Analysis 

Watanabe,  Adams, 

& Wu, 2006 
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The net benefits due to land- and water-use changes are evaluated by subtracting the 

production costs from the value of changes in fish stock. The same approach the authors  

use to calculate benefits associated with change in area and water quality of the wetlands 

(Ringler &  Cai, 2013). 

Watanabe, Adams, & Wu (2006) provide in their modeling project another 

example of calculating in-stream benefits due to different land-use strategies.  Their 

model can evaluate the impacts of ten different vegetation types of riparian buffers on 

water temperature, on water quality, and consequently on the density of the fish stock. To 

do this, they couple  the water temperature model (WET-Temp), evaluating the impacts 

of riparian buffer on water temperature, with an economic optimization model. In this 

way they could maximize the net benefits under different riparian buffer strategies – like 

emergent vegetation, herbaceous upland, and shrub, among others.   

Yang, Rousseau, & Boxell (2007) present  a comprehensive integrated economic-

hydrologic modeling framework targeting the social efficiency of agricultural BMPs in 

watersheds. Although the framework is  designed specifically for the WEBs project 

established in 2003 by Agriculture and Agri-Food Canada with cooperation with Ducks 

Unlimited Canada, it can be used for BMP evaluation in agricultural watersheds in 

general. The framework includes the on-farm economic model, farmer behavior model, 

and watershed modeling tool with the functionality of precipitation runoff, soil erosion, 

and nutrient and pesticide simulation. A separate block is responsible for non-market 

evaluation of environmental watershed services. The approach is based on the assumption 

that implementing the BMPs enhances water quality and, therefore, the demand for the 

water in-stream use and benefits of the policy. The socially efficient optimum under this 
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framework is determined by examining the tradeoffs between benefits and costs of the 

policy. 

The strength of the Kaldor-Hicks efficiency criterion lies in its 

comprehensiveness in accounting for the social costs and damages associated with the 

policy.  Accounting of the policy benefits is crucial for this framework. Incorporating 

them into the policy assessment allows satisfying both the productive and allocation 

efficiencies – which is why the Potential Pareto efficiency is sometimes referred to as 

Pareto Allocation Efficiency (Nicolson, 2002). Determining the value of benefits, 

however, presents significant practical challenges, especially for large projects.  Although 

the Cost-Benefits Analysis framework for calculating benefits can be applied in some 

cases, as seen in the overview of integrated models, the results of such calculations often 

presents some uncertainty in the sense that a calculated value may differ from the true 

value. The consequence of this is that the social optimum cannot be reached if the value 

of benefits is unknown or uncertain (Field & Olewiler, 2002). 

2.2.2 Cost Efficiency  

When information about the damage function is not available, the social 

efficiency framework defined in the section above reduces to the formulation that aims to 

minimize the social abatement cost in reaching a specified environmental target  cost 

efficiency.   As Figure 2-3 shows, the social efficiency framework reduces to the MAC 

curve, and as Equation 2-3 indicates, the framework reduces to maximizing the negative 

of costs or, equivalently, minimizing the social abatement cost. 
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Equation 2-3. Cost Efficiency as Cost-Minimization Problem  
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where C(.) is the function that simulates the social abatement cost of treating the 

pollution, e is the pollution level, y is the level of production, a is the cost of abatement, r 

is the pollution tax/subsidy level, g is the government enforcement and monitoring cost, 

E  is the emission target, i is the polluter ID, and I is the number of polluters. 

Cost efficiency is attractive in empirical research because the information about 

abatement cost is normally more easily obtained  through evaluation or simulating by 

models (Kesicki, 2011). If not all the components of social abatement cost are accounted 

for – government monitoring, enforcement, profit losses due to change in production or 

input-mix – then the above framework reduces to minimizing the engineering cost, or 

engineering cost efficiency. Engineering cost accounting is agency specific. For example, 

the United States Environmental Protection Agency (US EPA) includes into engineering 

cost such items as capital, operation, and maintenance cost (US EPA, 2010). Engineering 

cost has  a tendency to overestimate abatement cost because it does not account for 

possible alternative actions like changing product- and inputs-mix  (Cropper & Wallace, 

1992).      

The cost-efficiency approach is used in a variety of applications for watershed 

evaluation of agricultural BMPs and policies (Table 2-4).  The integrated model 

developed by Cools, Broekx, Vandenberghe, Sels, Meynaerts, & Vercaemst et al. (2011) 

in Belgium is an example of an application of the approach.   This model couples the 

SWAT model with an economic mixed-integer optimization model to evaluate the cost-
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effectiveness of different agricultural management strategies. The distinctive 

characteristic of this model is its ability to simulate the effectiveness of different 

command-and-control and market-incentive policy instruments. The general form 

specification of the model’s objective function is given by Equation 2-4 (Cools, Broekx, 

Vandenberghe, Sels, Meynaerts, & Vercaemst, 2011).  

Equation 2-4. Pollution Abatement Cost-Minimization Function  

)( pp EtcMin   

where c is the total cost of pollution abatement, Ep is the  emission load, and tp is the tax 

placed on pollution. 

With the tax set at some level in the context of Equation 2-4, it is possible to examine the 

impact of tax on overall pollution in terms of in-stream concentration of constituents and 

abatement costs. Examining the range of taxes allows determining the tax level needed to 

reach some specified level of water quality. Alternatively, the in-stream concentration of 

constituents  can be controlled by restricting the emission load in terms of sediment and 

nutrients, Ep. The abatement cost under the emission tax or subsidy can be compared then 

with the cost under the standard to explore their comparative cost effectiveness. The 

value of the Lagrangian multiplier (shadow price) in this model can be used to generate a 

polluter specific marginal abatement cost under both the emission standard and the tax 

approaches. The limitation of this model is that it is applied to the watershed as a whole 

and does not simulate the impacts for smaller spatial units like farms and fields. The idea 

of augmenting the objective function by the term to incorporate some external impacts is 

a productive one allowing to simulate impacts of both the economic and command-and-

control instruments. This model specification can be extended to other cases, for example 
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to incorporate a risk in terms of the variability of the results. An example of such 

augmenting the objective function is the hydrological-economic model (GAMS-ECIM-

WaSIM-ETH) developed by Ahrends, Mast, Rodgers, & Kunstmann (2008). The 

objective function in their model is augmented by the component that reflects the 

incentive payments  for water reservoir storage that can be used for livestock watering, 

aquaculture, and other uses. 

Strength of the cost-effectiveness framework is its flexibility and the fact that 

almost any environmental target can be used in conjunction with the cost minimization. 

In addition, a cost-minimization objective function can be extended to incorporate a 

variety of market-incentive policy instruments like taxes and subsides. The cost-

effectiveness approach also has its limitations; for example, the fact that the least-cost 

policy is determined does not guarantee that this policy is socially efficient. It is possible 

to pick a wrong target that does not present an environmental issue for the study area and 

produce a cost-effective solution for a problem that is not justifiable to society (Field, & 

Olewiler, 2002). In many practical applications, however, the existing environmental 

problems are well known or can be defined with the help of field experts, scientists, 

government and non-government agencies.  

Multi-Objective Policy Evaluation Methods   

Although both social and cost-efficiency approaches described above are 

represented by single-objective functions, they are also can be viewed as multi-objective 

problems. The social efficiency framework incorporates different objectives through 

accounting for multiple impacts, whereas the cost-efficiency can incorporate  multi-
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objective behavior in the form of the policy constraints. Equation 2-5 is an extension of 

Equation 2-3, showing how multiple criteria, in this case the targets for different types of 

pollutants, can be incorporated in the context of the cost-efficiency framework. This 

framework is flexible enough and can be applied to aim any monetary and non-monetary 

goals of interest. 

Equation 2-5. Cost Efficiency as Multi-Objective Optimization Problem 
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where C(.) is the function that simulates the social abatement cost of treating the 

pollution, e is the pollution level, y is the level of production, a is the cost of abatement, r 

is the pollution tax/subsidy level, g is the government enforcement and monitoring cost, 

e  is the emission target, k is the ID of the pollutant, i is the polluter ID, I is the number 

of polluters, and K is the number of pollutants. 

Solving the system represented by Equation 2-5 results in a solution that shows the 

minimal cost of achieving some specified environmental targets.  The decision rule for 

this framework can be formulated so as to choose the policy that shows the lowest cost of 

achieving the specified targets. 
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Figure 2-3. Definition of Cost-Efficiency Analytical Framework 

MAC(y,e,a,r,g) is the social marginal abatement cost function showing change in the polluter’s profit due to changes in production y, level of 

emission e, cost of abatement a, emission tax/subsidy level r, and cost of government enforcement and monitoring  g. 

e* is the optimal level of pollution , and r* is the optimal level of emission tax/subsidy. 

0 

r* 

$/Emission 

Emission 
e* 
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The multi-criteria framework is also implemented in practical applications in the 

context of specially designed methods. Depending on the type of mathematical algorithm, 

the multi-criteria framework can be divided into the methods that provide i) exact optimal 

solution, and ii) near-optimal solution (Vanderkam, Wiersma, & King, 2007). The first 

group is an extension of the single-objective modeling in that it incorporates additional 

goals into an objective function, for example Goal Programming and Multi-attribute 

utility functions (Winston, 1987). The main distinction between multi-objective and 

single-objective programming is  that different goals like social, economic, and 

environmental have to be implemented into the objective function and ranked or 

weighted. One such formulation showing the multi-objective fucntion is shown by 

Equation 2-6.  

Equation 2-6. Goal Weighting as Multi-Objective Optimization Problem 
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where wn is the weight placed on the goal/effect n; cn is the coefficient reflecting the 

marginal effect of process n; x is the vector of decision variables.  

This type of specification of multi-criteria problem has several attractive characteristics. 

The approach is capable of integrating in an explicit way different social, economic, and 

environmental goals into policy evaluation and decision making. This system is easier to 

formulate because it does not require the equations representing the environmental 

constraints. Because the constraint equations are usually what make the optimization 

problem difficult to solve, this formulation is more robust and computationally efficient. 

The weakness of the approach is the subjectivity in defining a set of goals and putting 



36 

 

weights on them (Rosenthal, 1983), with different stakeholders often having their own 

priorities. The resulting optimal solution is conditional on the choice of goals and the 

assigned weights.  

The second group of methods, also called heuristic, is based on using some pre-

defined decision rules for reaching a multi-criteria goal (Lee & El-Sharkawi, 2008). 

These methods are applicable in the policy assessment due to their flexibility and the 

higher computing performance than mathematical programming methods for comparable 

problems in general (Zanakis, Evans, & Vazacopoulos, 1989; Wyman, 1971; Vanderkam, 

Wiersma, & King, 2007). Examples of heuristic methods are Random Walk, Hill-

Climbing, Genetic Algorithm, Simulated Annealing, and Neural Network, among others. 

The methods, however, have some limitations, derived mainly from the two sources: i) 

the algorithms reflect some decision rules that do not guarantee the exact solution 

(Vanderkam, Wiersma, & King, 2007);  and ii) because there is no the unifying theory, 

applying different heuristic methods to the same problem is likely to produce different 

optimal solutions (Pukkala & Kurttila, 2005). 
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Table 2-4. Selected Integrated Models Implementing Cost-Efficiency Criterion 

Name of 

Model 

General 

Problem 

Requiring 

Public 

Policy 

Specific Problems 

Addressed 

Application 

Site (study 

area) 

Analytical 

Framework 

Reference 

Integrated  

hydrological-

economic 

model 

(GAMS-

ECIM-

WaSIM-

ETH) 

Sustainable 

water use 

Interdependencies 

between irrigated 

cropping patterns 

and water 

balances 

Atankwidi 

catchment, 

West Africa 

Cost-

Effectiveness 

Analysis 

Ahrends, Mast, 

Rodgers, & 

Kunstmann,  

2008 

Integrated  

hydrological-

economic 

model 

(SWAT-

ECM) 

Externalities 

(water 

pollution) 

Impacts of 

different 

agricultural and 

industrial 

practices on 

catchment water 

quality 

Grote Nete 

catchement, 

Belgium 

Cost-

Effectiveness 

Analysis 

Cools, Broekx, 

Vandenberghe, 

Sels, Meynaerts, 

& Vercaemst, 

2011 

Integrated 

modeling 

framework 

Externalities 

(in-stream 

sediment 

loading) 

Cost-effective 

allocating riparian 

buffers in the 

watershed 

Court Creek 

watershed, 

USA 

Cost-

Effectiveness 

Analysis 

Khanna,Yang,  

Farnsworth, & 

Onal, 2003 

Integrated 

bio-physical 

and 

economic 

models 

Externalities Management 

intensity and 

landscape 

structure effects 

at farms and 

landscape levels 

Lower 

Austrian 

"Mostviertel" 

region, 

Austria 

Cost-

Effectiveness 

Analysis 

Schonhart,  

Schaupenlehner, 

Schmid, & 

Muhar, 2011 
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The severity of these limitations depends on the application; for example, applying the 

heuristic methods for some long-run policies for large objects like regional or basin land-

use, establishing spatial ecological network, or some global climate studies that do not 

require high level of precision, can be  justified on the basis of their flexibility and 

efficiency (Silver, 2004). In some other cases, like projects that aim evaluation of 

agricultural BMPs for small objects (1,000 ha or less), methods producing the exact 

solution may be preferable – as could be the case when the policy considers some 

investments.    

2.2.3 Dynamic Social Efficiency and Dynamic Cost Efficiency 

Until now the assessment approaches were based on the static notions of social 

efficiency and cost efficiency in the sense that policy goals were optimized for some 

single points in time. A limitation of the static evaluation is that it does not show how the 

policy sustains its efficiency in time. Even the time value of money techniques frequently 

used in Cost-Benefit Analysis, like discounting, does not resolve the issue because 

normally they refer to some limited life time of the project. In addition, the net benefits 

during the project life time can vary without restrictions; that is, they are allowed to 

decrease in some time periods. The limitation of the static efficiency framework became 

especially obvious through the increased society awareness of such problems as 

sustainable growth and intergenerational issues (Agricultural Systems, 2011).  

To incorporate the issue in policy analysis, Stavins, Wagner, & Wagner (2003) 

introduced a theoretical framework of sustainability and gave it an economic 

interpretation. Under that framework, the economy or policy is considered to be 

sustainable if i) it is efficient for any point in time (dynamically efficient), and ii) the total 
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welfare function does not decrease over time (Stavins, Wagner, A., & Wagner, G., 2003; 

Gowdy, 2005). The latter constraint requires taking into consideration the issue of 

intergenerational equity. Equation 2-7 is an extension of Equation 2-2 by incorporating a 

time dimension; it states that a policy is dynamically efficient if it efficient at every point 

in time as the necessary condition for potential (weak) sustainability. 

Equation 2-7. Dynamic Social Efficiency as Net Benefits Maximization Problem 
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where NB is the net benefits of the policy, B(.) is the function that simulates the policy 

benefits showing the forgone societal cost of damage , C(.) is the function that simulates 

the social abatement cost of treating the pollution, e is the pollution level, p is the cost of 

damage caused by one unit of pollution, y is the level of production, a is the cost of 

abatement, r is the pollution tax/subsidy level, g is the government enforcement and 

monitoring cost, t is the time period,  i is the polluter ID and I is the number of polluters. 

The sufficient condition for a policy to be potentially sustainable is that the net benefits 

are not allowed to decrease over time (Equation 2-8).  

Equation 2-8. Sufficiency Condition for Sustainable Outcome 
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where NB are the net benefits of the policy, d is the derivative (difference operator), and t 

is the time horizon to be considered.   

This appealing theoretical framework not only has all the limitations of the static 

social efficiency concept described above, but also introduces two new hardly tractable 

conditions  i) the policy has to be efficient for each point of time in the future 

(theoretically indefinitely), and ii) the policy has to recognize the issue of 
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intergenerational equity. The latter considers the necessity of some sort of 

intergenerational transfer in order to satisfy the sustainability requirements. A possible 

relaxation of these restrictions is to target the potential sustainability of the policy – that 

is, dynamic efficiency only (Stavins, Wagner, A., & Wagner, G., 2003). The rationale for 

this, just as in case of the static efficiency, is that so long as a policy is efficient for all 

time periods, it creates resources or wealth that can be used for transfers to provide 

intergenerational equity (Stavins, Wagner, A., & Wagner, G., 2003).   

 This idea can be extended to incorporate a time dimension into the cost-

effectiveness framework – dynamic cost efficiency. As with the dynamic efficiency, the 

necessary requirement is that the policy be cost-efficient for all periods of time – a one of 

the necessary conditions for an efficient policy. Another condition can be formulated to 

state that cost-emission ratios must not decrease over time (Equation 2-9). 

Equation 2-9. Dynamic Cost Efficiency as Cost-Minimization Problem 
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where C(.) is the function that simulates the social abatement cost of treating the 

pollution, e is the pollution level, y is the level of production, a is the cost of abatement, r 

is the pollution tax/subsidy level, g is the government enforcement and monitoring cost, 

e  is the emission target, k is the ID of the pollutant, i is the polluter ID, I is the number 

of polluters, and K is the number of pollutants. 



41 

 

The dynamic cost-efficiency framework is a weaker formulation than the 

dynamic-efficiency framework because it does not incorporate a time flow of benefits. 

The infinite time span needed for a policy analysis is also a challenge. A partial solution 

to this problem can be proposed as using Monte Carlo simulations for a wide range of 

conditions and distributions.  

2.3 Approaches for Integrating Hydrologic and Economic Models 

The  evaluation frameworks above can be implemented for BMP evaluation in 

different forms – by coupling of a hydrologic model with an economic model or building 

a separate holistic model that endogenously simulates the processes to be optimized 

(Braat & Lierop, 1987; Cai, M. ASCE, McKinney, A. ASCE, & Lasdon, 2003). A 

coupled, also called a compartment model, normally consists of several linked modules – 

hydrologic and economic – which can be governed through a common interface, tight 

coupling, or through simple data exchange between the modules, loose coupling (Figure 

2-4-a).  The interface is normally used to set the type of BMPs (scenario), run the model, 

and manipulate the results. Given the chosen scenario and the results of the hydrologic 

model, the economic model can then be used to evaluate the BMPs costs.  An example of 

implementing a common interface is the model developed by Ahrends, Mast, Rodgers, & 

Kunstmann (2008).  It is built in Perl programming language and is used to set the policy 

scenarios and then run the hydrologic (WaSiM) and economic model built in GAMS 

(General Algebraic Modeling System). 

Some economic models also have an optimization routine that can be used for the 

purposes of BMP evaluation and optimal placement (Cai, M. ASCE, McKinney, A. 

ASCE, & Lasdon, 2003). These models can be run recursively in the sense that the results 
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of the hydrologic module are passed to the economic optimization model, which, 

transfers its results (the best scenario) back to the hydrologic model. The simulation 

continues until the environmental and economic results converge to some target.  Most of 

the integrated hydrologic-economic models presented in Table 2-3 and Table 2-4 do not 

have an interface, and they use different forms of data exchange between the hydrologic 

and economic compartments. The most frequently used programming environment is  

GAMS connected with commercial optimization solvers – MINOS, CONOPT2, CPLEX, 

among others. 

On the contrary, the holistic models (Figure 2-4-b) are designed and built as 

unified single entities that adhere to the principles of general system theory
2
 – synergy, 

interdependence, interconnection, self-regulation, and feedback, among others 

(Bertalanffy, 1972; Rosnay, 1975). Unlike the coupled models, the hydrologic part of the 

holistic model is solved endogenously in the sense that it depends on the results of the 

economic process (Cai, M. ASCE, McKinney, A. ASCE, & Lasdon, 2003). The holistic 

approach is frequently used for building the network hydrologic-economic models that 

target optimization of water use in river basins (Ringler, & Cai, 2013).This type of 

integrated model can be formulated and solved by dynamic programming methods that 

increase the computational efficiency of the models (Winston, 1987).    

                                                           
2
 A system is defined here as “… a set of interacting elements that form an integrated whole.” (Rosnay, 

1975) 
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Figure 2-4. Integration Approaches of Hydrologic and Economic Models 

 

        a) Coupled System                                                                                          b) Holistic System 
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Both integration approaches have their advantages and disadvantages (Table 2-5). 

Compartment models have the advantage of saving some program development time 

because the existing hydrologic models like SWAT, AGNPS, and WaSIM, and economic 

models can be used for coupling (Harou, Pulido-Velazquez, Rosenberg, Medellín-

Azuara, Lund, & Howitt, 2009). These models can potentially deal with high levels of 

detail in representing both hydrologic and economic processes. The functionality, 

however, can be a limiting factor if the hydrologic or economic models are not properly 

chosen and if their architecture does not reflect the purposes of the specific study. For 

example, the SWAT does not provide an explicit transport of the sediments and nutrients 

through the overland phase of the simulation within a subbasin. This limits studying the 

interconnections of BMPs effects.  Another possible challenge is harmonization of the 

spatial and temporal scales between hydrologic and economic models, which normally 

differ. For example, hydrologic models frequently employ the concept of homogenous 

spatial units for representing the hydrologic process at the elementary level such as 

Hydrologic Response Units (HRU) or rectangular grid. The representation of the 

homogeneous units differs depending on the type of the hydrologic model, but normally 

the size of the units can be  small – several square meters or less for distributed models, 

for example.   Economic models frequently  use a more coarse spatial resolution  a farm 

or field level scale – to represent the economic process. The temporal resolution of the 

hydrologic and economic models can also differ substantially. Continuous simulation 

hydrologic models frequently have daily or even higher frequencies. On-farm economic 

models normally use an annual representation of the economic process.   
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The holistic models, as described by Harou, Pulido-Velazquez, Rosenberg, 

Medellín-Azuara, Lund, & Howitt, 2009 are more suitable for representing causal 

relationships. Because the size of a linear model depends exponentially on the number of 

variables, the hydrologic and economic compartments have to be kept relatively simple. 

Those models usually require more start-up development time, assuming that the model 

has to be built from scratch for the study of interest. 

  Approaches for Coupling the Integrating Models and GIS                                                                                                                                                                                    

The integrated semi-distributed and distributed hydrologic-economic models are 

demanding in terms of GIS-based climatic, soil, topography, land-use and other types of 

data (Wang, Yu, & Huang, 2004). The chosen approach to integrate the hydrologic model 

with the GIS data affects the development time, functionality, and deployment of the 

model (Sui, & Maggio, 1999).  The following approaches are used for integrating the 

hydrologic-economic models, in particular its hydrologic component, with the GIS: 1) 

embedding GIS in the hydrologic-economic model; 2) embedding the hydrologic-

economic/hydrologic model in GIS; 3) using loose coupling; and 4) using tight coupling 

(Table 2-6; Sui, & Maggio, 1999). 

The first approach considers mostly GIS as a data preparation and mapping tool. 

It has the advantage that a developer has the flexibility of using only the required GIS 

functionality and concentrating on modeling the phenomenon of interest. Because the 

open-source GIS libraries can often be used in this approach, the model can be 

independent of vendor-specific data structures.  
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Table 2-5. Strengths and Weaknesses of Coupled and Holistic Approaches 

 

Integration Strengths Weaknesses 

Coupling - Potential time saving due to use 

of existing hydrologic models 

- Functionality is restricted by 

functionality of hydrologic and/or 

economic models 

Holistic 

(system) 

- More suitable for representation 

of causal relations 

- The formulation has to be kept 

relatively simple 

- Require more start-up development 

time 
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A disadvantage of the approach is that it might require intensive programming. In 

addition, the model might be incompatible  with some existing commercial GIS 

packages. Such models as MODFLOW, HEC-RAS, RiverCAD use this approach (Sui, & 

Maggio, 1999). Embedding the hydrologic modeling into GIS allows taking full 

advantage of the built-in GIS functionality. An example is watershed delineation – a 

built-in procedure in several GIS packages. For example, the ArcGIS Hydrology toolset  

has the  tools needed for delineating watershed and for performing many other operations 

for calculating flow length, identifying and filing the sinks, and converting between raster 

and vector data, among others. This approach also allows the embedding of fully-fledged 

hydrologic-economic and hydrologic models in the GIS package. An example is the 

ArcSWAT model, which works as a plug-in for ArcGIS.  Another example is embedding 

of the SWAT model (MWSWAT) in open-source GIS package MapWindow, which 

allows for a similar functionality. 

 The loose coupling approach is based on the exchange of data and results 

between the hydrologic model and the GIS package without building a common 

interface. It allows minimizing of the programming efforts, although normally this 

approach requires considerable time for data preparation.  Most of the models given in 

Table 2-3 and Table 2-4, for example those by Consuelo, Paloma, Thomas, & Sakuina 

(2007); Nair, Sohngen, King, Fausey, Witter,  & Southgate, 2010; Kragt, Newham, 

Bennett, & Jakeman, 2011, use the data transfer between the compartments.  

Tight coupling considers integrating the GIS and the hydrologic models through a 

common interface, which can be built by using macro or scripting programming 

capabilities provided by GIS packages – such as those provided  by ArcGIS, 
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MapWindow , Whitebox, and GRASS GIS. The approach allows the user to overcome 

the limitations of the loose coupling approach, but it requires knowledge data models, 

which normally differ among such vendors as ESRI, GRASS GIS, QGIS, and more 

extensive programming.  

2.4 Functionality of the Integrated Models and BMP Characterization 

The applicability of integrated models for modeling BMP effects depends on the 

functionality of the integrated models, especially of their hydrologic components (Harou, 

Pulido-Velazquez, Rosenberg, Medellín-Azuara, Lund, & Howitt, 2009). In some 

circumstances, depending on the purpose of the types of BMPs to be evaluated, some 

models are preferred over others. For example, the ANSWERS model has an overland 

sediment transport simulation capability that is important for assessing erosion mitigation 

BMPs, but it does not have channel erosion and sediment transport routines, a fact that 

limits its applicability for the BMP assessment (Daniel, Camp, LeBoeuf, Penrod, 

Dobbins, & Abkowitz, 2011).  On the other hand, SWAT has many desired features, 

including a flexible BMP specification interface and channel sediment routing procedure, 

but it lacks the ability to  simulate overland sediment transport from a detachment point 

to the stream edge. The functionality of economic components also differs significantly 

among different integrated models, and in many cases, the differences are a reflection of 

the objective of a project. For example, the model developed by Kragt, Newham, 

Bennett, & Jakeman (2011) aims the non-market evaluation of management changes; it 

uses the probabilistic Bayesian network modeling technique for the integrated assessment 

of management practices – grazing, irrigation pasture, and forestation.     
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Table 2-6. Approaches for Integrating GIS and Hydrologic Models 

 Integration Approach Strengths Weaknesses 

1. Embedding GIS in 

hydrologic modeling 

- Flexibility for developers  

- Independence from vendor specific GIS data 

structures 

- Extensive programming 

- Possible non-compatibility with GIS 

software packages 

2. Embedding hydrologic 

modeling in GIS 

Full advantage of built-in GIS functionalities Extensive programming 

3. Loose coupling Minimum programming required Time consuming and error prone data 

exchange 

4. Tight coupling Full advantage of built-in GIS functionalities and 

hydrologic models 

- Knowledge of vendor specific data 

structures is required 

- Extensive programming 
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The methods used in this model are chosen to answer the specific questions, but it may be 

difficult or even impossible to apply it for other purposes, for example the optimal 

allocation of the BMPs in the watershed. Another example of project-determined 

functionality is the Patuxent Landscape model developed at the University of Maryland, 

USA (Kianiard at el., 2006); it uses the prediction of land-use changes generated by the 

economic model to simulate water and nitrogen-phosphorus balances. This model serves 

its purpose well, but it cannot be used for assessing such agricultural BMPs as 

conservation tillage, nutrient management, and manure management. The integrated 

coupled hydrologic-economic model imCanSWAT developed at the University of 

Guelph is a coupling of the CanSWAT and economic regression multi-equation model 

(Yang, Rousseau, & Boxall, 2007). This model is a implementation of econometric-

process modeling approach (Antle, J. & Capalbo, M., 2001) and is capable of assessing a 

wide range of technological and structural BMPs, including conservation tillage, crop 

conversion, straw management, and dam and holding ponds. This simulation model 

cannot be used however for optimal allocation of BMPs and a cost-effectiveness analysis. 

Researchers noticed that many project-determined integrated models address specific 

problems (Harou, Pulido-Velazquez, Rosenberg, Medellín-Azuara, Lund, & Howitt, 

2009), so  it becomes difficult if not impossible to use these models for other research 

study areas with different geographic and economic conditions. The transferability of the 

integrated modeling systems also can be restricted by specific data requirements. 

Increasing the flexibility of the existing models in terms of types of BMPs and 

assessment is one way to make them more applicable for BMP assessment in different 

agricultural watersheds. 
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The functionality of the integrated hydrologic-economic models also depends on 

how the BMPs are represented or characterized in context of the model. Characterization 

of BMPs can differ significantly among the models due to differences in their 

functionality, spatial, and temporal scales. For example, conservation tillage can be 

characterized through specifying the type of machinery and equipment used, along with 

the timing of tillage application. Normally, this can be done using continuous simulation 

hydrologic models like SWAT or AnnAGNPS coupled with crop growth modules. On 

the contrary, single-event models like AGNPS do not simulate crop growth explicitly and 

do not require this detailed information.  Normally, the single-event models use some 

rainfall event data reflecting the storm occurrence period and specified frequency 

distribution (Leon & George, 2011). All other input data have to be specified to 

correspond to the seasonal timing of the event. For example, if a storm event occurs 

during the spring, then the required information for the residue cover is based on 

assumptions made about the preceding crop and the type of harvesting or straw 

management used. On the other hand, if a storm occurs during the summer, then the user 

has to supply additional information in the form of assumed biomass yield for the current 

crop, and the total amount of fertilizers applied before the event. It is not necessary to 

specify the timing for fertilizer and previous tillage applications for single-event 

modeling.  As follows from the name, single-event models can be used primarily for 

studying the effects under some extreme precipitation conditions. The continuous time 

simulation models are justifiable when more detailed BMP assessment reflecting the 

timing of the effects is required.        
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Functionality of the integrated models depends also on the resolution of the model  

– lumped, distributed, and semi-distributed. The lumped models consider the watershed 

as a homogeneous geographic unit represented by a vertical soil layer, as in the case of 

the Sacramento Soil Moisture Accounting Model (Burnash, Ferral, & McGuire, 1973), 

which simulates the vertical movement of the water, with output representing the 

catchment outflow. Coupling with this type of hydrologic lumped model disregards the 

spatial heterogeneity of land-use (Carpenter & Georgakakos, 2006). As integrated 

hydrologic-economic modeling is of concern, the use of these models for coupling does 

not allow modeling of the spatial hydrologic-economic relations among watershed units. 

The distributed models generally allow for the explicit transport of water, 

sediment, and nutrients through the watershed by applying physically-based equations. 

The advantage of this approach is that it allows use of the hydrologic connectivity of the 

watershed to explore the connectivity of BMP effects. Because the spatial resolution of 

distributed models is higher than that for lumped and semi-distributed models, these 

models allow more precise simulation of  the spatial heterogeneity of topographic and 

soil conditions. As well, the contiguity of cells and the ability to model the hydrologic 

connectivity means that the distributed models are more flexible for implementing 

different rainfall-runoff mechanisms (Beven, 2001). The flexibility and explanatory 

power of such models comes with a cost: the distributed models are more complex, 

making calibration more difficult; and the larger number of parameters increases 

uncertainty of the simulation results (Quinton, 2004).     

Semi-distributed modeling, on the other hand, involves a smaller number of 

parameters, which make them easier to calibrate.  The associated parameter uncertainties 
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of such models are also generally lower than for the distributed models in proportion to 

the number of parameters (Riley, 2004). In addition, semi-distributed models frequently 

use analytical equations instead of partial differentiation equations. Combined with a 

smaller number of parameters, this makes the semi-distributed models more 

computationally efficient (Beven, 2001). A major limitation of such models is their 

inability to simulate explicit transport of water, sediments and nutrients through the 

watershed, an inability resulting mainly from non-contiguity of the hydrologic response 

units (Neitsch, Arnold, Kiniry, & Williams, 2009). Semi-distributed models are therefore 

less flexible for simulating different rainfall-responses mechanisms – the dynamic partial 

area concept, variable area concept or perched water mechanism.  For example, the 

SWAT still operates under Horton’s overland runoff theory framework (Neitsch, Arnold, 

Kiniry, & Williams, 2009). 

2.5 Uncertainty and Variability of Evaluation Results 

 

Uncertainty in the statistical sense refers to dispersion of the results that can be 

caused by different factors like incomplete knowledge due to the lack of certainty about 

the perceptual model, parameter, data, or the variability of conditions (Figure 2-5; Ryd, 

2012). The larger the dispersion of the results the less certain the results are and vice 

versa.   

The uncertainty in the model can be caused by the discrepancy between the 

underlying conceptual  model and the real-world system.  This can occur because of the 

chosen type of a conceptual model and because of the complexity of the model used for 

the policy evaluation. For example, the same local hydrological system can be 
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represented by different conceptual  models that reflect different catchment hydrology 

theories:  Horton’s  overland flow (as cited by Beven, 2004), Betson’ partial-area concept 

(as cited by Beven, 2001), and Hewlett & Hibbert’s variable source area (Hewlett & 

Hibbert, 1967) concepts. Each of these models  produces a different view of watershed 

factors. The Horton’s overland flow theory identifies the entire watershed as the 

contributing area, and overland flow as the major water source of the storm hydrograph 

(as cited by Beven, 2004). The model based on the Variable Source Area concept 

identifies the specific contributing areas and considers the saturated overland and 

transitory flows as the major water sources (Hewlett & Hibbert, 1967). As a result, a 

policy decision-maker  that uses the Horton-based model considers the entire watershed 

for BMP placement. On the contrary, when employing the Variable Source Area model 

only the limited stormflow contributing areas – usually 3%-7% (Engman, 1974) might be 

considered for the BMP placement.  Because the true model is unknown, the choice of 

the conceptual model likely leads to some uncertainty
3
. 

In addition to the choice of the conceptual  model, the uncertainty of the model 

depends on its complexity (Quinton, 2004).  Information in Figure 2-6 shows the 

relations between the model complexity and different types of uncertainty (Zimmermann, 

2012). The input errors increase and the perceptual model errors decrease with increase in 

model complexity. The total model errors decrease to some point and then increase as the 

model becomes more complex. The lower portion of the figure, b, shows the tradeoffs of 

the marginal values between total model errors, data, and parameter errors. The optimal 

                                                           
3
 Osmond, Meals, Arabi, & Hoag (2008) modified the SWAT runoff procedure to emulate the Variable 

Source Area methodology and ran the model under the built-in (the Hortonian) and the SVA approaches.  

The results were different. 
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solution, the right chosen model, is shown by the point where those two marginal values 

coincide. This means that the complexity of the perceptual model has to be increased to 

the point at which the decrease in total model errors is lower than or equal to the increase 

in input and parameter errors. In practical applications, this optimum is dependent on the 

research objectives and amount of detail required to answer the research questions.  

Parameter uncertainty comes mostly from two sources – uncertainty that results 

from model complexity (number of model parameters), and uncertainty that results from 

the value of model parameters.   The first type is a function of the model’s size – the 

larger the model in terms of number of parameters, the larger the uncertainty associated 

with that specific model. Statistically, given the assumption that the model variables are 

independent and identically normally distributed, the total model variance, as a measure 

of model uncertainty, is the sum of variances of specific parameters, as shown by 

following equation (Riley, 2004). 

Equation 2-10. Variance as Measure of Model Uncertainty 

 222

2

2

1

22 ... nbbem    

 where 2

m  is the total model variance, 2
 is the variance of the fitting errors, and 2

b1, 

…2
bn are the errors associated with model parameters. 

Based  on this information, if two models differ only in the number of parameters, the 

larger model produces more uncertainty than the smaller one. The practical implication of 

this is that the larger model most likely produces the larger prediction range for the model 

outputs. This is certainly an undesired model characteristic, one that presents an issue for 

developing the BMP optimal placement policies, especially when investments are 
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involved.  In addition, increasing the number of parameters does not guarantee an 

increase in model accuracy. Morgan and Nearing compared the results of USLE, RUSLE, 

and WEPP models for soil erosion prediction: on average, both MUSLE and RUSLE 

model outperformed based on difference between measured and evaluated values the 

more complex WEPP model (as cited in Quinton, 2004).  The second source of parameter 

uncertainty relates to the value of the parameter itself. Usually, the model parameters are 

the fitted values that reflect some specific conditions. Uncertainty arises when one needs 

to transfer the fitted parameter to a different catchment, or to use the physically based 

equations for heterogeneous conditions. To improve the model prediction characteristics, 

the model parameters need to be re-estimated to reflect the new sample – a task not 

always feasible, because data may not be available. In this case the simplified approach  

the calibration of some of the model parameters – is used to minimize the model errors. 

This comes with certain costs, one being  “equifinality,”  meaning that different 

combinations of parameters chosen to calibrate the model can produce relatively similar 

results (Quinton, 2004). This disadvantage increases the uncertainty of the model results 

through the impacts of separate factors on the value of the output, and also affects the 

interpretation power of the model. In general, the importance of the parameter to 

uncertainty is congruent to the product of uncertainty of the parameter, and the model 

sensitivity to the value of that parameter (Morgan and Henrion, 1990, as cited Meyer & 

Gee, 1999).  

Equation 2-11. Measure of Importance of Parameters to Uncertainty 

Importance of 

Parameter to 

Uncertainty 
 

Uncertainty in 

Parameter Value 
 

Sensitivity of Code 

Results to Parameter 

Value 
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The Uncertainty in the Parameter Value can be measured by the standard error of 

estimate, and the Sensitivity of Code/Model Results to Parameter Value can be evaluated 

by performing the model sensitivity analysis or by calculating the elasticity of the 

parameter. The important practical implication is that, given the high elasticity, even the 

parameter with a small error of estimate can contribute significantly to the model’s 

uncertainty. On the contrary, the parameter with a high error of estimate can contribute a 

small amount due to low sensitivity of the parameter. The stated relation can be used as 

an additional criterion for choosing the model parameter calibration approach. 

Uncertainty associated with the data comes from the two main sources – data errors, in 

particular measurement errors; and data variability due to heterogeneity of conditions. If 

the error cannot be identified, the impact of an error can be mitigated through applying 

appropriate statistical methods – robust modeling, Monte Carlo simulation (Rousseeuw & 

Leroy, 2003).
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Figure 2-5. Sources of Model Uncertainty 
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Although variation, both spatial and temporal, is a source of uncertainty, it is also 

an important feature of the integrated hydrologic-economic system and an indicator of its 

behavior (Attwood, McCarl, Chen, Eddleman, Nayda, & Srinivasa, 2003). The variability 

is caused by the differences in spatial and temporal hydrologic and economic conditions, 

which work as important drivers or factors of the variation. These drivers cannot be 

eliminated, only properly reflected. If these features are not properly reflected in the 

modeling, information related to uncertainty of the results and risks associated with the 

implementation of BMPs may be lost.  Because the hydrologic and economic effects for 

the integrated model have to be related to the same spatial and temporal scale, the 

resolution of the integrated model, and so the variability, is determined by the component 

with a lower resolution. For example, if the economic model operates on a field or farm 

scale, then the variability of the integrated effects will also be evaluated at the field or 

farm scale. This occurs even if the hydrologic model operates on a much finer scale. Just 

as for spatial scales, the temporal scale of the integrated system is determined by the 

component with the lowest temporal frequency. This implies that hourly and daily 

frequencies used in the hydrologic modeling have to be aggregated to an annual level to 

be compatible with the economic results. In an economic modeling, an annual 

(agronomic) cycle is normally used for BMP assessment. The implication of harmonizing 

the spatial and temporal scales in the context of the integrated model is that it can result 

in the loss of some information related to the uncertainty, essentially underestimating the 

uncertainty of an assessment. 
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Figure 2-6. Definition of an Optimal Model 
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The integrated hydrologic-economic models presented in the previous sections 

incorporate the uncertainty of the results in several ways. Most frequently, the variability 

of the hydrologic, economic, or integrated results is reported with presenting the standard 

error of estimate/standard deviation (Schonhart, Schaupenlehner, Schmid, & Muhar, 

2011). Using the value of reported standard deviation and given some assumptions about 

the underlying probability function, the variability  of the results along with some 

assigned probability of the occurrence can be estimated. Incorporating the uncertainty of 

the results in the decision making can also be done by using stochastic or historical 

simulation techniques such as first- and second-order stochastic dominance to rank the 

alternative BMPs and policies (Hardaker, Huirne, Anderson, & Lien, 2004). An example 

is the hydro-economic model developed by Pena-Haro, Pulido-Velazquez, Llopis-Albert 

(2011); it uses the Monte Carlo simulations to evaluate the impacts of uncertainty of the 

hydraulic conductivity on allocation of nitrogen reduction BMPs. The results show, 

among others things, a high probability of not meeting the groundwater quality standards 

when the policy allocation is based on deterministic results only without indicating the 

variability. Rodriguez, Popp, Gbur, & Chaubey (2011) coupled the SWAT, economic 

model, and SIMETAR (Simulation and Econometrics To Analyze Risk) model to analyze 

the BMP adoption in the presence of risk by using stochastic dominance techniques. 

Another way of dealing with the uncertainty is to explicitly incorporate the 

variance/deviation of the data into the integrated model. One such approach is to use the 

MOTAD or Target MOTAD methods that are based on using the variability as policy 

constraints (Watts, Held, & Helmers, 2008; Hardaker, & Troncoso, 1979). Consuelo 

Varela-Ortega, Thomas, & Sakuina (2007) incorporated the climate and price variability 
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into the model’s objective function to evaluate the vulnerability of the farms in the Upper 

Guadiana Basin, Spain, for different levels of the water quotas. Other than that, an 

uncertainty is a relatively new topic in the integrated hydrologic-economic modeling. 

Majority of the integrated models presented in the previous sections do not incorporate 

discussions about uncertainty associated with chosen conceptual  models and model 

scales. Incorporating the uncertainty  in the decision-making process, in particular policy 

ranking, is still not a standard practice. 

2.6 Summary 

Before discussing the model development, this chapter analyzes several important 

topics covering i) the existing theoretical evaluation frameworks for BMP assessment, ii) 

the types and functionality of the already existing integrated models, iii) the methods of 

integrating of hydrologic and economic models, and iv) the uncertainty associated with 

BMP assessment. This is done with the purpose to identify the relevant theory and 

methodology, introduce the terminology to be used in the research, and discuss the 

relevant problems to help build the methodology of the integrated model described in the 

next chapter.  

The three main evaluation frameworks currently used are the social efficiency, 

cost efficiency, and dynamic efficiency. The social efficiency framework, based on the 

social efficiency criterion, refers to the conditions under which the activity is performed 

in the most economical or least-cost way and priced by the society at the highest 

attainable values. The two major criteria used are a Pareto efficiency and Kaldor–Hicks 

efficiency. The Pareto efficiency criterion refers to conditions (policy) where further 

improvements are impossible without making someone worse off. The Kaldor–Hicks is 
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an alternative of the Pareto criterion that uses the level of net benefits to rank among the 

alternatives and determine the efficient policy.  The cost-efficiency and dynamic 

efficiency criteria are restricted versions of the social efficiency criteria. Thus a cost-

efficiency criterion aims to minimize the policy cost given some environmental target and 

is used when information about the social damages is absent or uncertain. The dynamic 

efficiency criterion is an extension of the social efficiency that introduces a time 

dimension into an evaluation process. It also requires that the efficiency should not 

decrease over time. Each criterion has its own strengths and weaknesses. Thus both social 

efficiency criteria – Pareto efficiency and Kaldor-Hicks efficiency – present a 

theoretically sound framework for defining a socially efficient policy. The Kaldor–Hicks 

criterion has the more appealing decision rule – chose the policy with the highest level 

net benefits  and lower policy implementation costs. The major weakness of both 

criteria is difficulties in putting a money value on environmental benefits. The cost-

efficiency criterion does not require information on environmental damages but does not 

guarantee the social efficiency of a policy in general. Another limitation of both social 

efficiency and cost-efficiency criteria is that they produce a static solution (single point in 

time) that does not allow us to consider the sustainability aspects and intergenerational 

issues. As was shown, both the social efficiency and cost-efficiency are the criteria most 

often used in practical applications.  

The two main approaches to integrating hydrologic and economic models are 

coupling and holistic (system) binding. The coupling can be done in two forms – tight 

coupling by development of an interface to handle communications between the 

components, and loose to use the already developed models. The limitation is that the 
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functionality of an integrated model is limited by the functionality of its hydrologic and 

economic components.  The holistic models have to be built as a single unified system 

where the system processes are formulated in terms of their hydrologic and economic 

effects. Such models are more suitable for representing causal relations, but the 

formulation of such models has to be kept relatively simple to keep them computationally 

efficient.           

The functionality of the integrated models depends on i) types of hydrologic and 

economic models used and their resolutions, and ii) the way a BMP is characterized in 

the model. Thus, the continuous time simulation models like the SWAT usually provide 

more detailed evaluation than the single-event models like the AGNPS. Compared with 

the lumped and semi-distributed models, the distributed models allow for an explicit 

simulation of transport of the sediments and nutrients in the watershed, and simulation of 

BMP effects interconnections and relations. The model functionality also depends on 

how a BMP is characterized in the model. The more detailed BMP characterization 

normally allows for more flexibility and functionality for BMP evaluation. In all cases 

the cost of additional functionality is the model development and simulation time, and 

uncertainty of the results.      

    Uncertainty refers here to the dispersion of the results around the true value that 

can be caused by incomplete knowledge about the conceptual model, by data errors, and 

by variability of results. The uncertainty due to incomplete knowledge arises because of 

choice of a conceptual model and, so, the empirical model. This is especially true with 

respect to the hydrologic component that can be built on competing theories, for example  

Horton and Variable Concept Area, which is likely to produce different results. The data 



65 

 

errors arise from choice of variables and measurements. Both can substantially differ 

from the true processes. The variability of results is caused by the heterogeneity of local 

conditions, and cannot be eliminated but can only be properly reflected. Failure to 

properly reflect the variability of the results can lead to loss of information related to the 

uncertainty of the results and risks associated with the BMP implementation. 

 

 

 

 

 

 

 

 

 

 

 

 

 



66 

 

CHAPTER 3.  

METHODOLOGY OF INTEGRATED HYDROLOGIC-ECONOMIC 

OPTIMIZATION MODELING OF AGRICULTURAL BMPS 

3.1 Introduction 

This chapter describes the methodology of designing, building, and validating the 

modeling framework for watershed evaluation and optimal allocation of agricultural 

BMPs. It serves the following objectives: i) present the conceptual framework and 

methods for BMP evaluation used in the empirical research, ii) describe the computer 

implementation of the integrated model, and iii) introduce some operational definitions 

for relevant concepts and terminology. 

These objectives are accomplished by reviewing and extending the already 

existing methodologies and methods for BMP modeling in agricultural watersheds. The  

contribution is the introduction of a new multi-polluter multi-scale conceptual modeling 

framework for watershed evaluation of agricultural BMPs. This framework determines 

the architecture of the integrated model, its methods, and its computer implementation. 

Because of the interdisciplinary nature of the research, the BMP evaluation methods 

cover the related hydrologic, economic, and integrated methods of BMP evaluation and 

optimization. The described hydrologic simulation methods reflect the SWAT modeling 

system and are presented from the standpoint of their connection to agricultural practices. 

The chapter also discusses methods of BMP cost evaluation that account for specific 

conditions and limited data availability encountered in practice. Examples are the tillage 

corn yield impact function that was developed based on multi-year agronomic 

experiments and methods for calculating the costs of nutrient management and cover crop 

practices.  The chapter also describes the general mathematical multi-polluter agricultural 
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watershed system along with underlying assumptions as a part of the conceptual model. 

The chapter consists of four sections relating to: i) modeling objectives and requirements, 

ii) conceptual model, iii) empirical model and BMP evaluation methods, and iv) model 

graphical interface as a Whitebox plug-in. 

3.2 Modeling Objectives, Evaluation Criteria, and Requirements 

Objectives. Modeling objectives determine the evaluation criteria and 

requirements for the structure, functionality, and resolution of the model.  The objectives 

of the current research are to develop a watershed-based based integrated model for 

agricultural BMP evaluation, including its graphical interface, and apply the model to 

produce new information on the effectiveness of selected agricultural BMPs for the Gully 

Creek Watershed in the Southwest Ontario. The information to be produced includes i) 

cost-effectiveness of such types of BMPs as conservation tillage, optimum fertilizer 

application rates, and cover crops at field, farm, sub-basin, and basin levels, and ii) a 

watershed-specific relationship (tradeoffs) between selected environmental benefits such 

as reduction of sediment, nitrogen and phosphorus loads and changes in farm net returns, 

BMP cost (Table 3-1). 

Evaluation criteria.  The BMP evaluation criterion chosen for this research is 

cost-effectiveness, defined in the previous chapter. The problems of monetizing 

environmental damage functions, and therefore the social efficiency is not considered in 

this research, for the reasons described in Chapter 2. 

Requirements. The specific modeling requirements are formulated in terms of 

types of BMPs, environmental and economic processes of interest, integrated measures, 

and model resolution.  For the purposes of the current research, the agricultural BMPs of 
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interest are zero tillage, optimum fertilizer application rates, and red clover as a cover 

crop (Table 3-1).  As follows from the literature, these types of BMPs are effective in 

reducing soil erosion and nutrient loading, making the information about their cost-

effectiveness important for farmers and government decision makers (AAFC, 2013). The 

major targeted environmental processes are surface runoff, sediment, nitrogen and 

phosphorus loadings into the stream system. The processes above are chosen because 

they are important environmental indicators and depend directly on the BMPs of interest. 

The environmental measures used in conjunction with BMP costs to produce 

integrated measures of BMP assessment are cost-environmental benefit ratios.   To reflect 

spatial variations of geographic and economic conditions, a field level is used as a spatial 

resolution for BMP modeling and assessment.  This resolution is fine enough to reflect 

the natural and economic heterogeneity of the watershed conditions and is coarse enough 

to make the optimization computation tractable. The results of field assessment are to be 

aggregated to higher spatial scales – farms, subwatershed, and watershed.  The temporal 

resolution of BMP assessment is an annual frequency based on an agronomic year. This 

means that the higher temporal frequencies – daily and monthly – used in the hydrologic 

modeling have to be aggregated to annual frequency. Annual temporal frequency is also 

appropriate for BMP assessment because the prices for most crops have annual trends. 

The model has to be able to use the spatial and temporal results to produce the measures 

of variability of the results in terms of standard deviations and coefficients of variation. 
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Table 3-1. Modeling Objectives and Requirements 

 Modeling Objectives  Evaluation

Criteria 

Requirements 

Type of BMPs Environmental 

Processes  of 

Interest 

Economic 

Measures of 

Interest 

Integrated 

Measures 

Spatial 

Resolution 

Temporal 

Resolution 

1) Develop an integrated 

hydrologic-economic model for 

BMP evaluation and optimal 

allocation in agricultural 

watersheds 

2) Develop a computer-based 

interface for the integrated 

modeling system  

3) Apply the integrated model to 

produce new information on: 

- environmental and economic 

effects of   selected BMPs 

- cost-effectiveness of selected 

BMPs and policies 

- the relationships between the 

environmental benefits of interest 

and BMP costs 

Cost  

efficiency 

1) 

Conservation 

tillage (zero 

tillage) 

2) Optimum 

fertilizer 

application 

rates (NMAN 

NPK rates) 

3) Cover 

crops (red 

clover as a 

cover crop) 

1) Surface 

runoff 

2) Sediment 

loading 

3) Nitrogen 

loading 

4) Phosphorus 

loading 

1) Farm net 

returns 

3) BMP costs 

1) BMP cost-

environmental 

benefits  ratios 

2) Environmental 

benefits-BMP cost 

ratios 

1) Field 

2) Farm 

3) Sub-basin 

4) Basin 

Annual 

Note: 1) NMAN NPK rates stands for nutrient application rates generated by the OMAFRA nutrient management software, NMAN. 2) This table is read column 

by column 
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The BMP modeling process consist of the two phases – i) simulation and ii) optimization. 

The purpose of the simulation phase is to produce information about field-level 

environmental and economic BMP effect. The optimization module will use this 

information to produce the least-cost BMP solution for reaching specified environmental 

targets. 

3.3 Conceptual Model  

For the purposes of this study an agricultural watershed can be viewed as an 

integrated hydrologic-economic multi-farm multi-scale system that arises from the 

interaction of farmer activities and the natural environment (Figure 3-1). Such a system 

takes input in terms of farming practices and local natural conditions, processes it, and 

produces some output (functions) in the form of agricultural goods, income, and the state 

of environmental parameters (Table 3-2).  

The multi-farm (agricultural) subsystem can be represented by the composition of 

farms in the watershed that interact among themselves in the context of the hydrologic 

cycle and economic activities such as transferring information, goods and services. An 

individual farm can be represented by a set of interconnected activities like land-use, 

crop, and livestock production. Land-use activities create the general spatial structure of 

the agricultural system – the distribution of the lands among different uses like natural, 

pasture, and arable lands. Arable lands are used for crop production by applying a 

sequence of activities such as tillage, planting, harvesting, and fertilizer management. If 

livestock is part of a farm, it is closely connected to the cropping system through forage 

production. The type of a livestock operation, its manure management system are also 

part of local nutrient cycle and affect the amount of nutrients entering the stream system.
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Figure 3-1. Conceptual Integrated Hydrologic-Economic System 
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The behavior of farmers in the watershed is governed by several purposes like income 

generation, continuation of family traditions, keeping a rural life style, among others 

(Welch & Marc-Aurele, 2001). It is assumed in the current research that farmer behavior 

is governed mainly by the desire to maximize farm income (profit) through adopting the 

most efficient resource allocation and usage. The watershed sub-system can have 

different representations depending on the purpose of the research (Beven, 2004; 

Dingman, 2008). Because the primary interest here is the impacts of agricultural activities 

on water-related parameters like sediment and nutrient loads, the watershed sub-system is 

represented by a local pattern of hydrologic cycle. 

Figure 3-1 and Figure 3-2 show  a local hydrologic cycle as a series of water 

storage compartments – canopy, surface, soil, and groundwater interconnected vertically 

and horizontally (spatially). As a result, any local distortions to the hydrologic cycle are 

reflected by changes in movement of water and transport of sediment and nutrients 

through the watershed.  The spatial hydrologic connectivity presents a sound framework 

for examining the effects of different forms of agricultural activities on the state of the 

local environment.  The changes of the affected environmental parameters also are 

known as externalities (Field & Olewiler, 2002). 

Interaction between the agricultural system and watershed takes the form of using 

the environmental amenities like soil, water, and air for agricultural production. Because 

some environmental resources – water and air – are public goods, the system is prone to 

producing negative externalities in the forms of sedimentation, acidification and 

eutrophication of water, among others (Baylisa, Peplowb, Rausserc  & Simonc, 2008). 
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Table 3-2. Selected Agricultural Watershed Functions, Criteria, and Parameters  

Functions Definition Criteria Parameters\Variables 

Social Providing living 

conditions  for farmers 

Wealth Operator income 

Preservation of local 

rural culture 

Farmer population Magnitude and trend of 

population, education, 

ethnicity, etc. 

Economic Agricultural production  Efficiency (cost-

efficiency) 

Farm profit 

Contribution to 

regional/national food 

security 

Food production Magnitude and trend of 

food production 

Ecological Reproduction of soil 

quality 

Soil fertility Carbon, NPK, soil 

structure 

Reproduction of water 

quality  

Water quality  Sediment and nutrient 

loads,  bacterial 

contamination, etc. 
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In the case where such a system is allowed to function without restrictions, except the 

economic resources ones, the agricultural system tends to maximize its production up to 

the point where marginal costs of each individual farm are equal to prices of produced 

goods (Box 3.0). The cost of negative externalities in this case is entirely brought on the 

society. When society puts some restrictions on farming activities, the cost of negative 

externalities is distributed in some way between the polluters and the rest of society. The 

behavior of polluters and the distribution of costs depend on the type of regulation, which 

can take the forms of technology standards, emission standards, or market incentive 

instruments like taxes and subsidies (Field & Olewiler, 2002). Under market incentive 

instruments, the constrained production is cost-effective and occurs where the marginal 

cost of abatement activities is equal to the tax or subsidy. The technology standards and 

uniform emission standards are not cost-effective in general, leading to a solution in 

which the marginal cost of abatement activities for some polluters can be greater than or 

less than the incurred damages (Cropper & Wallace, 1992).  Restricting the system to the 

use of a specific technology (BMP) allows one to relate the incurred cost and achieved 

benefits at polluter and watershed scales. Moreover, simulating the system under 

different BMPs or combinations of BMPs allows one to compare the practices in terms of 

incurred cost and produced environmental benefits. Restricting the system at the 

watershed level only and allowing the polluters to freely choose abatement activities and 

production level is an example of a non-uniform emission standard in achieving some 

watershed (regional) environmental target. Given the assumptions of profit maximizing 

behavior, access to complete information, and horizontal demand curve,  such form of 
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restriction produces the  cost-effective solution where the polluters choose the production 

level up to the point where the marginal costs among polluters are equal (Box 3.0). 

Environmental and economic effects of a BMP vary spatially and temporally. The 

former is due to heterogeneity of natural and economic conditions across the watershed 

and the latter is due to temporal variability of local climate and prices for agricultural 

products.  The implication is that average watershed results for multiple years have to be 

used to examine long-term system behavior. Changes around the mean values show the 

variability and so the uncertainty associated with such a system.   

Box 3.0 Theoretical Mathematical Model 

Derivation of Multi-Polluter Farming Model   

a) Formulation and Underlying Assumptions 

The conceptual integrated hydrologic-economic model can be represented by a multi-

polluter (field or farm) profit maximization system operating in the border of the watershed 

(Equation 3-1). All polluters are considered price takers facing a horizontal demand curve 

meaning that quantity supplied to the market do not affect the market price.  To simplify the 

representation, only the crucial factors reflecting the purpose of the research are included – output 

prices, output quantity, abatement cost, emission standard, and available resources. All other 

factors are considered constants and not included in the analysis. It is also assumed that each 

polluter produces a single product that is associated with one type of emission. Also by 

assumption the watershed profit function is twice differentiable, increasing in production and 

decreasing in abatement. This function itself consists of the two block – a positively sloped pq 

revenue function and a concave up cost function C(q,a). 
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Equation 3-1. Watershed’s Multi-Polluter Profit Maximization Function 
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where  is the watershed level profit to be maximized,  (.) is the farm profit function, p is the 

output prices, q is the amount of output, a is the cost of abatement, r is the available production 

resources, and i is the farm/field counter in the watershed.     

Both functions are assumed to be twice differentiable relating to production and abatement, as 

shown by Equation 3-2 and Equation 3-4.  See Appendix E  for more details about the underlying 

assumptions. 

Equation 3-2. Assumptions about Polluters' Profit Functions 
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Equation 3-3. Assumptions about Polluters' Revenue Functions 
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Equation 3-4. Assumptions about Polluters' Cost Functions 
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The cost functions of polluters are composite functions of production and abatement which 

themselves are assumed to be functions of emission (Downing & White, 1986; Helfand, 1991;  

McKitrick, 1999). The emission function is a composite function of production and abatement 

activities.  

b) Polluters’ Behavior in Absence of Emission Regulation 

The behavior of polluters in the absence of emission regulation is governed by profit 

maximization only. Setting the Lagrangian and formulating the first-order conditions (FOC) yield 

the optimal solution where production levels are chosen up to the  points where marginal costs of 

production correspond to the prices for each polluter (Equation 3-5  Equation 3-7).  

Equation 3-5. Lagrangian of the Objective Function 
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The emission in this model is directly related to production, q, and inversely related to abatement 

activities, a. Because the emission level is not regulated, the cost of abatement activities in this 

scenario equals zero.    

Equation 3-6. First Order Conditions for Optimal Production 

i

Wi

i

WiWi i

Wi

i

i q

C

p
q

C

p
q

L























 0  

The only constraint in this scenario is the resource one, which indicates that the production level 

for each polluter is restricted by available resources (Equation 3-7). 

Equation 3-7. FOC for the Resource Constraints 
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c) Polluters’ Behavior Under Emission Control  

Under emission regulation scenario the equations above have to also satisfy the emission 

regulation restrictions. The corresponding watershed level objective function subject to emission 

regulation in Lagrangian form is represented by Equation 3-8. 

 

Equation 3-8. Lagrangian of the Objective Function Subject to Emission Regulation 
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where e is the polluter’s emission, and e  are the non-uniform emission regulation limits, e.g. a 

field-level limit of soil erosion, l is the counter for types of pollutant, and k is the counter for 

types of resource constraints,  is the opportunity cost of an environmental restriction.  

Deriving the first order conditions yields the system of equations (Equation 3-9  Equation 3-12). 

Equation 3-9. FOC for Optimal Production 
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Equation 3-10. FOC for Optimal Abatement 
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Equation 3-11. FOC for Emission Constraints 
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Equation 3-12. FOC for Resource Constraints 
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Solving these equations simultaneously produces the conditions for the least-cost optimal 

solution in the presence of emission restrictions (Equation 3-13). The left side of the equation 

indicates the difference between the price and marginal production costs; the right side of the 

equation represents the marginal cost of the abatement. Recognizing that the left side is the 

polluters’ profit, Equation 3-13 indicates that the polluters’ (watershed) profit is directly related to 

the polluters’ marginal abatement costs. Negative sign of the marginal abatement cost term 

indicates that the polluters’ profits increase when the marginal abatement cost decreases.  

Equation 3-13. Simultaneous Solution of the System of First-Order Equations 
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d) Definition of Polluters’ BMP Cost, Environmental Benefits and Cost-Benefits Ratios 

Taking the differences of polluters’ profits under unrestricted and emission restricted 

scenarios allows evaluating the total compliance cost of the regulation (Equation 3-14).  Because 

the prices in both scenarios are assumed to be the same, simple rearranging the terms of the 

equation also shows that the polluters’ BMP cost is governed by changes in marginal abatement 

costs.    
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Equation 3-14. Definition of BMP Cost 
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Correspondingly, the environmental benefits of the policy are defined as the difference between 

emission level with policy and that without policy (Equation 3-15). 

  

Equation 3-15. Definition of the Environmental Benefits 
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where e  is the change in the emission due to the policy, epolicy is the  emission with BMP 

applied, ebase   is the emission without BMP. 

 

Taking a ratio of the policy costs and environmental benefits represents the private opportunity 

costs in achieving some specified level of environmental benefits (Equation 3-16). 

 

Equation 3-16. Definition of Cost-Environmental Benefits (Benefits) Ratios 
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where  and e are as defined above 
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3.4 Empirical Integrated Hydrologic-Economic Model 

3.4.1 Integrated Optimization Modeling Framework 

The empirical framework is represented by the BMP cost minimization model 

subject to the set of economic and environmental constraints (Equation 3-17). It keeps the 

major characteristics of the conceptual and theoretical mathematical model, with some 

modifications reflecting mostly the data availability encountered in practice and the 

modeling objectives formulated in Table 3-3, namely, the assumed convex cost 

production function is replaced by the Ontario crop cost of production estimates 

differentiated with respect to the type of crop, year, and type of BMP. In addition, the 

actual crop yield data adjusted on type of tillage, and straw management were used 

instead of crop yield functions. Also, a mixed crop-livestock framework is replaced by 

the commercial crop production system. Value of forage and feed produced by such a  

system is evaluated by its opportunity cost – market value of hay and forage.  



81 

 

Table 3-3. Theoretical and Empirical Assumptions of the Integrated Model 

Process Theoretical Model Empirical Model 

Farmer behavior Profit maximizing (cost 

minimizing) 

Profit maximizing (cost minimizing) 

Information availability Complete information Complete information 

Demand function Horizontal Horizontal 

Number of products Single Multiple products 

Pollution Single pollutant per polluter Multiple pollution 

Output prices  Historic prices 

Production (yield) Diminishing marginal returns Field crop yield data is adjusted on type of tillage, soil texture and straw 

management 

Production cost Concave up function Regional estimate reflecting crop, year, and type of BMP 
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The empirical model, however, introduces some additions and complications to the 

theoretical model. The single product assumption is replaced by multi-product, and single 

pollution type assumption is replaced by multi-pollution conditions. Equation 3-17 shows 

the formulation of the empirical multi-farm mixed-integer least-cost integrated model. 

The objective function targets the minimization of BMP opportunity costs subject to the 

set of economic and environmental restrictions. Mathematically, the objective function is 

represented by the dot product of two vectors – (1,j) containing location-specific BMP 

costs, and x(j,1) vector of binaries representing BMP choice (0 or 1). 

Equation 3-17. Least-cost Formulation of the Integrated Model 
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where   is the watershed-level BMP cost,  j  is the vector of location-specific BMP 

costs generated by the economic model,  aj is the vector of ones, bi  is the vector 

containing the values of restrictions imposed on the integrated model,  eij  is the vector 

of location-specific types of environmental benefits generated by the SWAT model, i is 

the row (constraints) index, j is the column (location-specific decision variables) index. 
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Two types of constraints are used to limit the behavior of the integrated system: 

the binary BMP-choice constraints represented by block matrix a(i,j) and the 

environmental  benefits constraints represented by the block matrix e(k-l,j). Binary BMP 

choice constraints are used to emulate the farmer behavior in choosing  required number 

of BMPs . The BMP choice constraint equation for each location is given by a vector of 

1’s, a. The number of allowable BMP choices is restricted by an integer number used in 

the right-hand side (RHS) portion of the equation. Thus, value 1 means that the farmer is 

allowed to choose only one BMP, 2 means to choose two BMPs, and so on.   

 The environmental benefit constraints are represented by the requirement on a 

minimum amount of benefits to be produced by the system. In general, to restrict the 

integrated system, four types of environmental benefit constraints addressing  surface 

runoff, sediment, nitrogen, and phosphorus loads are used. The restriction operator – 

more or equal – shows that the objective is to minimize the BMP cost while targeting 

some level of environmental benefits. The value of benefits equaling zero indicates the 

unrestricted behavior.    The data on BMP- and field-specific environmental benefits 

come from the hydrologic component of the integrated model.  

         The relation (tradeoffs) between BMP costs and environmental benefits is 

determined by relating the values of the objective function and the amount of achieved 

environmental benefit.  The integrated measure of this relation is expressed by the values 

of cost-benefit (benefit-cost) ratios for each spatial location and the watershed as a whole. 

They can be interpreted as a private cost of achieving the specified amount of 

environmental benefit.      

 



84 

 

3.4.2 Simulation of  Hydrologic Effects 

Overview of the Related SWAT Functions 

Environmental inputs for the empirical integrated model can be produced by 

different watershed-based hydrological models coupled with a crop vegetation  

simulation module like SWAT, AGNPS, AnnAGNPS, or WEPP (USDA Natural 

Resources Conservation Service, 2013; USDA Agricultural Research Service, 2013). The 

SWAT model was chosen because of its rich functionality and computational efficiency; 

it is considered a semi-distributed, continuous time simulation model that has proven to 

be valuable for long-run BMP evaluation (SWAT Publications, 2013). The following 

section gives a brief overview of the simulation methods relating to the research purposes 

– runoff, sediment yield, and nitrogen and phosphorus loadings into the river system. The 

presented methodology is heavily based on SWAT 2009 Theoretical Documentation with 

some modifications of the formulas and notation to show explicitly the points where the 

agricultural activities directly affect the hydrologic cycle (Neitsch, Arnold, Kiniry, & 

Williams, 2011). For example, notation Qsur(A) indicates that surface runoff,  Qsur(.), is 

considered a function of agricultural activity, A.   

In the SWAT model, the land surface hydrologic cycle is governed by the water 

balance equation given by Equation 3-18. In the simulation, this equation is evaluated for 

the specified homogeneous hydrologic response units (HRU), and the results are used for 

water routing. The equation shows that the soil water content on a given day depends on 

the residual soil water content, precipitation on a given day, evapotranspiration, and 

runoff – both surface and sub-surface.  These features of the hydrologic cycle (water 



85 

 

balance) in a given time period determine several important processes that are of interest 

in the current research. 

Equation 3-18. SWAT Land Phase of Hydrologic Cycle 
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where SWt is the final soil water content (mm H2O), SW0 is the initial soil water content 

on a day i (mm H2O), t is the time (days), Rday is the amount of precipitation on a day i 

(mm H2O), Qsurf  is the amount of surface runoff on day i (mm H2O), Ea is the amount 

evapotranspiration on day i (mm H2O), wseep is the amount of water entering the vadose 

zone from soil profile on day i (mm  H2O), Qgw is the amount of return flow on day i (mm 

H2O), and A is the agricultural activity (BMP).  

Initial soil water content, SW0, in the equation shows how much the residual water 

is retained in the soil at the beginning of the day. In continuous simulation, this value is a 

result of simulation for the previous period. Daily precipitation, Rday, reflects the water 

input in the form of rain and snow. SWAT has two options for inputting the precipitation 

data – actual precipitation data from nearby weather stations or through generating its 

own data by the weather generation model developed by Sharply & Williams, 1990 

(Neitsch, Arnold, Kiniry, & Williams, 2011). Actual precipitation data were used for 

simulating the hydrologic process as described in the subsequent chapter. 

Surface runoff in Equation 3-18 depends on assumed infiltration mechanism and 

is essential for understanding the causes of erosion, sediment yield, and nutrient loads 

into the stream system and reservoirs. SWAT allows us to simulate the surface runoff 

using two methods – the physically based Green-Ampt  method, and empirical Soil 

Conservation Service (SCS) curve method.  
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Figure 3-2. SWAT Simplified Watershed Hydrologic Cycle 
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The Green-Ampt  equation is an analytical solution to the Richard equation that simulates 

water movement through the soil horizon based on changes to the hydraulic head. 

Because infiltration rate can be viewed as a derivative of total infiltration, integrating the 

simulated infiltration rate allows simulating the movement of the wetting front in the soil 

profile in time. The impact of agricultural activities in this equation is accounted for 

indirectly through the value of hydraulic conductivity of the soil. The SCS method given 

by Equation 3-19  is based on many years of experimental data that are frequently 

calibrated to reflect some local conditions. Unlike the Green-Ampt  method, SCS method 

allows accounting of the effects of agricultural activities directly   through SCS curve 

number for average, in this case, antecedent soil moisture condition (CN2). The SCS 

curve number presents the water surface runoff, given rain intensity, soil and crop cover 

conditions.  The latter is directly affected by agricultural activities. Surface runoff in turn 

determines the soil erosion, transport and load of sediment and nutrients into the river 

system and reservoirs. 

Equation 3-19. Surface Runoff by SCS Method 
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where Qsurf  is the amount of surface runoff on day i (mm H2O), Rday is the amount of 

precipitation on day i (mm H2O), S is the retention parameter (mm H2O), S is the 

retention parameter (mm H2O), CN2 is the curve number for day i (for average antecedent 

moisture conditions; depends on cover, management practice, soil, and slope). 
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In the simulation of sediment yield caused by runoff, SWAT uses the Modified 

Universal Soil Loss Equation, MUSLE (Equation 3-20). This equation allows evaluating 

the erosion volume based on runoff energy instead of rainfall energy used in USLE 

(Neitsch, Arnold, Kiniry, & Williams, 2011). The method allows us to calculate the 

sediment yield at any point along the river network without the necessity to use the 

calculation of sediment delivery ratios. In addition, the MUSLE incorporates the Coarse 

Fragment Factor that takes into account the percentage of rock in the first soil layer.  

Equation 3-20. Sediment Yield by MUSLE Equation 

  CFRGLSPCKareaqQsed USLEUSLEUSLEUSLEhrupeaksurf  )()()(8.11
56.0 AAA , 

where sed is the sediment yield on a given day (tonnes), Qsurf  is the surface runoff 

volume (mm H2O/ha), qpeak is the peak runoff rate (m
3
/s), areahru is the area of the HRU 

(ha), KUSLE is the USLE soil erodibility factor, CUSLE is the USLE cover and management 

factor, PUSLE is the USLE support practice factor, LSUSLE is the USLE topographic factor, 

and CFRG is the coarse fragment factor.  

The equation shows that the soil erosion is a function of natural conditions and 

management practices. Calculated surface runoff and sediment yield are the crucial 

factors in determining nitrogen and phosphorus loads into the river system. 

Nitrogen enters the stream system in two forms – organic and mineral. Organic 

particles are attached to soil and transported to the main channel by surface runoff.  

Equation 3-21 shows that the amount of organic nitrogen transported to the main channel 

is mostly a function of sediment yield. Other factors such as the concentration of nitrogen 

in the uppermost layer of soil and nitrogen enrichment ratios act like constants.   
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Equation 3-21. Organic Nitrogen Transported to the Main Channel 

sedN

hru

orgNsurf
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sed
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A
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where orgNsurf is the amount of organic nitrogen transported to the main channel in 

surface runoff (kg N/ha), concorgN is the concentration of organic nitrogen in the top 10 

mm (g N/ metric ton soil), sed is the sediment yield on a given day (metric tons), areahru 

is the HRU are (ha), N:sed is the nitrogen enrichment ratio. 

Inorganic nitrogen, in particular nitrate, can be transported with surface runoff, lateral 

flow and percolation. SWAT calculates the amount of nitrate delivered to the main 

channel by calculating the concentration of nitrate in mobile water first and then 

multiplying it by the volume of water (Equation 3-22). Agricultural activities impacts the 

amount of nitrate load through such factors as the mobile water, mobile(A), which is 

composed of surface runoff, lateral flow discharge, and the amount of water percolating 

to the underground soil (Neitsch, Arnold, Kiniry, & Williams, 2011, p.243)   

Equation 3-22. Nitrate Concentration in Mobile Water 
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where concNO3, mobile  is the concentration of nitrate in the mobile water for a given 

layer (kg N/mm H2O), NO3ly is the amount of nitrate in the layer (kg N/ha), wmobile is the 

amount of mobile water in the layer (mm H2O), e is the fraction of porosity from which 

anions are excluded, SATly is the saturated water content of the soil layer (mm H2O).   

SWAT simulates the amount of phosphorus delivered to the main channel in two 

forms – organic and mineral phosphorus attached to sediment in surface runoff and 

movement of soluble phosphorus in the water solution.  For calculating the amount of 

phosphorus attached to the sediment and transported to the main channel, SWAT uses the 

modified loading function developed by McElroy et al., 1976 (Neitsch, Arnold, Kiniry, & 
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Williams, 2011),  and is analogous to the formula for calculating nitrogen (Equation 

3-23).  Agricultural activities affect the loading of non-soluble phosphorus into the 

stream system through the amount of the sediment yield, as shown in the following 

equation.  

Equation 3-23. Phosphorus Transported with Sediment to the Stream 

sedP
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where sedPsurf  is the amount of phosphorus transported with sediment to the main 

channel with surface runoff (kg P/ha), concsedP is the concentration of phosphorus 

attached to sediment in the top 10 mm (g P/metric ton soil), sed is the sediment yield on a 

given day (metric tons), areahru is the HRU area (ha), P:sed is the phosphorus enrichment 

ratio. 

Movement of soluble phosphorus in soil solution is determined mostly by a diffusion 

mechanism depending on migration of ions in response to change in concentration 

gradient. SWAT calculates the amount of soluble phosphorus with runoff based on 

Equation 3-24. 

Equation 3-24. Amount of Soluble Phosphorus 
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where Psurf  is the amount of soluble phosphorus lost in surface runoff (kg P/ha), 

Psolution,surf  is the amount of solution in the top 10 mm (kg P/ha), Qsurf(A) is the amount 

of surface runoff on a given day (mm H2O),  b is the bulk density of the top 10 mm 

(Mg/m3), depthsurf is the depth of the surface layer (10 mm), kd,surf is the ratio of soluble 

phosphorus concentration in soil to the concentration of soluble phosphorus in surface 

runoff. 
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Due to the low mobility of phosphorus in solution, only 10 mm of soil is used in the 

calculation. Just as in the case of nitrogen losses, agricultural activities affect phosphorus 

losses mostly through surface runoff. 

Evapotranspiration is one of the major components of the water balance and 

combines evaporation of water from canopy, bare soil, and transpiration of water from 

plants. In many watersheds, evapotranspiration exceeds that of runoff and might account 

for up to 62% of total precipitation (Dingman, 2008). The runoff simulation methods 

presented above incorporate evapotranspiration in different ways. The SCS method is 

already accounting for interception losses through the initial retention parameter that can 

accounts for up to 20% of precipitation. When the Green-Ampt  method is used, then the 

interception losses have to be simulated separately. SWAT evaluates canopy interception 

losses based on the ratio of the leaf area index on a given day to the maximum leaf area 

index for the plant (Equation 3-25). 

Equation 3-25. Amount of Water Trapped by Canopy 
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where canday is the amount of water that can be trapped by canopy (mm), canmx is the 

maxim amount of water that can be trapped by canopy that is fully developed (mm), LAI 

is the leaf area index for a given day, and LAImx is the maximum leaf area index for the 

given plant.  

The LAI in the equation is the function of plant species and, therefore, of agricultural 

practices. The most significant changes occur when the vegetative species with high 

interception capacity (deciduous and evergreen trees) are replaced by species with low 

interception capacity  commercial crops in general (Brooks, Ffolliott, Gregersen, & 

DeBano, 2003).  
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SWAT evaluates the evapotranspiration in two steps – calculating potential 

evapotranspiration (PET) and calculating actual evapotranspiration. The latter can be 

viewed as a portion of PET. Three methods are  available for calculating potential 

evapotranspiration in SWAT that differ in terms of physical content and data 

requirements; they are Penman-Montheith, Priestly-Taylor, and Hargreaves methods. The 

Penman-Montheith method allows for calculating both the potential evapotranspiration 

and transpiration of water from the canopy. If either of the other two methods is chosen, 

then the transpiration has to be calculated separately – evaporation from the plant canopy, 

soil surface, soil profile, and sublimation (Neitsch, Arnold, Kiniry, & Williams, 2011, 

p.134).   

 The remaining water after runoff is allowed to percolate freely if the soil moisture 

content exceeds field moisture capacity. When the soil is saturated, the water is allowed 

to move to the stream channel as subsurface saturated flow. SWAT uses the kinematic 

storage model developed by Sloan et al., 1983 and by Sloan and Moore, 1984 (Equation 

3-26).   

Equation 3-26. Lateral Water Flow 
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where  Qlat is the water discharged from the hillslope outlet (mm/day), SWly,excess is the 

drainage volume of water stored in the saturated zone of the hillslope per unit area (mm), 

Ksat is the saturated hydraulic conductivity (mm/hr), slp is the slope of the hill, d is the 

drainage porosity of the soil layer, Lhill is the hillslope length (m). 

Equation 3-26  is applied for each layer independently, starting from the top layer. As 

seen from the equation, lateral flow is a function of actual amount of water stored in the 
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soil, saturated soil, hydraulic conductivity, drainage porosity, and slope.  Farming 

practices affect this process indirectly, mostly through changed (decreased) hydraulic 

conductivity, as described by Brooks, Ffolliott, Gregersen, & DeBano (2003). 

 Simultaneously with the lateral flow, the water percolates to considerable depths 

where it is stored in the aquifer and contributes to the main channel. SWAT simulates 

two types of aquifer for each sub-basin – shallow unconfined aquifer, and deep confined 

aquifer. By assumption, only the shallow aquifer contributes to the main channel. SWAT 

calculates the contribution of water to the chain (groundwater flow, base flow) as a linear 

function of the aquifer storage or height as given by the equation by Hooghoudt (1940) 

developed for steady-state conditions. Equation 3-27 is a modified version of that 

equation (Neitsch, Arnold, Kiniry, & Williams, 2011, p.168). 

Equation 3-27. Groundwater Flow 

    twtQQ gwchrchtggwigwigw    exp1exp ,1,,   

where qgw,i  is the groundwater flow into the main channel on day i (mm), qgw,i-1  is the 

groundwater flow into the main channel on day is the amount  i-1 (mm), gw is the 

baseflow recession constant, t is the time stem (1 day), wrchrg,sh is the amount of 

recharge entering the shallow aquifer on day i (mm). 
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3.4.3 Simulation of Economic Effects 

3.4.3.1 General Framework 

The economic modeling of agricultural BMPs is based on the profit-maximizing, 

multi-farm, and multi-scale conceptual evaluation framework presented in Section 3.3. 

Implementing the profit-maximizing behavior and using farm profit as a measure of 

efficiency reflect BMP impacts on both  the revenue portion and cost portion of the 

farm activities. This is a valuable feature because most of the agricultural BMPs have 

multiple impacts on both  the production costs and yield and, therefore, the revenue part 

of the economic process. The multi-farm modeling approach is a direct implementation 

of the multi-polluter framework presented in Box 3.0. In particular, it is implemented by 

approximating the watershed farming system for each farm in the watershed through 

emulating the actual crop sequences and farming practices in terms of planting, tillage, 

nutrient management, livestock type and related technologies. This allows for proper 

description  of the polluter-specific natural conditions, agricultural practices, traditions, 

and marginal abatement costs. The multi-product nature of the farming system and the 

presence of the livestock component allow examining a variety of land-use and nutrient 

management policies.  It also potentially increases the flexibility of the modeling 

framework, allowing to examine a wide variety of livestock-related BMPs aiming feeding 

and manure management (Figure 3-3).  
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Figure 3-3. Structure of Agricultural Sub-system 
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The multi-scale (field-farm-subbasin-basin) BMP evaluation approach is used to 

reflect different impact scales of BMPs and to match the scales used in the hydrologic 

modeling. Matching the economic (field-farm) and hydrologic (HRU-subbasin-basin) 

scales is possible because both – fields/farms and HRUs  are geographically referenced 

and each can be expressed in terms of the other based on the spatial distribution of HRUs 

in the field/farm (Equation 3-28). In this way, the hydrologic results for each HRU in the 

watershed can be aggregated to the field/farm level where they can be combined with the 

economic results to calculate the integrated measures like cost-environmental benefits 

ratios.     

Equation 3-28. Relations among Different Spatial Scales 
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where hru, f, F, S, B denote the areas of hydrologic response unit, field, farm, subbasin, 

and basin, respectively; f(hru), F(hru), S(hru), B(hru) are the field, farm, subbasin, and 

basin areas  as the functions of hru;  f
-1

 is the inverse of a field area function representing 

the area of hru, and arrows indicate the direction of transformation. 

   

The same approach can be applied in aggregating from the field/farm level to 

subbasin and basin scales. This is possible because subbasins and basins can also be 

viewed as the functions of HRUs and so can be expressed in terms of fields/farms. 

Equation 3-29 (1-5) presents a general formulation of the multi-farm multi-scale 

modeling system defined above. Equation 3-29-1 presents a formula for calculating net 

returns at the field level as the difference between revenue from commercial crops and 

the production costs. To fully incorporate the effects of changing crop rotations, grazing 
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management, and a farm-level structural BMP, a farm scale should be used for BMP 

assessment (Equation 3-29-2). In some practical applications, the impacts of changing the 

crop rotation, for example increasing the area of forage (for mixed farms), can be 

approximated by assuming that feeds are sold on the market instead of being used for 

livestock production. The farm results can then be aggregated to subbasin and basin 

levels, and the cost of structural BMPs implemented at those levels should be subtracted 

from the related profits (Equation 3-29, 3-4).      

Equation 3-29. Calculating Agricultural Profits at Different Spatial Scales 
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where f, F, S,  B are the agricultural profits  at field, farm, subbasin, and basin scales, 

respectively; qf,i  is the quantity of i goods produced on field, cf,i  is the field level 

production costs associated with good i, L,F is the livestock profit at farm level, cstruct  is 

the cost of structural BMPs; struct,F, struct,S, struct,B, are the weights (portions) of costs of 

structural BMPs referred to farm, subbasin, and basin levels, respectively;   is the 

change in profit at some spatial scale between the policy and some reference scenarios.      

 

The opportunity cost of applying a BMP at specific spatial level is defined as the 

difference between the net returns with and without BMP application (Equation 3-29-5). 

The BMP costs evaluated in this way will generally differ across the scales due to the 

effect of application scale  (adoption rate).  The larger the adoption rate the closer the 
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results are among the spatial scales.  These relationships can be incorporated into a 

simple formula that allows the use of a field-level BMP cost for evaluating the cost 

(impacts) at larger scales. Equation 3-30  shows how the approach can be applied to 

approximate a basin level cost applying a BMP for specific commercial crop from the 

field level.  

  Equation 3-30. Calculation of Basin-level BMP Cost from Field-level Costs 

AiBiifiS ,,,,   ,     

where iS , is the cost of applying a BMP in the basin for the crop i, if , is the 

estimated (average) field-level BMP cost, Bi, is the portion of crop i in the land crop 

structure, and Ai, is adoption rate applying a BMP for crop i in the basin. 

 

It is noteworthy that  BMP cost impacts are watershed specific. It is possible that two 

watersheds can have similar field-level BMP costs but different watershed-level costs 

because of the differences in the underlying cropping systems and/or levels of BMP 

adoption.    In addition, to be able to draw a conclusion, the framework presented above 

has to be applied for a sufficiently long time to reflect multi-year historic conditions. The 

time span depends on the purpose of the  research, but the minimal number of years 

should reflect at least the length of the dominant crop rotation system. For example, if a 

three-year crop rotation is dominant in the area, then at least a three-year simulation is 

required for evaluating BMPs costs.  

Depending on the research objectives, the described general framework can be 

adapted to reflect specific conditions, purposes, and data availability. The following 

sections describe the methodology of calculating the selected BMPs costs for the Gully 
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Creek  watershed  conditions. The described methods are based on specific field yields as 

far as the provincial data on crop production costs. Also it employs the assumption that 

the forage is used for market sale instead of being used as feed for livestock. The 

connection between crop and livestock production is still maintained by recording the 

amount of manure applied to the fields. 

3.4.3.2 Methods for Evaluation of Costs for Selected BMPs  

Zero Till (No-Till) Corn  

Evaluation of zero-till corn BMP cost is based on the framework outlined in Section 

3.4.3  with further detailing of the zero tillage impact that accounts for the soil texture, 

preceding crop and straw management (Equation 3-31).  The developed Tillage Corn 

Yield Equation incorporates the results of multi-year agronomic experiments examining 

impacts of different types of tillage, soil conditions, and management practices on corn 

yield in Ontario (Agronomy Guide: Corn, 2009).  

Equation 3-31. Tillage Corn Yield Equation 

)( ,),1(),1(,,, ittrtpsiti qnotillqq   ,                                                                  

where q is the corn yield (kg/ha), q   is the year-average  corn yield (kg/ha),  notill is the 

yield impact coefficients under zero tillage system, i  is the field ID, s  is the type of soil 

texture,  p is the type of plant (crop) cover, r is the type of residue (straw) management,  

and t  is the time period. 

The tillage impacts coefficients on corn yield, given the soil texture, previous crop, and 

residue management are presented in Table 3-4  Table 3-6. The coefficients reflect the 

results of 26 years of field experiments of applying different tillage systems for Ontario 

conditions (Agronomy Guide: Corn, 2009).  Table 3-4 shows that applying tillage to corn 

following grain corn and cereals, with baled straw, potentially increases the corn yields in 
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Ontario by 5.6%-6.5% in about 72 cases. The yield response on coarse soils is uncertain, 

the negative impact occurring in less than 50% of cases. 

Table 3-4. Grain Corn Yield under Conventional and Zero-till Systems 

Soil Texture #Sites 

Zero-till 

(t/ha) 

Moldboard 

(t/ha) 

Yield 

Response % 

Moldboard 

(Win: Loss) 

Coarse 11 8.22 8.16 -0.9 45:55:00 

Medium 79 8.66 9.16 5.6 72:28:00 

Fine 42 8.6 9.16 6.5 71:29:00 

Source: Agronomy Guide: Corn, 2009. 

Note: Trials conducted following growth cereals (straw baled) or grain corn (1982-2007) 

 

The yield responses for corn following the growth of crops other than grain corn and 

cereals are presented in Table 3-5; the effects of tillage for the corn sown after forages 

and soybeans are rather uncertain, with 54% and 56% of occurrences, respectively. 

Table 3-5. Comparison of Two Tillage Systems for Grain Corn 

Previous 

Crop 
#Sites 

Zero-till l 

(t/ha) 

Moldboard 

(t/ha) 

Yield 

Response % 

Moldboard 

(Win: Loss) 

Forages 13 8.84 8.91 0.7 54:46:00 

Soybeans 50 8.98 9.04 0.9 56:44:00 

Cereals 

(straw-baled) 

75 9.23 9.6 4.1 71:29:00 

Grain corn 49 7.72 8.41 9.1 76:24:00 

Source: Agronomy Guide: Corn, 2009. 

Note: Trials conducted on medium- and fine-textured soil (1982-2007). 
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The impact of different residue management methods is presented in Table 3-6; the table 

shows a significant negative impact of zero-till system combined with straw being left on 

the field.  

Table 3-6. Effect of Straw Management Practices on Corn Yields 

Tillage System/Straw Level
4
 Yield (t/ha) Yield Response % 

Zero-till/all straw and stubble remain 9.16 8.8 

Zero-till/straw baled but stubble remains 9.35 6.6 

Zero-till/straw baled and stubble cut and 

removed 

9.91 0.6 

Moldboard/straw baled but stubble remains 9.97  

Source: Ontario Agronomy Guide: Corn, 2009. 

 

The tables also depict the uncertainties in the impacts of applying zero tillage in 

Ontario. In particular, the tillage impacts on coarse soils are rather uncertain – 45% of 

occurrence. The occurrences of the impacts on medium and fine- texture soils are higher, 

but still do not exceed 72%. Equation 3-32 adjusts Equation 3-31 to accommodate the 

uncertainties.   

 

 

                                                           
4
 Stubble heights were approximately 25-30 cm (10-12 in.) except for plots where stubble was cut and 

removed. 
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Equation 3-32. Expected Corn Yield Equation 

]q[0f)(1]q[notillfq)E(q it1),t1),r(ts,p(t,ii,p,t ,  ,    

where  E(q) is the expected corn yield,  f is the frequency of occurrence of the impact, (1-

f) is the frequency of no-occurrence of the impact, 0 is the alternative outcome for tillage 

impact (no impacts)  

The production costs can be represented by actual field costs or their estimates – 

cost of production budgets.  For the latter, the cost of production budgets has to be 

adjusted on the specific cost impacts associated with BMP practices. Equation 3-33  

presents an example of calculating grain corn production costs based on provincial crop 

cost of production budgets   that account for type of tillage.  

Equation 3-33. Crop Cost of Production Function 

 itpiitpitpi fertstrawmgttillqtCc ,,,, ,,,,,,  , 

where c is the field-level production cost ($/ha), C denotes the functional relationship, t is 

the simulation year, q is the crop yield (kg/ha), till is the tillage type, strawmgt is the is 

the straw management type, fert is the amount of fertilizers applied to the field (kg/ha), i 

is the field ID, p is the type of plant (crop) cover, t is the simulation year. 

 

BMP normally affects many cost items. The mentioned zero tillage 

simultaneously affects machinery cost, herbicide cost, and some yield-dependent cost 

items – drying, storage costs, etc.  These impacts also have to be accounted for to reflect 

the overall impacts of type of tillage on production cost. The evaluated revenues and 

production costs under conditions of tillage and zero tillage are then used to calculate 

farm net returns and zero-till corn BMP cost, as given by Equation 3-29.  
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Optimum Fertilizer Application Rates  

Nutrient rate BMPs are defined here as the practices that attempt to decrease the 

usage of mineral fertilizers and manure while keeping the targeted yields or, alternatively, 

production revenue. Evaluation of cost of nutrient rate BMPs is based on the 

methodology outlined in Section 3.3, and is defined as the difference between the net 

return under conventional and improved nutrient application rates. In practical 

applications, a simplified approach can be used, one based on the change in costs of 

fertilizers (Equation 3-34).      

Equation 3-34. Optimum Fertilizer Application Rate Cost 
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where npkcost is the cost of nutrient management  BMP ($/ha), npkratePolicy  and  

npkrateBase are the nutrient application rates under a base and nutrient reduction 

scenarios, nprice is the price of nutrients, i ={1,2,…,I} are the indices for nitrogen, 

phosphorus, and potassium, respectively. 

  

Red Clover as a Cover Crop  

Legume cover crops like red clover, field peas, and hairy vetch are frequently 

used as green manure for corn and other crops (Clark, 2007). They provide 40-82 kg per 

ha of nitrogen credits for succeeding crops (OMAFRA, 2012). Other benefits of legumes 

as cover crops include better soil structure and increased soil organic matter (OMAFRA, 

2012).   The production cost of legumes depends on legume type, the technology chosen 

for planting, and maintenance methods. Figure 3-4 presents an example of assumptions 
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that can be made for evaluating the associated costs. It defines corn as the reference crop 

and assumes that red clover will be seeded in early spring (spread) and killed by fall 

tillage. Based on the assumptions, the cost of red clover as a BMP is calculated as the 

difference between the value of N credits and red clover production cost (Equation 3-35).  

 

Figure 3-4. Red Clover as a Cover Crop 

Equation 3-35. Cover Crop BMP Cost 

covcropcovcrophostcrop prodcostnpricencredprodcost Δ ,                                                          

where prodcosthostcrop is the change in production cost for reference crop ($/ha), 

ncredcovcrop is the amount of N credits for the reference crop (kg/ha), nprice is the price of 

nitrogen, prodcostcovcrop is the cover crop production cost ($/ha). 

Year (t) Soybeans 

Year (t+1) 

Winter Wheat (red clover: early spring spreading, fall kill  by moldboard 

plow) 

Year (t+2) Grain corn 
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3.5 Integrated Model Interface (Whitebox Plug-in)  

3.5.1 General Framework and Programming Environment 

The empirical model described in 3.4 is built as a tightly coupled SWAT-multi-

farm optimization modeling system and implemented as a Whitebox’s plug-in.  Its 

framework consists of the five major components – interface, SWAT model, multi-farm 

economic model, optimization module, and file stored dataset (Figure 3-5).  

The interface is designed to manage the integrated system and presentation of the 

results. Its logical structure reflects the model flow sequence needed to run the model as 

follows: 1) data view and preparation, 2) scenario setup, 3) management constraints setup 

(optional), 4) running  SWAT, economic, and optimization components, and  5) analysis 

of the results. Depending on the objectives, the model components can be run either 

separately or together. When an optimization option is chosen, the SWAT and economic 

models are run first and the resulting BMP costs and environmental benefits are used as 

the parameters (coefficients) for the optimization module.  Keeping the optimization 

module as a separate component (as opposed to combining it with the economic module) 

allows us to control the size of the optimization matrix, make the computation tractable 

and to provide the consistency between the hydrologic and economic components. The 

same chosen scenario and management data are used to run the SWAT and multi-farm 

model. 
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Figure 3-5. Structure of the Coupled Integrated Model 
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The SWAT model was chosen for coupling because of its rich functionality, 

allowing simulating a variety of agricultural and structural BMPs (SWAT. Publications, 

2013). SWAT is freely available as a source code as well as an executable file, making it 

possible to run the model from external applications. Another important characteristic of 

SWAT is its efficiency, which allows multiple runs in the context of the integrated 

framework at an acceptable time speed. In the context of the integrated model, SWAT 

has to be set up and calibrated for the watershed of interest from the model’s GUI, for 

example ArcSWAT (SWAT, 2013) or MWSWAT (WaterBase, 2011). The latter is a free 

alternative of ArcSWAT and is run on the Windows platform. Based on the chosen 

scenario, the integrated model modifies the SWAT input files and runs the SWAT under 

new conditions using its executable file. The results are read from the output files and 

combined with economic results to calculate the integrated measures or to be used as the 

inputs for the optimization module.  

 The multi-farm economic model is built according to the equations given in 

Section 3.3 and implemented as a series of Java classes.  The farm model takes the 

scenario assumptions from the interface as an input, and calculates the farm revenues, 

production costs, and net returns for each scenario.  

The optimization component of the integrated model uses the open-source Mixed 

Integer Linear Programming  solver (lp_solve  )   namely, its object-oriented Java 

wrapper written around C code by  Juergen Ebert (lp_solve Reference Guide, 2013). The 

solver is based on the revised simplex method and the Branch-and-bound method; it is 

freely available for download and supported by documentation. Because all the model 

mailto:juergen.ebert@web.de
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components and dependencies are open-source, the model itself can be easily transferred 

and installed by interested government and non-government agencies and companies.   

The model is implemented as a plug-in to the Whitebox GIS software  Agro-

Hydro-Econ plugin (Whitebox Geospatial Analysis Tools, 2013). Whitebox is a rich and 

flexible open-source GIS software built by John Lindsay and widely used for research 

and education purposes; it contains a collection of spatial modeling and cartographic 

tools that can be used by the integrated model for scenario selection, simulation, and data 

representation. On the other hand, the Agro-Hydro-Econ plugin is intended to add some 

functionality to the host application – integrated hydrologic-economic modeling of the 

impacts of agricultural practices.  The integrated model itself is written in multi-platform 

open-source Java programming language that allows easy transfer of the computer model 

to government and water resource management agencies. Appendix A contains the model 

GUI manual that contains the information how to setup BMP scenarios, run the model, 

and display the results. 

 

3.5.2 Model Flowchart and Classes  

 

General Structure and Call Sequence. Structurally the computer model consists of 

five classes – Main GUI, Simulation Output Viewer, Optimization GUI, Optimization 

Output Viewer, and Utilities (Figure 3-6). All the model setups and runs are governed by 

the Main GUI class. Other classes are designed to perform specific tasks – setting up and 

running the optimization module, viewing outputs, and some utility functions like reading 

and writing the data, custom setting up of Java visual components, and calculating 

statistics. In Figure 3-6 the Whitebox Host and Whitebox Map Viewer are the aggregate 
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names for the collections of host application classes that provide necessary utilities, 

mostly for inputting and outputting the data in a map format.    

                  

 

Figure 3-6. Model General Flow Chart 

The model is governed by linear call sequence. The numbers in Figure 3-6 shows order in 

which the model classes are invoked in the model run. Thus, the model simulation starts 

by initializing the Whitebox Host, which allows the user to call the integrated model and 

other classes of the host application. The integrated model itself is initiated by calling the 

Main GUI class, which automatically loads all the model datasets – land management 

data, crop yield impact data, prices and costs. The Main GUI class governs the model 

main graphical user interface implemented in the form of a two-order JTree visual 

component (Figure 3-7). Calling (clicking) the branches of the component creates 

interactive graphical interfaces for governing specific phases of the BMP simulation and 

optimization process.  Calling the node Data allows us to see the hydrologic and 

economic data used in the simulation process. The branches of the Scenario Setup node 
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serve the purpose of initializing the interfaces, allowing creating a BMP scenario, 

choosing agri-environmental practices, setting land-use restrictions, choosing the 

processes of interest, and viewing the scenario summary information. 

 

 

Figure 3-7. Structure of the Main Model GUI  
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The Model Setup node contains the two branches that allow us to set up different 

modes of modeling – Simulation and Optimization. The Simulation Mode contains 

graphical controls to run hydrologic and economic models either separately or together. It 

also allows opening the Output Viewer for displaying and analyzing the simulation 

results. Calling the Optimization Mode allows the user to enter the Optimization GUI, 

and set up the optimization model in terms of mode of optimization, type of decision 

variables, and type and the level of constraints. It also allows us to run the optimization 

model and enter the Output Viewer to see the results of optimization. Both the Simulation 

and Optimization Output Viewers contain the controls to view the results in table, 

graphic, or map format. The remainder of the section describes the structure of the model 

classes in terms of class instances and methods. The listing at the end of the thesis 

contains the excerptions from the model procedures governing the most important 

simulation tasks.        

Main GUI Class. This class governs the scenario and model configurations along 

with the communications with the host application. The aggregate structure of the class is 

given in Table 3-7. It consists of five groups of attributes and three groups of methods.  

All communication with the host application is performed through its instance which 

enters the integrated model as an argument of the Main GUI class constructor. The 

second large group of attributes consists of the Java visual components used for building  

the model’s interactive GUIs. The Main GUI is governed by nested JTree visual 

component, with each node associated with a specific context GUI. All the GUIs and 

visual components are implemented in the context of the Java Box layout.  
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Table 3-7. Main GUI Class Structure 

Class components Functions 

Name Main GUI Model initialization and scenario 

setup 

Attributes 1. Whitebox host 

2. GUI visual components 

3. Dataset holders (TreeMap) 

4. Scenario setup holders (TreeMap) 

5. Model result holders (TreeMap) 

1. Access to Whitebox instance 

2. Components for model Main GUI 

3. Hold the model input data 

4. Hold the scenario setup 

information 

5. Hold the model output data 

Methods 1. initUi() 

2. valueChanged() 

3. actionPerformed() 

1. GUI initialization 

2. Main GUI event handler 

(TreeNode) 

3. Main GUI event handler (buttons) 

  

Fifteen dataset holders are used to hold internally all the loaded data (Appendix G- 

Listing 1). All the data holders are in the form of nested TreeMap data structure that 

allows for easy access and manipulation of the data based on the unique key-value 

correspondence. The main types of data used in simulations include land management, 

crop yield impacts, crop prices, straw prices, straw harvest indexes, and crop costs.  All 

the information on the scenario arrangement is stored in a separate nested tree map holder 

covering scenario name, land ID, year, type of cropping system, type of BMP, and type 

of straw management. Both  the data input and scenario setup data holders – are used to 
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retrieve the information in the context of the model simulation process. The results of the 

simulation are stored in the two tree map holders reflecting an annual simulation and a 

yearly-average simulation. The structure of the model result holders follows the structure 

of the scenario setup holders, allowing the retrieval of information about scenario name, 

land ID, year, cropping system, BMP, and corresponding results.  

The Main GUI class consists of three methods – initUi, valueChanged, and 

actionPerformed. The initUi method is an implementation of the Whitebox host 

interface and performs the initialization and loading of the main GUI (Appendix 

GListing 2). The valueChanged event handling method contains a series of 

procedures serving the creation of context-dependent graphical interfaces and inputting 

the user data. Listing 2 contains the excerption from a typical procedure of such 

operations. The actionPerformed event handler serves the purposes of submitting 

the data, running the model, and opening the output viewers. Listing 3 presents a typical 

example of submitting the user data into the model – for scenario selection. The method 

contains several procedures for simulating the model based on user-chosen BMP 

scenarios. The principle high-level logical framework for running the model in a 

simulation mode given BMP scenarios is shown in Figure 3-8. It shows that there are two 

main venues of model simulation – single BMP and multiple BMP assessment.  
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Figure 3-8. Aggregated Flowchart of Running the Model in the Simulation Mode 
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models and then calculates the integrated measures. In the case when a user chooses 

multiple BMPs, the simulation procedure also takes into account the interactions among 
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the effects of the practices. Given such BMPs of interest as conservation tillage, nutrient 

management, and cover crops, the main interactions accounted for in the procedure refer 

to the sediment and nitrogen loading into a stream system as a special case of the 

interactions. The two excerpts of a single and multiple BMP assessment procedures are 

shown in Appendix G - Listings 4-5.       

Simulation Output Viewer Class. This class serves the representation of the 

simulation results in table, graph, and map formats.  The attributes of the class consist of 

the four groups of members – Java GUI, Whitebox, FreeChart graphical components, and 

data holders (Table 3-8). The Java graphical components are used for creating the general 

GUI for the Simulation Output Viewer and representing the results in table format. 

FreeChart components are used for creating different forms of graphing objects used for 

output visualization. Whitebox components such as the host instance and attribute tables 

are the objects used for interacting with the host application and visualization of the 

results on a map. Two nested TreeMap data structures are used for holding and 

manipulating of annual and average simulation results.   

The class comprises four methods serving different user activities. The 

actionPerformed method is a general event handler for showing and canceling the 

graphs. The next three methods govern preparation of the data and their graphical 

representation in different forms. The createDataset method does all the necessary 

low-level programming tasks for transforming array data into a format readily usable by 

the FreeChart graphing methods.  The  createSingleLineChart method creates a 

single line chart for the selected process. The more complex charts are created with the 
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createVerticalCombinedLineChart method. The exceptions from listings for 

the three methods are shown in Listing 6. 

 

Table 3-8. Simulation Output Viewer Class Structure 

Class components Functions 

Name Simulation Output Viewer Class Simulation result representation and 

analysis  

Attributes 1. Java GUI graphical components 

2. Whitebox graphical components 

3. FreeChart graphical components 

4. Dataset holders 

1. GUI framework 

2. Data visualization 

3.  Data visualization 

4. Hold the model output data 

Methods 1. actionPerformed() 

2. createDataset() 

3. createSingleLineChart() 

4. createVerticalCombinedLineChart() 

1. Event handling 

2. Data set creation 

3. Chart visualization 

4. Chart visualization 

 

 

Optimization GUI Class. This class serves to create and run the optimization 

module for optimal BMP allocation in a watershed. It consists of three groups of 

attributes and methods (Table 3-9). The class attributes consist of Java GUI graphical 
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components used to build the optimization graphical interface, data holders used to hold 

the module inputs and outputs, and instance of LpSolve to set and run the optimization 

model.  

Table 3-9. Optimization GUI Class Structure 

Class components Functions 

Name Optimization GUI Class Optimization model setup and 

optimization  

Attributes 1. Java GUI graphical 

components 

2. Dataset holders 

3. LpSolve object 

1. GUI framework 

2. Hold the model output data  

3. Creating object to be optimized 

Methods 1. itemStateChanged() 

2. actionPerformed() 

3. LpSolve service methods 

1. Event handling 

2. Event handling 

3. Setting and running the solver 

 

By functionality the attributes can be divided into four major groups aiming the 

following:  i) setup the model and constraints, ii) choose available options and types of 

relations to be applied to the model, iii) setup lower/upper limits for chosen constraints 

and relations, and iv) run the model, and view the results. The first group contains three 

Java combo boxes and one check box component for choosing a mode of optimization, 
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type of simulation, type of constraints, and setting the constraints as a range, respectively. 

The second group of graphical components consists of the three components for showing 

the names of decision variables, mathematical operators, and constraints. The third group 

of components consists of a combo box for setting an upper limit of constraints, and two 

text fields for setting a lower limit of the constraint and constraint increments. The 

components for the lower limit and increments are used only if the user chooses to use 

the constraint as a range. The fourth group of graphical components consists of the three 

button controls serving the submission of the chosen options, running the optimization 

module, and opening the optimization module output viewer. The class methods contain 

the routines that serve the purposes of setting, running the optimization module, and 

representing the results. The itemStateChanged method contains routines for setting 

up the optimization mode, type of simulation, type of constraints and the related 

parameters. Listing 7 contains a code excerption governing setting up of the model 

constraints – surface runoff, sediment yield, nutrient loads, and BMP cost variability. The 

actionPerformed method consists of a group of routines for populating the data 

holders, setting up and running the LpSolve solver, reading the results, and opening the 

output viewer. Listing 8 shows an example of the procedure for populating the data 

holders with a user-selection from the module GUI.  A separate group of methods are 

supplied with the LpSolve mixed-integer solver. These utility methods allow setting an 

optimization mode, creating and populating the solver’s object, running, and reading the 

objective and decision variable values. The complete list of the solver methods along 

with their signatures is given in LpSolve reference guide (lp_solve Reference Guide, 

2013). 
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Table 3-10. GUI Components 

Graphical Components and Functions 

Type Name Functions 

JComboBox Mode of Optimization Set the mode {Maximize, Minimize} 

JComboBox Type of Simulation Set the type {Average, Historic} 

JComboBox Type of Constraint 

(variable) 

Set the constraint (variable) {Type of 

Variable, Choice Equation, Runoff 

Constraint, Sediment Constraint, 

Nitrogen Constraint, Phosphorus 

Constraint, Variability Constraint} 

JCheckBox As a Range Set the constraint as a range 

JList Decision Variables Select the decision variable to be 

optimized 

JCheckBox Relation Set a type of relation {<=,=,>=} 

JTextField Constraint Show the name of the range constraint 

JTextField Lower Limit Input a lower limit of a constraint 

JTextField Increment Input an increment for the range 

constraint 

JTextField Upper Limit Input an upper limit of a constraint 

JButton Submit Submit the selection 

JButton Optimize Run the optimization module 

JButton View Output Open output viewer 
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Optimization Output Viewer Class. This class represents the optimization results 

in graphical, table, and map formats.  The attributes of the class consist of four groups 

covering Java, Whitebox, FreeChart visual components, and data holders (Table 3-11). 

 

Table 3-11. Optimization Output Viewer Class Structure 

Class components Functions 

Name Simulation Output Viewer Class Simulation result 

representation and analysis  

Attributes 1. Java GUI graphical components 

2. Whitebox graphical components 

3. FreeChart graphical components 

4. Dataset holders 

1. GUI framework 

2. Data visualization 

3.  Data visualization 

4. Hold the model output 

data 

Methods 1. actionPerformed() 

2. valueChanged() 

3. itemStateChanged() 

4. createDataset() 

5. createSingleLineChart() 

6. createVerticalCombinedLineChart() 

1. Event handling 

2. Event handling 

3. Event handling 

5. Create dataset object 

6. Chart visualization 

7. Chart visualization 

 

In particular, the attributes consist of three Java check boxes, one list, one table 

component, and one chart component. The check boxes serve the purpose of setting the 
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data representation as a map, table, and graph, respectively. The list component functions 

as a holder for the user’s choice of a process to be shown. Table and chart graphical 

components are used to hold the results in table and graphical forms, respectively.   

    

Table 3-12. GUI Components 

Graphical Components and Functions 

Type Name Functions 

Check box 1 Map Select map 

Check box 2 Table Select table 

Check box 3 Graph Select graph 

List Selected Process Select the process\iteration 

Table Table Output Data holder 

Chart (FreeChart) Graph Output Chart object for data visualization 

 

The Optimization Output Viewer Class comprises six methods. The three 

methods actionPerformed, valueChanged, and itemStateChanged are 

event handling methods serving data visualization in table, graph, and map forms. The 

remaining three are utility methods coming with the FreeChart libraries. Thus, the 

createDataset method serves the purpose of populating the dataset object with the 

optimization results. The two utility methods  createSingleLineChart and  

createVerticalCombinedLineChart serve the purpose of data visualization in 
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the forms of single or multiple charts. The methods are similar to the corresponding 

procedures already described for the Simulation Output Viewer.  

Support  Class. This static class contains four groups of methods written 

specifically to provide data management, and for communications with the Java visual 

components and with the host application (Table 3-13). The first group of methods serves 

the purpose of reading data from text and Excel files and populating the data structures 

used in model simulation – tree maps, lists, and arrays. The tree map data structure is the 

preferred format used in this model because of its great flexibility and efficiency over 

other methods. Appendix GListing 9 contains a typical procedure for reading the data 

from text (.csv) files and populating a tree map data holder. The populated tree map 

structures are used directly in the simulation and optimization modeling and also for the 

model outputs. Several methods are designed to write the model outputs to the output 

files and graphical components such as tables, graphs and maps (Appendix G Listing 

10). Most of the outputs in a table and graphical formats are custom designed for the 

integrated model.  
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Table 3-13. Utility Class Structure 

Class members Functions 

Name Support Utility methods class  

Methods 1. Read data 

2. Write Data 

3. Get selection 

4. Calculate statistics 

1. Read data from file 

2. Write data to file 

3. Get selected items from JList 

4. Update data in Whitebox’s attribute table 

 

Several methods in this group serve a purpose of communicating with the host 

application and, in particular, updating attribute tables. The third group of methods serves 

the purpose of reading the selecting features, such as crop field IDs, from Java visual 

components, mostly JLists, and populating them with the appropriate data structures. The 

class contains also several methods serving the purpose of calculating descriptive 

statistics – means, minimum, maximum values, standard deviation, and  variance. The 

statistics methods operate mostly on arrays data structure to provide the efficiency of data 

manipulation. 

3.6 Summary 

This chapter states the modeling objectives along with the evaluation criterion and 

requirements, and describes the methodology of the integrated model and its graphical 

user interface. The modeling objectives aim to evaluate such selected BMPs as zero 

tillage, nutrient management, and cover crops. The criterion used to rank the alternative 

projects is cost-efficiency or the least-cost policy, given some environmental target. The 



124 

 

major requirements include also the types of environmental and economic processes of 

interest, and spatial and temporal resolution of the model. The main processes of interest 

are surface runoff, sediment yield, nitrogen and phosphorus loads, and farm net returns. 

The model is intended to operate at field scale with aggregation of the results to sub-basin 

and basin levels. Annual frequency is considered for generating and analyzing the 

integrated results.   

   The methodology of the model consist of the tree components – discussion of 

conceptual model and its general mathematical formulation, description of hydrologic 

and economic simulation methods, and formulation of integrated optimization model. On 

the conceptual level, an agricultural watershed is defined as an integrated hydrologic-

economic multi-farm multi-scale system that arises from the interactions of farmer 

activities with the natural environment. Such a system takes inputs in terms of existing 

farmer practices and local natural conditions, allows them to interact, and produces 

output in terms of agricultural goods, income, and the state of environmental processes.  

The mathematical formulation of the conceptual model is represented by a profit-

maximizing multi-polluter model subject to the environmental constraints such as amount 

of surface runoff, sediment yield, and nitrogen and phosphorus load benefits. The 

mathematical model derives the optimal cost-effective (least-cost) solution under 

unrestricted and restricted conditions. The current research defines BMP cost as the 

difference between farm profit under a policy and some baseline scenarios. The 

environmental benefits are defined similarly – as the change in the state of environmental 

processes due to policy implementation. The cost-benefit ratio is defined as a ratio of 

BMP cost and environmental benefits, with $/unit of mass as the measure. The SWAT 
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hydrologic simulation methods, such as the Surface Runoff SCS Method, MUSLE 

equation, sediment, nitrogen and phosphorus equation, are presented and described in 

relation to their connection with BMP application. All the farm economic simulation 

methods used in simulation, such as farm net return equations, cost equations, corn zero-

till yield impact equation, and the cost-accounting equations for all the BMPs of interest, 

are presented and explained. The simulation component is used as the first phase of the 

BMP assessment that generates the necessary environmental and economic field-level 

information for the optimization assessment aiming the least-cost solution of achieving 

some environmental target. The general form BMP cost optimization model is formulated 

along with the environmental constraints. All the optimization model equations are 

introduced, and their interpretation is explained.       

The computer model and its user interface are written in Java programming 

language and implemented as the Whitebox GAT plugin. The model consists of five 

modules (classes)   Main GUI, Optimization GUI, Simulation Output Viewer, 

Optimization Output Viewer, and Utilities modules.  The Main GUI module allows for 

calling other classes and governs their interconnection. All other modules govern the 

specific functions. The Simulation Output Viewer allows display of the results of the 

simulation in table, graphic, and mapping formats. The Optimization GUI governs 

creating and running the optimization model. The Optimization Output Viewer is used to 

show the optimization results in  table, graphic, and  map formats. In all cases, the 

Whitebox map viewer is used to show the results in map format. Appendix A contains 

Interface GUI Manual that covers the description of the major steps necessary to set up 

scenarios, run the model from the interface, and display the results. 
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CHAPTER 4.  

BMP ASSESSMENT AND OPTIMIZATION IN THE GULLY CREEK 

WATERSHED (HURON COUNTY, ONTARIO) 

4.1 Introduction 

This chapter discusses integrated assessment of selected BMPs for the Gully 

Creek watershed (Huron County, Ontario). As a part of the thesis research and WBBE 

(Huron) project, it serves several purposes – application of the developed integrated 

model to i) simulate costs, environmental benefits, and cost-benefit ratios of such BMPs 

as zero tillage, optimum fertilizer application rates, red clover as a cover crop, and 

multiple BMPs for the study site, ii) examine the spatial patterns of costs, environmental 

benefits, and cost-benefit ratios at field, farm, subbasin, and watershed levels, iii) 

evaluate the cost-effective BMP policies given different environmental restrictions, and 

iv) assess the relationships between BMP costs and environmental benefits in terms of 

changes in surface runoff, sediment, nitrogen and phosphorus loads. 

The material is broken into several topics covering information about the study 

area, data used, the model setup, and discussion of the results. The assessment is 

performed using two modeling approaches – simulation and optimization evaluations. 

The results of the assessment are compared and discussed. Attention is given to designing 

and exploring the  relationships between BMP costs and environmental benefits. The 

distinction is made between single and multiple constraint relationships.  
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4.2 Description of the Study Area and Data  

 

4.2.1 Study Area 

 

a) Location and Topography 

The developed integrated modeling system was applied in the Gully Creek 

watershed, Huron County, Ontario (Figure 4-1). The watershed is a part of the Bayfield 

North Watersheds located on the south-east coast of Lake Huron, and occupies 14.3 km
2
 

(Ausable Bayfield Conservation Authority, 2014).  There are no residential settlements in 

the watershed, except farmsteads.   The two major settlements closest to the watershed 

are Clinton 10 km to the East and Goderich 14 km to the North, with populations of 3114 

and 7521, respectively (City Population, 2014; Goderich, 2014). 

 

Figure 4-1. Boundary of the Gully Creek Watershed 

The topography of the study area is marked by undulating and rolling terrains 

with mean slope of about 5.9%, which is typical for the east shore of Lake Huron. About 
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60% of the lands are characterized with slope of 5% or less, with 78% having slope in the 

range of 0% to 7.2 % (Yang, Liu, Simmons & Oginskyy, 2013). 

 

Figure 4-2. Land Slope Distribution in the Gully Creek Watershed 

 

Most of the agricultural fields of interest in the current research are characterized with 

slopes of 0-4%.  Average elevation is 247 m with minimum 176 m and maximum 281 m 

above the sea level. 

   

b) Climate and Hydrology 

The watershed is located in the Humid Temperature Zone (McColl, 2005; 

Dingman, 2008; Wandee 2005). The local climate is also affected by Lake Huron, 

making its climate the mildest in Ontario (Huron County, 2014). The average annual 

precipitation exceeds 1,000 mm and average temperature is about 7-8 C. Both the 

parameters vary with the seasons. Temperature distribution generally has a pronounced 

bell-shaped seasonal pattern. The minimum annual temperature is -20 C and the 

maximum frequently exceeds 30 C (Table 4-1). Temperatures above 5 C, indicating 
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crop growing season, last from the mid-April to the end of October. Average number of 

frost-free days is about 160, making the region suitable for growing such crops as corn, 

wheat, beans, and barley. Precipitation during the growing season is about 60% of the 

annual precipitation. 

   

Table 4-1. Climate in Huron County 

Season Duration Temperature 

Winter December 21-March 19 From 0 to -20C 

Spring March 20-June 20 8C in March and slowly 

growing 

Summer June 21-September 21 From 20 to 30C 

Fall September 22-December 20 From 10 to -4C 

Source: Huron County, 2014; Huron County Community Portal, 2014. 

 

Multi-year potential evapotranspiration is about 600-700 mm. According to the Guelph 

WEG, runoff in the watershed accounted for about 67% of total precipitation in 2011 

(Yang, Liu, Simmons & Oginskyy, 2013).  Unlike the temperature, the precipitation does 

not show a clear seasonal pattern, although spring and fall have more precipitation 

compared with summer on average. In general, the runoff is inversely proportional to 

temperature, with the minimum occurring during the hottest months (July-August-

September) and maximum runoff occurring in early spring (March-April) and late fall 

(November-December) (Ali et al, 2014). Subsurface runoff contributes substantially to 

the total runoff, accounting for about 55% in 2011. The fact of intense surface runoff in 
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March-April and November-December allows to suggest that the Hortonian  overland 

process might be an appropriate hydrologic mechanism describing the water flow in the 

Gully Creek watershed in those periods.     

 

c) Soils and Land-use  

Soil and its characteristics are a function of climate, parental material, organisms, 

topography, and time (Soils of Canada, 2014; SoilWeb, 2014). The dominant parental 

material in the region is Paleozoic rock such as limestone that is rich in calcite, dolomite, 

and fossils (Evans, Kay, Thomas, & Elrick, 1983). This has an effect on the soil acidity, 

making the soil pH slightly basic or close to neutral.   Other soil characteristics in the 

region such as organic matter, texture, structure are influenced by local climate and type 

of plant cover. In combination with calcareous parent material, deciduous forest is a 

major forming factor of dominant soil orders such as Luvisolic and Podzolic (AAFC, 

2013). These soil orders have horizons of clay accumulation that affect the draining 

characteristics (Evans, Kay, Thomas, & Elrick, 1983). The nutrient content, soil structure, 

water-holding capacity and other characteristics   are well suited to agriculture. 

According to the Canada-Ontario soil survey, the soil orders described here are presented 

by such soil series as Huron Clay Loam (57.4%), followed by Brandy Sandy Loam 

(12.5%), and Brookston Clay Loam (10.6%). In total these soil series account about 80% 

of land in the watershed.  There is some regularity in distribution of soil by texture: the 

upper reaches are dominated by clay loam and the lower reaches areas by sandy loam 

soils. The best-suited for agriculture  sandy loam  accounts for about 13% of the 

watershed.  
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About 25% of the land is covered by forest and natural grasses, and the remaining 

70% is allocated mostly for intensive agricultural production. Most of the agricultural 

lands are used for growing soybean (38%), corn (32%), and winter wheat (25%)  (Table 

4-2). The share of other crops, including forage, accounts for about 5% of the watershed 

area. The crop production technologies in the watershed are characterized by extensive 

use of fertilizers, pesticides, and other chemicals. On average, about 160 kg of elemental 

nutrients is applied for growing corn and 151 kg for growing winter wheat. 

 

Figure 4-3. Land-use in the Gully Creek Watershed (2010) 
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Table 4-2. Crop Land Structure and Nutrient Application in the Gully Creek Watershed 

(2008-2010) 

 Land Area 

(ha) 

Crop Land 

Structure 

(%) 

Total N 

Application 

(kg/ha) 

Total P 

Application 

(kg/ha) 

Corn 306 31.7% 160 15 

Soybeans 365 37.8% 11 5 

Edible Beans 5 0.5% 60 9 

Winter Wheat 240 24.9% 151 31 

Barley 1 0.1% 45 0 

Alfalfa-Timothy Hay 49 5.0% 21 0 

Total/Average 967 100.0% 91 18 

 

Livestock production in the watershed consists of cattle, chicken, and hog farms, while 

the manure produced is used as fertilizer or is sold. On average, manure application in the 

watershed accounts for approximately 29 kg of nitrogen, and 7 kg of phosphorus.  

In conjunction with a relatively small portion of natural land, the intensive 

agriculture poses risks for the environment, particularly for water quality in the river 

system and in Lake Huron itself (Brock & Veliz, 2013).   These issues are currently 

addressed by several ongoing conservation projects – WBBE, Afforestation Program, 

Huron Clean Water Project, and Middlesex, Oxford, Perth Clean Water Project, among 

others (Ausable Bayfield Conservation Authority, 2012). 

4.2.2 Data Collection and Preparation  

Several types of data are required to set up and run the integrated hydrologic-

economic model, which include GIS data, climate data, flow and water quality data, land 
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management data, and economic data. The SWAT related datasets were prepared by 

WEG and complete description is given in Yang, Liu, Simmons & Oginskyy (2013), 

Simmons (2012), and UI-Huda (2011). 

Geospatial Data 

GIS datasets required to run the SWAT and integrated model include topography, 

land-use, soil maps, stream network, and transportation information (Table 4-3). 

Topography data is required for watershed delineation and is based on high-resolution 

5x5 m LIDAR
5
 DEM raster. 

Table 4-3. Geospatial Data Used in SWAT Modeling 

Data Description Source 

DEM 5x5 m LIDAR-based OMAFRA 

Gully Creek watershed 

boundary 

Shapefile OMAFRA 

Gully Creek stream 

network  

Shapefile ABCA 

Land-use Compiled from Agricultural 

Resource Inventory polygon 

shapefile, Ecological Landuse 

Classification map, and the 

Windshield Survey data 

OMAFRA, MNR, 

ABCA, WEG 

 

The data were resampled using Whitebox GAT 2.0 by WEG to fill the gaps and remove 

off-terrain objects (Simmons, 2012). Soil information is needed for both hydrologic and 

                                                           
5
 LIDAR—Light Detection and Ranging—is a remote sensing method used to examine the surface of the 

Earth. 
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economic models and is based on soil series map from 1952 Huron County Survey and 

supplied by OMAFRA (Hoffman, Richards, & Morwick, 1952; AAFC, 2013). This 

detailed map was reclassified to be used in hydrologic and economic modeling. Land-use 

GIS information is represented by a series of maps from Agricultural Resource Inventory 

for 2009-2011.  The main source of data for stream network delineation and 

transportation are the shape files supplied by ABCA and Ontario Road Network 2005.  

Climate data collected by ABCA and the Guelph WEG for SWAT simulation 

include precipitation and temperature. Precipitation is required as input for runoff 

simulation, and temperature is required for calculating the Potential Evapotranspiration 

(PET). Both types of data were collected from nearby Gully Creek, Varna, and London 

Environment of Canada stations. Gully Creek and Varna Environment Canada were 

available from April 29, 2011 and from April 6, 1989, respectively. The longest data 

available for hydrologic simulation came from London station   from July 1, 1940 to 

July 19, 2012. These datasets were averaged to produce continuous climate data for 

SWAT simulation. The data from the more distant stations of Exeter and Goderich were 

not used, because of significant deviation from the nearby stations (Yang, Liu, Simmons 

& Oginskyy, 2013).  

Flow and Water Quality Data 

Various datasets of flow and water quality data were collected for SWAT 

simulation and calibration. They include water discharge, sediment, nitrogen, and 

phosphorus loading into the stream network at a daily frequency.  In total, 12 water flow 

and quality stations were set in the Gully Creek watershed. Four stations were set 
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specifically for monitoring water flow and water quality; one station was used for 

monitoring water flow at the watershed outlet; one station was used in the middle of the 

watershed; and two were used for monitoring the water flow in the headwaters. In 

addition, eight stations were set for monitoring the water quality. Three of them were 

located at tile drain outlets to monitor water quality in drains that transfer the water to the 

main channel. Two stations were set at the edges of the fields to monitor the runoff, 

sediments, and nutrients leaving the fields. The remaining three were set to monitor the 

water flow and quality at the Watershed and Sediment Control Basins (WASCoBs).  

Other water qualities characteristics included physicochemical parameters (e.g., pH), 

turbidity, biochemical oxygen demand, and Escherichia coli (Upsdell, 2011).  The 

sampling frequencies were set twice per month in April-May, one per month in June-

November, and after every rain/snowmelt event.  

Land Management Data 

Both the SWAT and economic models share the land management data including 

crop sequences, tillage, nutrients application, and other agronomic information. The land 

management data come mostly from the field agricultural inventory (AgRI) conducted by 

OMAFRA for 2009-2011, and the land management survey data conducted by ACBA for 

2008-2010. The land management surveys also contain the projections of cropping 

systems and crop yields for 2011-2013.  

Table 4-4 shows a list of major variables representing the general structure of the 

land management data. It covers general management information – land/farm ID, area, 

time period, as well as technological information relating to research purposes. Timing of 
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land management practices is available by day and month, and fertilizer application rates 

are available in kg per hectare.  The management data also contain information about 

applied manure according to type of livestock, application rate, timing, and field. 

Table 4-4. Land Management Data for the Gully Creek Watershed  

Variable Description 

Land feature (crop field) Field ID, area  

Producer Producer/farm ID 

Time period Year (e.g., 2008, 2009) 

Crop Crop name 

Yield E.g. kg/ha, if applicable 

Tillage Tillage type and date (day and month) for each 

implementation 

Planting Date (day and month) 

Mineral fertilizers 

(elemental N and P) 

Type (N or P), date (day and month), amount, and method 

of application 

Organic fertilizers (manure) Type (swine, chicken, etc.), date (day and month), 

amount, and method of application 

Harvest Date (day and month) 

Straw management Date (day and month) and portion of residue left on field 

 

Straw management information needed for both the hydrologic and economic evaluation 

is represented by date and portion of the residues left on field. More information on 

management data is given in the subsequent sections.   
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Economic Data 

In addition to the management and soil texture data already introduced, the 

economic data includes crop prices, crop production costs, and experts’ information 

about red clover production cost. OMAFRA’s farm gate prices were used in conjunction 

with crop yields to simulate farm revenues. Table 4-5 shows 2008-2010 prices for all six 

main crops produced by farmers in the watershed (OMAFRA. Statistics, 2013).  

Table 4-5. Ontario Crop Prices  

Year Corn Soybeans Edible 

Beans 

Winter 

Wheat 

Barley Alfalfa-

Timothy Hay 

2008 0.19 0.42 0.81 0.17 0.20 0.12 

2009 0.16 0.39 0.68 0.16 0.15 0.12 

2010 0.21 0.41 0.67 0.19 0.19 0.13 

 

The prices show significant variability, especially for commercial crops – corn and edible 

beans. For the 2008-2010 period, prices for corn deviated from the mean by about 12%, 

edible beans by 10%, and barley by 14%. The prices of feeds were less volatile, deviating 

from the mean by 4%.   

The main source of data for production costs was the OMAFRA Field Crop Cost 

Budgets (OMAFRA Budgets) adjusted for the Gully Creek conditions (OMAFRA. 

Agricultural Business Management, 2011). 

 

($/kg) 
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The aggregated structure of the crop cost budgets is as follows: 

 Fixed cost   

 Variable cost 

- Equipment 

- Pesticides and fertilizers 

- Yield dependent cost 

- Custom work 

- Others 

             

    The cost budgets are differentiated with respect to three types of tillage – conventional, 

minimum, and zero tillage with respect to two types of straw management – spreading 

and baling. The production costs are given on a per acre basis – except for marketing, 

trucking, drying, and storage, which are yield-dependent and given on a per metric tonne 

basis.   Because OMAFRA does not produce production cost budgets for red clover, the 

experts’ estimates were used to approximate the cost of growing of the red clover
6
. The 

cost of harvesting red clover is not included – it is included instead as part of production 

cost of the reference crop. 

 

4.3 BMP Characterization, Model Setup, and Validation 

4.3.1 BMP Characterization  

All three BMPs of interest – zero tillage, optimum fertilizer application rates, and 

red clover a cover crop – were characterized according to the SWAT Management 

Practices module (Neitsch, Arnold, Kiniry, & Williams, 2011; Arnold et al., 2011). This 

module allows us to characterize the practices by several management operations – 

Planting, Tillage, Fertilizer Application, Harvest and Kill Operation, and Grazing 

                                                           
6
 Please see the section on model setup and validation for details. 
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Operation. If we recognize that SWAT operations correspond to agronomic stages of the 

crop production process, then such structure of the SWAT Management Practices module 

presents a flexible framework for setting and simulating a variety of agricultural BMPs. 

To specify the three BMPs of interest, the Guelph WEG prepared the following three 

management datasets to specify the different technological stages: Seed and Harvesting, 

Tillage, and Fertilizer Application. Regarding the purposes of the research, the Seed and 

Harvesting dataset was identical for all three BMPs, and the Tillage and Fertilizer 

datasets were modified to reflect the specifics of management practices. 

Seeding/Harvesting. The seeding/harvesting dataset reflects the information on 

seeding date, straw management type, harvesting date, and other data required for 

simulating the crop production process (Table 4-6). The harvesting, in particular straw 

management, defines the portion of residues left on fields that has an impact on soil 

erosion. The chosen straw management method also has an impact on crop yield and, 

therefore, farm revenue. This method also affects the crop production cost in terms of 

expenditures associated with straw management.    

Table 4-6. Example of Seeding and Harvest Characterization in SWAT 

Land 

ID 

Year Crop Seeding Date 

(m-d) 

Straw 

Mgt Type 

Portion 

of 

Residue 

Left on 

Field 

Harvesting 

Date (m-d) 

CNOP 

1 2008 Wheat 4-20 Spreading 1.0 7-25 
Set by 

SWAT 
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The seeding data came from the field surveys conducted for the 2008-2013 period. The 

missing data were supplanted with aggregated regional information agreed on with the 

partners of the project. In SWAT setup, the field-level data were then converted to the 

HRU level based on a lookup table reflecting field area composition in terms of HRU 

areas. Because the HRUs are not contiguous (the same HRU can comprise several fields), 

the plant cover and all other data were assigned based on the dominant land use.  

Zero  Tillage. Characterization of tillage is performed through specifying the 

information on type of tillage equipment and timing of operation (Table 4-7). The user 

also has an option of adjusting the SCS curve number. Both type of tillage equipment and 

SCS curve number have a direct impact on surface runoff and thus on soil erosion and 

nutrient loading into stream system. Type of equipment used also has an impact on cost 

of crop production, in particular fixed costs and variable costs such as equipment repair 

and fuel.   

Table 4-7. Example of Tillage Characterization in SWAT  

Land 

ID 
Year Crop 

1
st
 Application 2

nd
  Application 

Tillage 

Type 
Month Day Tillage Type Month Day 

1 2009 Corn FLDCULT 05 03 DISKPLOW 11 01 

 

In this study the generic zero tillage was used to simulate the effects of conservation 

tillage. It was assumed to be applied during the fall, and no tillage was implemented in 

spring (Yang, Liu, Simmons & Oginskyy, 2013). The field data were used to assign the 

parameters for HRU files based on the field-HRU lookup table. The dominant tillage 
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method was assigned to each HRU based on tillage type that accounts for the largest 

portion. 

Nutrient Management. SWAT has three options for simulating the nutrient 

management BMPs – scheduled, automatic, and continuous fertilizer application. By 

choosing the automatic application, the user does not have to supply information on type, 

amount, and timing of fertilizer application; SWAT automatically applies the fertilizer 

when the plant experiences nitrogen stress. Continuous fertilizer application is designed 

for large confined or feedlot operations where the liquid manure is applied every few 

days.  Under this option the user has to specify the beginning and the total length of the 

fertilization period, periodicity in days, and amount of fertilizers applied in each 

application. In this research, the scheduled fertilization option was chosen by supplying 

field-based information on timing, type, amount of fertilizer, and fraction of fertilizer 

applied to the top 10 mm. The main types of manure application methods allowed in 

SWAT are broadcast, band, and row. SWAT also allows the application of nutrients in 

manure form, recalculated during the simulation into mineral form inputs. As with 

mineral fertilizer, SWAT allows the specifying of timing and amount of manure 

application.  The only difference is that the manure application method is not specified, 

making it difficult to properly reflect the nutrient losses related to the manure application. 

The specification of nutrient management operation has a direct impact on of nutrient 

supply and loading into the stream system. The operation also affects the cost side of the 

agricultural system  mostly the expenditures on fertilizers.  
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Table 4-8. Example of Fertilizer Application Characterization in SWAT 

Land 

ID 

Year Crop 

Fertilizer Application in Spring 

(Broadcast) 

Fertilizer Application in Fall Manure Application 

Date 

(m-d) 

N rate 

(kg/ha) 

P rate 

(kg/ha) 

Date 

(m-d) 

N rate 

(kg/ha) 

P rate 

(kg/ha) 

Date 

(m-d) 

N rate 

(kg/ha) 

P rate 

(kg/ha) 

1 2009 Corn 04-29 117 0 0 0 0 0 0 0 
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Cover Crop. SWAT characterization of cover crop scenarios is performed by the 

procedures added from the ALMANAC model (Neitsch, Arnold, Kiniry, & Williams, 

2009).  This algorithm allows the simulating of multiple competing species – crops and 

weeds, trees and grasses, grasses and shrubs on the same field.  A data file with a 

description of each species has to be prepared and inputted before simulating. In this 

research the effect of under-seeding winter wheat with red clover was examined. The 

environmental benefits of using a red clover are reductions of runoff, sediment, and 

nutrient loading into the local stream system. Red clover also benefits the subsequent 

crops, which affects the amount of fertilizers and so the expenditure. To set up the cover 

crop practice, all the three land-use management datasets were adjusted to account for the 

cover crop (Table 4-9).  

Table 4-9. Updates of the Management Data to Account for Cover Crop Characterization 

Seeding/harvesting Fertilizer Tillage 

Winter wheat 

Planting: October 5
th

 

Nitrogen application 

rates decreased by 60 

kg/ha in the next year 

Fall: moldboard plowing 

Spring: 1) Disk/cultivator 

             2) Cultivator 

(for crop following winter 

wheat  - corn) 

Red clover 

Planting: April 5
th

 (underseeded 

with winter wheat) 

Kill: October 25
th

 (moldboard 

plow) 
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Changes in seeding/harvesting tables relate to adjusting seeding and harvesting dates for 

winter wheat, tillage system for grain corn, and fertilizer rate for grain corn. 

4.3.2 SWAT Setup and Calibration 

SWAT Setup  

SWAT setup is a part of the hydrologic simulation and serves the purpose of 

setting the model for simulation without calibrating the model parameters. It includes 

following three major steps – i) watershed delineation, ii) HRU determination, and iii) 

writing input tables and editing  input files. The SWAT setup for the Gully Creek 

watershed was originally performed by Guelph WEG and reproduced by the author for 

integrated Modeling purposes. The following material gives a high-level description of 

the processes. Complete procedure and details are given by Yang, Liu, Simmons & 

Oginskyy (2013).  

Watershed Delineation.  The typical watershed delineation procedure consists of 

filling the DEM, calculating flow direction and accumulation, delineating the subbasins, 

and generating stream links.  This procedure was performed by ArcSWAT GUI using  

5x5 m LiDAR DEM raster, watershed boundary shape file, streams shape file, database 

files with monitoring stations, berm locations, and  drain outlets. The locations of 

monitoring stations, berms, and tile drain outlets were set as the subbasins outlets that 

allowed the calibration of the hydrologic model. The actual DEM raster was also 

modified to allow for artificial channels through the existing culverts.  The area threshold 

that controls the density of stream network was set at 0.5 ha (Table 4-10); this small 

threshold was necessary to ensure that all existing information about the location of 
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monitoring stations, berm locations, and drain outlets could be identified spatially and 

employed in the hydrologic simulation.  

Given the parameters and assumptions discussed, 64 subbasins were delineated 

with a total drainage area of 1,427 ha. An average subbasin area is 22 ha, which ranges 

from 0.6 ha to 175 ha. 

Table 4-10. Delineation of the Gully Creek Watershed  

Stages Delineation Parameters Sources 

Define stream network Area threshold value: 0.5 ha 5x5 DEM 

raster 

Outlet definition - 15 main branch (tributary) outlets (1,000 

ha threshold) 

- 7 monitory stations (1 ha) 

- 18 existing and 14 future berms 

- 10 tile drains 

Shape files 

Database files 

Whole watershed 

outlet 

Manual  

Inlets Four wastewater treatment plants (Clinton, 

Seaforth, Vanastra, Bayfield) 

Load point 

source inlet 

table 

Source: Compiled from Yang, Liu, Simmons & Oginskyy (2013). 
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Figure 4-4 shows the delineation of Gully Creek watershed, with identification of all 64 

subbasins and outlets, 32 small ponds (berms), and weather monitoring gauge.  

 

Figure 4-4. Delineation of the Gully Creek Watershed 

 

HRU Determination. The spatial resolution of SWAT simulation is determined by 

the average size of its smallest homogeneous unit – Hydrologic Response Unit (HRU). 

SWAT simulates the hydrologic process for each HRU (subbasin) and then routes the 

water, sediment, and nutrients to the watershed outlet.  HRUs in SWAT is defined by 

three parameters  soil, land-use, and slope characteristics.  
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Soil data needed for HRU definition and for hydrologic simulation in the Gully 

Creek watershed came from Soil Landscapes of Canada online geospatial data, which is 

maintained by Canadian Soil Information Service. It allowed creation of the maps and 

data for soil series in the Gully Creek watershed that were later reclassified into six  

dominant series – Bottom Land, Brady  Sandy Loam, Brookston  Clay Loam, Burford  

Loam, and Clay Loam. These series account for about 93% of the total watershed area. 

SWAT has an extensive plant cover classification system that allowed characterization of 

existing land-use types. The 2010 survey identified 29 land-uses in total. For plant types 

that did not match exactly the SWAT classification system, for example young orchard 

plantation, fallow, and fencerow, an approximation of the closest plant types was made. 

Land slope characterization was based on the same 5x5 m DEM raster used for the 

watershed delineation, resulting in detailed information about land slope distribution in 

the watershed. All land slopes were classified into four major classes – 0-2.0, 2.1-5.0, 

5.1-9.0, 9.1, and larger. The first two slope classes account for 73% of lands in the 

watershed.    

To reduce complexity of the model and increase computational efficiency, the 

original land-use, soil, and slope classifications were further reclassified to control the 

number of HRUs in the subbasins. The number  of HRUs  can be controlled in SWAT in 

three different ways – setting i) dominant land-use, soil and slope, ii) dominant HRU, and 

iii) multiple HRUs. The end result of the first two options is the single HRU for each 

subbasin in the watershed. In the current research, the third approach was used to allow 

creation of multiple HRUs for a subbasin. This approach was implemented by setting a 

threshold for each HRU definition criterion (Table 4-11). Land-use, soil class, and slope 
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class percentages were set at 10%, 20%, and 10%, respectively.  Land-use types, soil 

series, and slope classes that cover less than defined by the thresholds were not included 

in the simulation.    

Table 4-11. Thresholds for HRU Definition 

Parameter Value (%) Source 

Land-use percentage over subbasin area 10 Gully Creek soils 

Soil class percentage over land-use area 20 2011 land-use 

Slope class percentage over soil area 10 2011 LiDAR DEM 

 

Using these thresholds, a total of 518 HRUs, or 8 per each subbasin, were created. The 

average area of HRU is about 2.7 ha, ranging from 0.02 ha to 48 ha. The resulting spatial 

structure of the watershed was fixed for the simulation period of 2002-2010.  

SWAT Calibration  

Calibration refers to adjusting/fitting model parameters to improve the model fit 

(Beven, 2001; Dingman, 2005). Several approaches and a large number of criteria can be 

used for this purpose, as described in extensive literature (Wohling, Samaniego, & 

Kumar, 2013; Moussa, Chahinian, & Bocquillon, 2007; Immerzeel, & Droogers, 2008). 

The approaches differ in choosing calibration sites, type of hydrological processes, 

calibration sequences and criteria. Normally the model calibration is preceded by 

sensitivity analysis of model parameters for the hydrologic process of interest.  Model 

calibration in the current research is based on multi-site manual calibration of water flow, 
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sediment and nutrients loadings. The calibration procedure itself was performed by 

Guelph WEG by applying iSWAT interface, allowing for multi-variable, multi-site, and 

multi-objective calibration (Yang, 2006). The major calibration criteria used were bias, 

Nash-Sutcliffe efficiency, coefficient of variation, and correlation coefficient. The 

following material gives high-level description of the calibration procedure performed by 

Guelph WEG to provide completeness of the setup and preparation process for different 

components of the integrated model.  It covers the information about procedures 

undertaken to calibrate the water flow, sediment and nutrients loads, and shows how it 

relates to the research objectives. 

Water Flow. Flow is determined by surface and subsurface runoff and has a direct 

effect on sediment and nutrients loading into the stream system. The sensitivity analysis 

was conducted for 27 runoff-related model parameters to identify those having the largest 

effects. The first five parameters, which accounted for about 89% of the total variance, 

were used for further calibration. The SCS CN2 parameter alone accounted for about 

57%. Other highly sensitive parameters are soil evaporation compensation factor, soil 

depth, available soil water capacity and snow melt factor, with values of variance 0.732, 

0.393, 0.88, and 0.142, respectively. In addition, taking into account that most of the 

stream flow occurs during March-May, as a result of snowmelt, attention was paid to 

adjusting the parameters responsible for snowmelt such as snowfall temperature, 

snowmelt base temperature, melt factor and snow pack temperature lag factors. The 

calibration was performed at four stations.  The value of the Bias criterion indicates that 

the model modestly underestimated the data at one station (GULGUL2) for the period 

July 12, 2010 to March 31, 2012 and overestimated the observable data for all other 
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periods at all stations.  Nash and Sutcliffe index showed a moderately good fit at daily 

time frequencies and a good fit at monthly frequencies (Figure 4-5). Overall, the 

calibrated model shows good performance in magnitude, peak time, and flow volume 

(Yang, Liu, Simmons & Oginskyy, 2013). 

Sediment Loading.  Sediment load in SWAT simulation comes from two sources 

– sediment yield calculated by MUSLE procedure, and channel erosion/deposition during 

the channel sediment transport phase. To reflect this information the two field edge 

monitoring stations and two mainstream stations were set for simulation purposes. 

Furthermore, the two sets of parameters – covering land and channel erosion process – 

were chosen for the sensitivity analysis and calibration process.  Just as for water flow 

calibration, special attention was paid to the periods of high water flow producing most 

of the erosion and sediment loads.  A total of 15 soil erosion and sediment transport 

parameters were analyzed, and adjusted manually during the calibration process. They 

include MUSLE parameters such as soil erodibility factor (USLE_K), crop factor 

(USLE_C), support practice factor (USLE_P), average slope steepness (SLOPE), and  

average slope length (SLSUBBSN) as reflected by the MUSLE equation given in Chapter 

3. Parameters chosen for the channel sediment transport reflected the  Muskingum 

method chosen for the simulation. In general the MUSLE factors were modified 

(decreased) by 10% and the support practice factor decreased by 25%. In total, the results 

of the calibration showed reasonable fit and are in accordance with the observed data as 

reported by the coefficient of correlation between the observed and simulated data 

(Figure 4-5).  
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Nutrient Loading. Reflecting the research objectives, the model parameters were 

also calibrated for nitrogen and phosphorus loading. Because of the variety of existing 

nitrogen and phosphorus forms, some assumptions were made to relate measured data 

and variables of the hydrologic model. Simulated mineral and organic forms of nutrients 

in particular were related to the measured dissolved and particulate forms. Ten nitrogen 

and eight phosphorus parameters, reflecting the nutrient loading equations presented in 

Chapter 3, were analyzed and calibrated at four monitoring stations. The parameters 

include initial soluble and organic N and P concentrations in the soil layer, organic 

enrichment ratios, percolation coefficients, and mineralization coefficients. The 

parameters were calibrated at four monitoring stations using such criteria as RMSE, CV, 

and CORR. The values of the criteria indicate generally that the simulated results are in 

accordance with measured data. The correlation coefficients are modestly high for both 

nitrogen and phosphorus, ranging from 0.525 to 0.960 (Figure 4-5). The correlation 

coefficients are higher at the in-stream monitoring stations, indicating significant impact 

of runoff and water discharge on the nutrient loading. Coefficients of variations are lower 

for nitrogen ranging from 0.017 to 0.19. The CV, defined as the ratio of the standard 

deviation over the mean,  for total phosphorus is more diverse, ranging from 0.075 to 

0.953. The highest value of CV observed is 0.953.
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Figure 4-5. SWAT Performance for Water Flow, Sediment, Nitrogen and Phosphorus Loads 

Source: Compiled from Yang, Liu, Simmons & Oginskyy (2013). 
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4.3.3 Economic Model Setup and Validation 

Model Setup 

The economic model setup consists of populating the model with data and 

adjusting the parameters to reflect the Gully Creek watershed conditions. Populating the 

model with data involves preparing several datasets including those that are shared with 

the SWAT land-use, straw management, and soil characterization.  Prices and costs are 

datasets used only in the context of the economic model.  

 Land-use data for the economic model is specified by crop sequences for 2008-

2010 as reflected by the field surveys. Land-use characterization is similar to that 

described for the SWAT model, but the data was further reclassified to reflect specifics of 

the economic model and data availability. This refers mostly to such land-uses as grasses, 

pastures, and forages which were reclassified to alfalfa-timothy hay (Table 4-12).  

Straw management characterization was set to reflect the specification, given in 

Chapter 3, of the tillage crop yield impact function. In doing this, the SWAT straw 

management classification, which includes 10 types, was further reclassified into two 

major  methods – straw spreading and straw baling. This reclassification was based on an 

agreed decision rule – the management operations that leave less than or equal to 30% of 

crop residue on the field were used as the indication of straw baling management. On the 

other hand, the operations that leave more that 30% of residues were set as straw 

spreading. 
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Table 4-12. Land-Use Classifications in SWAT and Economic Models 

SWAT Economic Model 

Winter Wheat Winter Wheat 

Corn Corn 

Soybeans Soybeans 

Edible Beans Edible Beans 

Grass Hay Alfalfa-Timothy Hay 

Pasture Alfalfa-Timothy Hay 

Fallow Fallow 

Forages Alfalfa-Timothy Hay 

Barley Barley 

 

 

 The SWAT soil classification table was further reclassified to reflect the 

specification of the Tillage Corn Yield Impact equation, which requires data on soil 

texture. The main criterion used for this was a coefficient of hydraulic conductivity for 

different soil series. Thus, the soils with hydraulic conductivity lower than 2.3 were put 

into the fine soil texture category while the soils with hydraulic conductivity greater than 

13.32 were classified as coarse texture soils. The soils with values that fall between those 
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two thresholds were classified as soils with medium texture. Table 4-13 shows how 

reclassified soil texture classes relate to the dominant soil series in the watershed. 

Table 4-13. Soil Classification in SWAT and Economic Models 

SWAT Economic Model 

Bottom land Fine 

Huron clay loam Medium 

Brookston clay loam Medium 

Burford loam Medium 

Perth clay loam Medium 

Brady sandy loam Coarse 

 

Historic 2008-2010 Ontario crop prices were used to simulate farm revenue and 

the market prices for alfalfa-timothy hay were used as opportunity cost for hay. Crop 

production costs in this study were approximated by Ontario Field Crop Budgets, which 

are differentiated to reflect a type of tillage and straw management. The cost budgets 

were then further adjusted to reflect the research objectives relating to the BMP 

assessment and the Gully Creek watershed conditions. These adjustments refer to 

fertilizer expenditure and yield dependent costs. The fertilizer application rates were set 

to the rates used in the SWAT simulation. Total amount of fertilizers in terms of 

elemental nutrients was then multiplied by its cost for corresponding years, as given in 

Table 4-14.  



156 

 

Table 4-14. Cost of Elemental Nutrients  

Years Nitrogen ($/kg) Phosphorus ($/kg) Potassium ($/kg) 

2008 1.11 1.77 0.61 

2009 2.26 1.80 1.60 

2010 1.05 0.83 1.21 

Source: Calculated from Ontario Field Crop Budgets. 

Crop yield-dependent costs were calculated for the following items – marketing 

fees, trucking, drying, and storage. The calculation was based on the Ontario Field Crop 

Budgets data transformed to per unit of mass measure for corresponding crops and years. 

Cost for red clover as a cover crop was determined based on experts' evaluations. Table 

4-15 shows the assumed production expenditures used to set the economic model. 

Table 4-15.Red Clover Cost Assumptions 

Variable Value 

Seed rate (kg/ha) 8.97 

Seed price ($/kg) 5.51 

Broadcast spreading ($/ha) 9.88 

Crop insurance ($/ha) 7.41 

Source: John Molenhuis-OMAFRA; Greg Stewart-OMAFRA. 

Model Validation 

Validation of the economic model was performed in two phases – validation by 

construction (verification), and validation by results. The verification aimed checking the 

correctness of model code. The validation by results was used to check how closely the 

results of the build model resembled the real-world processes in the Gully Creek 

watershed.   
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Verification. Verification was applied to the methodology of BMP cost evaluation 

presented in Chapter 3 and to the computer code of the model. The cost calculation 

methodology was verified through presentation and discussing at several meetings with 

the ABCA and OMAFRA partners in the context of WBBE (Huron) project. Discussions 

covered the definitions of BMP cost and environmental benefits, the tillage crop yield 

impact function, methods for adjusting the Ontario Crop Cost Budgets, and red clover 

production cost assumptions. The accuracy of the computer code was checked routinely 

for all components and for the model as a whole.  The typical method applied was a 

change parameter experiment, consisting of changing one or several parameters of a 

model and analyzing the corresponding results.  Table 4-16 shows the results of applying 

the change experiment for three parameters – i) increase of corn yield by 15%, decrease 

of fertilizer application rate by 15%, and iii) increase of corn prices by 15%. It shows that 

after the corn yield increased by 15%, the corn revenue also increased by 15%, as 

expected. All the yield-dependent costs also increased by 15%. After the fertilizer 

application rate decreased by 15%, the corresponding costs decreased by 15%. The model 

behaved as expected also after corn price increased by 15%  the revenue increased by 

15% also. All these experiments confirm that the model code operates as expected.  In 

addition, the model results were compared with the BMP costs calculation spreadsheets 

prepared for the project partners as part of the knowledge exchange activities and built 

for the three BMPs of interest – zero tillage, optimum fertilizer application rates, and red 

clover as a cover crop.   

Validation by Results. Validation by results was performed by comparing the 

OMAFRA Field Crop Budgets and the costs simulated by the economic model for the 
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Existing scenario (Figure 4-6). The figure shows that the costs simulated by the model 

are consistent with the OMAFRA Field Crop Budgets for corresponding years. All the 

discrepancies are due to different yield and fertilizer application assumptions between the 

OMAFRA Field Crop Budgets and actual data for the Gully Creek watershed (Table 

4-17). The most systematic differences are observed for fertilizer expenditures. Negative 

signs of differences in fertilizer cost indicate that actual application rates are lower than 

those assumed in the budgets. An example is alfalfa-timothy hay. The OMAFRA Field 

Crop Budgets consider 40-30 kg/ha application rates for phosphorus and potassium, 

whereas farmers in Gully Creek did not apply fertilizers for forage production. The other 

cost differences between the OMAFRA Field Crop Budgets and the economic model are 

due to the differences in assumed crop yields. The OMAFRA estimates use assumed 

target yields that reflect the regional averages, whereas the economic model uses the 

actual crop yields as reflected by the field surveys. This difference affects the production 

cost through such operations as marketing fees, trucking, drying, and storage. Positive 

signs of differences in yield-dependent cost indicate that actual yields for the majority of 

the crops are larger than that assumed in the budgets. Among the six crops of interest 

introduced in Table 4-12, grain corn shows the largest yield differences between 

assumptions and data (Table 4-17). 
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Table 4-16. Results of Verification of the Economic Model 

Parameter ($/ha) Baseline Parameter Change Model Output Change (Percentage Change to Baseline) 

Corn Yield 

Up 15% 

Fertilizer Rate 

Down 15% 

Corn Price 

Up 15% 

Corn Yield Up 

15% 

Fertilizer Rate 

Down 15% 

Corn Price Up 

15% 

Fixed cost 113.17 113.17 113.17 113.17 0.0% 0.0% 0.0% 

Variable cost 1,086.56 1,140.65 1,107.69 1,107.69 5.0% 1.9% 1.9% 

Tractor & machinery fuel 45.01 45.01 45.01 45.01 0.0% 0.0% 0.0% 

Tractor & machinery repair 41.88 41.88 41.88 41.88 0.0% 0.0% 0.0% 

Labour (self or hired) 33.40 33.40 33.40 33.40 0.0% 0.0% 0.0% 

Herbicides 105.85 105.85 105.85 105.85 0.0% 0.0% 0.0% 

Insecticides 0.00 0.00 0.00 0.00    

Fungicides 0.00 0.00 0.00 0.00    

Fertilizers total 219.73 219.73 186.77 186.77 0.0% -15.0% -15.0% 

N 183.25 183.25 155.76 155.76 0.0% -15.0% -15.0% 

P 36.48 36.48 31.00 31.00 0.0% -15.0% -15.0% 

Custom work (fert., pest., 

others) 

44.60 44.60 44.60 44.60 0.0% 0.0% 0.0% 

Marketing fees 4.27 4.91 4.91 4.91 15.0% 15.0% 15.0% 

Trucking 76.06 87.47 87.47 87.47 15.0% 15.0% 15.0% 
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(Table 4-16  

continues) 

Drying 192.75 221.66 221.66 221.66 15.0% 15.0% 15.0% 

Storage 87.57 100.71 100.71 100.71 15.0% 15.0% 15.0% 

Straw operating 0.00 0.00 0.00 0.00    

Operating interest 27.47 27.47 27.47 27.47 0.0% 0.0% 0.0% 

Other operating 207.97 207.97 207.97 207.97 0.0% 0.0% 0.0% 

Cover crop operating 0.00 0.00 0.00 0.00    

Total cost 1,199.73 1,253.83 1,220.87 1,220.87 4.5% 1.8% 1.8% 

Revenue 1,968.31 2,263.56 2,263.56 2,603.09 15.0% 15.0% 32.3% 

Net return ($/ha) 768.58 1,009.73 1,042.69 1,382.22 31.4% 35.7% 79.8% 

Target corn yield (kg/ha) 10,619 12,211 12,211 12,211 15.0% 15.0% 15.0% 
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Validation of Optimization Module 

The following procedures were used to validate the optimization module: i) linear 

dependency test, ii) change of the objective function coefficients, and iii) change of the 

right-hand side of a constraint. 

Linear Dependency. Liner dependency occurs when some equations are linearly 

dependent, as given by Equation 4-1, leading to degeneracy of the basic variables. 

Equation 4-1. Linear Dependence of Row Equations 

,0...2211  mnaaa rrr    

where a1, a2,… an are some scalars, r1, r2,… rm are the row vectors of a linear model, n is 

the number of coefficients, and m is the number of rows. 

Three distinct situations have to be taken into account when checking the optimization 

model for linear dependency  the transpose of the model matrix may be  i) an 

underdetermined system implying the existence of free variables and so the dependency, 

ii) a square matrix with unique solution that can be tested based on the value of the 

matrix determinant, or iii) an overdetermined matrix where dependency can be checked 

by solving the system of equations.  Depending on the scenario, the current optimization 

model can have different numbers of columns and rows, but in any case, the number of 

rows of the transpose of the model matrix exceeds the number of columns, implying the 

case three. 
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Figure 4-6. Comparison of OMAFRA Budgets and Simulated Costs 

-150

-100

-50

0

50

100

0

200

400

600

800

1000

1200

1400

W
h
ea

t

C
o

rn

S
o
y

b
ea

n
s

B
ea

n
s

H
ay

B
ar

le
y

W
h
ea

t

C
o

rn

S
o
y

b
ea

n
s

B
ea

n
s

H
ay

B
ar

le
y

W
h
ea

t

C
o

rn

S
o
y

b
ea

n
s

B
ea

n
s

H
ay

B
ar

le
y

2008 2009 2010

C
o

st
 d

if
fe

re
n
ce

 (
$

) 

T
o

ta
l 

co
st

 (
$

) 

Ferilizer Difference Yield Dependent Difference OMAFRA Model



163 

 

To check the linear dependency of the model equations, the matrix was defined by 

252 columns (126 crop fields with two options – existing and zero tillage) and 131 

equations representing one objective function equation, 126 BMP choice binary 

equations and four environmental constrains. The latter refer to surface runoff, sediment 

yield, nitrogen, and phosphorus load benefits. Taking transpose of the matrix results in a 

252x131 overdetermined system that can be checked by solving the system Ax = 0, 

where A is transpose of the optimization matrix in question and x is the vector of decision 

variables. Solving this linear system in Scilab numeric environment resulted in zero 

solution vector (x252,1). This trivial solution indicates linear independency of the row 

equations of the original optimization matrix.  

Change of the Objective Function Coefficients.  Table 4-18  shows the results of 

testing the change of the objective function coefficients for three randomly selected fields 

– 3, 7, and 9. To check the model behavior, the module was run two times – for the 

unconstrained scenario and for the scenario when the objective function coefficients were 

changed. The results were compared for optimal solutions in terms of the type of BMPs 

chosen. Minimizing the BMP costs in the absence of restrictions results in the solution 

that chooses the land management practice with the largest positive value of the objective 

function, representing the lowest BMP cost. Results given in Table 4-18 confirm this 

expectation. To check the model behavior under changed conditions, the sign of the 

coefficient corresponding to the Three BMPs option for field 3 was changed from 

positive to negative.       
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Table 4-17. Crop Production Cost Validation  

Results Year Winter 

Wheat 

Corn Soybeans Edible 

Beans 

Alfalfa-

Timothy 

Hay 

Barley 

OMAFRA 2008 598 1,151 578 792 862 663 

Model  592 1,184 550 827 773 624 

Difference  -6 33 -28 35 -89 -39 

     Yield 

dependent cost 

 6 67 10 -14 0 -1 

      Fertilizer cost  -11 -35 -38 49 -89 -37 

OMAFRA 2009 773 1,244 662 888 864 761 

Model  740 1,229 578 834 744 703 

Difference  -33 -15 -84 -54 -120 -58 

     Yield 

dependent cost 

 6 70 11 -14 0 -1 

      Fertilizer cost  -39 -85 -95 -40 -120 -56 

OMAFRA 2010 628 1,179 644 783 801 660 

Model  607 1182 591 731 732 618 

Difference  -21 3 -52 -52 -70 -42 

     Yield 

dependent cost 

 6 69 10 -14 0 -1 

      Fertilizer cost  -27 -66 -63 -38 -70 -41 

($/ha) 
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After rerunning the model, the optimal solution moved to the option NMAN NPK Rates 

that was represented by the largest positive coefficient
7
. For field 7, the sign of the 

coefficient for Zero Till changed from negative to positive. The new optimal solution 

correctly reflected this change. In the case of field 9, the positive coefficient for the  Red 

Clover Cover option increased in tree times. After rerunning the model, the optimal 

solution moves to the Red Clover Cover option, as expected. 

Change of the Right-Hand Side of a Constraint. This experiment was performed 

with respect to two parameters – nitrogen and phosphorus load benefits constraints. To 

check the model’s behavior, the three levels of benefit constraints were chosen – 

minimum, maximum, and the average of the two.  As with the change in the objective 

function coefficients experiment, the model was run for the unconstrained and constraint  

scenarios. The results were then compared and analyzed.  Under the unconstrained 

scenario, the model optimal solution was $27,705. Setting the minimum and average 

nitrogen load benefit constraints did not change the optimal solution, indicating that the 

both levels of nitrogen limit are not bounding. Setting the maximum nitrogen constraint 

resulted in a 27% decrease in the objective function value.  Running the model under 

phosphorus constraint showed that the latter is more restrictive than that for nitrogen. The 

average level of constraint caused the objective function value to decrease by 1%, and 

setting the maximum level of the constraint resulted in large losses of net returns. All this 

indicates that the model behaves as expected when the right-hand side of a constraint is 

changed.   

                                                           
7
 The definitions of scenarios given in Section 4.4.1. 
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Table 4-18. Changing the Objective Function Coefficients 

Fields 

 

Comparison 

Scenarios 

 

Parameters 

 

Management Options 

Three BMPs Base 
Red Clover 

Cover 

NMAN NPK 

Rates 
Zero Till 

3 Base BMP Cost 241.52 0.00 0.00 129.62 111.90 

Solution 1 0 0 0 0 

3 Experiment 1 BMP Cost -241.52 0.00 0.00 129.62 111.90 

Solution 0 0 0 1 0 

7 Base BMP Cost -12.74 0.00 5.37 -2.91 -15.19 

Solution 0 0 1 0 0 

7 Experiment 2 BMP Cost -12.74 0.00 5.37 -2.91 15.19 

Solution 0 0 0 0 1 

9 Base BMP Cost -18.51 0.00 4.57 9.95 -33.03 

Solution 0 0 1 0 0 

9 Experiment 3 BMP Cost -18.51 0.00 13.70 9.95 -33.03 

Solution 0 0 1 0 0 
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Table 4-19. Changing the RHS Side of a Constraint 

Type of 

constraint 

Load Benefit 

Constraint 

Right-Hand- 

Side 

Constraint 

(kg) 

Objective 

Value ($) 

Percentage 

Change to 

Unconstrained 

 

Nitrogen 

 

Unconstrained n/a 27,705 0% 

Minimum 1,376 27,705 0% 

Average -2,739 27,705 0% 

Maximum -6,854 20,118 -27% 

Phosphorus 

 

 

 

Unconstrained n/a 27,705 0% 

Minimum 246 27,705 0% 

Average -1759 27,480 -1% 

Maximum -3764 -10,191 n/a 

 

The optimization model was also validated on satisfying the land resource constraint 

under the described above experiments. In all cases the total area under BMP allocation 

was equal 966.5 ha that corresponded to the total crop field area in the watershed. 
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4.4 Integrated Assessment and Optimal Allocation of Selected BMPs in Gully Creek 

Watershed 

4.4.1 Integrated Assessment of Selected BMPs  

The purpose of the BMP assessment is to apply the developed integrated model 

for the evaluation of the selected BMPs in the Gully Creek watershed. The simulation 

also serves as the first stage of BMP cost-efficiency evaluation by producing a field-level 

environmental and economic data to be used as the coefficients for the optimization 

model. The specific objectives of this part of the research is to evaluate: 

 Effects of applying zero tillage to corn. Attention will be paid to the question of 

how the different management activities (preceding crop, straw management) and 

soil conditions affect costs and environmental benefits in terms of surface runoff, 

sediment yield, nitrogen and phosphorus loads. 

 Impacts on the nutrients loading and farm net returns of applying optimum 

fertilizer application rates.  

 Effects on soil water erosion and farm net returns of applying red clover as a 

cover crop.  

 Costs and environmental benefits of applying multiple BMPs in combination. 

 Comparison and ranking of the mentioned BMPs.   

The following four BMP scenarios were constructed to answer these questions (Table 

4-21): the Existing (S-0), Zero Till (S-I), NMAN NPK Rates (S-II), Red Clover Cover 

(S-III), and the Three BMPs (S-IV). All the scenarios were compared to the existing 

(historical) farming conditions  that were used as the reference point. For comparison, all 
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the scenarios are considered identical except for the one component  BMP to be 

evaluated. Thus the Zero Till scenario differs from the existing farming conditions only 

in terms of tillage system; the NMAN NPK Rates scenario differs only in terms of 

nutrient application rates, and so on. The technical details of the BMP characterizations 

and more information about assumptions shaping the scenarios are given in the following 

sections. 

 The results below are produced by running the integrated model in the simulation 

mode (see Chapter 3 for details). Then the economic and environmental benefits 

calculated by the SWAT and the economic module were used for calculating cost-benefit 

ratios. Finally the benefits, costs, and cost-benefit ratios were used to analyze and 

compare the scenarios.  Two approaches, sample unconditional average and conditional 

average, are used and discussed in integrating from field to larger spatial scales.  

Set up and calibration of the SWAT model was performed by the Guelph 

Watershed Evaluation Group (WEG) as a part of the WBBE research project performed 

for Ausable Bayfield Conservation Authority and Ontario Ministry of Agriculture, Food, 

and Rural Affairs (Yang, Liu, Simmons & Oginskyy, 2013). This group performed also 

an extensive simulation of hydrologic effects for the selected BMPs for 2002-2010. The 

results of running the SWAT from the integrated model refer to the 2008-2010 period and 

are consistent with those resulting from the WEG. 
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Existing Scenario 

 Definition. This scenario emulates the historic hydrologic and economic 

conditions for 2008-2010 in the Gully Creek watershed and serves as the baseline for the 

BMP scenarios. These conditions are summarized in Table 4-20. In particular, the 

Existing scenario is characterized by historic crop sequences, yields, tillage, fertilizer 

application, price and cost conditions. Running the model for a three-year period allows 

us to generalize the results and draw conclusions. To avoid unnecessary complications, 

only six major crops introduced in Table 4-12 were used in the simulation. The existing 

system assumes the historic tillage system that already is based on zero tillage for 

soybeans and winter wheat (Table 4-20). 

Table 4-20. Specification of the Existing Scenario 

Parameter Assumptions 

Cropping system Historic 2008-2010 (corn, soybeans, edible beans, winter 

wheat, barley, alfalfa-timothy hay) 

Target yield Historic 2008-2010 

Tillage system Corn: conventional, soybeans: zero tillage, edible beans: 

conventional, winter wheat: zero till, barley: conventional 

Fertilizers Historic 2008-2010 application rates 

Prices Ontario historic crop prices for 2008-2010 

Costs OMAFRA Field Crop Budgets  (excluding cost of fertilizers 

and yield dependent costs) 

Residue management Historic 2008-2010 
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Table 4-21. BMP Scenarios Evaluated for the Gully Creek Watershed 

Scenarios Characterization 

Crop System Seeding and 

harvesting 

Tillage Fertilizer Cover Crop 

Existing (S-0) Historic crop 

sequence 

Historic 

practices 

Historic 

tillage 

practices 

Historic NPK 

application 

rates 

Historic cover 

crop practices 

Zero Till (S-I) Historic crop 

sequence 

Historic 

practices 

Zero tillage  Historic NPK 

application 

rates 

Historic cover 

crop practices 

NMAN NPK 

Rates (S-II)  

Historic crop 

sequence 

Historic 

practices 

Historic 

tillage 

practices 

NMAN NPK 

application 

rates 

Historic cover 

crop practices 

Red Clover 

Cover (S-III) 

Historic crop 

sequence 

Historic 

practices 

Historic 

tillage 

practices 

Historic NPK 

application 

rates 

Winter wheat 

underseeded 

with red clover 

in soybeans-

wheat-corn 

rotation 

Three BMPs 

(S-IV) 

Historic crop 

sequence 

Historic 

practices 

Zero tillage  NMAN NPK 

application 

rates 

Winter wheat 

underseeded 

with red clover 

in soybeans-

wheat-corn 

rotation 
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The fertilizer application is based on the historic application rates and comes from the 

field survey.  The missing data are filled with the assumed regional average rates as given 

in previous sections.  Price and cost information comes from the official OMAFRA’s 

published data and experts’ assumptions, as explained already. 

 Results. Table 4-22  shows the watershed average results of running the SWAT 

and the economic model for the processes of interest – surface runoff, sediment yield, 

nitrogen and phosphorus loads, and farm net returns. Average surface runoff accounts for 

409 mm or about 30% of total runoff. The rest of water – about 70%  enters the stream 

system as subsurface runoff (Yang, Liu, Simmons & Oginskyy, 2013). The largest 

contribution to the surface runoff in the Gully Creek watershed occurs during end of 

February and early March and in November-December. The spring runoff results mostly 

from winter rainfall and snowmelt, and fall runoff mostly from rainfall (Yang, Liu, 

Simmons & Oginskyy, 2013). In both cases the runoff peaks coincide with low 

evapotranspiration, which, in combination with more or less uniform precipitation, 

creates excessive amounts of water. Sediment yield before the stream accounts for  above 

2 tonnes per hectare. The seasonal pattern of sediment yield resembles that for the surface 

runoff – occurring mostly during early spring and late fall periods. Total nitrogen load 

accounts for about 48 kg per hectare. Most of the nitrogen – about 70% – occurs in 

dissolved forms, while the rest comes in particulate form that enters the stream system as 

a part of sediment (Yang, Liu, Simmons & Oginskyy, 2013).   The phosphorus load 

accounts for about 9 kg per hectare.  Most of the phosphorus – 70% – comes in 

particulate form as a part of sediment, while  30% enters the stream system in dissolved 

form. The linear dependencies of the hydrologic processes of interest can be observed in 
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the coefficient of correlation. Thus, correlation between the surface runoff and all other 

hydrologic processes accounts for about 0.6-0.9, which tells us about their linear 

dependence from the surface runoff.. The coefficient of variation ranges from 0.3 for 

surface runoff to 0.6 for sediment yield, a variation due mostly to a combination of 

seasonal temporal variation and field-level spatial variation.  

 

Figure 4-7. Existing Scenario (2008-2010)
8
  

Note: SRUNOFF: surface runoff (mm), SEDYLD: sediment load (tonne x 100 per ha), 

TN: total nitrogen (kg x 10 per ha), TP: total phosphorus (kg x 10 per ha), BMPCOST: 

BMP cost ($ per ha)  

                                                           
8
 The scaling is made to easy visual representation of the results. 
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Assuming the results follow a normal distribution and we want them to stay in the 95% 

confidence interval, the corresponding coefficient of variation benchmark is about 50%. 

The results with the coefficient of variation larger than 50% are considered as having  

high variability in this research. 

The average farm net return in the watershed accounts for $568 per hectare. 

Unlike the hydrologic results, it does not have a seasonal pattern but it has an yearly time 

trend – the net return tends to increase in 2010 due to crop price factor. Cost of 

production structure under the existing condition is shown in Table 4-23. 

Table 4-22. Parameters of Interest under the Existing Conditions (2008-2010) 

 Average Min  Max Standard 

Deviation  

Coefficient 

of Variation 

Coefficient of 

Correlation 

Surface runoff (mm) 416 0 512.6 125 0.3 1.0 

Sediment yield (t/ha) 2 0.0 5.6 1.6 0.6 0.6 

Total nitrogen (kg/ha) 48 0.0 67.0 19.3 0.4 0.9 

Total phosphorus 

(kg/ha) 

9 0.0 16.9 4.7 0.6 0.7 

Net return ($/ha) 568 -230.1 959.5 345.4 0.6 0.7 

 

Variable and fixed costs account for about 88% and 12% of total costs, 

respectively. The major components of the variable cost are fertilizers (14.7%), 

herbicides (10.4%), and machinery (7.8%). Yield-dependent variable cost accounts for 
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about 20%. Average crop revenue accounts for about $1,368 per hectare. On average, the 

coefficient of variation accounts for about 0.6, which is larger than that for most 

hydrologic processes.   

At the farm level, the results are less volatile because of the averaging effect. The 

coefficient of variation for hydrologic processes is reduced by 0.1-0.3 points (Table G-1). 

The coefficient of variation for farm net returns decreased on average by 0.3 point. 

Aggregating the results to subbasin level shows that the variation tends to increase 

compared with that at the farm level. This is because the number of subbasins in the 

watershed is larger than number of farms in 3.6 times. Because the average area of a 

subbasin is smaller than the average area of a farm, it lowers the averaging effect. The 

variability at the subbasin level is still lower than that at the field level on average for 

almost all processes of interest except for sediment yield and phosphorus loads, which  

appeared to be larger than at field level. The simulated values of hydrologic and 

economic processes will be used as the baseline to calculate the benefits of different BMP 

scenarios presented in the following sections. 
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Table 4-23. Existing Cost of Production Budget (2008-2010) 

Parameter Value Percent of Total Cost 

Fixed cost ($/ha) $93.56 11.7% 

Variable cost ($) $706.50 88.3% 

   Tractor & machinery fuel $30.35 3.8% 

   Tractor & machinery repair $32.23 4.0% 

   Labour (self or hired) $24.28 3.0% 

   Herbicides $83.44 10.4% 

   Fertilizers $117.98 14.7% 

   Custom work (fert., pest., others) $60.82 7.6% 

   Marketing fees $5.54 0.7% 

   Trucking $42.25 5.3% 

   Drying $73.18 9.1% 

   Storage $36.93 4.6% 

   Straw operating $0.09 0.0% 

   Operating interest $20.24 2.5% 

   Other operating $179.03 22.4% 

Total cost ($/ha) $800.06 100.0% 

Revenue total ($/ha) $1,368.05  

Net return ($/ha) $567.99  
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Zero Till  

Definition. This scenario reflects the existing historical conditions except for one 

element – the tillage system is assumed to be zero tillage for all crops. Characterization of 

the tillage system is performed as described in the previous sections and is based on using 

the generic zero tillage in the fall period and no tillage during the spring. The generic 

zero tillage is based on one-time use of a direct planter combined with a disk and 

cultivator. Furthermore, the Tillage Corn Yield Impact equation is used to evaluate the 

impacts of zero tillage on corn yield and revenue. The benefits under this scenario are 

calculated by comparing its results with the existing conditions that serve as the reference 

point. All other conditions  fertilizer application, straw and harvest management – are 

assumed identical for the two scenarios. 

Results. Simulation shows that applying zero tillage produces multiple effects on 

various environmental and economic processes.  The directly affected hydrologic 

processes are surface runoff and its related sediment and nutrient loading into the stream 

system. Thus the surface runoff decreases by about 2%, sediment yield by 37%, and total 

nitrogen and phosphorus loads decrease by 1 and 46% compared with the Existing 

scenario, respectively (Table 4-24).  Applying the zero tillage also indicates a loss of net 

returns of about $11/ha, or 2% on average. The losses occur because the losses in farm 

revenue ($34/ha) overweigh the savings in production cost ($23/ha). The latter accounts 

for the decrease in equipment and labour cost associated with applying zero tillage. All 

the resulting cost-benefit ratios are of positive sign, indicating the amount of net return 

losses associated with one unit of environmental benefits. Thus, applying zero tillage to 

reduce sediment loading by one tonne accounts for about $13 of losses of net return on 
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average. The losses of net return to reduce nitrogen and phosphorus loading account for 

about $48/kg and $3/kg, respectively. 

The variability of the results appears to be high, as confirmed by the standard 

deviations and coefficients of variation (Table 4-24, Figure 4-8). High variability of the 

results is observed for nitrogen  benefits and BMP cost at 12.89 and 1.6, respectively. 

The variability of hydrologic results can be explained mostly by the climate and 

economic results can be explained by variability of crop yields, type of preceding crop, 

and the existing prices and production costs.  The coefficients of variation for surface 

runoff and sediment benefits are lower and account for 0.87 and 0.89. The shape and 

magnitude of variability of the resulting cost-benefit ratios is determined by the 

variability of economic benefits, which is higher for almost all hydrologic processes, 

except nitrogen loads. High variability of the cost-benefit ratios can be also observed 

from Figure 4-8. The practical implication of this is that if the high variability of the 

integrated effects is of concern, then the factors affecting the variability of economic 

effects have to be explored first. 

The existing linear functional relationships can be revealed through a  correlation 

coefficient between surface runoff and other variables. A high positive correlation exists 

between the surface runoff and sediment yield (0.81) and phosphorus benefits (0.82). 

Both results indicate a dependence of erosion process and phosphorus load on the surface 

runoff. This is because most of the phosphorus in the Gully Creek watershed is 

particulate that can move easily with sediment.   
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Table 4-24. Zero Till Corn Assessment (field level; 2008-2010) 

 Average Min Max Standard 

Deviation 

Coefficient 

of Variation 

Coefficient 

of 

Correlation 

Surface 

runoff (mm) 

-6.99 -25.07 1.44 6.08 -0.87 1.00 

Sediment 

benefits 

(t/ha) 

-0.90 -3.10 0.02 0.80 -0.89 0.81 

Nitrogen 

benefits 

(kg/ha) 

-0.23 -13.52 10.06 2.98 -12.79 0.09 

Phosphorus 

benefits 

(kg/ha) 

-3.89 -10.93 0.00 3.08 -0.79 0.82 

BMP cost 

($/ha) 

-11.23 -46.36 28.50 18.01 -1.60 0.16 

Cost-runoff 

ratio 

1.6 -65.8 226.5 27.6 17.2 1.0 

Cost-

sediment 

ratio 

12.5 -8,034.1 2,879.5 873.0 70.0 -0.5 

Cost-

nitrogen 

ratio 

48.2 -55,788.9 2,214.6 4,990.1 103.5 -0.3 

Cost-

phosphorus 

2.9 -174.6 483.5 55.6 19.3 0.1 
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The correlation between the surface runoff and nitrogen load is very low  0.09. The 

possible explanation for this is that most of the nitrogen comes in soluble form and has 

high mobility through the soil profile. Because zero tillage increases water retention, 

more water, and therefore more soluble nutrients, percolate through the soil and 

consequently enter the stream network. 

            Aggregating the results from a field to a farm level results in smoothing of the 

variability of the process causing the coefficients of variation for all environmental and 

economic benefits decrease by 0.1-2.6 points (Table H-2). The variations of the related 

cost-benefit ratios decrease even more that can be partially explained by the fact that the 

effect of averaging is greater for more volatile series – represented in this case by the 

BMP costs. Because the latter is the numerator of the cost-benefit ratios, the BMP cost 

series dominates the magnitude and shape of the cost-benefit ratios. Aggregating to the 

subbasin level does not produce the smoothing pattern described for the farm level, the 

reason being that the areas of individual subbasins are smaller than those of farms (Table 

H-3). As a result, the variability of the processes for individual subbasins are larger of 

that for farms.                       
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Figure 4-8. Distribution of the BMP Costs  in the Watershed (Zero Till; $/ha; 2008-2010) 

 

Until now, aggregating field results to larger spatial scales was based on their area 

(spatial weights). The averages calculated in this way can be interpreted as the spatial 

impacts of applying specific BMP. For example, a watershed average value of cost-

sediment ratio tells us that under the specified assumptions and data, if zero tillage is 

chosen to mitigate water erosion, then on average $11 loss of farmer profit is expected 

per tonne of reduced sediment yield. If the simulation is run for a relatively long period  
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at least the length of the underlying crop rotation  then the results can also be interpreted 

as the long-term watershed impacts.  

In some situations, more specific information is required. For example, a policy 

maker might be interested in the results of applying a BMP on fields for only specific 

crops or for some soil conditions. Technically this requires a conditional averaging as 

opposed to the unconditional averaging presented above. In this research, the conditional 

averaging based on the affected fields only, types of preceding crops, and straw 

management was used to examine the process more deeply (Table 4-25). Thus, 

considering only the corn fields instead of all agricultural lands, we find even greater 

reduction of the net returns  about $35/ha on average. This is more than three times 

difference of the unconditional average, and reflects the portion of corn in the area of 

agricultural lands.  The simulated net returns range from positive $45/ha to negative 

$139/ha. Dispersion of the results as given by standard deviation accounts for $56/ha. 

The coefficient of variation reaches about 1.6. Both the value of the standard deviation 

and the coefficient of variation indicate high variability of the results. The environmental 

benefits appeared to be lower of than those for the unconditional average. The sediment 

benefits decreased from 0.9 t/ha to 0.5 t/ha, and phosphorus benefits decreased from 3.9 

kg/ha to 2.6 kg/ha. The study also shows that nitrogen load increases mainly because of 

increased subsurface flow (Yang, Liu, Simmons & Oginskyy, 2013).     

The changes are also reflected in the values of the cost-benefit ratios. The cost-

sediment ratio increases from $12.5/t to $66.5/t and cost-phosphorus ratio increases from 

$2.9/kg to $13.7/kg. The cost-nitrogen ratio, on the other hand, switches from positive 
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$48.2/kg to negative $38.1/kg, meaning that about $38 is lost when increasing the 

nitrogen load by one kg.  

Taking into account the preceding crop and straw management for the preceding 

crop, we find that the effects depend on how the BMP is implemented. Applying zero till 

to corn placed after wheat with straw spreading yields the largest BMP cost because of 

large negative impact of zero till on corn yield. This practice also results in lower 

environmental benefits, given the fact that straw spreading is likely to further increase 

subsurface runoff. The increased values of cost-benefit ratios indicate that using this 

practice causes even more cost in reducing sediment and phosphorus load  $184.5/t and 

$31/kg for sediment and phosphorus, respectively. In addition, with increased subsurface 

runoff, the nitrogen loads appear to increase when straw is spread on a field. Switching to 

straw baling allows a reduction in some BMP costs and increasing benefits, making them 

comparable to the results of averaging for the corn fields only. In particular, BMP cost 

drops from $77/ha to $25/ha.  The most significant change under this practice is for the 

nitrogen load, which decreases from positive $0.8/kg to negative $1.9/kg and indicating 

that the nitrogen load decreased under this option. Encouraging results are received when 

corn is sown after soybeans. This practice is likely to increase the net return, making the 

practice profitable. 
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Table 4-25.  Zero Till Corn Assessment under Different Types of Averaging 

 Watershed  

Average 

Corn Fields Only 

Average Corn after 

Wheat with 

Straw 

Spreading 

Corn after 

Wheat 

with Straw 

Baling 

Corn 

after 

Soybean

s 

Number of observations 378 110 40 3 40 

BMP cost ($/ha) -11.23 -35 -77 -25 31 

     Min -46.36 -139 -139 -25 0 

     Max 28.50 45 44 -25 45 

     Standard deviation 18.01 56 49 0 13 

     Coefficient of variation -1.60 -1.59 -0.63 0.00 0.44 

Sediment benefits (t/ha) -0.90 -0.5 -0.4 -0.5 -0.6 

     Min -3.10 -3.7 -2.4 -0.8 -3.7 

     Max 0.02 0.0 0.0 -0.4 0.0 

     Standard deviation 0.80 0.8 0.6 0.2 0.8 

     Coefficient of variation -0.89 -1.47 -1.43 -0.47 -1.42 

Nitrogen benefits (kg/ha) -0.23 0.9 0.8 -1.9 -0.4 

     Min -13.52 -11.7 -6.8 -3.1 -11.7 

     Max 10.06 14.2 14.2 -1.5 14.1 
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( Table 4-25 continues) 

     Standard deviation 2.98 4.1 3.9 0.8 4.4 

     Coefficient of variation -12.79 4.41 4.70 -0.42 -11.02 

Phosphorus Benefits 

(kg/ha) 

-3.89 -2.6 -2.5 -2.0 -3.0 

     Min -10.93 -16.0 -13.3 -3.5 -16.0 

     Max 0.00 0.0 0.0 -1.6 0.0 

     Standard deviation 3.08 3.0 2.8 0.9 3.7 

     Coefficient of variation -0.79 -1.18 -1.13 -0.45 -1.24 

Cost-sediment ratio 12.47 66.5 184.5 53.9 -52.3 

Cost-nitrogen ratio 48.22 -38.1 -94.0 13.5 -76.5 

Cost-phosphorus ratio 2.9 13.7 31.1 12.5 -10.2 
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Because the environmental benefits under this practice are comparable to placing corn 

after wheat with straw baling, the calculated cost-benefit ratios indicate that this option 

may be preferable. Thus, the value of the cost-sediment ratio indicates that about $52 are 

saved while decreasing the sediment load by one tonne per hectare. The saving from 

reducing phosphorus loads is about $10/kg and the savings from reducing nitrogen loads 

is $77/kg. The results are subject to uncertainty, as can be inferred from the values of 

standard deviation and coefficient of variation. In addition, the results for corn placed 

after soybeans should be treated with caution, given the small number of observations. 

Spatial Patterns. Under the Zero Till scenario, about 54% of total crop field area 

has a negative BMP cost (Table 4-26). The area where the BMP cost is positive accounts 

for about 26%. The remaining area represents the fields where zero tillage is already in 

practice under the existing conditions. Most of the area with a negative BMP cost – 61% 

– is located in the upper watershed, whereas a positive BMP cost occurs predominantly in 

the lower watershed, that is, in 68% of the crop field area
9
 (Table 4-27). Such a pattern 

has the deterministic cause – soil texture and its impacts on crop yield under zero tillage 

in Ontario. In particular, zero tillage on the soils with medium and good drainage 

conditions have smaller negative impacts on crop yields, and therefore on the net returns. 

Such soils, sandy loam in particular, are located mostly in the lower part of the 

watershed, and determine the spatial pattern of positive BMP costs. 

 

 

                                                           
9
 See Figure 4-9  for the definition of the terms of lower watershed and upper watershed. 
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Table 4-26. Distribution of the BMP Effects in the Watershed by Sign (Zero Till) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Ha % Ha % Ha % Ha % Ha % 

< 0 523 54% 240 25% 240 25% 386 40% 252 26% 

0 192 20% 192 20% 192 20% 192 20% 192 20% 

> 0 252 26% 534 55% 534 55% 389 40% 523 54% 

Total 967 100% 967 100% 967 100% 967 100% 967 100% 

 

Table 4-27. Distribution of the BMP Effects in the Watershed by Sign and Location (Zero Till) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Lower
10

 Upper
11

 Lower Upper Lower Upper Lower Upper Lower Upper 

< 0 39% 61% 71% 29% 71% 29% 41% 59% 68% 32% 

0 49% 51% 49% 51% 49% 51% 49% 51% 49% 51% 

> 0 68% 32% 38% 62% 38% 62% 56% 44% 39% 61% 

 

Table 4-28. Distribution of the BMP Effects in the Watershed by Location and Sign (Zero Till) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper 

< 0 44% 64% 36% 14% 36% 14% 33% 46% 36% 16% 

0 20% 20% 20% 20% 20% 20% 20% 20% 20% 20% 

> 0 36% 16% 43% 66% 44% 66% 46% 34% 44% 64% 

                                                           
10

 Lower stands for the lower watershed 
11

 Upper stands for the upper watershed 



188 

 

On the environmental side, applying zero tillage results that most of the crop field area – 

56-100%  shows negative environmental benefits, meaning decreasing of the pollution. 

The negative nitrogen load benefits have the smallest spatial impact  56%, and the 

negative phosphorus benefits have the largest at up to 100% of the crop field area. All the 

negative environmental benefits, except for the nitrogen loads, are distributed in 

approximately equal proportions between the lower and upper watersheds. The 

distribution of the nitrogen load benefits shows a different pattern:  the negative benefits 

are observed mostly in the lower watershed, which is 63% of area, and positive benefits 

indicating pollution  are observed mostly in the upper watershed, which is about 70% of 

the area (Table 4-26  Table 4-28).The environmental impacts per unit area are generally 

larger in the upper watershed. The deterministic patterns of the sign and distribution of 

the environmental benefits are the results of the SWAT methodology – the SCS Curve 

method for surface runoff and the MUSLE method for sediment yield, both of which take 

into account the soil characteristics and land slopes. Steeper slopes in the upper 

watershed are one of the factors that cause larger surface runoff, sediment, and 

phosphorus load effects. In addition to the slope and soil texture, the distribution of the 

nitrogen benefits depends also on subsurface flow. The latter causes a distortion of the 

spatial patterns of benefits observed for surface runoff, sediment yield and phosphorus 

load.   

 The resulting signs and distribution of the cost-runoff, cost-sediment, and cost-

phosphorus ratios are influenced by the sign of the BMP cost, making them positive on 

more than 50% of the area of the crop fields. This positive sign pattern is predominant 

mostly for the lower watershed, which is 68-71% of the crop field area (Figure 4-9).  The 
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cost-nitrogen ratios do not exhibit this general pattern splitting between negative and 

positive signs and distributed approximately equally between the lower and upper 

watersheds.   

The revealed patterns of cost-benefit ratios  predominantly negative signs in the 

lower watershed and positive in the upper  allow us to make several conclusions. First, 

in addition to the previous observation that the effects of a BMP depend on its 

implementation method, it is observed that the effects also depend on the place where the 

BMP is applied. For the case of zero tillage, applying the practice on soils with good 

drainage conditions most likely will  result in increased net returns, as the opposite to 

applying the practice on soils with poor drainage characteristics. In addition, the 

economic and environmental effects, as we saw especially for surface runoff, sediment, 

and phosphorus yields, can go in the same direction but at different rates. Although the 

environmental effects under zero tillage are larger in the upper watershed, the sign and 

values of the integrated effects show that it is still more efficient to apply the practice in 

the lower part of the watershed because the application of practice is actually profitable 

there. 
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Figure 4-9. Distribution of the Cost-Benefit Ratios in the Watershed (Zero Till; 2008-2010)

Upper watershed Lower watershed 
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In conclusion, applying zero tillage to corn as a method of reducing water erosion 

and nutrient pollution is expected to cost on average $12.5/t, $48.2/kg, and $2.9/kg for 

sediment, nitrogen, and phosphorus loads, respectively. The costs occurs because of the 

decrease in corn yield, so the revenue at $33.51/ha exceeds the savings in the operational 

expenditures at $22.28/ha. The results depend on implementation of the practice. 

Applying zero tillage to corn sown after soybeans appears to be profitable and can 

increase farmers net return while decreasing negative environmental impacts.   This 

suggests that a soybean-corn rotation may well be preferable to soybean-wheat-corn 

rotation if farmers want to apply zero tillage corn as a BMP. The results are subject to 

significant variability that is persistent for all the spatial levels. The results of applying 

zero tillage revealed some spatial patterns in distribution of economic, environmental, 

and integrated effects. Thus, most of the area with a negative BMP cost (61%) meaning 

losses of farm net return is located in the upper watershed and positive BMP cost occurs 

predominantly in the lower watershed. The environmental benefits are mostly of negative 

sign meaning reducing surface runoff, sediment, and nutrient loads are distributed in 

approximately equal proportion between upper and lower watersheds. As the result, the 

negative cost-benefit ratios occur mostly in the lower watershed, whereas the positive 

ratios are observed mostly in the upper watershed. 
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Figure 4-10. Zero Till Corn Assessment under Different Types of Averaging 

Watershed average All corn fields After wheat (spreading) After wheat (baling) After soybeans

BMP cost ($/ha) -11.23 -35 -77 -25 31

Cost-sediment ratio 12.47 66.5 184.5 53.9 -52.3

Cost-nitrogen ratio 48.22 -38.1 -94.0 13.5 -76.5

Cost-phosphorus ratio 2.9 13.7 31.1 12.5 -10.2
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NMAN NPK Rates  

Definition. This scenario evaluates the impacts of optimum fertilizer application 

rates as opposed to the existing scenario. It targets assessment of the impacts of new 

nutrient rates on farm profitability and environment pollution. Calculation of the 

optimum rates is performed by a WBBE’s (Huron) partner  Kevin McKague
12

 using 

OMAFRA’s NMAN software and drawing on the relevant  field-level information 

(NMAN Software, 2013).  Most of the nutrient application and agronomic data on 

existing application rates came from the field surveys, with the missing information filled 

by the regional nutrient application rates. By assumption, the new application rates aim 

the existing historic yields. In this way, it is possible to eliminate the effect of fertilizer on 

crop yield and concentrate on environmental and fertilize cost impacts. All other 

management assumptions are identical to those for the Existing scenario. 

Results. Unlike zero tillage – which affects runoff, sediment yield, and other 

environmental processes – fertilizer application rates affect mostly the nutrient cycle in 

the watershed. The problem can be viewed simply as evaluation of changes in amounts of 

nutrients – nitrogen and phosphorus  that enter the stream system and changes in the 

fertilizer expenditure due to the new application rates. It is noteworthy that nitrogen and 

phosphorus follow somewhat different paths. The new nitrogen rates affect mostly the 

amount of soluble nitrogen, whereas the new phosphorus rates affect mostly particulate 

phosphorus entering the stream system with sediment (Yang, Liu, Simmons & Oginskyy, 

2013).  

                                                           
12

 Kevin McKague is with the Ontario Ministry of Agriculture, Food and Rural Affairs. 
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Applying the new nutrient application rates led to a decrease in the amount of 

nitrogen applied in the watershed by 8% and amount of phosphorus by 47% on average
13

.  

As the SWAT results show, this causes about 2 kg/ha decrease of nitrogen load into the 

stream system (Table 4-29). Neither phosphorus nor surface runoff and sediment load 

benefits change significantly compared with the existing conditions. The main reason for 

this is that, unlike the conservation tillage, the change in nutrient application has no direct 

impact on the surface runoff process. Also, decrease in average amount of nutrients 

applied to fields allows a $23/ha decrease in expenditures on commercial fertilizers 

which are differ among the crop fields (Figure 4-11). The resulting cost-nitrogen ratio is 

about 11/kg, indicating that the new fertilizer application rates results in savings of about 

$11 for each kg of nitrogen load reduced. Comparing the cost-nitrogen ratios for Zero 

Till and NMAN NPK Rates scenarios reveals that if the nitrogen load into stream system 

is of major concern, then the new application rates are more cost-effective and are 

preferable given the cost-benefit ratio as a criterion.  

Aggregating the results to farm and subbasin levels shows the smoothing pattern 

observed for the Zero Till scenario. The variability in the BMP costs, benefits, and the 

ratios at farm level remains high but are lower compared with the field level. The extreme 

values of the BMP costs range from positive $62/ha to negative $8/ha (Table I-2). 

                                                           
13

 Research shows that that providing self-protection and yield risk reduction are among the main reasons 

of fertilizer over-application by farmers. Please see Paulson & Babcock, 2010, for example. 
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Table 4-29. NMAN NPK Rates Assessment (field level; 2008-2010) 

 Average Min Max Standard 

Deviation 

Coefficient 

of Variation 

Coefficient 

of 

Correlation 

Surface 

runoff (mm) 

-0.01 -2.50 0.84 0.52 -51.15 1.00 

Sediment 

benefits 

(t/ha) 

-0.01 -0.21 0.16 0.04 -4.93 0.16 

Nitrogen 

benefits 

(kg/ha) 

-2.03 -13.14 14.34 4.28 -2.11 -0.79 

Phosphorus 

benefits 

(kg/ha) 

-0.04 -0.67 0.54 0.12 -2.92 0.12 

BMP cost 

($/ha) 

22.69 -55.75 85.89 24.02 1.06 0.19 

Cost-runoff 

ratio 

-2,233.3 -228,426.4 33,003.9 20,753.3 -9.3 1.0 

Cost-

sediment 

ratio 

-2,580.3 -731,500.0 20,330.0 68,016.4 -26.4 0.0 

Cost-

nitrogen 

ratio 

-11.2 -295.0 595.3 68.0 -6.1 -0.1 

Cost-

phosphorus 

-543.7 -90,187.3 9,216.6 11,147.0 -20.5 -0.1 
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The coefficient of variation for BMP cost is slightly lower (0.06 points) compared with 

the field level but remains high. The variation in environmental benefits and cost-benefit 

ratios depends on the process but remains high in general.  The results aggregated to the 

subbasin level showed higher variability compared with those described for the farm 

level and somewhat comparable with the field level. The BMP costs range from $-19/ha 

to $64/ha. The standard deviation and the coefficient of variation amount to $0.9 and 0.2, 

respectively (Table I-3). 

This research also considered the conditional averaging of the results – applying 

the new rates only to corn fields. The results are summarized in Table I-4  and show that 

the conditioning does not have as great an impact as the zero tillage. Thus, the most 

affected environmental process is nitrogen load benefits accounting for about 1.6 kg per 

hectare, which is close to the unconditional results. The net return savings are 

significantly larger, however, indicating over-application of the nutrient on the majority 

of corn fields in the watershed. The resulting cost-nitrogen ratio is about two times larger 

than that for the unconditional averaging, and reaches $24.3 per each kg of reduced 

nitrogen load. This is an encouraging result, but it has to be treated with caution because 

of high variability reflected in the standard deviation and coefficient variation  88.9 and 

-3.7, respectively. 
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Figure 4-11. Distribution of the BMP Costs in the Watershed (NMAN NPK Rates; $/ha; 

2008-2010) 

Spatial Patterns. Under the NMAN NPK Rates scenario, about 83% of the crop 

field area has positive BMP costs which are distributed in the proportion 49-51 between 

the lower and upper watersheds (Table 4-30  Table 4-32) Because the BMP has a 

limited impact on the surface runoff, sediment, and phosphorus yield effects, the 

distribution of those effects in the watershed does not show clear patterns. The portion of 

land with negative nitrogen effects is about 85% of the total field crop area, and the 

effects are distributed between the lower and upper watersheds in approximately the same 

proportion as for the BMP costs – 49-51. The remaining 15% of the area of the crop 

fields is distributed between positive at 10% and zero effects at 5%, respectively.  
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Table 4-30. Distribution of the BMP Effects in the Watershed by Sign (NMAN NPK Rates) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Ha % Ha % Ha % Ha % Ha % 

< 0 112 12% 289 30% 537 56% 751 78% 557 58% 

0 48 5% 48 5% 48 5% 48 5% 48 5% 

> 0 807 83% 629 65% 381 39% 168 17% 361 37% 

Total 967 100% 967 100% 967 100% 967 100% 967 100% 

 

Table 4-31. Distribution of the BMP Effects in the Watershed by Sign and Location (NMAN NPK Rates) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper 

< 0 45% 55% 48% 52% 62% 38% 45% 55% 58% 42% 

0 49% 51% 49% 51% 49% 51% 49% 51% 49% 51% 

> 0 49% 51% 49% 51% 30% 70% 67% 33% 34% 66% 

 

Table 4-32. Distribution of the BMP Effects in the Watershed by Location and Sign (NMAN NPK Rates) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper 

< 0 11% 12% 29% 30% 71% 41% 71% 84% 69% 47% 

0 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 

> 0 84% 83% 66% 65% 24% 54% 24% 11% 26% 48% 
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Figure 4-12. Distribution of Cost-Benefit Ratios in the Watershed (NMAN NPK Rates; 2008-2010) 
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The correlation between the BMP cost and nitrogen benefits is -0.46, indicating some 

degree of linear association between the positive BMP costs and negative nitrogen 

benefits, caused by reduced nitrogen application rates. The corresponding correlation 

coefficients for the lower and upper watersheds are -0.42 and -0.52, respectively. As a 

result, the distribution of cost-nitrogen ratios correlates with changes of nitrogen 

application rates; in particular the negative ratios are caused mostly by decreased nitrogen 

application rates. 

 

In conclusion, applying the NMAN NPK rates is expected to create nitrogen load 

benefits and increase farm net returns by $23/ha on average. The increased farm return is 

due to decreased expenditures on commercial fertilizers. The resulting cost-nitrogen ratio 

of $11/kg reveals that applying the new application rates increases the farm net return by 

about $11 for each kg of reduced nitrogen load.  Applying the new nutrient rates to corn 

alone yields an even  greater cost-nitrogen ratio at  $24 per kg of decrease nitrogen load. 

One of the reasons for that increase is that the higher application rates for corn are likely 

to create larger over-application of the fertilizers under the existing conditions. The 

results are subject to significant spatial variability that does not show clear patterns for 

the economic and environmental effects. Another observation is that unlike in the 

previous scenario, nutrient management BMP does not involve investments and 

additional expenditures for the farmer. It is based on more complete utilization of the 

information to avoid wasting resources and pollution of the environment. An implication 

is that this BMP can be relatively easily implemented in practice. 
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Red Clover Cover 

Definition. The Red Clover Cover  scenario deals with the assessment of using red 

clover as a cover crop to increase soil protective properties and fertility. The main 

questions to be answered are: i) are legume crops an effective means of decreasing 

nutrient loadings into the stream system? and ii) to what degree is the cover crop 

production cost offset by the savings due to nitrogen credits associated with legume 

crops?   The main difference between this scenario and the Existing one is the 

incorporation of red clover into the cropping system. The red clover is assumed to be 

under-seeded with winter wheat followed by corn. The crop kill method is moldboard 

plowing in the late fall. The nitrogen credits and production costs relating to red clover 

are based on the generalized information and expert evaluation as given in previous 

sections.   

  Results.  The main impact of red clover as a cover crop can be attributed to 

decreased surface runoff in the fall and early spring and also reduced nitrogen application 

rates (OMAFRA, 2012). The latter is due to increased soil fertility associated with 

growing legume crops. Simulation confirms both of these effects. Thus, applying a cover 

crop results in a decrease of the surface runoff by 22 mm, or by 5% compared with the 

Existing scenario. The sediment load is reduced by 0.4 tonnes per hectare, or 16%. The 

more pronounced effect, however, is on nitrogen loading because of decreased nitrogen 

application rates. The simulation also shows that savings on fertilizer cost exceed the 

additional expenditures associated with growing of red clover – about $6/ha for the 

watershed on average (Table 4-33). Because applying this management practice is 

profitable, integrated measures indicate net return gain while preserving the environment. 
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The cost-nitrogen ratio of $1.3/kg shows that net returns are increased by about 1.3 

dollars per each kg of reduced nitrogen load. The variability of both the environmental 

and economic benefits is high, as depicted by the standard deviations and coefficients of 

variation, but lower than that for the Zero Till and NMAN NPK Rates scenarios for 

surface runoff, nitrogen benefits, and BMP costs. The lower variability of the BMP costs 

can be observed also from Figure 4-13. The fields with zero BMP cost correspond to the 

places where the practice was not applied. This occurs because either the crop in the 

particular year was not corn or the preceding crop was not winter wheat. The discernible 

annual fluctuations of the BMP costs are due to variations in prices for nitrogen 

fertilizers. The higher fertilizer prices increase farm savings from implementing the 

BMP. The negative BMP costs in Figure 4-13 reflect cases where the application rates of 

commercial fertilizers are lower than the values of nitrogen credits received by applying 

red clover.  As a result, part of the red clover production cost is not offset by the savings 

on commercial fertilizers.  The areas with the positive BMP costs reflect the fields where 

money value of nitrogen credits exceed the red clover production costs. 

Aggregation of field results to farm and subbasin levels shows the results that are 

close to the statistics depicted for the field level (Table J-2). The coefficient of variation 

for the parameters of interest varies from 0.58 for surface runoff to 1.59 for phosphorus 

benefits. The coefficient of variation for nitrogen benefits is 0.79, which is lower than 

that for sediment and phosphorus benefits by 0.3 and 0.8 points, respectively. The 

coefficient of variation of the results at the subbasin level varies from 0.8 to 2.2 for 

surface runoff and phosphorus benefits, respectively. The coefficient of variation for 

nitrogen benefits is about 0.9, which is lower than that of sediment and phosphorus 
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benefits. The variations of cost-benefits ratios are higher, partially caused by the fact that 

the area of a subbasin is smaller than that of a farm on average. 

Spatial Patterns. Under the Red Clover Cover scenario, the BMP costs have 

mostly a positive sign and are distributed in the proportion 40-60 between the lower and 

upper watersheds (Table 4-34  Table 4-36, Figure 4-14). This occurs on practically all 

the fields where the BMP is applied. The environmental benefits are mostly of negative 

signs and are allocated approximately in equal proportion between the lower and upper 

watersheds. 

       

 

Figure 4-13. Distribution of the BMP Costs in the Watershed (Red Clover Cover; $/ha; 

2008-2010) 
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Table 4-33. Red Clover Cover Assessment (field level; 2008-2010) 

 Average Min Max Standard 

Deviation 

Coefficient 

of Variation 

Coefficient 

of 

Correlation 

Surface 

runoff (mm) 

-22.22 -59.37 0.00 15.39 -0.69 1.00 

Sediment 

benefits 

(t/ha) 

-0.40 -2.23 0.23 0.50 -1.26 0.39 

Nitrogen 

benefits 

(kg/ha) 

-5.04 -16.71 0.65 4.28 -0.85 0.73 

Phosphorus 

benefits 

(kg/ha) 

-0.83 -5.81 2.20 1.53 -1.84 0.37 

BMP cost 

($/ha) 

6.41 -7.51 15.13 6.51 1.02 -0.14 

Cost-runoff 

ratio 

-0.3 -19.3 0.2 1.8 -6.3 1.0 

Cost-

sediment 

ratio 

-16.1 -2,322.8 864.5 260.9 -16.2 0.8 

Cost-

nitrogen ratio 

-1.3 -524.5 102.2 50.0 -39.4 0.5 

Cost-

phosphorus 

ratio 

-7.7 -924.4 85.8 87.2 -11.3 0.9 
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Table 4-34. Distribution of the BMP Effects in the Watershed by Sign (Red Clover Cover) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Ha % Ha % Ha % Ha % Ha % 

< 0 12 1% 502 52% 471 49% 409 42% 369 38% 

0 453 47% 453 47% 453 47% 453 47% 453 47% 

> 0 502 52% 12 1% 42 4% 105 11% 145 15% 

Total 967 100% 967 100% 967 100% 967 100% 967 100% 

 

Table 4-35. Distribution of the BMP Effects in the Watershed by Sign and Location (Red Clover Cover) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper 

< 0 0% 100% 40% 60% 35% 65% 49% 51% 45% 55% 

0 60% 40% 60% 40% 60% 40% 60% 40% 60% 40% 

> 0 40% 60% 0% 100% 81% 19% 0% 100% 24% 76% 

 

Table 4-36. Distribution of the BMP Effects in the Watershed by Location and Sign (Red Clover Cover) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper 

< 0 0% 2% 42% 61% 35% 62% 42% 42% 35% 41% 

0 58% 37% 58% 37% 58% 37% 58% 37% 58% 37% 

> 0 42% 61% 0% 2% 7% 2% 0% 21% 7% 22% 
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Figure 4-14. Distribution of Cost-Benefit Ratios in the Watershed (Red Clover Cover; 2008-2010)                
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The BMP has small impacts on phosphorus loading which are distributed between the 

positive and negative signs in the proportion 62-38, and are allocated in the watershed 

without a visible spatial pattern. The signs and spatial allocation of integrated impacts are 

influenced by the sign of the BMP cost, making it negative for approximately 50% of the 

crop field area. The effects are distributed approximately equally among the lower and 

upper watersheds. Cost-phosphorus ratios have a more random pattern, reflecting a small 

impact of the BMP on the phosphorus benefits. 

In conclusion, using red clover as a cover crop creates some environmental 

benefits and increases farm net returns. Surface runoff, sediment, nitrogen and 

phosphorus loads all decrease by 5%, 16%, 10%, and 10%, respectively. The net return 

increases by $6/ha, or 1%, compared with the Existing scenario. The economic benefits 

occur because the saving on fertilizer expenditure ($18/ha) exceeds the red clover 

production cost ($12/ha). The environmental benefits are mostly due to reduced soil 

erosion and lower nitrogen fertilizers application rates. This management practice also 

shows lower variability than the Zero Till and NMAN NPK Rates scenarios for surface 

runoff, nitrogen load benefits, and BMP costs. The signs and  distribution of the cost-

benefit ratios in the watershed does not have a clear spatial pattern.  Although the results 

are encouraging, they should be interpreted with caution. If red clover crop production 

costs were to increase at a higher rate than the price of commercial fertilizers, then the 

conclusions would  change. 
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Three BMPs 

Definition. The Three BMPs scenario is based on the combined application of 

Zero Till, NMAN NPK Rates and Red Clover Cover practices. It employs the assumption 

that all three BMPs are mutually inclusive in the sense that they represent different 

components of crop production technologic cycle and are independent of one another. 

Other assumptions can be viewed as incorporation of the assumptions for the individual 

BMPs in the context of the existing historic cropping system in the watershed. All data 

come from the sources described for the individual BMPs. 

Results. Applying the three management practices on the same field has multiple 

impacts on the different environmental processes. In this specific case, the effects occur 

through interacting and overlapping of the individual effects. In some cases those 

interactions can go in the same direction but with different magnitudes, or in opposite 

directions (Yang, Liu, Simmons & Oginskyy, 2013).  The simplified view of the BMP 

effect interactions is given in Figure K-1.  To simplify the understanding, the effects of 

interactions are considered in the context of the flow of nutrients (Table 4-37). Thus, the 

initial input of nutrients is determined by the NMAN NPK Rates. On the fields where red 

clover is under-seeded, those rates are then further adjusted for the amount of nitrogen 

credits associated with legume crops. Applying the zero tillage affects how those 

nutrients are detached and transported to the streams – it reduces the runoff and therefore 

the sediment and particulate nutrients loads. The soluble nutrients, especially nitrogen, 

follow different paths and can actually increase pollution due to increased soil water 

percolation and subsurface flow. This picture is further complicated by overlapping of the 

effects – mostly sediment and nutrients loads due to combined application of the zero 
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tillage and red clover. The following information presents aggregated effects of the Three 

BMPs scenario. Overall, it shows that the scenario generates benefits for all the 

environmental processes of interest. The surface runoff decreased by 26 mm, sediment 

loads by 0.8t/ha, and nitrogen and phosphorus loads by 6 kg/ha and 2 kg/ha compared 

with the Existing scenario. The finding shows that the surface runoff in the combined 

scenario is close to but not exactly equal to the sum of related effects stemming from zero 

tillage and red clover as a cover crop BMPs  7.0 mm and 22.2 mm, respectively. The 

level of sediment benefits – about 0.8t/ha – indicates the dominant effect of zero tillage, 

although there is overlapping and interrelation of the effects. The level of nitrogen 

benefits – 6 kg/ha – indicates the combined effects of mostly the NMAN application rates 

(2.0 kg/ha) and red clover rate (5 kg/ha). The red clover BMP shows a dominant effect. 

The phosphorus benefits – 2 kg/ha – appears to be the results of interacting the zero 

tillage (3.9 kg/ha) and red clover (0.8 kg/ha) effects. The fact that the aggregated effect 

does not equal the sum of the components indicates overlapping effects.    The results 

also show that the combined scenario brings some economic benefits   $17/ha; this 

results from the combined negative impacts of zero tillage ($-11/ha) and positive effects 

of the NMAN application rates ($23/ha) and red clover ($6/ha) as shown in Table 4-38 

and Figure 4-15. 
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Table 4-37. Interactions of Individual Effects in the Context of the Three BMPs Scenario 

Phase Dominant 

Factor 

Description 

1. NMAN NPK 

Rates 

The new (decreased) NMAN NPK Rates create 

prerequisites to lower the nutrient loading on average. 

Possible impact on farmer economics is decreased 

expenditure on fertilizers.  

2. Red Clover 

Cover 

The new amount of fertilizers is affected by red clover. 

The application rates are further reduced by amount of 

assumed nitrogen credits. The nutrients loads and fertilizer 

cost are reduced accordingly. 

3. Zero Till Applying zero tillage reduces the nutrients and sediments 

loads into the stream system. The practice reduces the net 

returns on average.   

4. Zero Till and 

Red Clover 

Cover 

Overlapping the effects refers mostly to runoff and 

associated sediment and nutrients loads and is caused by 

the zero tillage and cover crop. The economic impact is 

incorporated through phases 2 and 3 
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Table 4-38. Three BMPs Scenario Assessment (field level; 2008-2010) 

 Average Min Max Standard 

Deviation 

Coefficient 

of 

Variation 

Coefficient 

of 

Correlation 

Surface 

runoff (mm) 

-25.86 -65.58 0.00 15.31 -0.59 1.00 

Sediment 

benefits 

(t/ha) 

-0.82 -3.09 0.23 0.78 -0.95 0.39 

Nitrogen 

benefits 

(kg/ha) 

-5.58 -22.12 14.34 6.10 -1.09 0.57 

Phosphorus 

benefits 

(kg/ha) 

-2.42 -10.93 2.20 2.64 -1.09 0.36 

BMP cost 

($/ha) 

16.91 -64.57 93.90 27.98 1.66 -0.05 

Cost-runoff 

ratio 

-0.7 -90.6 7.2 8.5 -13.1 1.0 

Cost-

sediment 

ratio 

-20.6 -

22,682.8 

157,073.0 14,166.3 -687.2 -0.1 

Cost-

nitrogen 

ratio 

-3.0 -3036.6 86.0 270.6 -89.4 0.9 

Cost-

phosphorus 

ratio 

-7.0 -8284.4 2448.4 800.7 -114.4 0.1 
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Figure 4-15. Distribution of the BMP Costs in the Watershed (Three BMPs; $/ha; 2008-

2010) 

 

 The resulting cost-benefit ratios show that applying the combined scenario increases 

environmental benefits while also increasing the net return. Thus, applying the combined 

scenario increases the net returns by $21 per tonne of decreased sediment load. The cost-

nitrogen ($-3.0/kg) and cost-phosphorus ($-7.0/kg) ratios also indicate a saving while 

decreasing the nutrients loads. The interaction of the effects in the context of the cost-

benefit ratios is difficult to distinguish, given the non-linearity of the ratio functions. The 

variability of the results for the combined scenario, as given by the coefficients of 

variation, is somewhat lower than that with the individual BMPs for most of the 

processes of interest. 
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Aggregating the results to the farm level results in decreased variation.   As a 

result, all the coefficients of variation of the surface runoff, sediment, nitrogen, 

phosphorus, and BMP cost benefits decreased by 0.17, 0.12, 0.22, 0.06 and 0.18 points, 

respectively (Table K-2).  Due to overlapping and averaging effects, the correlation 

between the surface runoff and other environmental processes is lower than for individual 

scenarios. Further aggregating the results to a subbasin level increases the variation of the 

results for surface runoff benefits and BMP cost, mainly because the area of a subbasin in 

this research is smaller than that of a farm on average (Table K-3). 

Spatial Patterns. Under the Three BMPs scenario, the BMP costs for about 75% 

of the crop field area have positive sign and distributed between the lower and upper 

watershed in the proportion 43-57 (Table 4-39  Table 4-41, Figure 4-16). The negative 

BMP costs are observed for about 25%  of the crop field area and are distributed in the 

proportion 65-35 between the lower and upper watersheds. Most of the crop field area  

79-100%  is characterized by negative environmental benefits, which are distributed 

approximately equally between the lower and upper watersheds. The results show that 

about 67-75% of the crop field area has negative cost-benefit ratios, which  are 

distributed approximately equally between lower and upper watersheds without a clear 

pattern. Such randomness in distribution of the results is partially explained by 

overlapping of the effects of the three individual BMPs. 
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Table 4-39. Distribution of the BMP Effects in the Watershed by Sign (Three BMPs) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Ha % Ha % Ha % Ha % Ha % 

< 0 247 26% 720 74% 664 69% 672 70% 647 67% 

0 0 0% 0 0% 0 0% 0 0% 0 0% 

> 0 720 74% 247 26% 302 31% 294 30% 320 33% 

Total 967 100% 967 100% 967 100% 967 100% 967 100% 

 

Table 4-40. Distribution of the BMP Effects in the Watershed by Sign and Location (Three BMPs) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper 

< 0 64% 36% 43% 57% 44% 56% 44% 56% 43% 57% 

0 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

> 0 43% 57% 64% 36% 59% 41% 59% 41% 60% 40% 

 

Table 4-41. Distribution of the BMP Effects in the Watershed by Location and Sign (Three BMPs) 

Sign 

 

BMP Cost 

 

Cost-Runoff Ratios 

 

Cost-Sediment Ratios 

 

Cost-Nitrogen Ratios 

 

Cost-Phosphorus 

Ratios 

Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper 

< 0 34% 18% 66% 82% 62% 75% 63% 76% 59% 74% 

0 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

> 0 66% 82% 34% 18% 38% 25% 37% 24% 41% 26% 
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Figure 4-16. Distribution of Cost-Benefit Ratios in the Watershed (Three BMPs; 2008-2010)                
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  In conclusion, the Three BMPs scenario indicates multiple impacts, and the 

assessment reveals interconnections and interactions among the effects. Thus, the amount 

of optimized nutrients entering the system was further adjusted because of nitrogen 

credits produced by red clover as a cover crop. Furthermore, the impacts of decreased 

nutrient application rates were affected by the decreased surface runoff and sediment 

yields. The scenario also reveals overlapping the effects. The most pronounced effect is 

the impacts of zero tillage and cover crop on surface runoff, water retention, and 

therefore the sediments and nutrients loads into the stream system. As a result of the 

interaction and overlapping, the scenario produces environmental benefits and is 

profitable. Thus, the evaluated cost-sediment ratio reveals that farm net returns increase 

by about $21 per tonne of reduced sediment loads. The same trend holds for the nutrients, 

where the net returns increase by $3 and $7 per each kg of decreased nitrogen and 

phosphorus loads, respectively. The variability  of the results is high, although being 

lower than that for individual BMPs for the most of cases. The variability of the results 

also contribute to random spatial pattern of the effects. Overall, the results of combing 

several BMPs to control several environmental processes are encouraging, and further 

research is recommended. 
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Comparison of the Zero Till, NMAN NPK Rates, Red Clover Cover, and Three 

BMPs Scenarios  

Comparison of the effects of the BMP scenarios aims the ranking the alternative 

policies. Concerning an integrated BMP assessment, the two main criteria available for 

this purpose are the value of cost-benefit and benefit-cost ratios. Both criteria convey 

different aspects of the same information and produce different ranking of the policy 

scenarios in general. Choice of the criterion depends on the policy objective. If the policy 

is to minimize the cost per unit of environmental benefits then a cost-benefit ratio is a 

proper choice. Alternatively, if the policy aims a maximum amount of benefits per dollar 

of project budget then a benefit-cost ratio should be chosen.   It is noteworthy that the 

highest cost-benefit  ratio does not necessarily point to the cost-effective solution in 

general (Field & Olewiler, 2002). To be the cost-effective, a policy also has to satisfy 

some environmental target.  Also care should also be taken in interpreting the results of 

the assessment and making the decisions, because the nonlinear form of cost-benefit 

ratios, and the possibility that the numerator and denominator of the ratio can have 

different signs, and so the sign of the ratio alone is not informative.  For a better 

interpretation, the signs and values of the cost-benefit ratios should be considered and 

analyzed together with the signs of the costs and benefits (Appendix M).  

In this section we have used the  cost-benefit and benefit-cost ratio measures to 

compare and rank the four BMP scenarios. As Table 4-42 shows, the signs of the 

environmental benefits for all four scenarios are negative, indicating a decrease of 

pollution due to implementation of the BMPs. The sign of BMP cost of scenario S-I is 

negative, indicating the decrease of net returns; the signs of all other BMP costs  are 
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positive, indicating increasing net return. As a result, all cost-benefit ratios, except for 

scenario S-I, are negative. And because the scenario S-I yields a negative BMP cost, it is 

always disadvantaged relative to the other three scenarios. Based on a cost-benefit 

criterion, the scenario S-II possesses the highest rank. Its cost-nitrogen ratio exceeds the 

corresponding parameters of scenarios S-III and S-IV in 11 and 3.7 times, respectively. 

Scenario S-II is also preferable to the other scenarios in terms of the cost-runoff, cost-

sediment, and cost-phosphorus ratios. The fact that scenario S-II has the highest rank 

does not imply necessarily that it yields the cost-effective policy among the BMP 

alternatives. This is especially true with respect to such environmental processes as 

surface runoff, sediment yield, and phosphorus load. The highest level of cost-benefit 

ratios in those cases is mostly due to the very small values of the environmental effects, 

not due to the high level of positive BMP costs. To be the cost-effective, a policy has to 

produce some required amount of environmental benefits. It is hardly feasible for all the 

environmental processes of interest except nitrogen load. 

Applying a benefit-cost criterion yields different ranking with the scenario S-III 

being preferable for most of the environmental processes of interest, except for 

phosphorus loading (Table 4-42). Its runoff-cost, sediment-cost, and nitrogen-cost ratios 

exceed the corresponding parameters of scenario S-IV in 2.3, 1.2, and 2.4 times, 

respectively. The scenario is also greatly preferable to scenario S-II, mostly due to the 

fact that the latter has a limited impact on the environmental processes of interest except 

nitrogen loading. Table 4-42 also indicates that the ranking  of the considered BMPs 

depends on the environmental process. Thus, scenario S-II has little impact on surface 

runoff and sediment load. Red clover, on the other hand, has an impact on runoff and 
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sediment load, but not much of an impact on the phosphorus loading. Scenario S-I has an 

impact on sediment and phosphorus loads, but because of negative BMP cost, has the 

lowest rank. It is noteworthy that both environmental and economic benefits are subject 

to the assumptions and the quality of data. If the assumptions or data change, the ranking 

itself can potentially change. Indirectly, this is supported by the values of coefficient of 

variation which greatly exceed 50% for the ratios of interest. The consequences of such 

high variation are that assessments for specific crop fields can differ from the average 

results – both in terms of the magnitude and sign. As the result, conclusion and 

interpretation can change. The research also aims ranking the conditional averages 

reflecting application of the four BMP scenarios to the corn fields only. The results 

confirmed the ranking for the unconditional average approach, with scenarios S-II and S-

III showing the highest results for all the processes of interest except phosphorus benefits.  

In conclusion, the ranking among BMP alternatives depends on a chosen 

criterion. If the purpose is to minimize the BMP cost (maximize the economic benefits), 

then given assumptions and data scenario S-II yields the highest level of cost-benefit 

ratios for the processes considered. Alternatively, if the policy maker aims maximizing 

the environmental benefits given some budget then a benefit-cost ratio criterion is a more 

suitable choice. Given a benefit-cost scenario S-III yields the highest rank. Also, it is 

observable that the BMP effects depend on the environmental process. Thus scenario S-

II, despite its profitability, probably cannot be recommended for erosion prevention 

purposes because it has little or no effect on surface runoff. On the other hand, if nitrogen 

pollution is of concern, scenarios S-IV or S-III become an appropriate option.   
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Table 4-42. Comparison of the BMPs Scenarios 

 Zero Till 

(S-I) 

NMAN NPK 

Rates (S-II) 

Red Clover 

Cover (S-III) 

Three BMPs 

 (S-IV) 

Surface runoff (mm) -7 -1E-05 -22 -26 

Sediment benefits (t/ha) -0.9 -0.01 -0.4 -0.82 

Nitrogen benefits (kg/ha) -0.23 -2.03 -5.04 -5.58 

Phosphorus benefits (kg/ha) -3.89 -0.04 -0.83 -2.42 

BMP cost ($/ha) -11.23 22.69 6.41 16.91 

Cost-runoff ratio 1.6 -2,233,562 -0.3 -0.7 

Cost-sediment ratio 12.5 -2,269 -16.1 -20.6 

Cost-nitrogen ratio 48.2 -11.2 -1.3 -3 

Cost-phosphorus ratio 2.9 -567 -7.7 -7 

Runoff-cost ratio 0.62 0.00 -3.47 -1.53 

Sediment-cost ratio 0.08 0.00 -0.06 -0.05 

Nitrogen-cost ratio 0.02 -0.09 -0.79 -0.33 

Phosphorus-cost ratio 0.35 0.00 -0.13 -0.14 

Rank (cost-runoff ratio) IV I III II 

Rank (cost-sediment ratio) IV I III II 

Rank (cost-nitrogen ratio) IV I III II 

Rank (cost-phosphorus ratio) IV I II III 

Rank (runoff-cost ratio) IV III I II 

Rank (sediment-cost ratio) IV III I II 

Rank (nitrogen-cost ratio) IV III I II 

Rank (phosphorus-cost ratio) IV III II I 
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Furthermore, if multiple pollution effects are of concern, then the BMPs that have 

multiple effects  or combination of BMPs – scenarios S-III and S-IV  are potentially 

promising policies. It is noteworthy that the information about the values of cost-benefit 

ratios is necessary but not sufficient for a policy to be cost-efficient.  To be cost-effective, 

it needs to yield the lowest cost in achieving some specified environmental target – the 

issue to be considered in the next section. 

 

4.4.2 Least-cost Allocation of Selected BMPs in the Gully Creek Watershed 

This section extends the findings of the previous sections by providing results 

from optimal allocation of the selected BMPs in the Gully Creek watershed. It aims to 

identify the cost-effective BMP policy,  aiming several environmental benchmarks. Also, 

the optimization results will be compared with the simulation assessment to discover 

whether a simulation alone can produce a cost-effective environmental policy. To achieve 

this, two policy scenarios were constructed, as shown in Table 4-43. They are the 

Unconstrained scenario aiming only the BMP cost minimization, and the Constrained 

scenario aiming the BMP cost minimization subject to surface runoff, sediment, nitrogen, 

and phosphorus loads regulations. The unconstrained scenario is used to model the 

conditions in the absence of environmental regulation with the purpose to  determine the 

amount of environmental damage that the unrestricted farming system imposes on the 

watershed. The results of the Constrained scenario with respect to different types of 

environmental targets were compared with those of the Unconstrained scenario to 

determine the costs of environmental regulations. In this section the regulation limits are 
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defined as the amount of maximum achievable environmental benefits, given the 

available BMP options.    

Table 4-43. Scenarios and Environmental Limits used for Constrained Optimization  

Scenarios Economic Process Environmental Process 

Unconstrained   Cost minimization There is no environmental 

constraints  

Constrained  Cost minimization Surface runoff, sediment load, 

nitrogen load, and phosphorus 

load constraints 

 

The main assumptions made in optimizing the selected BMPs in the Gully Creek 

watershed are given Table 4-44. They specify the form of farmer behavior, types of 

model, constraints, available management options and other conditions. Thus, the model 

assumes a profit-maximizing (cost-minimizing) type of farm behavior. Farmers have 

complete information in terms environmental benefits and costs for the BMPs of interest 

such as  conventional tillage, zero tillage, optimum fertilizer application rates, red clover 

as a cover crop, and three previous BMPs combined. It is assumes also that crop prices do 

not depend on the amount of production. 

The modeling described in this section was performed by the optimization module 

of the Agro-Hydro-Econ Model using an open source LpSolve mixed-integer solver 

(lp_solve Reference Guide, 2014). The optimization model is specified in Chapter 3. In 

the application to the Gully Creek watershed the model is defined by 630 binary decision 

variables (126 fields x 5 options) representing available management options for each 

field, 126 BMP binary choice equations, surface runoff, sediment yield, and nitrogen and 
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phosphorus load constraints. The coefficients of the objective function are the 2008-2010 

average results of field-level simulation of BMP costs for selected BMPs of interest. The 

coefficients for environmental constraints are the results of the SWAT simulation. The 

following sections define the scenarios and describe the results of modeling.     

 

Unconstrained Scenario  

Definition. The Unconstrained scenario is a representation of the watershed’s 

farming system in the absence of environmental regulation. Under this scenario farmers 

can choose freely from available BMPs based on their economic interests alone. 

Table 4-44. Model General Assumptions 

Process/Conditions Assumption 

Type of farmer behavior Profit-maximizing (cost-minimization) 

Type of objective function Minimize BMP cost  

Type of optimization model  Mixed-integer with binary decision variables 

Type of resource constraints  Areas of fields and farms 

Type of environmental 

constraints 

Depends on scenario 

Information availability  Complete information 

Available BMPs Conventional tillage, zero tillage, optimum fertilizer 

application rates, red clover as a cover crop, and three BMPs 

combined 

Source of BMPs costs data  Simulated by economic module 

Source of environmental 

benefits data 

Simulated by SWAT  

 

Demand function Horizontal (price does not depend on the amount of quantity 

supplied) 
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The resulting environmental impacts for surface runoff, sediment yield, and nitrogen and 

phosphorus loads are interpreted as the pollution level associated with this farming 

system. The practices available for farmers are the Existing, Zero Till, NMAN NPK 

Rates, Red Clover Cover, and Three BMPs as defined in the simulation section. The 

Unconstrained scenario uses the modeling assumptions given in Table 4-44, the only 

difference being that the environmental constraints are not set.  

Results. Under the Unconstrained scenario the watershed farming system is 

optimized towards maximizing profits or, equivalently, minimizing the BMP cost. 

Normally this is done by choosing the least costly practices. In this case, because some of 

the BMPs increase the net return, the farming system is trying to adopt the most 

economically beneficial practices which have positive BMP cost. Because the NMAN 

NPK Rates and the Three BMPs options exhibit on average the highest economic 

benefits, the optimized system uses  extensive application of these BMPs. However, this 

does not mean that the optimized system switches entirely to those practices, the reason 

being the field-level variation of the BMP costs ranging from positive values to negative. 

As the result, even for the Unconstrained scenario the optimal allocation is represented by 

the bundle of BMPs that include all the available management options that yield the 

highest level of profitability Figure 4-17. 
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Figure 4-17. BMP Allocation under the Unconstrained Scenario 

Note: SRUNOFF: surface runoff reduction (mm x 100), SEDYLD: sediment load 

reduction (tonne per ha), TN: total nitrogen reduction (kg  5 per ha), TP: total 

phosphorus reduction (kg per ha), BMPCOST: BMP cost reduction ($  50 per ha)
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Consequently, the net return under the Unconstrained scenario exceeds that of the 

NMAN NPK Rates by 30% even though the latter has on average the highest level of 

economic benefits among other practices. The Unconstrained scenario does not have the 

highest level of environmental benefits, which are lower than that of the Three BMPs 

scenario – by 50%, 50%, 30%, and 50% for surface runoff, sediment yield, nitrogen, and 

phosphorus load benefits, respectively. All the cost-benefit ratios under the 

Unconstrained scenario are lower than that for the Three BMPs and Red Clover Cover 

scenarios. At the same time, the Unconstrained scenario appears to bring more 

environmental benefits than some of the simulation scenarios. For example, the 

Unconstrained scenario produces double the nitrogen load benefits of the NMAN NPK 

Rates scenario. It also outperformed the  NMAN NPK Rates scenario in terms of 

phosphorus load benefits. Given the assumptions and data, the Unconstrained scenario 

appears to be comparable to the Red Clover Cover scenario in sediment yield benefits. 

The Unconstrained scenario also exceeds the Existing scenario, which produces zero 

benefits by the definition. This information reveals that if a farming system is governed 

by an unrestricted profit-maximizing behavior and fully utilizes the available 

information, it does not necessarily produce the highest level of pollution. In this case, 

the unconstrained optimized system produces even higher sediment and nitrogen benefits 

than the existing system and some specialized BMPs. 
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Table 4-45. Comparing Results for the Simulation Scenarios and Unconstrained Scenario 

 Zero Till NMAN NPK 

Rates 

Red 

Clover 

Cover  

Three 

BMPs 

Unconstrained  

Surface runoff 

(mm) 
-7.0 0.0 -22.2 -25.9 -14 

Sediment benefits 

(t) 
-870 -8 -385 -793 -396 

Nitrogen benefits 

(kg) 
-225 -1,959 -4,876 -5,397 -4,018 

Phosphorus 

benefits (kg) 
-3,763 -40 -801 -2334 -1206 

BMP cost ($) -10,850 21,930 6,191 16,340 27,705 

BMP cost standard 

deviation ($/ha) 
31.13 29.36 11.41 36.13 32.37 

Cost-runoff ratio 1,551.2 -2,158,562.4 -278.62 -631.89 -2038.25 

Cost-sediment 

ratio 
12.5 -2,580.3 -16.1 -20.6 -70.0 

Cost-nitrogen ratio 48.2 -11.2 -1.3 -3.0 -6.9 

Cost-phosphorus 

ratio 
2.9 -543.7 -7.7 -7.0 -23.0 

Runoff-cost ratio 0.00 0.00 0.00 0.00 0.00 

Sediment-cost ratio 0.08 0.00 -0.06 -0.05 -0.01 

Nitrogen-cost ratio 0.02 -0.09 -0.79 -0.33 -0.15 

Phosphorus-cost 

ratio 

0.35 0.00 -0.13 -0.14 -0.04 
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This scenario also produces the highest economic benefits. The combined information 

means that the unconstrained scenario can be competitive with  simulation scenarios in 

terms of cost-benefit and benefit-cost ratios. 

 

Constrained Scenario 

Definition. A constrained scenario is a representation of the watershed farming 

system in the presence of environmental regulation. In this section the environmental 

limit is determined by the maximum possible amount of environmental benefits that can 

be produced by available BMPs and defined by Equation 4-2. Because the environmental 

benefits come with negative signs, the minimum values and the less than or equal type of 

constraint is used. Equation 4-2 can be  used for calculating the minimum amount of 

benefits by replacing the min function by max function.  

Equation 4-2. Definition of Emission Benefit Targets 





Wf

fiL )min( e  

where Li is the environmental target for i type of emission, e is the emission benefits 

vector with each element representing the level of emission benefits associated with the 

corresponding BMP, f is the crop field, and W is the set of fields in the watershed.   

 

The environmental restrictions used in this study are surface runoff, sediment yield, and 

nitrogen and phosphorus load benefits (Table 4-46). The restrictions are calculated by 

using Equation 4-2 – through summing the corresponding largest benefit values over all 

crop fields in the watershed. The loss of net return due to the restrictions is interpreted as 

economic cost of the regulation. 
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Table 4-46. Sub-scenarios and Forms of Constraints 

Sub-scenarios Forms of limit Measures Types of 

Constraints 

Values of  

Constraints 

Runoff Constrained Surface runoff 

benefits 

Mm  -25.991 

Sediment 

Constrained 

Sediment load 

benefits 

Tonne  -885.047 

Nitrogen 

Constrained 

Nitrogen load 

benefits 

Kg  -6,853.923 

Phosphorus 

Constrained 

Phosphorus 

load benefits 

Kg  -3,764.421 
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The following material presents the results of optimal allocation of the selected BMPs in 

the watershed. The results are presented with respect to each type of pollutant. 

Results 

i) Surface Runoff Benefits Constraint.  Setting the surface runoff benefits 

constraint aims to simulate the behavior of the system in the presence of regulation. 

Although surface runoff rarely used as a target, it serves as the major driver for most of 

the environmental processes of interest. Therefore comparing this scenario with the 

results for other environmental constraints allows us to compare the costs of treating the 

cause versus treating the consequences of pollution. Setting the surface runoff benefits 

constraint to its maximum given available BMPs and conditions results in 1.9 times 

reduction in surface runoff compared with the Unconstrained scenario. The sediment 

yield, nitrogen, and phosphorus load benefits increase 2, 1.3, and 1.9 times, respectively. 

The cost of such increase of surface runoff benefits is significant  about 2 times greater 

than with the Unconstrained scenario. All the cost-benefit ratios are significantly larger 

than that of the Unconstrained scenario  3.9, 4.0, 2.6, and 3.9 for the surface runoff, 

sediment yield, nitrogen, and phosphorus loads, respectively. This is equivalent to 

increasing the BMP cost per corresponding unit of environmental benefits. The cost-

runoff ratio under this scenario is larger because the constraint forces the system to use 

the most effective management methods for reducing surface runoff, which are the Three 

BMPs and Red Clover options (Figure 4-18). 
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         Figure 4-18. BMP Allocation under the Runoff Constrained Scenario 

Note: SRUNOFF: surface runoff (mm x 100), SEDYLD: sediment load (tonne per ha), 

TN: total nitrogen (kg  5 per ha), TP: total phosphorus (kg per ha), BMPCOST: BMP 

cost ($  50 per ha)  
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The increases in the cost-sediment, cost-nitrogen, and cost-phopshorus ratios are due to 

dependence of these environmental processes on the surface runoff. The cost-runoff ratio 

under the Runoff Constrained scenario is larger than that for the Three BMPs scenario 

but lower than that for the Red Clover scenario. The reason the ratio is lower than for the 

Red Clover scenario is the limited application scale of the latter. As the result, the system 

needs to use some other BMPs – the Three BMPs to comply with the constraint.  

ii) Sediment Load Benefits Constraint. Setting the sediment benefits constraint 

reduces the sediment load into the stream system to its minimum. The average sediment 

benefits received accounts for 0.9 t/ha, which is 2.2 times larger than that for the 

Unconstrained scenario and by 10% more compared with the Runoff Constrained 

scenario. Because the particulate phosphorus load is closely related to the sediment, 

setting the sediment constraint allows us to maximize the phosphorus load benefits – 3.4 

kg/ha. The nitrogen load benefits which are not closely related to the sediment are lower 

than for the Unconstrained scenario and Runoff Constrained scenario, and account for 

about 1.9 kg/ha. Comparing the results with those for the simulation scenarios shows that 

the environmental benefits of this scenario are close to those for the Zero Till and Three 

BMPs scenarios. Figure 4-19 supports this finding by showing that the constrained 

farming system switches  to the Zero Till and Three BMPs.  Although the resulting BMP 

cost remains positive at $2.2/t, it decreases compared with the Unconstrained and Runoff 

Constrained scenarios by 90% and 80%, respectively.   
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Table 4-47. Comparison of Unconstrained and Constrained Scenarios 

Process Unconstrained  Sub-scenarios 

Runoff 

Constrained 

Sediment 

Constrained 

Nitrogen 

Constrained 

Phosphorus 

Constrained 

Surface runoff benefits (mm) -14 -26 -12 -22 -8 

Sediment load benefits (t/ha) -0.4 -0.8 -0.9 -0.6 -0.9 

Nitrogen load benefits (kg/ha) -4.2 -5.3 -1.9 -7.1 -0.3 

Phosphorus load benefits (kg/ha) -1.2 -2.4 -3.4 -1.6 -3.9 

BMP cost ($/ha) 28.66 14.15 2.15 21.16 -10.14 

BMP cost standard deviation ($/ha) 32.37 29.47 31.90 29.38 31.64 

Cost-runoff ratio -2.11 -0.54 -0.19 -0.98 1.34 

Cost-sediment ratio -70.0 -17.4 -2.3 -38.4 11.3 

Cost-nitrogen ratio -6.9 -2.7 -1.1 -3.0 29.7 

Cost-phosphorus ratio -23.0 -5.9 -0.6 -13.5 2.6 

Runoff-cost ratio -0.47 -1.84 -5.35 -1.02 0.75 

Sediment-cost ratio -0.01 -0.06 -0.43 -0.03 0.09 

Nitrogen-cost ratio -0.15 -0.37 -0.88 -0.34 0.03 

Phosphorus-cost ratio -0.04 -0.17 -1.60 -0.07 0.38 
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Figure 4-19. BMP Allocation under the Sediment Constrained Scenario 

Note: SRUNOFF: surface runoff (mm x 100), SEDYLD: sediment load (tonne per ha), 

TN: total nitrogen (kg  5 per ha), TP: total phosphorus (kg per ha), BMPCOST: BMP 

cost ($  50 per ha)  



235 

 

The cost-sediment ratio is about $-2.3/t, indicating that for each tonne of reduced 

sediment the net return increases by $2.3. This is lower than with the Runoff Constrained 

scenario by about 86%.  The results for this special case indicate that treating the cause of 

sedimentation – surface runoff – is more beneficial than treating the sediment production 

itself.  

Phosphorus Load Benefits Constraint. Because most of the phosphorus pertaining 

to this study is particulate and closely related to movement of sediment, it is expected that 

results from setting the phosphorus benefits constraint would resemble the results for 

restricting the system by sediment benefits constraint. This is partially confirmed: the 

sediment and phosphorus load benefits are fairly similar for the Sediment Constrained 

and Phosphorus Constrained scenarios (Table 4-47), while they are also similar for the 

Zero Till scenario. This means that in order to comply with the phosphorus constraint, the 

system has to move  towards applying zero tillage. Applying zero tillage causes a 

reduction in net returns of about $11 per hectare. As a result, the cost-phosphorus ratio 

switches the sign, indicating that about $2.6 of net return losses are associated with each 

kg of phosphorus benefits. The practice is still more efficient than applying the Zero Till 

scenario uniformly to all crop fields. This result also reinforces the previous observation 

that treating the consequences is more expensive than treating the cause, although the 

environmental benefits achieved are comparable in both cases.     
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Figure 4-20. BMP Allocation under the Phosphorus Constrained Scenario 

Note: SRUNOFF: surface runoff (mm x 100), SEDYLD: sediment load (tonne per ha), 

TN: total nitrogen (kg  5 per ha), TP: total phosphorus (kg per ha), BMPCOST: BMP 

cost ($  50 per ha)  
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Nitrogen Load Benefits Constraint. As expected, setting the nitrogen constraint 

allows achieving the maximum nitrogen benefits for the watershed – 7.1 kg per hectare 

on average.  This also results in a level of the surface runoff benefits – 22 mm  

comparable to that for the Runoff Constrained scenario. The scenario also produces some 

sediment yield and phosphorus load benefits – 0.6 t/ha, and 1.6 kg/ha, respectively. What 

distinguishes this scenario from the Phosphorus Constrained scenario is that the target is 

achieved at no cost to farmers; on the contrary it appears to produce about $21 of net 

return gains per hectare, making this scenario superior to the Runoff Constrained and 

Sediment Constrained scenarios in terms of cost-benefit ratios (Table 4-47). The scenario 

is superior in terms of cost-nitrogen ratio to any of the simulation scenarios except the 

Red Clover scenario. The reason for this is the limited conditions in which red clover can 

be applied, given assumptions, that is, only for winter wheat fields that are followed by 

grain corn. As the result, in order to comply with the specified target for nitrogen 

benefits, the optimized system has to employ other management practices that are less 

efficient in the terms of nitrogen-cost ratio. 

Comparing Simulation and Optimization Results. It was stated that a cost-

effective policy minimizes the costs (maximizes the farm net returns) of achieving some 

specified environmental target. This means that any least-cost BMP optimization solution 

is superior to the corresponding simulation evaluation on the ground that the latter does 

not produces the least-cost solution in general. The following table compares the results, 

in particular the cost-benefits ratios among the NMAN NPK Rates scenario that is 

superior to other simulation scenarios in terms of cost-benefit ratios, with the 

corresponding optimization results.  
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Figure 4-21. BMP Allocation under the Nitrogen Constrained Scenario 

Note: SRUNOFF: surface runoff (mm x 100), SEDYLD: sediment load (tonne per ha), 

TN: total nitrogen (kg  5 per ha), TP: total phosphorus (kg per ha), BMPCOST: BMP 

cost ($  50 per ha)  
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To do this, the optimization model was run three times subject to the levels of sediment, 

and nitrogen, and phosphorus load benefits produced by the NMAN NPK Rates scenario 

(Table 4-48). For example, to compare the results in terms of cost-nitrogen ratio, the 

optimization model was restricted by the level of nitrogen benefits produced by the 

NMAN NPK Rate scenario – 1,959 kg. Table 4-48 shows that the optimization is always 

more efficient in terms of BMP cost and, therefore, the cost-benefit ratios, taking into 

account that the magnitudes of environmental benefits between the simulation and 

optimization results are equivalent. Thus, the cost-benefit ratios under the optimization 

assessment exceed the corresponding parameters under the simulation assessment by 5%, 

17%, 19%, and 21% for surface runoff, sediment yield, nitrogen, and phosphorus load 

benefits, respectively. This outcome empirically confirms the results of the mathematical 

programming theory stating that an optimal minimization solution is less than or equal to 

the corresponding non-optimal (simulation) solution. One possible practical implication 

of this result is that a BMP evaluation and planning process should always include an 

optimization evaluation. 

In conclusion, optimal allocation of BMPs in the watershed allows us to minimize 

the policy costs while achieving some specified environmental target. Even if such target 

is not specified  the Unconstrained scenario – the optimized farming system still can 

produce environmental benefits comparable to that for some simulation scenarios, an 

outcome observed for all types of benefits of interest. In some cases the Unconstrained 

scenario even outperforms some specialized simulation scenarios; for example the 

Unconstrained scenario outperforms the NMAN NPK Rates scenario in terms of nitrogen 
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and phosphorus load benefits, because the optimized system fully accommodates the 

information about the field-level BMP costs and environmental benefits. 

Table 4-48. Comparison of Simulation and Optimization Evaluations 

 NMAN 

NPK 

Rates 

(Baseline) 

Sediment 

Yield 

Target  

% 

Change 

N 

Loading 

Target  

% 

Change 

P 

Loading 

Target  

% 

Change 

BMP Cost ($) 21,930 25,781 18 26,061 19 26,432 21 

Nitrogen Load 

Benefits (kg) 

-1,959 -3,099 n/a -1,959 0 -3,345 n/a 

Phosphorus 

Load Benefits 

(kg) 

-40 48 n/a -857 n/a -40 0 

Sediment Yield 

Benefits (tonne) 

-8 -8 0 -223 n/a -49 n/a 

Cost-sediment 

ratio 

-2,741 -3,223 18 -117 n/a -536 n/a 

Cost-nitrogen 

ratio 

-11 -8 n/a -13 19 -8 n/a 

Cost-

phosphorus 

ratio 

-548 539 n/a -30 n/a -661 21 
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In addition, the optimized system restricted by specified environmental target allows us 

to achieve the most effective BMP allocations in the watershed. The cost-benefit ratios 

for the cost-effective BMP allocations are generally preferable than those for the 

specialized simulation scenarios. The only observed exception was for the Nitrogen 

Constrained scenario, where the cost-nitrogen ratio is lower than that for the Red Clover 

Cover scenario. The reason for this is the limited  application area  for this practice that 

forces the optimized system to employ other BMPs to achieve the specified level of 

nitrogen load benefits.  

 

4.2.3 Tradeoffs (Relationships) Between BMP Costs and Environmental Benefits  

The purpose of this section is to explore the watershed-specific relationship 

among BMP costs and environmental benefits of interest. This is achieved by running the 

optimization model multiple times in a sequence for different levels of environmental 

constraints. The data on the levels of environmental constraints and the resulting values 

of the objective function were then fitted using the Least Squares Method. Recognizing 

that the BMP cost in this research represents the abatement cost, the shape of this 

relationship is a representation of Total Abatement Cost (TAC) curve. Moreover, taking 

the first derivative of TAC curves allows us to determine the shape and the mathematical 

representation of the corresponding Marginal Abatement Cost  (MAC) curves defined in 

Chapter 2.  A MAC curve shows how an additional unit of benefits (emission) is traded 

for the BMP cost and  allows us to explore their relationship on a marginal level. TAC 

and MAC curves are a crucial component of an environmental policy analysis that has 

both theoretical and empirical values. The rest of the section defines the cost-benefits 

relationship and presents and discusses the results. 
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Definition. Cost-benefits tradeoff is defined here as the relationship that shows 

how much of the economic benefits must to be exchanged in order to achieve one unit of 

environmental benefits by applying some specific BMP policy. The analytical framework 

to explore this relationship is the Marginal Abatement Cost (MAC), defined as the cost of 

treating one unit of environmental damages (negative externalities). This study uses a 

model-based approach to simulate the marginal abatement cost, which is the opposite of 

the expert-based method which is based on cost evaluations made by experts (Kesicki, 

2011). It is achieved it two steps: i) running the optimization model for specified levels of 

environmental target to generate the watershed-level Total Abatement Cost (TAC), and 

ii) fitting the TAC and deriving the corresponding MAC. The range of environmental 

targets was determined as the difference between the maximum and minimum possible 

environmental benefits for the whole watershed, defined by Equation 4-2. The resulting 

range was divided into 1,000 intervals, and the optimization model was run 1,000 times 

for each increment. In general, nine scenarios were defined for each type of pollutant and 

their combinations based on the general formulation of the relationship given by Equation 

4-3. The explored scenarios are listed in Table 4-49. 

Equation 4-3. General Formulation of Cost-Benefit Relationship 

},,,,{),(π pnsreef   

where  is the BMP cost at the watershed level as represented by the objective value, 

e  is the specified level of environmental targets, r  is the limit for surface runoff 

benefits, s  is the limit for sediment benefits, n is the limit for nitrogen benefits, and p  

is the limit for phosphorus loads benefits.  
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After the optimization was performed, the environmental benefits were transformed into 

the corresponding pollution (emission) level, i.e. sediment yield and nutrient loadings to 

be consistent with Marginal Abatement Cost analytical framework. The formula used for 

transforming from pollution benefits to pollution is given by Equation 4-4. 

Equation 4-4. Benefit-Pollution Relationship 

bpbp eeeeee   , 

where e is the environmental benefits, ep is the emission under a policy scenario, and eb 

is the emission under the base scenario.  

 

Single Factor Relationships 

Results. In general, the form of the relationship between environmental benefits 

and costs depends on type of pollutant and available abatement technologies (Kesicki, 

2011). Figure 4-22 and Figure 4-23  show the results of running the optimization module 

1,000 times for each of the four types of pollutants corresponding to scenarios O-I, O-II, 

O-III, and O-IV (Table 4-49). The vertical axes show the BMP cost or Total Abatement 

Cost of achieving a specified level of environmental benefits at the watershed level. The 

horizontal axis for all cases shows the corresponding amount of emission for each 

pollutant at the watershed level. Calculation of emissions is given in Equation 4-5 which 

is a special case of Equation 4-4 given that environmental benefits in this research come 

with negative sign. 
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Table 4-49. Definition of Cost-Benefit Tradeoffs Scenarios 

Scenarios Relations Available Management Options (BMPs) Upper and Lower Levels of 

Constraint for 

Environmental Benefits 

O-I )(π rf   Existing, Zero Till, NMAN NPK Rates, Red Clover Cover, Three 

BMPs 

[-25.991 mm, 0.1 mm]  

O-II )(π sf   Existing, Zero Till, NMAN NPK Rates, Red Clover Cover, Three 

BMPs 

[-885 t, 25 t] 

O-III )(π nf   Existing, Zero Till, NMAN NPK Rates, Red Clover Cover, Three 

BMPs 

[-6,854 kg, 1376 kg] 

O-IV )(π pf   Existing, Zero Till, NMAN NPK Rates, Red Clover Cover, Three 

BMPs 

[-3,764 kg, 246 kg] 

O-V )(π pf   Existing, Zero Till [-3,763 kg , 0 kg] 

O-VI ),(π pnf   Existing, Zero Till, NMAN NPK Rates, Red Clover Cover, Three 

BMPs 

{[-6,854 kg, 1,376 kg], [-

3,764 kg, 246 kg]} 

O-VII ),(π pnf   Existing, Zero Till {[-1,141 kg, 916 kg], [-

3,763 kg, 0 kg]} 
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Equation 4-5. Calculation of Emission 

BMPibaseii eee ,,      

where e is the total level of emission for pollutant i at the watershed level, 
baseie ,  is the 

total level of emission for pollutant i for the baseline scenario (Existing scenario), 
BMPie ,  

is the total level of environmental benefits for pollutant i for a BMP scenario. 

 

For example, if the level of the sediment load for the Existing scenario is 2,366 tonnes 

and emission benefit standard is 100 tonnes, then the total amount of sediment load for 

the watershed is 2,266 (= 2,366 - 100). All the upper subplots show the fitted piecewise 

relationships between the environmental emission and BMP costs. The latter is a 

representation of Total Abatement Cost, which can be negative indicating the losses of 

net returns or positive indicating the gains in reference to the baseline. The lower 

subplots show the first order derivatives of Total Abatement Costs representing Marginal 

Abatement Costs. It can be observed that the lowest levels of pollution for all processes 

correspond to the lowest points of total abatement cost (Table 4-51). The ranges of total 

abatement functions for all pollutants, except phosphorus, are positive, indicating the net 

return gains as the result of implementing the BMPs. The practical implication of this 

observation is that for some types of pollutants, in this case for sediment and nitrogen 

loads, the available management options allows us to impose different levels of 

regulations without loss of net returns, given the assumptions and data. The total 

abatement cost for phosphorus load benefits takes the negative sign when the restrictions 

are close to maximum. Thus limiting the phosphorus load emission to 4,498 kg reduces 

farm net return by about $10,191 at the watershed level. The practical implication is that 

regulating the phosphorus can serve here as a limiting factor for closely related processes 
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 sediment yield loading. If this factor is used to limit the entire system, it results in 

complying with the  sediment yield loading restriction as well. In particular setting the 

phosphorus load benefits to its  maximum feasible  level, 3,764 kg, produces the amount 

of sediment yield benefits about 870 kg that exceed the corresponding parameter under  

the sediment restriction (scenario O-II) by about 11%. 

As can be seen, all the Total Abatement Cost functions are fitted as polynomial 

piecewise functions consisting of three major portions which are called in this research 

steep, moderate, and flat (Table 4-50). The steep and moderate portions are represented 

by second-degree polynomials with negative leading coefficients indicating diminishing 

marginal return on pollution. The flat portions of the Total Abatement Cost functions are 

represented by zero degree polynomials indicating constant BMP costs for some range of 

pollution. The results of regression estimation of the polynomials are given in Appendix 

LAppendix 1.1.1Appendix L - . The steep sub-functions indicate the values of 

environmental benefits that are close to the maximum possible values and have a large 

impact on the total abatement cost.  Setting the constraint at amount of benefits that 

exceeds the maximum possible value, given technological options and parameters, results 

in infeasibility of the optimization solution. A practical implication is that the chosen 

environmental target is too restrictive and cannot be achieved by a given technological 

level. 

The horizontal portions, on the other hand, indicate the function domain that does 

not affect the objective value.  The  implication of this observation is that a Total 

Abatement Cost function does not have to be uniform in terms of shape. It can consist of 

a set of functions that can represent different policy regulation conditions such as strict, 
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moderate, and weak regulation policies, for example. The practical implication is that the 

cost impacts of regulations can differ significantly depending on level of limit. Under 

some conditions, imposing environmental restrictions has little effect on the abatement 

cost.  This can occur when the pollution limit is higher than the actual emission, or the 

polluter has options to switch to other technology methods with minimum or no cost. 

This is easily observable from Table 4-50.  For example, setting sediment yield limit at 

1,812 tonnes and more does not affect the total abatement cost because actual sediment 

emission is lower than the standard. 

Taking first derivatives of the fitted total abatement functions yields the piecewise 

marginal abatement cost functions. As shown, the left and middle portions of marginal 

abatement functions are linear with negative slopes indicating the cost (gains) of 

changing the environmental limit by one unit. The steep portion of the functions 

represents the regulation domain where the impact is greatest. The portion with zero 

marginal value corresponds to horizontal portions of the corresponding total abatement 

cost functions. For example, zero marginal cost for sediment limit 1,812 tonnes and 

higher indicates that any additional restrictions do not affect the BMP cost.  Table 4-51 

shows the marginal costs for different pollutants evaluated at the midpoint for each of the 

three subfunctions. The results show that marginal costs for the steep sub-functions are 

larger in absolute values than those for moderate ones with the largest difference 

occurring for phosphorus benefits. 
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Table 4-50. Total and Marginal Abatement Cost Functions Evaluated at the Watershed Level ($) 

Process Domain/ 

Range 

Subfunctions 

Steep Moderate Flat 

Surface runoff Emission [389.9 mm, 390.2 mm) [390.2 mm, 399.4 mm] >= 399.4 mm 

TAC 
104.171042886

2
91034  Exxy  069.739863

2
50  Exxy  

27705y  

MAC 71042886182068  xy  39863100  xy  y = 0 

Sediment load Emission [1481 t, 1491 t) [1491 t, 1812 t] >= 1812 t 

TAC 
082223061

2
75  exxy  051145

2
04.0  Exxy  

27705y  

MAC 223061150  xy  14508.0  xy  y = 0 

Nitrogen load
14

 Emission [39874 kg, 39964 kg) [39964 kg, 42870 kg] >= 42870 kg 

TAC 
09150792

2
6.0  Exxy  06154

2
0006.0  Exxy  

27705y  

MAC 507922.1  xy  540012.0  xy  y = 0 

Phosphorus load Emission [4497 kg, 4541 kg) [4541 kg, 5957 kg] >= 5957 kg 

TAC 
07522297

2
5.2  Exxy  058.3137

2
011.0  Exxy  

27705y  

MAC 222975  xy  137023.0  xy  y = 0 

                                                           
14

 Nitrogen load is given by total nitrogen. The relations can be given with respect to nitrogen form – for example with respect to NO3 which account in this 

research for about 75% of total nitrogen.  
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Figure 4-22. Total and Marginal Abatement Cost Functions for Runoff and Sediment Yield Benefits 

Flat 

Steep 

Moderate 
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Thus the sediment load MAC for the steep subfunction exceeds the corresponding value 

of the moderate subfunction in about 77 times. This observation can be interpreted that 

the total and marginal cost of imposing emission standard in the Gully Creek Watershed 

depends on how strict and limiting the standard is. The stricter the emission standard the 

larger the opportunity cost of reducing one additional unit of emission. 

It was noted that the shape of the relationships between the pollution benefits and 

the abatement costs also depends on available BMP options. The wider the range of 

available BMPs, the flatter the Marginal Abatement Cost function one would expect, 

because the polluter can adopt a wider spectrum of abatement and production 

technologies. To demonstrate this, the model was run to explore the cost impacts of 

phosphorus benefits limits in two settings: allowing to choose between i) all Five 

Practices (Existing, Zero Till, NMAN NPK Rates, Red Clover Cover, Three BMPs), and 

ii) Two Practices  – Existing and Zero Till. Figure 4-24 shows the two resulting total and 

marginal abatement costs plotted for the same pollution domain. The two functions have 

different slopes, and therefore the different marginal costs.   
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Table 4-51. Total and Marginal Abatement Costs at the Midpoints 

Process Domain/ 

Range 

Subfunctions 

Steep Moderate Flat 

Surface runoff Emission (mm) 390.05 394.8 > 394.8 

TAC ($) 20528 26956 27705 

MAC ($) 27456 376 y = 0 

Sediment load Emission (mm) 1485.5 1651.5 > 1651.5 

TAC ($) 20211 26952 27705 

MAC ($) 846 11 y = 0 

Nitrogen load Emission (mm) 39919 41417 > 41417 

TAC ($) 23285 27550 27705 

MAC ($) 32 1 y = 0 

Phosphorus 

load 

Emission (mm) 4519 5249 > 5249 

TAC ($) -5080 18663 27705 

MAC ($) 176 17 y = 0 
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              Figure 4-23. Total and Marginal Abatement Cost Functions for Nitrogen and Phosphorus Benefits 

Slope under P limit is 

 steeper than N limit 
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Figure 4-24. Total and Marginal Abatement Cost Functions for Phosphorus Benefits 

2 mgt options 

Net return gains 

Net return losses 

Change rate in gains 

Change rate in losses 

5 mgt options 

2 mgt options 



The interpretation, however, should include the information about the corresponding 

Total Abatement Cost functions. Although the absolute value of the slope for the Five 

Practices case is larger than that for the Two Practices scenario, conceptually they refer to 

different information. In particular, the Five Practices scenario refers to net return gains, 

whereas the Two Practices one refers to net return losses. The resulting Marginal 

Abatement Cost functions have different meaning and cannot be compared based on the 

value of slope only, but this information shows how the BMP cost is affected by the 

available information on management options.   To conclude, because the Five Practices 

case refers to change in net return gain as opposite to the net return losses, this case is 

preferable from a financial point of view. 

 

Multifactor Relationships  

Results. The multifactor relationship aims at a tradeoff between the abatement 

cost and several factors such as combined nitrogen and phosphorus load limit (Table 

4-49). It claims that when multiple factors are considered, the relationship between cost 

and environmental benefits differs from the relationship established in the context of a 

single factor framework. The reason is that, assuming cost-minimizing behavior, putting 

extra constraints on the system imposes additional cost in general, unless the constraints 

are not binding. This means that information about a single factor relation is not 

sufficient for multi-objective decision-making. To check this notion, two scenarios were 

designed to investigate the multifactor relations: the impacts of combined nitrogen-

phosphorus load standard with five (scenario O-VI) and two management options 

(scenario O-VII). 
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To investigate the scenarios, the model was run in a loop for 100 nitrogen and 

phosphorus load constraints for ranges given in Table 4-49   10,000 times for each 

scenario. The results of running the optimization module for the O-VI Scenario are 

shown in Figure 4-25 (Subplot 1 and Subplot 3). Subplot 1 shows the total abatement cost 

surface, given the set of nitrogen and phosphorus benefit restrictions. The surface can be 

viewed as a generalization of the Total Abatement Cost functions presented for single 

pollutants. As in the case of a single constraint, the surface can be viewed as a 

composition of steep, moderate, and flat portions, indicating the regions where the 

farming system is strictly constrained, moderately constrained, and not constrained by the 

combined nitrogen-phosphorus load standard.   A portion of the surface with negative 

BMP cost indicates the condition in which the farming system is losing net returns 

compared with the baseline scenario. In addition, some portion of the surface indicates 

the conditions where satisfying the multiple constraints is not feasible given available 

BMPs. Subplot 3 shows the iso-cost curve indicating different combinations of nitrogen 

and phosphorus load constraints that yield the same total abatement cost. 

Table 4-52 shows the total and marginal abatement costs for selected points for all 

subsurfaces. For the exposition purposes, the points are selected approximately in the 

middle of each subsurface with coordinates given by the corresponding nitrogen and 

phosphorus load constraints. The lowest positive total abatement cost observed in the 

steep portion  $739 indicating in this case the largest loses of the net returns due to the 

environmental restriction given by nitrogen and phosphorus load restrictions – 46,788 kg 

and 4,578 kg, respectively. This is supported by the largest marginal abatement cost in 

the phosphorus load direction  $84/kg P.  Alternatively, the flat subsurface shows that 
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the imposed nitrogen (41,685 kg) and phosphorus (4,738) load restrictions are not 

binding and the farm net returns are not affected. The corresponding marginal abatement 

cost in phosphorus load direction is zero. The results for the moderate portion of the 

surface take somewhat intermediate values with the total and marginal abatement costs 

about $25,245 and $9/kg P, respectively. It is observable also that the marginal abatement 

costs in the nitrogen load direction are zero for all selected constraints. This occurs 

because the values of the nitrogen load constraints are not binding making the 

phosphorus load constraint the limiting factor. The policy implication of such results, is 

that, given the assumptions and data, imposing the phosphorus load constraint alone will 

results in complying with the corresponding nitrogen load constraint. 

Scenario O-VII differs from Scenario O-VI in the number of available BMPs  

options  only the Existing and Zero Till practices are allowed. 

 

Table 4-52. Selected TAC and MAC Values under  Multi-Constraint Policy (5 

management options) 

 

Parameters 

Subsurfaces 

Steep Moderate Flat Infeasible 

Emission (kg N 

load, kg P load) 

46,788; 

4,578 

45,224; 5,861 45,965; 7,625 41,685; 4,738 

TAC ($) 739 25,245 27,705 n/a 

MAC in N direction 

($/kg N) 

0 0 0 n/a 

MAC in P direction 

($/kg P) 

84 9 0 n/a 

 

 



 

Figure 4-25. Relationships between Nutrient Benefits and Total Abatement Cost 
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Restricting the farming system by only two management options results in changing the 

shape of the total abatement cost surface and its shifting down compared with the 

scenario O-VI (Figure 4-25, Subplot 2). It is also observable that the flat area of the 

surface has lower size meaning that the losses of net returns starting to occur at lower 

values of nitrogen-phosphorus load standard as compared with the scenario O-VI. The 

marginal abatement costs in phosphorus load direction are also significantly lower 

compared with those in scenario O-VI  $13 and $3 for the steep and moderate 

subsurfaces, respectively. 

Table 4-53 shows the results of optimizing the farming system given only two 

available management options. For comparison reason, the results are presented for the 

same nitrogen-phosphorus load constraint points as they were given for scenario O-VI.  

As can be seen the total and marginal abatement costs for all points of interest are 

significantly lower of those under scenario O-VI. Also, the solution for the restriction 

point (45,224; 5,861) is infeasible because the zero tillage alone cannot provide the 

required reduction of the nutrient loading. The total abatement cost for the point (46,788; 

4,578) switches from positive to negative sign indicating that the imposed restriction 

reduces the farm profit as compared with the existing baseline scenario  -$8,984 for the 

Gully Creek watershed.  The corresponding marginal abatement cost in phosphorus load 

direction is significantly lower of that in scenario O-VI  $74. The total abatement cost at 

the point (45,965; 7,625) is of positive signs but are of much lower values  $913. The 

interpretation of those observations is that imposing the combined nitrogen-phosphorus 

load restriction when only two management options are available results in reducing the 

farm net returns from $739 to $-8,244 and from $27,705 to $913 at the points (46,788; 
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4,578) and (45,965; 7,625), respectively. Table 4-53 shows also the marginal abatement 

costs in phosphorus and nitrogen load directions are also significantly lower compared 

with those in scenario O-VI.   

Table 4-53. Selected TAC and MAC Values under  the Multi-Constraint Policy (2 

management options) 

Parameters Restriction Points 

Emission (kg N 

load, kg P load) 

46,788; 4,578 45,224; 5861 45,965; 7,625 

TAC ($) -8,244 Infeasible 913 

MAC in N direction 

($/kg N) 

0 N/A 8 

MAC in P direction  

($/kg P) 

14 N/A 0 

 

However, because the marginal abatement costs for the two scenarios are calculated with 

respect to the different bases, those values cannot be compared directly. All this 

information tells us that limiting the decision-making process by information on available 

management options results in increase of the policy abatement cost.         

Table 4-54 compares the impacts of nutrient load restrictions for such scenarios 

O-III, O-IV, O-VI, and O-VII at the point (45,224; 5861). Thus, setting separate nitrogen 

and phosphorus load constraints results in net return gains of about  $27,705 and $25,245  

for the watershed, respectively. Restricting the system by the combined nitrogen and 

phosphorus constraints result in net return gain of about $25,245. This is 9% lower than 

under the nitrogen constraint and coincides with the results for the phosphorus load 

constraint. 
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Table 4-54. Impact of Single and Multiple Constraints (moderate subsurface) 

Scenarios BMP Cost ($) Nitrogen Benefit 

Constraint (kg) 

Phosphorus Benefit 

Constraint (kg) 

O-III (N) 27,705 45,224 n/a 

O-IV (P) 25,245 n/a 5,861 

VI (N,P| 5 mgt 

options) 

25,245 45,224 5,861 

O-VII (N,P|2 mgt 

options) 

Infeasible 45,224 5,861 

Percentage change 

(O-IV to O-III) 

-9% n/a n/a 

Percentage change 

(O-VI to O-III) 

-9% n/a n/a 

Percentage change 

(O-VI to O-IV) 

0% n/a n/a 

Percentage change 

(O-VII to O-VI) 

n/a n/a n/a 

 

This decrease occurs because the phosphorus constraint acts like a limiting factor for the 

system, given the assumptions and data. The practical implication of this observation is 

that  if the information about the limiting factor of the system is available, this factor 

alone can be used as the policy instrument. In other words, it has a potential to reduce the 

policy monitoring and enforcement costs.  The infeasible solution for the scenario O-VII 

tells us that the required reduction of nitrogen and phosphorus loads cannot be achieved 

under zero tillage BMP alone. 

In conclusion, the optimization modeling in the Gully Creek watershed revealed 

complex relationships between the BMP costs and environmental benefits. Given the 

model assumptions and data, those relationships  total and marginal abatement functions 

 can be approximated by piecewise polynomial functions with three subfunctions 

corresponding to strict, moderate, and not bounding nutrient load constraints conditions. 

The results of evaluation of total abatement costs depend also on information about 
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available BMPs. More comprehensive and complete information in terms of number of 

available BMP options reduces bias and improve the policy cost evaluation.  Combining 

all these factors leads to the conclusion that the abatement cost is determined by a type of 

pollutant, level of desired emission restriction, and information on available BMP 

options.   Finally, simulation of multi-objective policies showed that one of the factors 

can serve as a limiting factor for the entire system. This study shows that as far as the 

combined nitrogen-phosphorus load policy is of concern, the phosphorus load restriction 

alone can be used to manage the combined policy. Using the information about a limiting 

factor has a potential to reduce the policy cost. 

4.5 Summary 

This chapter describes the study area, data, and model calibration and presents the 

main findings of applying the developed integrated model for evaluation of zero tillage, 

nutrient management, and the cover crop BMPs in the Gully Creek watershed. The 

components of the model are calibrated for the Gully Creek watershed data and the 

Ontario provincial data. The SWAT, calibrated by the Guelph WEG, shows a moderately 

high fit as measured by Nash-Sutcliffe and correlation coefficients. The Nash-Sutcliffe 

coefficient for the water flow shows a relative stability across the measuring stations and 

accounts for about 0.8. The sediment, nitrogen, and phosphorus loadings show larger 

variation. The coefficient of correlation for sediment, nitrogen, and phosphorus loadings 

varies in the range 0.5-0.9, 0.7-0.95, and 0.5-0.9, respectively. Validation by results and a 

battery of tests such as Linear Dependency Test, Change of the Objective Function 

Coefficients Test, and Change of the Right-Hand Side of a Constraint Test is performed 
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to validate the economic component and the optimization module. All the tests show an 

adequate model behavior, indicating that the model can be used for simulation purposes.  

The results of applying the integrated model for BMP evaluation in the Gully 

Creek watershed are shown next, and reflect the order they are presented in the text. 

 Applying the zero-till corn sown after wheat reduces surface runoff, sediment 

yield, and nitrogen and phosphorus loads by 1%, 45%, 1%, and 43%, 

respectively. The loss of farm net return is about 2%. Applying the BMP to corn 

sown after soybeans is profitable and increases farm net returns while reducing 

negative environmental impacts 

 Applying the optimum fertilize application rates is expected to create nitrogen 

load benefits of 4% compared with the effects of the existing rates and to 

increase farm net returns by about 4% on average. The impact of the BMP on the 

surface runoff, sediment, and phosphorus loads accounts for less than 1%. 

 Using red clover as a cover crop reduces surface runoff, sediment, and nitrogen 

and phosphorus loads by about 5%, 20%, 11%, and 9%, respectively. The farm 

net return increases by $6/ha, or 1%, compared with the existing conditions. 

 The combined application of the three BMPs discussed above reduces the surface 

runoff, sediment yield, and nitrogen and phosphorus loads by 6%, 41%, 12%, 

and 27%, respectively. Farm net return increases by about 3%.   

 A comparison of the four BMP policies shows that based on the value of cost-

benefit ratio, applying the NMAN NPK Rates scenario yields the highest rank 

among the other alternatives for most of the processes. Using the benefit-cost 
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criterion is favorable for the Red Clover Cover scenario. 

 The variability of simulation results, as given by a coefficient of variation, ranges 

from -0.59 for surface runoff benefits under the Red Clover Cover scenario to -

51.15 for surface runoff benefits under the NMAN NPK Rates scenario. The 

research revealed zero till effects patter showing that application of the practice 

is preferable in the lower portion watershed, given cost-benefit ratio as a 

criterion. The effects of temporal variations are indecisive due to short length of 

the simulation period.   

 Optimizing the BMP allocation in the watershed subject to the environmental 

constraints produces cost-effective policies that are preferable in terms BMP cost 

to the simulation scenarios, given some level of the environmental constraint. 

 The relationships between the BMP cost and environmental benefits can be 

approximated by a piece-wise polynomial function consisting of sub-functions 

corresponding to the strict, moderate, and not bounding benefit constraint 

conditions. 

 Setting a multi-objective nitrogen-phosphorus load constraint is more expensive 

than corresponding separate nitrogen and phosphorus load standard. The total 

abatement cost under the  combined restriction increased compared with the 

nitrogen load restriction by about 9%.    

 Achieving a given environmental target for two management options is more 

expensive than that for five available options. Moreover, the two option scenario 

potentially provides lower amount of nutrient load benefits compared with the 

five options one.  
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 The results of the simulation shows that under multi-objective policy one of the 

constraints serves as a limiting factor for the entire system. This limiting factor 

can be used to limit the behavior of the system and has a potential to decrease the 

policy cost.    
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CHAPTER 5.  

FINDINGS, CONCLUSIONS, RESEARCH LIMITATIONS, POLICY 

IMPLICATIONS, AND RECOMMENDATIONS FOR FURTHER RESEARCH 

5.1 Summary of Findings 

This study was conducted for the purpose of developing an integrated hydrologic-

economic model for watershed-based BMP evaluation and applying the model to produce 

new watershed-specific information on the cost-effectiveness of selected agricultural 

BMPs for the Gully Creek watershed (Huron County, Ontario). To achieve this goal a 

series of research methods, such as explanatory, constructive, and empirical, were used. 

The empirical part of the research was conducted as a component of the WBEE (Huron) 

project for the Gully Creek watershed for the period 2008-2010. The major findings of 

the research are presented later and are grouped according to the research objectives as 

formulated in Chapter 1. 

Develop the methodology, design, and build an integrated hydrologic-economic 

model for BMP evaluation and optimal allocation in agricultural watersheds.  The main 

outcomes of this objectives are overview of the existing integrated hydrologic-economic 

models; built a computer-based integrated model along with the related graphical user 

interface and user manual. The overview and the related exploratory research on the 

existing integrated hydrologic-economic models and modeling approaches revealed the 

following: 

i) The integrated hydrologic-economic modeling of agricultural BMPs presents as an 

empirical branch of science aiming a variety of real-world problems (Harou, Pulido-

Velazquez, Rosenberg, Medellín-Azuara, Lund, & Howitt, 2009; Daniel, Camp, 
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LeBoeuf, Penrod, Dobbins, & Abkowitz, 2011). It considers a watershed system as a 

fundamental geographic unit for studying natural and social interactions and managing 

environmental problems (Randhir T., 2009). The overview reveals also that the theory 

and methodology of the integrated modeling still have several weaknesses (Braat & 

Lierop, 1987; Cai, M. ASCE, McKinney, A. ASCE, & Lasdon, 2003). Thus, the 

integrated modeling in terms of definition of an agricultural watershed as a social-natural 

system is not conceptualized; the characteristics and functions of such system are not 

developed.   

ii) The functionality of the existing integrated models varies greatly and is influenced 

by the research objectives for specific projects and the functionality of the hydrologic and 

economic components used for simulation (Kragt, Newham, Bennett, & Jakeman, 2011; 

Kianiard, 2006). The economic components are frequently built specifically to 

accommodate the research objectives. Using such project-determined models poses a 

problem for applying them for other catchment and regions. 

iii) The models considered in the review differ in the methods of setting up the BMP 

scenarios, inputting data, and analyzing results (Harou, Pulido-Velazquez, Rosenberg, 

Medellín-Azuara, Lund, & Howitt, 2009). Several models have an interface to handle the 

setup of hydrologic models. Majority of the reviewed models do not have an integrated 

interface for combined setting of hydrologic and economic scenarios and parameters. 

None of the observed integrated models has a specially built optimization GUI for easy 

setting, running, and analyzing the modeling results. More advanced features allowing for 

automation of optimization simulation for purposes of sensitivity analysis, historic and 
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Monte-Carlo simulation are not observed. Another issue is the absence of GUI facilities 

for representing and analyzing the integrated results. 

The outcome of the research is the developed watershed-based integrated hydrologic-

economic model for evaluation of agricultural BMPs. Such model is built as a Whitebox 

GIS plug-in that allows for managing GIS data and displaying the results on a map. A 

user-friendly graphical interface is built to facilitate the model use by scientists and 

practitioners. The written user manual shows how to apply the model for a BMP 

evaluation in a watershed.    

Apply the integrated model to produce new information on the effectiveness of 

selected agricultural BMPs for the Gully Creek Watershed in the Southwest Ontario. The 

major findings of applying the selected agricultural BMPs in the Gully Creek Watershed 

are given in the following: 

i) Applying zero-till corn as a method of reducing water erosion and nutrients 

pollution reduces surface runoff, sediment yield, nitrogen and phosphorus loads by 1%, 

45%, 1%, and 43%, respectively, compared with the existing conditions. The loss of farm 

net return is about 2%. The BMP cost occurs because of the decrease in corn yield, so the 

revenue ($33.51/ha) exceeds the savings in the operational expenditures ($22.28/ha). 

Applying the BMP to corn sown after soybeans appears to be profitable and can increase 

farmers’ net return while decreasing negative environmental impacts. 

ii) Applying the NMAN optimized NPK rates provides nitrogen load reduction of 4% 

compared with the effects of the existing rates, and increases farm net returns by 4% on 

average. The impact on surface runoff, sediment, and phosphorus loads accounts for less 
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than 1%. The increased farm return is due to decreased expenditures on commercial 

fertilizers.  

iii) Using red clover as a cover crop produces some environmental benefits and 

increases farm net returns. Surface runoff, sediment, nitrogen and phosphorus loads 

decrease by 5%, 20%, 11%, and 9%, respectively. The net return increases by $6/ha, or 

1%, compared with the existing conditions. The economic benefits occur because the 

savings on fertilizer expenditure ($18/ha) exceeds the red clover production cost 

($12/ha).  

iv) The combined application of the zero tillage, optimum fertilizer application rates, 

and red clover as a cover crop produces environmental benefits for the processes of 

interest while moderately increasing the farm net returns. Surface runoff, sediment, 

nitrogen and phosphorus loads increase by 6%, 41%, 12%, and 27%, respectively. Farm 

net return increases by about 3% compared with the existing production conditions.   

v) A comparison of the four BMP scenarios shows that based on the value of cost-

benefit ratio, applying NMAN NPK rates yields the highest rank among the other 

alternatives for all the processes.  

vi) The research revealed that variation in simulated surface runoff benefits, as given 

by the coefficient of variation, ranges from -0.59 under the Red Clover scenario to -51.15 

under the NMAN NPK Rates scenario. The variation in simulated sediment yield benefits 

ranges from -0.89 under the Zero Till scenario to -4.93 under the NMAN NPK Rates 

scenario. The variation in the nitrogen benefits ranges from -0.85 under the Red Clover 

scenario to -12.79 under the  Zero Till scenario. The variation in phosphorus benefits 
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ranges from -0.79 under the Zero Till scenario to -2.92 under the NMAN NPK Rates 

scenario.  The BMP cost variation ranges from 1.02 under the Red Clover scenario to 

1.66 under the Three BMPs Combined scenario. 

vi) Unconstrained optimal BMP allocation yields a solution that is superior to the 

existing simulation scenarios. Surface runoff, sediment, nitrogen, and phosphorus loads 

decreased by 3%, 20%, 9%, and 14%, respectively. The farm net return increases by 5%. 

In addition, the unconstrained optimal BMP allocation produces environmental benefits 

that are comparable to, or even better than, those of simulation scenarios. Thus, the 

Unconstrained scenario outperforms the effects of applying the Zero Till in terms of 

surface runoff, the effect of Red Clover in terms of sediment yield, and effects of the 

NMAN NPK Rates in terms nitrogen and phosphorus benefits.  

vii) Constraining the watershed farming system by environmental benefit constraints 

increases the farm net return compared with the corresponding most beneficial simulation 

scenarios for a given level of environmental constraint. The cost-runoff ratio under the 

Runoff Constrained scenario is 5% higher than that for the most efficient in terms of cost-

runoff ratio the NMAN NPK Rates scenario. The cost-sediment ratio under the Sediment 

Constrained scenario is 18% higher than the corresponding parameter of the most 

efficient simulation scenario. The cost-benefits ratios under nitrogen and phosphorus 

constrained scenarios are 19% and 21% higher than the corresponding simulation 

scenarios. 
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     Evaluate the relationships between the environmental benefits of interest and BMP 

costs  

viii)  Simulation of the relationships between BMP cost and environmental benefits 

reveals that these relationships can be best approximated by a piece-wise polynomial 

function consisting of  sub-functions corresponding to strict, moderate, and not bounding 

benefit constraint conditions. Reaching a given environmental target, given the two 

options of existing and zero tillage, is more expensive than that for the five available 

options  Existing, Zero Till, NMAN NPK Rates, Red Clover Cover, and Three BMPs. 

Setting the multi-objective pollution limit  nitrogen-phosphorus  reduces the net return 

gains by about 9% compared with the nitrogen constraint.  

5.2 Conclusions 

The following conclusions can be drawn from this thesis research: 

i) The literature overview and the exploratory research allow us to conclude that the 

existing methodology of the integrated modeling can be improved in two ways – 

formulating the definition of the agricultural watersheds as a social-natural system and 

their functions; improving the design and structure of the integrated hydrologic-economic 

models to increase their flexibility and usability. 

ii) The  GUI functionality of the integrated models can be improved by developing  

user-friendly graphical interfaces for setting both the hydrologic and economic 

parameters, formulating and  running the optimization modules, and developing utilities 

for result display and analysis.    
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iii) Applying zero tillage results in substantial improvement in a number of 

environmental processes, but involves additional cost and reduced farm net return on 

average.  However, the cost-effectiveness of the practice depends on the local conditions 

and how this practice is implemented. Applying zero tillage to corn placed after winter 

wheat reduces environmental benefits and increases the BMP cost. On the other hand, 

applying the BMP to corn placed after soybeans results in increased environmental 

benefits and makes the practice profitable.    

iii) Although most of the BMPs consider some investments and additional 

expenditures, some BMPs create the benefits through more complete usage of available 

information. An example of such BMP is the optimized nutrient application rates that 

results in reduced expenditure on fertilizers while reducing the nitrogen loading into the 

local stream system. Another example of low investment BMP is the use of red clover as 

a cover crop.   

iv) The effectiveness of individual BMPs varies depending on the type of the 

environmental process. For example, the NMAN-optimized nutrient application rates 

have a noticeable impact on nutrient loading but have little impact on the surface runoff 

and sediment yield.  In addition, the Red Clover and Three BMPs scenarios have 

pronounced multiple impacts on environmental processes. This fact has important 

implications for a multi-objective environmental policy development.  

v) All the BMP evaluation results of interest are associated with high variability and 

uncertainty. In  majority of cases the coefficient of variation of the field-level results are 

high and exceed assumed in this research 50% cutoff value. This means that results on 
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particular field can differ substantially from the average results. The main source of 

uncertainty are heterogeneity of the field-level economic and environmental conditions. 

This fact has important policy implications, which will be addressed in the following sub-

sections.  

vi) The general opinion regarding unconstrained profit maximization is that it yields 

the highest levels of profit and environmental pollution (Boardman, 2001; Field & 

Olewiler, 2002). While this is definitely true regarding profit, producing the maximum 

level of pollution is not necessarily true and depends on field-level variability of BMP 

costs and benefits. By incorporating this information, the unconstrained optimization 

itself can produce the levels of environmental benefits that are comparable to the 

outcomes of specialized simulation BMP scenarios and policies.   

vii) Applying environmental constraint scenarios when minimizing BMP cost  

produces the cost-effective BMP allocations in reaching some specified environmental 

targets. In general, the resulting policy is superior, in particular in terms of cost-benefit 

ratios, to any simulation and unconstrained scenario given some specified environmental 

target. This is achieved by using the information about field-level variability of costs and 

benefits and selecting the appropriate BMP bundle.  

viii) Optimization modeling in the Gully Creek Watershed revealed complex 

relationships between the BMP costs and environmental benefits that extend a traditional 

view of Marginal Abatement Cost as being  monotonic functions. Based on the research 

assumptions and data, the MACs can take different forms, in particular as piece-wise 

functions that depend on a type of pollution and level of regulation standard.   
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ix) The results of the BMP assessment depend on available information, in particular 

on number of available abatement options. As revealed by the modeling, the more 

information that exists about the available BMPs and associated costs and benefits, the 

less bias is associated with BMP assessment. 

5.3 Contributions of this Study 

The results of this research extend the findings of earlier work in several ways:  

i) An in-depth literature review and analysis of the existing evaluation frameworks 

and integrated hydrologic-economic models allowed us to identify gaps in the theory, 

methodology and practice of the integrated modeling. The findings contribute to the 

theory of the integrated watershed-based policy assessment by extending the definition of 

agricultural watersheds as a social-natural system, and formulating the watershed 

functions that serve as the conceptual framework for integrated hydrologic-economic 

modeling. 

ii) The methodology of the integrated modeling is extended by formulating the 

conceptual and mathematical multi-scale multi-polluter framework for watershed-based 

BMP modeling and assessment. The mathematical framework formulates the theoretical 

system and derives the farm behavior under unconstrained and different forms of 

constrained conditions. 

iii) A GUI-driven integrated hydrologic-economic model was developed and 

implemented as a Whitebox  GAT plug-in. The model has several valuable characteristics 

– a user-friendly GUI, flexible interface for the mixed-integer solver, and convenient 

output viewers for simulation and optimization results. The optimization model has a 
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built-in functionality to be run in a loop, to test different levels of environmental 

restrictions. This contribute to already developed integrated models, described for 

example by Cai, McKinney, & Leon, 2003; Ringler, & Cai,  2013; Cools, Broekx, 

Vandenberghe, Sels, Meynaerts, & Vercaemst, 2011,   where only limited-functionality 

graphical interfaces were developed. 

iv) The findings produce the watershed-specific information about the cost-

effectiveness of zero tillage, optimum fertilizer application rates, red clover as a cover 

crop, and three BMPs for such purposes as reducing surface runoff, sediment, nitrogen, 

and phosphorus loads. The research contributes to the existing published papers in 

several ways. First, it extends the existing research on no-till corn effects for different 

soils and crop rotation performed by Parajuli, P., Jayakodya, P., Sassenrathb, G., 

Ouyangc, Y. &  Potea, J., 2013; Soane at el. 2012, among others, by the effects of straw 

management for the preceding crop. The straw management practices such as straw 

spreading and baling to be proved important in Ontario for soils with poor drainage 

conditions.  The results also report the variability in terms of a standard deviation and 

coefficient of variation. Moreover, the evaluation produces an estimate of correlation 

between the surface runoff benefits and sediment yield, and nitrogen and phosphorus load 

benefits.  

v) This work extends our understanding of unrestricted profit-maximizing behavior, 

showing that the latter is not necessarily associated with the highest level of pollution. It 

makes contributions for such papers as Field, & Olewiler, 2002 and McKitrick, 1999, 

among others, investigating firm behavior in presence and absence of environmental 

regulations.   Moreover, when considering the effects of the individual environmental 
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constraints, an optimal BMP allocation assessment outperforms the simulation 

assessment in general. This empirically proves that a simulation assessment produces the 

necessary but not sufficient conditions for determining the cost-effective BMP policy.    

vi) Extends the theory and practice on the shape (functional forms) of the relationship 

between BMP costs and environmental benefits by representing it by a piece-wise 

polynomial function with identification of strict, moderate, and not bounding portions. 

vii) Extends the theory and practice about dependence of policy cost on information 

about available abatement options.  This was empirically confirmed by the BMP 

optimization assessment  performed under two scenarios – i) Two Abatement Options 

(Existing and Zero Till), and ii) Five Abatement Options (Existing, Zero Till, NMAN 

NPK Rates, Red Clover Cover, and Three BMPs).   

5.4 Research Limitations 

The limitations of this research are reflected mostly in the evaluation criteria used 

for BMP assessment, scenario assumptions, and data availability. The following section 

outlines the major limitations.  

i) The environmental criteria used for the BMP assessment are the surface runoff, 

sediment, and nitrogen, and phosphorus loads into a stream system. Under the SWAT 

methodology, they are interpreted as the amount of constituents leaving the crop fields 

and entering the stream system. This information is sufficient if the direct impacts of 

BMPs are the major focus. In the case when the water quality at the watershed outlet is a 

major concern, then the channel process should be taken into account. According to the 

Guelph WEG, almost 54% of sediment leaving the Gully Creek Watershed outlet is due 
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to channel erosion process (Yang, Liu, Simmons, & Oginskyy, 2013). The latter also can 

significantly affect the nutrient concentration in the stream system. 

ii) The three-year simulation period – 2008-2010 – reflects availability of quality 

data. Although this covers the dominant in the watershed soybeans-wheat-corn crop 

rotation and corresponds to a short-run economic trend, a longer simulation period would 

be preferable to make the results more robust. 

iii) The crop production costs are based on adjusted OMAFRA field crop budgets. 

Their usage is justified by the assumption that only certain practice-related factors affect 

the BMP cost, and adjusting the budgets for these factors is sufficient for assessment. 

This leaves out the variation in the field-level production costs, which is an important 

factor affecting the BMP cost and its variability. 

iv) Ranking the BMP scenarios and determining the cost-effective policy is 

conditional on a number of evaluated BMPs and conditions under which the scenarios are 

applied. This means that if some new BMPs are added, then the ranking and evaluated 

cost-effectiveness of the policies can also change. In addition, this most likely would 

affect the optimization assessment too.   

v) The BMP optimization assessment is based on several assumptions, such as a 

farm profit-maximizing behavior, complete information, no transaction cost related to 

switching from one practice to another, and horizontal demand function. Although being 

appropriate for studying a long-run behavior, these assumptions can be problematic when 

considering short-term real-world processes. Thus, the profit-maximizing behavior has to 

be adjusted to the local agricultural and cultural traditions and supply management 
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system. Also the static optimization model assumes that necessary technological changes 

and transformations occur instantaneously. It might be a problem when considering real-

world processes in the short run where the transformation does not occur instantaneously. 

The assumption about a horizontal demand curve can also be problematic, even for small 

watersheds, when policy dramatically changes the existing land use.  

vi) The optimization model is assumed to be linear. It is appropriate for the 

current research objectives because field-level processes are independent for surface 

runoff, sediment, and nitrogen and phosphorus load under the SWAT simulation 

methodology. In the real world the field-level processes are interdependent, as reflected 

by the concept of hydrologic connectivity. So the interpretation and inference have to be 

adjusted accordingly. 

5.5 Policy Implications 

Several policy implications are associated with the empirical findings and 

conclusions of the research. First, it was shown that the effectiveness of BMPs, in 

particular zero tillage, depends on local conditions and the BMP implementation method. 

Zero tillage appears to bring some loss when grain corn is sowed after winter wheat and 

brings some profit when it is sowed after soybeans.  This suggests that a soybeans-corn 

rotation may be preferable to the existing in the watershed soybeans-wheat-corn rotation, 

if the goal is to use this BMP to deal with the erosion process. Second, all the selected 

BMPs of interest differ in terms of capital requirements, implementation time, and 

uncertainty of the results. For example, zero tillage considers certain technological 

investment and implementation time. Nutrient management in the form of the optimum 

fertilizer application rates, on the other hand, does not require any additional investment 
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and time. This suggests that BMPs that have lower investment requirements should be 

preferred over more expensive and time-demanding ones. Third, except for some special 

cases, normally a policy aims several environmental processes. This places an additional 

weight on the BMPs with multiple effects such as red clover and a combination of several 

BMPs. An example is the red clover BMP that has multiple positive impacts on water 

quality. In addition, it has lower variability in the results and has a positive impact on 

farm profit. Fourth, the research shows the importance of a variability factor in the BMP 

assessment. This means that accounting for the variability of BMP effects should be a 

standard practice for BMP evaluation and the policy decision-making process. Fifth, the 

estimated piece-wise shapes of tradeoffs between BMP costs and environmental benefits 

reveal that there is a significant difference in cost for different levels of environmental 

regulation. Because of the heterogeneity of existing natural and economic conditions, 

some environmental improvement can be made without involving additional cost, which 

is represented by the zero portion of Marginal Abatement Cost function. Moving towards 

strengthening the environmental regulation leads to the increased cost. The compromised 

decision can be made by choosing a point on the Marginal Abatement Cost curve 

corresponding to the accepted tradeoff between cost and benefits of the regulation. Sixth, 

revealed differences in the BMP cost, evaluated using simulation and optimization 

assessments, imply that an optimization procedure should be a standard part of the BMP 

evaluation and decision-making process. In addition, all the possible abatement options 

should be included in the evaluation process. This is likely to increase the cost and the 

length of the policy-making process, but having incomplete information can negatively 

affect the policy decision and costs.   
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5.6 Suggestions for Further Research 

There are several ways to extend the integrated hydrologic-economic modeling of 

agricultural BMPs in watersheds. First, further development of the theory and 

methodology of the integrated modeling is required. In particular, the already introduced 

definition and functions of agricultural watersheds have to be supplemented by 

investigation and by formulation of the principles and characteristics of agricultural 

watersheds as social-natural systems. This would allow for further improving the 

integrated management and modeling methodology. Second, the modeling efforts should 

be continued. The next logical step is to extend the model functionality to run a nonlinear 

optimization process that takes into account the hydrologic connectivity that exists 

among the spatial units. This would be especially productive with respect to the 

environmental parameters that are influenced by channel process – total runoff, and 

sediment and nutrient concentration at the watershed outlet. Third, because cost-

effectiveness assessment is conditional on a number of available BMP options, the 

existing functionality of the developed integrated hydrologic-economic model should be 

gradually extended to incorporate a larger number of BMP options like simulation of 

general land-use, buffer zones, holding ponds, and berms. The developed methodology 

modeling efforts also have to be extended to other watersheds starting from the 

watersheds currently in the jurisdiction of Ausable Bayfield Conservation Authority. 

Fourth, the existing model capabilities should be extended to incorporate more tools for 

examining the impacts of variability on the BMP evaluation results and conclusions. The 

logical step is to run a Monte-Carlo simulation for both the simulation and optimization 

modules.  Fifth, the behavior of the existing integrated model is governed by the profit-
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optimizing assumption. Although this is an important component of the farmer’s 

behavior, it is also a simplification of the real-world process. One way to improve the 

objective function is to implement the Goal Programming techniques, where the weight 

on the profit maximizing and other components can be assigned by the evaluator for more 

close approximation of some local social conditions.  And finally, the longer period is 

required to improve the inference and robustness of the findings and conclusions. 

Final remarks. BMP evaluation, as can be seen from this research, can be very 

time and resource consuming. Efforts of many specialists like environmentalists, 

hydrologists, agronomists, economists, among others, are required to design, perform, 

and interpret the evaluation results. Significant material resources are required for 

collecting and analyzing soil, water, and sediment samples; establishing monitoring 

stations, and buying necessary equipment. Both time and resources are required to collect 

detailed farm- and field-level management data that are so important for the accuracy of 

the evaluation. Data time span is of a special importance here and has to be sufficiently 

large to provide quality of model calibration and validation. On the other hand, the 

consequences of avoiding, or even simplifying, this work can be that not a cost-effective 

BMP is recommended, not a right place is chosen for its placement, the funding is not 

spent in the most effective way, to name a few. In other words, the social opportunity 

cost of not doing the BMP evaluation can be significant resulting in deteriorating  of the 

natural environment, increased threat for human health, and  lost opportunities.  
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1. Introduction 

The purpose of the GUI manual is to present step-by-step instructions on how to 

set up BMP scenarios, run the integrated model, and display and analyze the evaluation 

results. The manual uses the Gully Creek watershed data to show an evaluation procedure 

for zero tillage corn. The integrated model database also contains the data for such BMPs 

as optimized nutrient application rates, and red clover as a cover crop. Evaluation 

procedures of those BMPs should follow the same steps as those presented for zero 

tillage corn.   

The manual consist of three sections covering i) the introduction to the GUI 

manual, ii) the description of the general GUI layout, and  ii) instructions on how to set 

up and run the model with zero tillage as an example. Attention is paid to setting up and 

running the model in the optimization mode. The results are presented in table, graph, 

and map formats. Because the manual serves as a companion to the model description 

presented in the main text, it does not describe the data and the model’s methods. The 

corresponding sections of Chapter 3 describe the integrated model and the GUI classes. 

The information about the Gully Creek watershed is given in Chapter 4. 

 This model is built as a plug-in to the open-source Whitebox GAT system. The 

current version of the model, described in Chapter 3, is an Alpha version, meaning that 

the features have not been locked down.  For the system  to run, the model and Whitebox 

have to be installed on a user’s computer. Please contact the authors for more 

information. 
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2. GUI Layout 

The model GUI layout consists of three major graphical components covering 

data, scenario, and model setup (Figure A-1). Each of the components consists of sub-

components that are built to manage specific tasks. Thus, the data component can be used 

to show both the hydrologic and economic results. The scenario  setup component has 

graphical sub-components to create a scenario, select any BMPs of interest, set 

restrictions, and view the selected scenario summary. The model setup graphical 

component is used to run the model in simulation and optimization modes, and display 

the results.  The following sections describe how to use the GUI to evaluate zero tillage 

corn BMP for the Gully Creek watershed conditions.  

 

 

Figure A-1 General GUI Layout 
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3. Model GUI Walkthrough 

3.1 Open the GUI 

Whitebox GAT has to be invoked first in order to run the integrated model. The 

model GUI is created by double-clicking the icon “Agro-Hydro-Econ Model” (Figure 

A-2). After the model is created, the user has the options to display the built-in data 

(optional) or proceed directly to the scenario setup.  

 

Figure A-2 Create GUI for the Integrated Model 

 

3.2 View of the Management Data (under construction)  

The current version of the model allows for limited display of hydrologic and 

economic data. The data can be displayed by clicking the Hydrologic or Economic node. 

Figure A-3 shows an example of the land-use in the Gully Creek watershed for 2010.  

   

 

Create GUI 
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Figure A-3. Land-use in the Gully Creek Watershed (2010) 

 

3.3 Create Scenarios 

The user can create a BMP scenario by clicking the “Create Scenario” from the 

“Scenario Setup” node.  In the example given below, the user starts by naming the 

scenario as “Existing” and sets it as the baseline scenario. The baseline scenario is used 

further as the reference to which all the subsequent scenarios will be compared. The 

corresponding sequence of actions as they refer to the graphical controls of the context 

menu is given below. 

  

Land-use data is displayed on the map 
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Figure A-4. Land-use in the Gully Creek Watershed (2010) 

 

3.4 Choose BMP(s) to be Applied 

Clicking the “Agricultural Practices” menu allows the user to select an underlying 

cropping system, the type of BMP, the crop field ID(s), and years of application. The 

crop fields where the BMPs will be applied can be selected from the “Land IDs” list box 

or from a map. In order to select from a map, the user has to load the required map into 

the map viewer using the “Add Layer” control from the Whitebox’s GUI and then 

clicking the “Select Feature” control.   The  sequence of actions to select a BMP of 

interest is as follows: 

  

Create a scenario 
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Figure A-5. Selecting Agricultural Practices 

 

   [Years]: Select the [Select All] option or specific years to run the model. If the 

specific years are selected, the model will run for the entire simulation period, but 

the BMPs will be assessed for the years of interest. 

  [Land ID]: Select the [Select All] option or specific land IDs on which the BMPs 

should be applied. Check the check box [From Map] to select the land IDs from 

the map.  

  

Fields chosen for BMP 
application are selected 

from the map 

    

The baseline 

 scenario 

A single BMP 

 scenario 
A multiple BMP 

 scenario 
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  [Rotation]: Select a cropping system (crop rotation). Normally when BMPs such 

as conservation tillage, nutrient management, or cover crop are to be assessed, the 

same cropping system is used. Otherwise, different cropping systems are to be set 

when the purpose is to evaluate the impacts of different cropping systems. The 

current version of the model uses the predesigned built-in cropping systems to be 

used in the evaluation.   

  [Practices]: Select single or multiple agri-environmental practices to be evaluated. 

  [Crop Straw Mgt]: Choose a straw management option. Normally when agri-

environmental practices other than straw management are evaluated, the [Historic] 

option is to be used. Otherwise, choose a required straw management option such 

as [Straw Spreading] or [Straw Baling.]      

 

3.5 Set Land-use Restrictions and Processes of Interest (under construction) 

Clicking the [Land-Use Restrictions] and [Processes] nodes opens the context 

GUIs that allow the user to set land-use restrictions relating to land slopes and soil 

texture, and select the processes of interest. Using the [Land-Use Restrictions] GUI 

allows the user to restrict the application of a BMP to some specific areas, e.g., only to 

high slope areas or lands with poor drainage conditions. This module is currently under 

construction.  By default, the integrated model does not impose any land-use restrictions 

and runs for all predefined processes of interest. The expected sequence of actions for 

this phase is provided next. 
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Figure A-6. Selecting Land-use Restrictions and Processes of Interest 

Land-use Restrictions 

  [Land Slope (%)]: Select the [Not Restricted] option (default) for the unrestricted 

BMP application or select some land slope ranges.  

  [Soil Texture]: Select the [Not Restricted] option (default) for the unrestricted BMP 

application or select some land soil texture classes. 

 

Processes of Interest 

  [Hydrology]: Select the [Select All] option (default) or some specific hydrologic 

processes of interest. 

  [Economics]: Select the [Select All] option (default) or some specific economic 

processes of interest. 

 

 

Land-use 

restrictions 

Processes 

 of interest 
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3.6 Confirm the Selected Scenarios 

Clicking the [Summary] node opens the context GUI that allows viewing the 

chosen scenario. Steps 3.33.6 can be repeated to set an arbitrary number of policy 

scenarios. Figure A-7 shows examples of setting  two and five policy options scenarios 

where the “Existing” scenario is used as the baseline.  The sequence of required actions 

for this phase is given next. 

 

Figure A-7. Scenario Summary 

 

  Review the chosen BMP scenarios. 

  [As Partial Scenario] (under construction): Leave unchecked as the default option. 

Checking the check box is designed for a BMP scenario that allows setting different 

BMPs for different parts of the watershed. This functionality will be addressed in the 

next version of the model. 

  

The baseline 
 scenario 

  

A policy 
 scenario 

A multiple BMPs 

scenario 

  
  

The baseline 
 scenario 
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  [Submit]: Push the button to confirm the chosen scenarios. 

 

3.7 Run the Model in the Simulation Mode 

Clicking the [Simulation] node opens the corresponding context GUI that allows the user 

to choose a type of the simulation model, run the model, and open the output viewer.  The 

sequence of actions for this phase is provide next.

 

Figure A-8. Simulation Model GUI 

 

  [Model Type]: Select a model type. Selecting the [Hydrologic] option will run the 

SWAT; selecting the [Economic] option will run the economic model; and 

selecting [Integrated] (default) will run both the SWAT and economic models. 

  [Submit]: Push the button to run the selected model in the simulation mode. 

  
Invoke the 

 simulation mode 

  

Submit the data 
 and run the model 

Display 
 the results 
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  [Output Viewer]: Push the button to open the output viewer. 

3.8 Display the Simulation Results 

Opening the “Simulation Output Viewer” gives the user the option to view the 

simulation results in different formats – table, graph, and map.  The main result viewing 

options are given in Figure A-9. The sequence of actions needed to display the results in 

different formats is shown below.  

 

Figure A-9. Simulation Output Viewer 

 

  Map Format 

   [Scenarios]: Select a scenario, e.g., [Zero Till.] 

   [Measures]: Select a measure of interest, e.g., [Sediment Yield Change.]  

   [Years]: Select the [Average] option. 

   [Scale]: Select the [Field] option. 

   [Output Type]: Select the [Map] option. 

   [Show]: Push the button to display the selected results on map. An example of the 

results of running the model for the Existing and Zero Till scenarios  sediment 

load benefits  is displayed in Figure A-10. 

 

  

Display selection panel 
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Figure A-10. Simulation Results in Map Format 

 

  Table Format 

   [Scenarios]: Select a scenario, e.g., [Zero Till.] 

   [Measure]: Select one or several measures of interest, e.g., [Net Return 

Change,] [Surface Runoff Change,] [Sediment Yield Change,]  

  

Display the sediment load 

 benefits on the map 
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   [Years]: Select the [Average] option. 

   [Scale]: Select the [Field] option. 

   [Output Type]: Select the [Table] option. 

   [Show]: Push the button to display the selected results in table. The results for the 

specified scenarios are displayed in Figure A-11. 

 

 

Figure A-11. Simulation Results in Table Format 

  Graph Format 

   [Scenarios]: Select one or several scenarios of interest, e.g., [Zero Till,] [Cover 

Crop,] [Nutrient Management.] 

   [Measure]: Select one measure of interest, e.g., [Net Return Change] or 

[Surface Runoff Change] or [Sediment Yield Change.]  

   [Years]: Select the [Average] option or a specific year. 

   [Scale]: Select the [Field] option. 

  

Descriptive statistics for selected parameters 
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   [Output Type]: Select the [Graph] option. 

   [Show]: Push the button to display the selected results on graph. The specified 

results are displayed in Figure A-12. 

 

 

Figure A-12. Simulation Results in Graph Format 

 

  

Display the sediment load benefits on a graph 

An example of comparing the sediment load benefits 

 between two BMP scenarios 
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3.9 Set and Run the Optimization Module 

Opening the Optimization Module GUI allows a user to formulate, run the 

optimization module, and enter the Optimization Output Viewer GUI to see the results. 

The Optimization Module GUI is shown in Figure A-13. Refer to Chapter 3 of the main 

text for the information about the interaction of the simulation and optimization modules. 

 

Figure A-13.  Invoking the Optimization Model GUI 

The GUI consists of four groups of graphical controls responsible for setting the model 

constraints, specifying the type of decision variables, setting the value of constraints, 

running the model and opening the output viewer (Figure A-14). The figure also shows 

all available options for setting up and running the optimization module.  The user can 

use the default values or set his or her own values. 

 

Open the Optimization 

Model GUI 
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Figure A-14.  Optimization Model GUI Layout 

The sequence of actions to create and run the optimization module is as follows: 

  [Mode of Optimization]: Select a mode of optimization, i.e., [Maximize] or 

[Minimize.]  

  [Type of Simulation]: Select a type of simulation, i.e., [Average] or [Historic.] 

The [Average] type is the default option. 

 

  

      

Type of 
constraint 

Decision 
variables 

Value of 
constraint 

General controls 

Available options 
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  [Constraint/Variable,] [Relation,] [Value/Type]: These three graphical controls 

are used to formulate the optimization model and set up the required constraints. 

Figure A-14 shows all available options that can be used for the model 

formulation. The options with an asterisk refer to the required setup actions, and 

all others refer to the optional actions.  There are seven available options for the 

[Constraint/Variable] control. They are [Type of Variable,] [BMP Choice 

Equations,] [Surface Runoff Benefits,] [Sediment Yield Benefits,] [Nitrogen 

Load Benefits,] [Phosphorus Load Benefits,] and [BMP Cost Variability] 

constraints. The following setup information refers to each of the options. 

   [Type of Variable]: This option is used to set the type of decision variables in 

the objective function. The chosen type can be assigned to all decision 

variables (default option) or to some subset of the variables. The available 

types are [Binary,] [Integer] and [Float,] which refer to the binary, integer, 

and continuous type of the optimization problem, respectively. The [Relation] 

operator for this action is [=]. 

   [BMP Choice Equations:] This required option creates the system of linear 

constraints that governs the number of targeted BMP options.  For example, 

setting the value of [Value/Type] list box to [1] means that only one BMP can 

be applied on the specified fields. The integer value greater than 1 can be used 

when the BMPs of interest are mutually exclusive, e.g., conservation tillage 

and nutrient management. The [=] operator has to be used to set the right-hand 

value. 
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   [Surface Runoff Benefits,] [Sediment Yield Benefits,] [Nitrogen Load 

Benefits,] and [Phosphorus Load Benefits]: These options are used to set 

surface runoff benefit constraint, sediment, nitrogen, and phosphorus load 

benefits constraint, respectively. The values of the constraints are set by 

selecting [Insert Value] from the [Value/Type] combo box and inserting the 

required value or accepting the default value. The default values of the 

constraints are set to the maximum levels of the benefits that can be received 

from the watershed, given the selected BMP options. The [<=] operator has to 

be used to set the right-hand value because the environmental benefits in the 

optimization model have a negative sign. 

   [Submit]: Push the button separately for each constraint. 

  [Optimize]: Push the button to run the optimization module. 

  [Output Viewer]: Push the button to open the optimization module output viewer. 

 

The following information shows the setup to minimize the BMP cost, given the 

value of sediment load benefits at 500 tonnes. It utilizes the simulation results for the 

Zero Till BMP presented in the simulation section of this manual. The sequence of 

required actions is:  

   [Mode of Optimization]: [Optimize] 

   [Type of Simulation]: [Average] 
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   [Type of Variable]: [Binary] 

   [BMP Choice Equations]: [1] 

   [Sediment Yield Benefits]: <= -500 (tonnes) 

  [Optimize]: Push the button to optimize the BMP allocation in the watershed  

The value of the right-hand constraints can be specified as a range. Check the 

check box [As Range] to invoke this functionality (Figure A-15). When this option is 

chosen, the user has to specify the lower and upper values of a constraint and the value of 

an increment. The user can also use the default values supplied by the model. 

 

Figure A-15.  Setting the Value of Right-Hand-Side Constraint as Range 

The user has to choose an increment value. The required value of an increment for the 

specified number of iterations can be calculated by using Error! Not a valid bookmark self-

reference.. Only one constraint at a time can be used for this option. The [Relation] 

operator used for this action is [<=]. 

Check 

Set a  relation 
operator 

Set an increment 

Run the model 
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Equation A-1. Calculation of the Value of Right-Hand-Side Increment 

s_required#iteration

min_limit)(max_limit
valueincrement_


  

3.10 Display the Optimization Results 

Opening the “Optimization Output Viewer” gives the user the option to view the 

results in different formats – table, graph, and map.  The main viewing format options are 

given in Figure A-16. The sequence of actions needed to display the results in different 

formats is given below.  

 

Figure A-16. Optimization Output Viewer 

 

  Map Format 

   [Type of Output]: Choose the [Map] option to display the optimal BMP 

allocation in the watershed in a map format 

   [Processes of Interest]: Select the [Static Results] to display the results on a 

map. 

  

Output formats Process of interest 
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Figure A-17. Optimization Results in Map Format 

 

  Table Format 

   [Type of Output]: Choose the [Table] option to display the optimal BMP 

allocation in the watershed in a table format. 

   [Processes of Interest]: Select the [Static Results] to display the results on 

the table. Select an iteration number to see the optimization results for a 

specific iteration. This option is applied only when the check box [As Range] 

is checked.  

 

Optimal BMP allocation 
 given 2 mgt options 

Optimal BMP allocation 
 given 5 mgt options 

Check  
format Select 
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Figure A-18. Optimization Results in Table Format 

  Graph Format 

   [Select the Type of the Output]: Check the [Graph] radio button to see the results in 

graph format. This functionality only applies when the check box [As Range] is 

checked. The example of the model results in graph form is shown in Figure A-19. 

 

 

Figure A-19. Optimization Results in Graph Format 

Select when option 
“As Range”  is checked 

Select when option 
“As Range”  is unchecked 

Relationship between the 
 Sediment Load Benefits and BMP Costs 
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3.11 Close the GUI 

  Click the [x] sign on the top right-hand side of the main GUI to close the model. 

All the simulated and optimization results will be written to output csv files. 

    

 

 

 

 

 



Appendix B - Acronyms of Terms Used in the Text 
 

Acronym/Term Definition Source/Proprietor  

AGNPS Agricultural Non-Point Source Pollution 

Model 

USDA Natural Research Conservation Service 

AnnAGNPS Annualized Agricultural Non-point Source 

Pollution  

USDA Natural Research Conservation Service    

 

ANSWERS Areal Non-Point Source Watershed 

Environment Response Simulation  

Beasley & Huggings, 1982 

 

ArcGIS Tool for mapping and analyzing spatial data ESRI 

ArcSWAT ArcGIS plug-in for SWAT model USDA Agricultural Research Service    

 

CanSWAT Canadian version of SWAT model University of Guelph Watershed Evaluation Group (Department of 

Geography) 

CONOPT2 Mixed-Integer Non-Linear Programming 

solver based on the extended cutting plane 

method 

The General Algebraic Modeling System (GAMS)  

CPLEX Linear Mixed Integer Solver IBM Optimization Studio 
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cont’d  

 

GAMS General Algebraic Modeling System The General Algebraic Modeling System (GAMS) 

HEC-HMS Hydrologic Engineering Centre’s 

Hydrologic Modeling System 

US Army Corps of Engineers  

HEC-RAS Hydrologic Engineering Center’s River 

Analysis System 

US Army Corps of Engineers 

NSPF Hydrological Simulation Program-Fortran  US Geologic Survey 

MapWindow Tool for mapping and analyzing spatial data MapWindow 

MINOS Software package for solving large-scale 

optimization problems (linear and nonlinear 

programs) 

Stanford Business Software Inc.  

MODFLOW Modular finite-difference flow model for 

solving the groundwater flow equations 

US Geologic Survey 

MWSWAT MapWindow plug-in for SWAT model WaterBase 

RiverCAD River modeling software with a built-in 

CAD engine. It supports HEC-2 and HEC-

RAS. 

BOSS International 

WaSiM Water Balance Simulation Model Cranfield University  
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cont’d  

 

WEPP Water Erosion Prediction Project USDA Agricultural Research Service 

WhiteBox Geospatial Analysis Tools University of Guelph Centre for Hydrogeomatics (John Linsay) 

SLURP  Semi-distributed land-use runoff processes Water Resources Publications, LLC.  

WET-TEMP Watershed Evaluation Tool – Temperature Portland State University 

SAC-SMA Sacramento Soil Moisture Accounting 

Model 

US National Weather Service  

 

 

 

 

 

 

 

 

 



Appendix C - Selected  Definitions Used in the Text 

Process Definition 

Surface runoff (overland flow) Amount of incoming water exceeding the soil 

infiltrating capacity 

Sediment (yield) load Total amount of sediment entering the stream 

Nitrogen load Total amount of nitrogen entering the stream 

Phosphorus load Total amount of phosphorus entering the stream 

Surface runoff benefits (reduction) The change in surface runoff due to a BMP 

implementation 

Sediment load benefits (reduction) The change in sediment load due to a BMP 

implementation 

Nitrogen load benefits (reduction) The change in total nitrogen load due to a BMP 

implementation 

Phosphorus load benefits (reduction) The change in total phosphorus load due to a 

BMP implementation 

BMP cost The change in farm net return due to a BMP 

implementation 

Cost-

Runoff/Sediment/Nitrogen/Phosphorus) 

Ratio 

Ratio of BMP cost over surface runoff 

(sediment/nitrogen/phosphorus) load benefits 

Environmental benefits (emission 

reduction) 

The change in some environmental parameter 

due to a BMP implementation 

Best Management Practices (BMPs) “… pollution-prevention farming methods to 

ensure that risks to the environment are 

minimized without sacrificing economic 

productivity” (Agriculture and Agri-Food 

Canada, 2007) 

Beneficial Management Practices 

(BMPs) 

Management practices aiming to improve health 

of the environment 



Appendix D - BMP Type, BMP Name, and BMP Scenario Names used in the Text 

 

BMP Type BMP Name BMP Scenario 

Conservation tillage Zero tillage Zero Till 

Nutrient management  Optimum fertilizer application rates  NMAN NPK Rates 

(Application rates generated by the 

OMAFRA nutrient management software - 

NMAN) 

Cover crop Red clover as a cover crop Red Clover Cover 

Multiple BMPs Combined application of zero tillage, 

Optimum fertilizer application rates, 

and red clover as a cover crop  

Three BMPs 
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Appendix F - Model Listings 

Listing 1. Model Data Holders 

 
// Scenario setup 

Map<String,Map<Integer,Map<Integer,Map<String,Map<String,Object>>>>> 

scenariosSelected_slycpr; 

 

// Management data 

Map<Integer,Map<Integer,Map<String,Object>>> landMgtData_Historic_lykv; 

  

// Tillage crop yield impact coefficients  

Map<String,Map<String,Map<String, Map<String, Map<String, Map<String, 

Float>>>>>> cropTillYieldImpact_ccrskv; 

 

// Field general data 

Map<Integer,Map<String,Object>> landGeneralData_lkv; 

 

// Crop prices 

Map<Integer, Map<String, Float>> cropPrices_ykv; 

 

// Straw prices 

Map<Integer, Map<String, Float>> strawPrices_ykv; 

 

// Straw harvest indexes 

Map<Integer, Map<String, Float>> strawHarvestIndexes_ykv; 

 

// Crop production cost 

Map<Integer,Map<String,Map<String,Map<String,Map<String,Float>>>>> 

cropCosts_yctskv; 

 

// Output holder for annual simulation 

Map<String,Map<Integer,Map<Integer,Map<String,Map<String,Object>>>>> 

landSimulation_slyckv; 

 

// Output holder for average simulation 

Map<String,Map<Integer,Map<String, Float>>> landSimulationAverage_slkv; 

 

// SWAT results 

Map<Integer, Map<Integer, Map<String, Float>>> swatHistoric_lykv; 

Map<Integer, Map<Integer, Map<String, Float>>> swatZeroTill_lykv; 

Map<Integer, Map<Integer, Map<String, Float>>> swatNPKReduction_lykv; 

Map<Integer, Map<Integer, Map<String, Float>>> swatCoverCrop_lykv; 

Map<Integer, Map<Integer, Map<String, Float>>> 

swatZeroTillAndNPKAndCover_lykv; 

 

// where: s = scenario, l = land id, y = year, c = cropping system, p = 

agropractice, r = residue (straw mgt), 

// k = key, v = value 
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Listing 2. Model GUI Initialization 

 

private void initUi() 

{ 

    // sets the title 

    this.setName("Agro-Hydro-Economic Model");  

 

    // Keep it 

    if (host == null) 

    { 

        bundle = 

WhiteboxInternationalizationTools.getGuiLabelsBundle(); 

        host = new whitebox.plugins.PluginHost(); 

    } 

    else 

    { 

        bundle = host.getGuiLabelsBundle(); 

    } 

             

     

    // Root of the tree     

    DefaultMutableTreeNode rootModelParameters = new                        

DefaultMutableTreeNode("Parameters"); 

         

    // Childs nodes 

    DefaultMutableTreeNode nodeData = new 

DefaultMutableTreeNode("Data"); 

    DefaultMutableTreeNode nodeScenarioSetup = new 

DefaultMutableTreeNode("Scenario Setup"); 

    DefaultMutableTreeNode nodeModelSetup = new 

DefaultMutableTreeNode("Model Setup"); 

              

    // Populate data node               

    nodeData.add(new DefaultMutableTreeNode("Hydrologic")); 

    nodeData.add(new DefaultMutableTreeNode("Economic")); 

         

    // Populate scenario name setup node   

    nodeScenarioSetup.add(new DefaultMutableTreeNode("Create 

Scenario")); 

    nodeScenarioSetup.add(new DefaultMutableTreeNode("Agricultural 

Practices")); 

    nodeScenarioSetup.add(new DefaultMutableTreeNode("Land-Use 

Restrictions")); 

    nodeScenarioSetup.add(new DefaultMutableTreeNode("Processes")); 

    nodeScenarioSetup.add(new DefaultMutableTreeNode("Summary")); 

         

    // Populate simulation 

    nodeModelSetup.add(new DefaultMutableTreeNode("Simulation")); 

    nodeModelSetup.add(new DefaultMutableTreeNode("Optimization")); 

        

    // Add the child nodes to the root node and create the tree 

    rootModelParameters.add(nodeData); 

    rootModelParameters.add(nodeScenarioSetup); 

    rootModelParameters.add(nodeModelSetup); 

    ///rootModelParameters.add(nodeOptimization); 

    treeModelParameters = new JTree(rootModelParameters); 
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    // Add tree to the frame 

    add(new JScrollPane(treeModelParameters)); 

    treeModelParameters.setShowsRootHandles(true); 

    treeModelParameters.setRootVisible(false); 

         

    // Expend all the rows in the tree 

    for (int i = 0; i < treeModelParameters.getRowCount(); i++) 

    { 

        treeModelParameters.expandRow(i); 

    } 

     

    // Set node selection mode 

    treeModelParameters.getSelectionModel().setSelectionMode 

(TreeSelectionModel.SINGLE_TREE_SELECTION); 

         

    // The main box    

    boxVer = Box.createVerticalBox(); 

      

    // Add row of labels 

    boxR1 = Box.createHorizontalBox(); 

    boxR1.add(Box.createHorizontalStrut(0)); 

    boxR1.add(Box.createHorizontalGlue()); 

    boxR1.add(new JLabel("Parameters")); 

      

    // Interval between labels 

    boxR1.add(Box.createHorizontalStrut(125));     

    boxR1.add(Box.createHorizontalGlue());      

    boxR1.add(new JLabel("Configuration")); 

    boxR1.add(Box.createHorizontalGlue()); 

    boxVer.add(boxR1); 

      

    // Add row of components 

    boxR2 = Box.createHorizontalBox();    

      

    // Holder for first column 

    boxR2Left = Box.createVerticalBox();           

    boxR2Left.add(add(new JScrollPane(treeModelParameters))); 

      

    // Container for the second column     

    boxR2Right = Box.createVerticalBox(); 

      

    //*** Rows for the second column of row 2 

    boxR2RightR1Hor = Box.createHorizontalBox(); 

    boxR2RightR2Hor = Box.createHorizontalBox(); 

    boxR2RightR3Hor = Box.createHorizontalBox(); 

    boxR2RightR4Hor = Box.createHorizontalBox(); 

    boxR2RightR5Hor = Box.createHorizontalBox(); 

    boxR2RightR6Hor = Box.createHorizontalBox(); 

    boxR2RightR7Hor = Box.createHorizontalBox(); 

 

    // Populate the second row right 

    boxR2Right.add(boxR2RightR1Hor); 

    boxR2Right.add(boxR2RightR2Hor); 

    boxR2Right.add(boxR2RightR3Hor); 

    boxR2Right.add(boxR2RightR4Hor); 

    boxR2Right.add(boxR2RightR5Hor); 
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    boxR2Right.add(boxR2RightR6Hor); 

      

    // Populate the second row 

    boxR2.add(boxR2Left); 

    boxR2.add(boxR2Right); 

      

    // Add row 2 to the box 

    boxVer.add(boxR2); 

      

    // Row 3 

    boxVer.add(Box.createVerticalStrut(5)); 

    boxR3 = Box.createHorizontalBox(); 

      

    boxR3.add(Box.createGlue()); 

    boxR3.add(buttonSubmit); 

    boxR3.add(Box.createHorizontalStrut(5)); 

    boxR3.add(buttonCancel); 

    boxR3.add(Box.createHorizontalStrut(5)); 

    boxR3.add(buttonHelp); 

    boxR3.add(Box.createHorizontalStrut(5)); 

      

    // Add row 3 to the box 

    boxVer.add(boxR3); 

    boxVer.add(Box.createVerticalStrut(5)); 

      

    // Add box to the frame 

    this.add(boxVer); 

    this.setVisible(true);     

    this.setPreferredSize(new Dimension(390, 500)); 

} 

 

 

Listing 3. Submitting User-Selected Data 

 

if (nodeNameSelected.equals("Create Scenario")) 

{  

// Populate  

simulYearStart = (int)(Integer) comboBoxSimulStart.getSelectedItem(); 

simulYearEnd = (int)(Integer) comboBoxSimulEnd.getSelectedItem(); 

                 

    // Baseline  

    if (  checkBoxAsBase.isSelected() ) 

    { 

        scenariosNames_sn.put(textFieldScenarioName.getText(),0); 

        // Array to hold the name of base scenarioName 

        baseScenarioSelected = new String[1]; 

        for (Map.Entry<String, Integer> entry : 

scenariosNames_sn.entrySet()) 

        { 

            String scenarioName = entry.getKey(); 

            Integer scenarioIndex = entry.getValue(); 

            if(scenarioIndex == 0 ) 

            { 

                baseScenarioSelected[0] = entry.getKey(); 

            } 

        } 
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        // Policy default 

        if(scenariosNames_sn.size()==1) 

        { 

            policyScenarioSelected = new String[1]; 

            policyScenarioSelected[0]=DEFAULT_NAME; 

        } 

                     

        // This is the case when base is assigned to an arbitrary name 

        else 

        { 

            ArrayList<String> policyScenarioSelectedList = new 

ArrayList<>(); 

            for (Map.Entry<String, Integer> entry : 

scenariosNames_sn.entrySet()) 

            { 

                String scenarioName = entry.getKey(); 

                Integer scenarioIndex = entry.getValue(); 

                if(scenarioIndex != 0 ) 

                { 

                    policyScenarioSelectedList.add(scenarioName); 

                } 

            } 

            policyScenarioSelected = new 

String[policyScenarioSelectedList.size()]; 

            for (int i = 0; i < policyScenarioSelected.length; i++) 

            { 

                policyScenarioSelected[i] = 

policyScenarioSelectedList.get(i); 

            } 

        } 

    } 

                 

    // Policy scenarioName 

    if (  !checkBoxAsBase.isSelected() ) 

    { 

        // For the last chosen name 

        Integer currentPolicyIndex = new 

Integer(scenariosNames_sn.size()); 

        

scenariosNames_sn.put(textFieldScenarioName.getText(),currentPolicyInde

x); 

        ArrayList<String> policyScenarioSelectedList = new 

ArrayList<>(); 

        for (Map.Entry<String, Integer> entry : 

scenariosNames_sn.entrySet()) 

        { 

            String scenarioName = entry.getKey(); 

            Integer scenarioIndex = entry.getValue(); 

            if(scenarioIndex != 0 ) 

            { 

                policyScenarioSelectedList.add(scenarioName); 

            } 

        } 

        policyScenarioSelected = new 

String[policyScenarioSelectedList.size()]; 

        for (int i = 0; i < policyScenarioSelected.length; i++) 

        { 
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            policyScenarioSelected[i] = 

policyScenarioSelectedList.get(i); 

        } 

   } 

} 

 

 

Listing 4. Single BMP Cost Assessment (excerption) 

 

if(crop.equals("Grain Corn")) 

{ 

    // Works only is selected till type differ from the historic one 

if ((tillType.equals("Convent Till") &&            

landMgtData_Historic_lykv.get(landID).get(year).get("Tillage 

Type").equals("Zero Till"))||(tillType.equals("Zero Till") && 

landMgtData_Historic_lykv.get(landID).get(year).get("Tillage 

Type").equals("Convent Till")) )   

        { 

            try 

            { 

cropTillYieldImpactFr = 

cropTillYieldImpact_ccrskv.get(crop).get(crop_1).get(cro

p_1StrawMgt).get(soilTexture).get(tillType).get("Yield 

Impact"); 

                if(cropTillYieldImpactFr != 0) 

                { 

cropTillYieldImpactKg = 

cropYield*cropTillYieldImpactFr-cropYield; 

                    cropYield = cropYield + cropTillYieldImpactKg; 

                    // To be adjusted because of change in crop yield 

                    if (strawMgt.equals("Baling")) 

                    { 

strawHarvest =  

cropYield*strawHarvestIndexes_ykv.get(year).get(c

rop);  

                    }                             

                } 

                // Keep historic yields 

                else 

                { 

                    // Yields are not affected                             

                } 

            } 

            catch (Exception e) 

            {  

            }                                                 

        }                                    

} 

 

        // Calculate cost 

variableCost = tractMachineryFuelCost + tractMachineryRepairCost 

+ laboutCost  + herbicideCost + insecticideCost+fungicideCost + 

fertilizerCost+customCost + 

        yieldDependentCost + strawOperatingCost + operatingInterestCost 

+ otherOperatingCost + coverCropCost; 

        landCost = fixedCost + variableCost; 
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        // Calculate revenue      

        cropRevenue = cropYield*cropPrices_ykv.get(year).get(crop); 

        strawRevenue = 

strawHarvest*strawPrices_ykv.get(year).get(crop); 

        landRevenue = cropRevenue + strawRevenue; 

 

        // Calculate net return 

        landNetReturn = landRevenue - landCost; 

 

 

Listing 5. Multiple BMP Cost Assessment (excerption) 

 

// Default cover crop cost 

coverCropCost = 0.0f; 

if (cropSystemValue.containsKey("Reduced NPK") && 

cropSystemValue.containsKey("Cover Crop")) 

{ 

nitrogenRateKg_ha = 

(float)landMgtData_Historic_lykv.get(landID).get(year).get("N 

Application Reduced"); 

 

    phosphorusRateKg_ha =  

(float)landMgtData_Historic_lykv.get(landID).get(year).get("P 

Application Reduced"); 

 

    potassiumRateKg_ha =  

(float)landMgtData_Historic_lykv.get(landID).get(year).get("K 

Application Reduced"); 

                                 

    // Nitrogen credit under historic NPK reduction 

legumeNitrogenCreditKg_ha = 

(float)landMgtData_Historic_lykv.get(landID).get(year).get("Legume N 

Credit"); 

 

    nitrogenRateKg_ha = nitrogenRateKg_ha - legumeNitrogenCreditKg_ha; 

 

    if (nitrogenRateKg_ha < 0) 

    { 

        nitrogenRateKg_ha = 0.0f; 

    } 

 

coverCropCost 

=(float)landMgtData_Historic_lykv.get(landID).get(year).get("Cover 

Crop Cost");                         

} 

 

 

Listing 6. Simulation Output Viewer (excerption) 

 

private XYDataset createDataset(XYSeries series) 

{ 

    final XYSeriesCollection collection = new XYSeriesCollection(); 

    collection.addSeries(series); 
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    return collection; 

} 

 

private JFreeChart createSingleLineChart()             

{ 

    // Create XY char         

    XYSeries series = new XYSeries("XYGraph"); 

 

    //Add the series to your data set 

    XYSeriesCollection dataSet = new XYSeriesCollection(); 

    dataSet.addSeries(series); 

         

    // Generate the graph 

    JFreeChart chart = ChartFactory.createXYLineChart( 

    "BMP Assessment", // Title 

    "Land IDs",       //x-axis label 

    "$/ha",           //y-axis label 

    dataSet, 

    PlotOrientation.VERTICAL, // y-vertical axis  

    true,      // Show legend 

    true,      // Use tooltips 

    true);     // Configurate chart to use URLs 

         

    chart.setBackgroundPaint(Color.WHITE); 

    chart.getTitle().setPaint(Color.BLACK); 

    return chart; 

} 

 

private JFreeChart createVerticalCombinedLineChart(ArrayList<XYDataset> 

datasetList, String measure)  

{ 

    ArrayList<XYItemRenderer> rendererList = new ArrayList<>(); 

    ArrayList<NumberAxis> rangeAxisList = new ArrayList<>(); 

    ArrayList<XYPlot> subplotList = new ArrayList<>(); 

         

    for (int i = 0; i < datasetList.size(); i++) 

    { 

        final XYItemRenderer renderer = new StandardXYItemRenderer(); 

        rendererList.add(renderer); 

        final NumberAxis rangeAxis = new NumberAxis(measure); 

        rangeAxisList.add(rangeAxis); 

final XYPlot subplot = new XYPlot(datasetList.get(i), null,  

rangeAxisList.get(i), rendererList.get(i)); 

        subplot.setRangeAxisLocation(AxisLocation.BOTTOM_OR_LEFT); 

        subplotList.add(subplot); 

    } 

         

    // Parent plot... 

    final CombinedDomainXYPlot plot = new CombinedDomainXYPlot(new 

NumberAxis("Feature IDs")); 

    plot.setGap(10.0); 

 

    for (int i = 0; i < subplotList.size(); i++) 

    { 

        // Add the subplots... 

        plot.add(subplotList.get(i), 1); 
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    } 

    plot.setOrientation(PlotOrientation.VERTICAL); 

         

    // Return a new chart containing the overlaid plot... 

    return new JFreeChart("BMP Assessment", 

    JFreeChart.DEFAULT_TITLE_FONT, plot, true); 

}    

 

 

Listing 7. Setting Constraints for the Optimization Module (excerption) 

 

if(comboBoxNameOfConstraint.getSelectedItem().equals("Surface Runoff 

Benefits")) 

{ 

    ArrayList<Double> minMaxList = 

Support.getLandMinMax(landSurfaceRunoffBenifitRange);           

    

comboBoxRhsOptionOrUpperLimit.setSelectedItem(Double.toString(minMaxLis

t.get(INDEX0))); 

    

textFieldLowerLimit.setText(Double.toString(minMaxList.get(INDEX1))); 

    

textFieldRHSAsRange.setText(comboBoxNameOfConstraint.getSelectedItem().

toString()); 

}//surface runoff 

 

        

if(comboBoxNameOfConstraint.getSelectedItem().equals("Sediment Yield 

Benefits")) 

{ 

    ArrayList<Double> minMaxList = 

Support.getLandMinMax(landSedYldBenifitRange);           

    

comboBoxRhsOptionOrUpperLimit.setSelectedItem(Double.toString(minMaxLis

t.get(INDEX0))); 

    

textFieldLowerLimit.setText(Double.toString(minMaxList.get(INDEX1))); 

    

textFieldRHSAsRange.setText(comboBoxNameOfConstraint.getSelectedItem().

toString()); 

}//sediment yield 

        

if(comboBoxNameOfConstraint.getSelectedItem().equals("Nitrogen Load 

Benefits")) 

{ 

    ArrayList<Double> minMaxList = 

Support.getLandMinMax(landNitrogenBenifitRange);           

    

comboBoxRhsOptionOrUpperLimit.setSelectedItem(Double.toString(minMaxLis

t.get(INDEX0))); 

    

textFieldLowerLimit.setText(Double.toString(minMaxList.get(INDEX1))); 

    

textFieldRHSAsRange.setText(comboBoxNameOfConstraint.getSelectedItem().

toString()); 
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} 

        

if(comboBoxNameOfConstraint.getSelectedItem().equals("Phosphorus Load 

Benefits")) 

{ 

    ArrayList<Double> minMaxList = 

Support.getLandMinMax(landPhosphorusBenifitRange);           

    

comboBoxRhsOptionOrUpperLimit.setSelectedItem(Double.toString(minMaxLis

t.get(INDEX0))); 

    

textFieldLowerLimit.setText(Double.toString(minMaxList.get(INDEX1))); 

    

textFieldRHSAsRange.setText(comboBoxNameOfConstraint.getSelectedItem().

toString()); 

} 

        

if(comboBoxNameOfConstraint.getSelectedItem().equals("BMP Cost 

Variability")) 

{ 

    ArrayList<Double> minMaxList = 

Support.getLandMinMax(landStandardDeviationRange);           

    

comboBoxRhsOptionOrUpperLimit.setSelectedItem(Double.toString(minMaxLis

t.get(INDEX0))); 

    

textFieldLowerLimit.setText(Double.toString(minMaxList.get(INDEX1))); 

    

textFieldRHSAsRange.setText(comboBoxNameOfConstraint.getSelectedItem().

toString()); 

} 

 

 

Listing 8. Populating Data Holders with User’s Selection (excerption) 

 

if(comboBoxNameOfConstraint.getSelectedItem().equals("Surface Runoff 

Benefits")) 

{ 

    ArrayList<Double> minMaxList = 

Support.getLandMinMax(landSurfaceRunoffBenifitRange);           

    

comboBoxRhsOptionOrUpperLimit.setSelectedItem(Double.toString(minMaxLis

t.get(INDEX0))); 

    

textFieldLowerLimit.setText(Double.toString(minMaxList.get(INDEX1))); 

    

textFieldRHSAsRange.setText(comboBoxNameOfConstraint.getSelectedItem().

toString()); 

}//surface runoff 

 

        

if(comboBoxNameOfConstraint.getSelectedItem().equals("Sediment Yield 

Benefits")) 

{ 

    ArrayList<Double> minMaxList = 

Support.getLandMinMax(landSedYldBenifitRange);           
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comboBoxRhsOptionOrUpperLimit.setSelectedItem(Double.toString(minMaxLis

t.get(INDEX0))); 

    

textFieldLowerLimit.setText(Double.toString(minMaxList.get(INDEX1))); 

    

textFieldRHSAsRange.setText(comboBoxNameOfConstraint.getSelectedItem().

toString()); 

}//sediment yield 

        

if(comboBoxNameOfConstraint.getSelectedItem().equals("Nitrogen Load 

Benefits")) 

{ 

    ArrayList<Double> minMaxList = 

Support.getLandMinMax(landNitrogenBenifitRange);           

    

comboBoxRhsOptionOrUpperLimit.setSelectedItem(Double.toString(minMaxLis

t.get(INDEX0))); 

    

textFieldLowerLimit.setText(Double.toString(minMaxList.get(INDEX1))); 

    

textFieldRHSAsRange.setText(comboBoxNameOfConstraint.getSelectedItem().

toString()); 

} 

        

if(comboBoxNameOfConstraint.getSelectedItem().equals("Phosphorus Load 

Benefits")) 

{ 

    ArrayList<Double> minMaxList = 

Support.getLandMinMax(landPhosphorusBenifitRange);           

    

comboBoxRhsOptionOrUpperLimit.setSelectedItem(Double.toString(minMaxLis

t.get(INDEX0))); 

    

textFieldLowerLimit.setText(Double.toString(minMaxList.get(INDEX1))); 

    

textFieldRHSAsRange.setText(comboBoxNameOfConstraint.getSelectedItem().

toString()); 

} 

        

if(comboBoxNameOfConstraint.getSelectedItem().equals("BMP Cost 

Variability")) 

{ 

    ArrayList<Double> minMaxList = 

Support.getLandMinMax(landStandardDeviationRange);           

    

comboBoxRhsOptionOrUpperLimit.setSelectedItem(Double.toString(minMaxLis

t.get(INDEX0))); 

    

textFieldLowerLimit.setText(Double.toString(minMaxList.get(INDEX1))); 

    

textFieldRHSAsRange.setText(comboBoxNameOfConstraint.getSelectedItem().

toString()); 

}    

 

 



337 

 

Listing 9. Reading Data from csv File and Populating the Java Tree Map Holder 

     

public static Map<Integer, Map<String, Object>> 

getLandGeneralDataAsISOfromCSV(String filePath) throws 

FileNotFoundException, IOException  

{ 

        // Data holders 

        List<List<Object>> dataList = new ArrayList<>(); 

        List<String> headerList = new ArrayList<>(); 

        List<Integer> landIDsNoDublicatesList = new ArrayList<>(); 

        FileReader fileReader = new FileReader(filePath); 

        String line = null; 

        String floatStartsAtColumn = "Area";         

        int indexOfFloatStart = 0; 

        int lengthOfColumnsWithFloat = 0;         

        BufferedReader stream = null; 

 

        // Read the data from a stream 

        try { 

            stream = new BufferedReader(fileReader); 

            int i = 0; 

             while ((line = stream.readLine()) != null) 

                {    

                    // Parse the data 

                    String[] splitted = line.split(","); 

                    // Header 

                    if(i == 0) 

                    { 

                        for(int j=0; j<splitted.length;j++) 

                        { 

                        headerList.add(splitted[j]); 

                        } 

                        indexOfFloatStart = 

headerList.indexOf(floatStartsAtColumn); 

                        lengthOfColumnsWithFloat = headerList.size() - 

indexOfFloatStart;                    

                    } 

                    // Actual data                     

                    if( i > 0 ) 

                    {                 

                        dataList.add(new ArrayList<>()); 

                        for( int j=0; j<headerList.size();j++ ) 

                        { 

                            dataList.get(i-1).add( splitted[j] );                             

                                                   

                        }                         

                         

                        // Parse data with floats 

                        for (int jj = 0; jj < lengthOfColumnsWithFloat; 

jj++) 

                        { 

float f = Float.parseFloat( 

splitted[indexOfFloatStart+jj] ); 

                            dataList.get(i-

1).set(indexOfFloatStart+jj,f); 

                        } 
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                        // Parse edata with integers 

                        for (int j = 0; j < headerList.size(); j++) 

                        { 

                            if (headerList.get(j).equals("Land ID") || 

headerList.get(j).equals("Farm ID") || 

headerList.get(j).equals("Year")) 

                            { 

                                int in = Integer.parseInt( splitted[j] 

); 

                                dataList.get(i-1).set(j,in);                                 

                            }                     

                        }   

                                landIDsNoDublicatesList.add( 

(Integer)dataList.get(i-

1).get(headerList.indexOf("Land ID")) );    

                         

                    } 

                 // Row counter                    

                 i = (i + 1);    

                } 

 

            }  

            finally 

            { 

                if (stream != null) 

                    stream.close(); 

            } 

 

    // List of keys 

    List<String> keysList = new ArrayList<>(); 

    for (int j = 0; j < headerList.size(); j++) 

    { 

        // Do nothing (skip the first column) 

        if ( headerList.get(j).equals("Land ID") || 

headerList.get(j).equals("Year") ) 

        { 

            //....   

        } 

        // Populate the list 

        else 

        { 

            keysList.add(headerList.get(j));     

        } 

    } 

         

// Remove dublicates of the keys   

Set setItems1 = new LinkedHashSet(landIDsNoDublicatesList); 

landIDsNoDublicatesList.clear(); 

landIDsNoDublicatesList.addAll(setItems1); 

Collections.sort(landIDsNoDublicatesList);  

     

//-------------------------- Populate TreeMap -------------------------

--------          

Map<Integer, Map<String, Object>> landIDsMap = new TreeMap<>();        

TreeMap<String, Object> keyValueMap = null;// = new TreeMap<>();         

    for(Integer currentLandID : landIDsNoDublicatesList) 
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    { 

        keyValueMap = new TreeMap<>(); 

        for (int i = 0; i < dataList.size(); i++) 

        {  

            if ( (int)dataList.get(i).get( headerList.indexOf("Land 

ID") ) == currentLandID ) 

            { 

                for (int j = 0; j < keysList.size(); j++) 

keyValueMap.put( 

keysList.get(j),dataList.get(i).get(headerList.indexOf(k

eysList.get(j)))   );  

                } 

                landIDsMap.put(currentLandID, keyValueMap);     

            }  

        } 

    } 

return landIDsMap;     } 

 

 

 

Listing 10. Write Data to a csv File 

 

public static void writeDataToCSVFile(Object[][][] dataIn, String 

filePath) throws FileNotFoundException, IOException  

{       

       File myFile = new File(filePath); 

       myFile.delete(); 

       FileWriter fw = new FileWriter(filePath); 

       BufferedWriter bw = new BufferedWriter(fw); 

             

       for(int t=0; t< dataIn.length;t++) 

       { 

           for(int i=0; i< dataIn[t].length;i++) 

           { 

               String line = ""; 

               for(int j = 0; j < dataIn[t][i].length;j++) 

               { 

                   line = line + dataIn[t][i][j].toString()+","; 

 

               } 

 

           bw.write(line); 

           bw.newLine(); 

          } 

       } 
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Appendix G - Applying the Existing Scenario 

Table G-1. Scenario Assessment (farm level; 2008-2010) 

 Average Min  Max Standard 

Deviation  

Coefficient 

of 

Variation 

Coefficient 

of 

Correlation 

Surface runoff (mm) 416 299 436 42 0.1 1 

Sediment yield (t/ha) 2 0 4 1 0.5 0.7 

Total nitrogen (kg/ha) 48 20 60 10 0.2 0.9 

Total phosphorus 

(kg/ha) 

9 2 9 2 0.3 0.8 

Net return ($/ha) 568 33 888 193 0.3 n/a 

 

Table G-2. Scenario Assessment (subbasin level; 2008-2010) 

 Average Min  Max Standard 

Deviation  

Coefficient 

of 

Variation 

Coefficient 

of 

Correlation 

Surface runoff (mm) 416 177 481 64 0.2 1.0 

Sediment yield (t/ha) 2 0 7 2 0.6 0.7 

Total nitrogen (kg/ha) 48 13 65 13 0.3 0.9 

Total phosphorus 

(kg/ha) 

9 1 21 4 0.5 0.7 

Net return ($/ha) 568 -33 800 213 0.4 n/a 
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Appendix H - Applying the Zero Till Scenario 

Table H-1. Field Crop Cost of Production Budget (basin average, 2008-2010) 

Parameter Value Percent of Total Cost 

Fixed cost ($/ha) $80.79 10.4% 

Variable cost ($) $699.73 89.6% 

   Tractor & machinery fuel $25.76 3.3% 

   Tractor & machinery repair $26.00 3.3% 

   Labour (self or hired) $19.57 2.5% 

   Herbicides $90.98 11.7% 

   Fertilizers $117.98 15.1% 

   Custom work (fert., pest., others) $67.89 8.7% 

   Marketing fees $5.47 0.7% 

   Trucking $41.04 5.3% 

   Drying $70.07 9.0% 

   Storage $35.53 4.6% 

   Straw operating $0.09 0.0% 

   Operating interest $20.22 2.6% 

   Other operating $179.00 22.9% 

Total cost ($/ha) $780.52 100.0% 

Revenue total ($/ha) $1,337.31  

Net return ($/ha) $556.79  
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Table H-2. Scenario Assessment (farm level; 2008-2010) 

 Average Min  Max Standard 

Deviation  

Coefficient 

of Variation 

Coefficient 

of 

Correlation 

Surface 

runoff (mm) 

-6.99 -22.07 -1.89 5.22 -0.75 1.00 

Sediment 

benefits 

(t/ha) 

-0.90 -2.45 -0.06 0.68 -0.76 0.80 

Nitrogen 

benefits 

(kg/ha) 

-0.23 -7.72 3.94 2.38 -10.21 0.24 

Phosphorus 

benefits 

(kg/ha) 

-3.89 -9.23 -0.53 2.56 -0.66 0.77 

BMP cost 

($/ha) 

-11.23 -42.33 11.11 17.32 -1.54 -0.19 

Cost-runoff 

ratio 

1.60 -3.55 15.71 4.45 2.77 1.00 

Cost-

sediment 

ratio 

12.47 -182.22 369.25 104.05 8.34 0.90 

Cost-

nitrogen 

ratio 

48.22 -15.25 38.45 41.89 0.87 0.21 

Cost-

phosphorus 

2.88 -20.21 46.88 14.05 4.87 0.83 
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Table H-3. Scenario Assessment (subbasin level; 2008-2010) 

 Average Min  Max Standard 

Deviation  

Coefficient 

of Variation 

Coefficient 

of 

Correlation 

Surface 

runoff (mm) 

-6.99 -31.94 0.78 5.71 -0.82 1.00 

Sediment 

benefits 

(t/ha) 

-0.90 -2.97 0.03 0.77 -0.86 0.46 

Nitrogen 

benefits 

(kg/ha) 

-0.23 -13.18 6.15 3.20 -13.74 0.09 

Phosphorus 

benefits 

(kg/ha) 

-3.89 -11.30 0.08 2.86 -0.73 0.45 

BMP cost 

($/ha) 

-11.23 -46.36 26.02 13.28 -1.18 0.05 

Cost-runoff 

ratio 

1.60 -4.43 39.66 7.20 4.49 1.00 

Cost-

sediment 

ratio 

12.47 -458.09 1,568.39 216.44 17.35 0.52 

Cost-

nitrogen 

ratio 

48.22 -697.85 279.95 115.38 2.39 -0.18 

Cost-

phosphorus 

2.88 -57.20 100.03 16.64 5.77 0.37 
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Appendix I - Applying the NMAN NPK Rates Scenario 

Table I-1. Field Crop Cost of Production Budget (basin average; 2008-2010) 

Parameter Value Percent of Total Cost 

Fixed cost ($/ha) $93.56 12.0% 

Variable cost ($) $683.81 88.0% 

   Tractor & machinery fuel $30.35 3.9% 

   Tractor & machinery repair $32.23 4.1% 

   Labour (self or hired) $24.28 3.1% 

   Herbicides $83.44 10.7% 

   Fertilizers $95.30 12.3% 

   Custom work (fert., pest., others) $60.82 7.8% 

   Marketing fees $5.54 0.7% 

   Trucking $42.25 5.4% 

   Drying $73.18 9.4% 

   Storage $36.93 4.8% 

   Straw operating $0.09 0.0% 

   Operating interest $20.24 2.6% 

   Other operating $179.03 23.0% 

Total cost ($/ha) $777.37 100.0% 

Revenue total ($/ha) $1,368.05  

Net return ($/ha) $590.68  
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Table I-2. Scenario Assessment (farm level; 2008-2010) 

 Average Min Max Standard 

Deviation 

Coefficient 

of 

Variation 

Coefficient 

of 

Correlation 

Surface 

runoff 

(mm) 

-0.01 -1.56 0.63 0.45 -44.35 1.00 

Sediment 

benefits 

(t/ha) 

-0.01 -0.04 0.04 0.02 -2.54 0.10 

Nitrogen 

benefits 

(kg/ha) 

-2.03 -6.33 8.54 4.01 -1.98 -0.83 

Phosphorus 

benefits 

(kg/ha) 

-0.04 -0.13 0.08 0.06 -1.32 0.00 

BMP cost 

($/ha) 

22.69 -8.38 62.09 22.77 1.00 0.35 

Cost-runoff 

ratio 

-

2,233.31 

-

101,454.74 

2,176.28 23,533.58 -10.54 1.00 

Cost-

sediment 

ratio 

-

2,580.27 

-28,315.68 5,239.14 6,929.48 -2.69 -0.04 

Cost-

nitrogen 

ratio 

-0.01 -1.56 0.63 0.45 -44.35 1.00 

Cost-

phosphorus 

-0.01 -0.04 0.04 0.02 -2.54 0.10 
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Table I-3. Scenario Assessment (subbasin level; 2008-2010) 

 Average Min Max Standard 

Deviation 

Coefficient 

of 

Variation 

Coefficient 

of 

Correlation 

Surface 

runoff 

(mm) 

-0.01 -1.85 1.34 0.49 -48.10 1.00 

Sediment 

benefits 

(t/ha) 

-0.01 -0.34 0.10 0.06 -7.10 -0.11 

Nitrogen 

benefits 

(kg/ha) 

-2.03 -11.50 14.25 4.60 -2.27 -0.47 

Phosphorus 

benefits 

(kg/ha) 

-0.04 -1.14 0.27 0.19 -4.67 -0.18 

BMP cost 

($/ha) 

22.69 -18.81 64.47 20.14 0.89 0.24 

Cost-runoff 

ratio 

-

2,233.31 

-283.33 5,715.87 3,231.37 -1.45 1.00 

Cost-

sediment 

ratio 

-

2,580.27 

-

65,726.41 

24,174.58 10,815.15 -4.19 -0.21 

Cost-

nitrogen 

ratio 

-11.19 -75.97 1,549.96 195.62 -17.48 -0.10 

Cost-

phosphorus 

-543.67 -6,716.62 5,452.09 1,379.14 -2.54 -0.50 
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Table I-4. Scenario Assessment (field level; corn fields; 2008-2010) 

 Average Min Max Standard 

Deviation 

Coefficien

t of 

Variation 

Coefficient 

of 

Correlatio

n 

Surface 

runoff 

(mm) 

-0.03 -0.76 2.68 0.29 -10.28 1.00 

Sediment 

benefits 

(t/ha) 

0.00 -0.12 0.15 0.03 -6.14 0.19 

Nitrogen 

benefits 

(kg/ha) 

-1.64 -7.47 6.31 2.08 -1.27 -0.17 

Phosphoru

s benefits 

(kg/ha) 

-0.02 -0.18 0.64 0.09 -3.52 0.21 

BMP cost 

($/ha) 

39.80 -85.95 186.59 46.41 1.17 -0.03 

Cost-

runoff ratio 

-

1,407.0

8 

-30,648.92 346,310.5

0 

34,023.34 -24.18 1.0 

Cost-

sediment 

ratio 

-

8,483.4

3 

-

982,095.6

9 

576,858.2

4 

150,166.5

7 

-17.70 -0.1 

Cost-

nitrogen 

ratio 

-24.27 -838.96 99.24 88.89 -3.66 -0.2 

Cost-

phosphorus 

-

1,639.2

7 

-

214877.67 

42,778.70 21,889.82 -13.35 -0.2 
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Appendix J - Applying the Red Clover Cover Scenario 

Table J-1. Field Crop Cost of Production Budget (basin average; 2008-2010) 

Parameter Value Percent of Total Cost 

Fixed cost ($/ha) $93.56 11.8% 

Variable cost ($) $700.10 88.2% 

   Tractor & machinery fuel $30.35 3.8% 

   Tractor & machinery repair $32.23 4.1% 

   Labour (self or hired) $24.28 3.1% 

   Herbicides $83.44 10.5% 

   Fertilizers $99.76 12.6% 

   Custom work (fert., pest., others) $60.82 7.7% 

   Marketing fees $5.54 0.7% 

   Trucking $42.25 5.3% 

   Drying $73.18 9.2% 

   Storage $36.93 4.7% 

   Straw operating $0.09 0.0% 

   Operating interest $20.24 2.6% 

   Other operating $179.03 22.6% 

Total cost ($/ha) $793.66 100.0% 

Revenue total ($/ha) $1,368.05  

Net return ($/ha) $574.39  
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Table J-2. Scenario Assessment (farm level; 2008-2010) 

 Average Min Max Standard 

Deviation 

Coefficient 

of Variation 

Coefficient 

of 

Correlation 

Surface 

runoff (mm) 

-22.22 -46.19 -1.27 12.83 -0.58 1.00 

Sediment 

benefits 

(t/ha) 

-0.40 -1.54 0.05 0.44 -1.10 0.43 

Nitrogen 

benefits 

(kg/ha) 

-5.04 -13.30 -0.23 4.00 -0.79 0.77 

Phosphorus 

benefits 

(kg/ha) 

-0.83 -4.35 0.21 1.32 -1.59 0.49 

BMP cost 

($/ha) 

6.41 0.00 15.13 5.28 0.82 -0.38 

Cost-runoff 

ratio 

-0.29 -0.90 0.00 0.26 -0.89 1.00 

Cost-

sediment 

ratio 

-16.06 -83.02 164.80 47.55 -2.96 -0.22 

Cost-

nitrogen ratio 

-1.27 -3.18 0.00 1.09 -0.86 0.12 

Cost-

phosphorus 

-7.73 -85.76 36.87 24.17 -3.13 -0.28 
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Table J-3. Scenario Assessment (subbasin level; 2008-2010) 

 Average Min Max Standard 

Deviation 

Coefficient 

of 

Variation 

Coefficient 

of 

Correlation 

Surface 

runoff (mm) 

-22.22 -68.83 0.00 16.62 -0.75 1.00 

Sediment 

benefits 

(t/ha) 

-0.40 -2.49 0.44 0.60 -1.51 0.10 

Nitrogen 

benefits 

(kg/ha) 

-5.04 -15.95 0.79 4.53 -0.90 0.63 

Phosphorus 

benefits 

(kg/ha) 

-0.83 -6.86 2.60 1.85 -2.24 0.14 

BMP cost 

($/ha) 

6.41 -0.45 15.13 5.01 0.78 0.08 

Cost-runoff 

ratio 

-0.29 -

1,433.06 

0.00 179.10 -621.29 1.00 

Cost-

sediment 

ratio 

-16.06 -227.31 290.57 64.10 -3.99 0.33 

Cost-

nitrogen 

ratio 

-1.27 -37.18 132.40 19.88 -15.65 -0.84 

Cost-

phosphorus 

-7.73 -79.70 6,242.89 801.94 -103.79 0.01 
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Appendix K - Applying the Three BMPs Scenario 

Table K-1. Field Crop Cost of Production Budget (basin average; 2008-2010) 

Parameter Value Percent of Total Cost 

Fixed cost ($/ha) $80.79 10.7% 

Variable cost ($) $671.63 89.3% 

   Tractor & machinery fuel $25.76 3.4% 

   Tractor & machinery repair $26.00 3.5% 

   Labour (self or hired) $19.57 2.6% 

   Herbicides $90.98 12.1% 

   Fertilizers $78.07 10.4% 

   Custom work (fert., pest., others) $67.89 9.0% 

   Marketing fees $5.47 0.7% 

   Trucking $41.04 5.5% 

   Drying $70.07 9.3% 

   Storage $35.53 4.7% 

   Straw operating $0.09 0.0% 

   Operating interest $20.22 2.7% 

   Other operating $179.00 23.8% 

Total cost ($/ha) $752.42 100.0% 

Revenue total ($/ha) $1,337.31  

Net return ($/ha) $584.89  
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Table K-2. Scenario Assessment (farm level; 2008-2010) 

 Average Min Max Standard 

Deviation 

Coefficient 

of Variation 

Coefficient 

of 

Correlation 

Surface 

runoff (mm) 

-25.86 -52.71 -8.20 10.83 -0.42 1.00 

Sediment 

benefits 

(t/ha) 

-0.82 -2.47 0.00 0.68 -0.83 0.15 

Nitrogen 

benefits 

(kg/ha) 

-5.58 -14.67 7.45 4.88 -0.87 0.50 

Phosphorus 

benefits 

(kg/ha) 

-2.42 -9.00 -0.01 2.49 -1.03 0.09 

BMP cost 

($/ha) 

16.91 -32.22 73.21 31.07 1.84 0.35 

Cost-runoff 

ratio 

-0.65 -4.07 1.19 1.50 -2.29 1.00 

Cost-

sediment 

ratio 

-20.62 -742.93 5,310.71 1,269.79 -61.59 -0.08 

Cost-nitrogen 

ratio 

-3.03 -15.41 86.05 22.06 -7.29 0.84 

Cost-

phosphorus 

-7.00 -80.14 1,116.63 265.98 -38.00 -0.08 
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Table K-3. Scenario Assessment (subbasin level; 2008-2010) 

 Average Min Max Standard 

Deviation 

Coefficient 

of Variation 

Coefficient 

of 

Correlation 

Surface 

runoff (mm) 

-25.86 -72.87 0.80 16.86 -0.65 1.00 

Sediment 

benefits 

(t/ha) 

-0.82 -2.73 0.35 0.74 -0.90 0.15 

Nitrogen 

benefits 

(kg/ha) 

-5.58 -20.92 4.00 5.39 -0.97 0.49 

Phosphorus 

benefits 

(kg/ha) 

-2.42 -9.19 2.59 2.42 -1.00 0.19 

BMP cost 

($/ha) 

16.91 -0.45 15.13 12.32 0.73 0.20 

Cost-runoff 

ratio 

-0.65 -9.86 0.06 1.26 -1.93 1.00 

Cost-

sediment 

ratio 

-20.62 -197.43 11.63 31.62 -1.53 0.38 

Cost-

nitrogen ratio 

-3.03 -4.57 4.44 2.51 -0.83 0.47 

Cost-

phosphorus 

-7.00 -114.57 597.59 105.85 -15.12 0.05 

 

 



 

Figure K-1. Simplified BMP Effects Interaction Scheme (Three BMPs scenario) 
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Appendix L - Total Abatement Cost Regression Summary 

Regression 1.  Surface Runoff (Steep) 

Regression Statistics 

Regression 

Statistics 

 

Multiple R 0.979719 

R Square 0.959848 

Adjusted R Square 0.950926 

Standard Error 593.8004 

Observations 12 

 

ANOVA 

  df SS MS F Significance F 

Regression 2 75861829 37930914 107.5753 5.21E-07 

Residual 9 3173390 352598.9   

Total 11 79035218       

 

Estimation results 

  Coefficients Standard 

Error 

t Stat P-value Lower 

95% 

Upper 

95% 

Intercept -1.4E+10 3.62E+09 -3.82374 0.004067 -2.2E+10 -5.7E+09 

SRUNOFF 71042886 18586439 3.822297 0.004076 28997441 1.13E+08 

SRUNOFF2 -91033.8 23825.53 -3.82085 0.004085 -144931 -37136.6 
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Regression 2.  Surface Runoff (Moderate) 

Regression Statistics 

Regression 

Statistics 

 

Multiple R 0.991584 

R Square 0.983239 

Adjusted R Square 0.983144 

Standard Error 136.9451 

Observations 353 

 

ANOVA 

  df SS MS F Significance F 

Regression 2 3.85E+08 1.93E+08 10266.2 0 

Residual 350 6563888 18753.97   

Total 352 3.92E+08       

 

Estimation results 

  Coefficients Standard 

Error 

t Stat P-value Lower 95% Upper 95% 

Intercept -7916183 179320.1 -44.1455 4.1E-145 -8268863 -7563502 

SRUNOFF 39862.91 908.3936 43.88287 2.4E-144 38076.32 41649.51 

SRUNOFF2 -50.0089 1.150385 -43.4714 3.9E-143 -52.2714 -47.7464 

 

 

 



357 

 

Regression 3.  Sediment Load (Steep) 

Regression Statistics 

Regression 

Statistics 

 

Multiple R 0.979719 

R Square 0.959848 

Adjusted R Square 0.950926 

Standard Error 593.8004 

Observations 12 

 

ANOVA 

  Df SS MS F Significance F 

Regression 2 75861829 37930914 107.5753 5.21E-07 

Residual 9 3173390 352598.9   

Total 11 79035218       

 

Estimation results 

  Coefficients Standard 

Error 

t Stat P-value Lower 95% Upper 95% 

Intercept -1.7E+08 43225943 -3.84691 0.003925 -2.6E+08 -6.9E+07 

SEDYLD 223060.5 58177.9 3.834112 0.004002 91453 354668.1 

SEDYLD2 -74.7945 19.57537 -3.82085 0.004085 -119.077 -30.512 
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Regression 4.  Sediment Load (Moderate) 

Regression Statistics 

Regression 

Statistics 

 

Multiple R 0.991584 

R Square 0.983239 

Adjusted R Square 0.983144 

Standard Error 136.9451 

Observations 353 

 

ANOVA 

  Df SS MS F Significance F 

Regression 2 3.85E+08 1.93E+08 10266.2 0 

Residual 350 6563888 18753.97   

Total 352 3.92E+08       

 

Estimation results 

  Coefficients Standard 

Error 

t Stat P-value Lower 95% Upper 95% 

Intercept -102919 2575.518 -39.9606 1.8E-132 -107985 -97853.9 

SEDYLD 146.4967 3.124389 46.88811 5.9E-153 140.3517 152.6416 

SEDYLD2 -0.04109 0.000945 -43.4714 3.9E-143 -0.04295 -0.03923 
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Regression 5.  Nitrogen Load (Steep) 

Regression Statistics 

Regression 

Statistics 

 

Multiple R 0.967796 

R Square 0.936628 

Adjusted R Square 0.922546 

Standard Error 296.8843 

Observations 12 

 

ANOVA 

  Df SS MS F Significance F 

Regression 2 11724348 5862174 66.50959 4.06E-06 

Residual 9 793262.5 88140.28   

Total 11 12517610       

 

Estimation results 

  Coefficients Standard 

Error 

t Stat P-value Lower 

95% 

Upper 

95% 

Intercept -1E+09 1.91E+08 -5.30613 0.00049 -1.4E+09 -5.8E+08 

NLOAD 50792.11 9577.946 5.303028 0.000492 29125.29 72458.93 

NLOAD2 -0.63579 0.119966 -5.2998 0.000494 -0.90718 -0.36441 
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Regression 6.  Nitrogen Load (Moderate) 

Regression Statistics 

Regression 

Statistics 

 

Multiple R 0.966904 

R Square 0.934903 

Adjusted R Square 0.934531 

Standard Error 217.7647 

Observations 353 

 

ANOVA 

  Df SS MS F Significance F 

Regression 2 2.38E+08 1.19E+08 2513.303 2.4E-208 

Residual 350 16597517 47421.48   

Total 352 2.55E+08       

 

Estimation results 

  Coefficients Standard 

Error 

t Stat P-value Lower 95% Upper 95% 

Intercept -1110354 31600.81 -35.1369 8.1E-117 -1172505 -1048202 

NLOAD 54.08888 1.526252 35.43901 7.8E-118 51.0871 57.09066 

NLOAD2 -0.00064 1.84E-05 -34.8816 5.9E-116 -0.00068 -0.00061 
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Regression 7.  Phosphorus Load (Steep) 

Regression Statistics 

Regression 

Statistics 

 

Multiple R 0.999194 

R Square 0.998388 

Adjusted R Square 0.99803 

Standard Error 112.9995 

Observations 12 

 

ANOVA 

  df SS MS F Significance F 

Regression 2 71185101 35592551 2787.442 2.71E-13 

Residual 9 114920 12768.89   

Total 11 71300021       

 

Estimation results 

  Coefficients Standard 

Error 

t Stat P-value Lower 95% Upper 95% 

Intercept -5.1E+07 3928929 -12.9255 4.08E-07 -6E+07 -4.2E+07 

PLOAD 22296.91 1738.627 12.82443 4.36E-07 18363.86 26229.95 

PLOAD2 -2.44751 0.192343 -12.7247 4.67E-07 -2.88262 -2.0124 
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Regression 8.  Phosphorus Load (Moderate) 

Regression Statistics 

Regression 

Statistics 

 

Multiple R 0.995741 

R Square 0.9915 

Adjusted R Square 0.991451 

Standard Error 660.8556 

Observations 353 

 

ANOVA 

  df SS MS F Significance F 

Regression 2 1.78E+10 8.91E+09 20412.38 0 

Residual 350 1.53E+08 436730.2   

Total 352 1.8E+10       

 

Estimation results 

  Coefficients Standard 

Error 

t Stat P-value Lower 

95% 

Upper 95% 

Intercept -386572 6471.276 -59.7366 1.2E-185 -399300 -373845 

PLOAD 137.4707 2.474984 55.5441 1.2E-175 132.603 142.3385 

PLOAD2 -0.01148 0.000236 -48.7542 4.2E-158 -0.01195 -0.01102 
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Appendix M - Interpretation of Cost-Benefit Ratios and Variability 

A cost-benefit ratio is the ratio of changes in agricultural profit, also referred to as 

BMP cost, over changes in value of some specified environmental process, and also 

referred to as environmental benefit, as given by the equation below (reproduced from 

Chapter 2).  

Equation M-1. Definition of the Integrated Measure 

e
CBR








, 

where  is the change in profit due to a policy, and e  is the change in the emission due to a 

policy.  

 

Because the numerator and denominator in the equation can take positive and negative 

signs, one can have four different sign combinations (Equation M-2).  These 

combinations are cost down, pollution down; cost up, pollution up; cost down, pollution 

up; cost up, pollution down (Table M-1).  

Equation M-2. Number of Combinations for a Cost-Benefit Ratio Value 

asnscombinatioofNumber  , 

where s is the number of sign outcomes (i.e. plus and minus), and n is number of process 

outcomes (i.e. increase and decrease). 
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Table M-1. Combinations of Costs-Benefit Ratios 

 Outcomes 

 1 2 3 4 

Signs of ratio 

components 

+, p- -, p+ +, p+ -, p- 

Associated 

processes 

cost down, 

pollution down 

cost up, 

pollution up 

cost down, 

pollution up 

cost up, 

pollution down 

Sign of the ratio Negative (-) Negative (-) Positive (+) Positive (+) 

Interpretation Net return 

savings per unit 

of reduced 

emission 

Net return 

losses per unit 

of increased 

emission 

Net return 

savings per unit 

of increased 

emission 

Net return 

losses per unit 

of reduced 

emission 

 

As the result of these combinations, there exist the situations where alternative outcomes 

are represented by the integrated measure with the same sign. Examples are outcomes 1 

and 2 pair and outcomes 3 and 4 pair. In practical applications, in particular taking into 

account the current research objectives, some outcomes have smaller probability of 

occurrence, for example outcomes 2 and 3. The outcome 1 refers to the situation where 

BMP implementation results simultaneously in reduced costs and increased 

environmental benefits and is interpreted as the net return savings per unit of reduced 

emission. The outcome 4 refers to the situation where a decrease in pollution is 

associated with an increase in abatement cost and is interpreted as the net return losses 

per unit of reduced emission. 
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Cutoff Variability Decision Rule 

Distribution Assumption: the BMP effect results follow the normal distribution 

Objective: the environmental planner want that the value of an effect to keep a sign for at 

least for two standard deviations (meaning the two standard deviation are less or equal to 

the mean). This means that the assessment is certain enough and the conclusion is not 

changed for at least 95% of data (fields). 

Variability (uncertainty) criterion: Coefficient of variation (CV). 

 CV cutoff value: 50%. 

Cutoff value derivation:  

50%or1/2/mean
2

mean
CV

mean

SD
CV

2

mean
SDormeanSD2







 


