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Abstract 

For over a decade, engineers and scientists have been studying water flow and quality in 

Colorado’s Lower Arkansas River Valley (LARV). Key findings indicate that dissolved selenium 

(Se) in the water system exceeds the chronic standard, which can endanger aquatic life and 

livestock. The presence of this naturally occurring element is exacerbated by excess irrigation 

water and nitrogen seeping into the groundwater and interacting with shale formations, producing 

harmful levels of Se.  Nonpoint source pollution such as Se can be mitigated by Best Management 

Practices (BMPs) that would reduce the amount of Se that reaches the river. Four BMPs are under 

consideration: improved irrigation technology, sealing and/or lining of the irrigation canals, lease 

fallowing and reduced fertilizer loading. These solutions are a mixture of private and public efforts 

in order to integrate the underlying incentive structure and modeling capabilities.  

The objective of this study is to map the trade-off between costs of BMP implementation and Se 

reduction in a traditional Pareto frontier, but with the added innovation to account for institutional 

constraints (e.g. water law) that affect the slope, continuity and concavity of the tradeoff curve.  

The purpose is to examine how policies and economic incentives of farmers and mutual canal 

companies influence the efficiency of tradeoffs that are technically, but not necessarily 

institutionally, attainable.  For example, the legal environment is in place for land owners to lease 

water rights to the municipalities; however, the relationships that would be necessary to make this 

a possible solution may not be present. These institutional constraints are examined to determine 

the impact they have on the ability to trade off reduced Se for farm profits.  A companion study in 

engineering utilizes regional-scale groundwater flow and reactive transport models to simulate Se 

loading to the river for 3 implementation levels of the 4 considered BMPs as well as a few targeted 

combinations of the BMPs in the river basin. Enterprise budgets are utilized to identify costs of the 

BMPs under various farm characteristics. Using the outputs from the numerical hydro-chemical 

models and the enterprise budgets, a traditional Pareto trade-off curve is mapped showing the 

technical feasibility of trading off BMP costs for reduced Se. Finally, institutional limitations are 

added, and the curves adjusted, to determine the opportunity costs of institutional constraints.  

Institutional constraints and incentive structures do impact the costs associated with the BMPs as 

well as the relative impact the BMPs can have on Se reduction. Moreover, they introduce 

discontinuities and non-concavities in the trade-off curve and impact society’s ability to benefit as 

a result of the policy due to the complex interaction of private incentives that are influenced by the 

institutional setting.  This method provides an attractive platform from which to demonstrate gains 

that could be made by addressing constraints. 

Key words  

Non-point source pollution, BMPs, selenium, watershed management, public versus private 

solutions 
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Introduction 

 The Lower Arkansas River Valley is a highly productive agricultural landscape. Irrigation 

practices in the valley often result in a great deal of nutrient rich water running off fields and into 

the groundwater which then react with naturally present shale formations returning dissolved 

forms of minerals such as selenium (Se) and nitrates that pollute the valley endangering aquatic 

life and livestock (Gates, et al. 2012). In addition to the externalities associated with irrigating, 

farmers in the valley are often negatively impacted at the field level with water logging and high 

soil salinity problems (Morway and Gates, Regional Assessment of Soil Water Salinity Across an 

Intensively Irrigated River Valley 2012). Because of these impacts of irrigating, possible solutions 

must be evaluated based on outcomes for Se and cost minimization.  

 One solution proposed to deal with the problems plaguing the valley include “Best 

Management Practices” which would reduce the amount of nutrient rich water seeping into the 

groundwater (Morway, Gates and Niswonger 2013). Examples of these best management practices 

may include reduced irrigation via irrigation technology adoption, reduced fertilizer application, 

sealing of irrigation canals or a lease-fallowing option. Bailey, Gates and Ahmadi (2014) 

developed a model that can track Se movement in the groundwater and then into the river. Such a 

model can also be utilized to simulate the impacts of best management practices on Se in a costless 

way prior to policy implementation (Bailey, Gates and Ahmadi 2014). Using simulation data from 

this model combined with cost information, one can easily construct a Pareto frontier showing the 

impacts of these BMPs on cost and Se outcomes.  

While much attention has been paid to the discontinuities associated with optimal 

management of a resource with certain natural dynamic characteristics (see symposium papers on 

the topic in Dasgupta and Maler 2004), less attention has focused on non-convexities and 

discontinuities associated with institutional factors. This paper hopes to address that gap by 

looking at the institutions pertaining to water management in the arid southwest. Particular 

institutions of import include prior appropriation and the beneficial use doctrine which are 

constraining factors of water management in the western U.S. Also important is the Arkansas 

River Compact which is a constraint to the study region but also has similar implications for water 

management under other interstate water compacts. 

The objective of this study is to map the trade-off between costs of BMP implementation 

and Se reduction in a traditional Pareto frontier, but with the added innovation to account for 

institutional constraints (e.g. water law) that affect the slope, continuity and concavity of the 

tradeoff curve.  The purpose is to examine how policies and economic incentives of farmers and 

mutual canal companies influence the efficiency of tradeoffs that are technically, but not 

necessarily institutionally, attainable.  These institutional constraints are examined to determine the 

impact they have on the ability to trade off reduced Se for farm profits.  Enterprise budgets are 

utilized to identify costs of the BMPs under various farm characteristics. Using the outputs from 

the numerical hydro-chemical models and the enterprise budgets, a traditional Pareto trade-off 
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curve is mapped showing the technical feasibility of trading off BMP costs for reduced Se. Finally, 

institutional limitations are added, and the curves adjusted, to determine the opportunity costs of 

institutional constraints.  Institutional constraints and incentive structures do impact the costs 

associated with the BMPs as well as the relative impact the BMPs can have on Se reduction. 

Moreover, they introduce discontinuities and non-concavities in the trade-off curve and impact 

society’s ability to benefit as a result of the policy due to the complex interaction of private 

incentives that are influenced by the institutional setting.  This method provides an attractive 

platform from which to demonstrate gains that could be made by addressing constraints. The 

following sections will illustrate the impact of this study with a brief background, the theoretical 

framework, methodology section, followed by results and conclusions. 

Background 

 Over 270,000 acres of land in the Lower Arkansas River Valley are irrigated agriculture 

and of this acreage, most farms utilize surface-irrigation methods (sometimes known as 

conventional or flood irrigation) with only 5% of farms utilizing more advanced technology such 

as sprinklers or drip lines (Gates, et al. 2012, 12). Shallow groundwater table depth impacts farms 

in the valley with an estimated 42% of the land experiencing yield reductions due to water logging 

(Morway and Gates 2012). Much of the land is irrigated agriculture because average annual 

rainfall to the valley is only about 9 inches per year (Schneekloth 2009). As such, the water needs 

of crops bring more water to the valley than is naturally present leading to externalities as excess 

irrigation water seeps down and reacts with naturally present shale discharging Se and other 

soluble forms of pollutants to the river. 

Selenium is a naturally occurring compound that can be dangerous in high concentrations. 

In particular, higher levels of Se pose a danger to aquatic life and livestock that drink from the 

river, the tributaries and the canals (Gates and Bailey 2012). In even higher concentrations, Se can 

be harmful to humans, particularly infants. Figures 1 and 2 illustrate the impact of farming in the 

Valley on Se mass loading to the river. Figure 1 is an ambient scenario which shows what Se 

levels would be like in the next 38 years without farming ever having taken place in the valley 

versus figure 2 which is a scenario for the next 38 years given the current level of production and 

previous levels of production. It is clear that Se would be present regardless of agriculture but it 

would be much less pervasive and certainly present in fewer places. The chronic agricultural 

standard, as set by the Colorado Department of Public Health and the Environment, is at 20 micro 

grams per liter (Gates and Bailey 2012). As is evident by figure 2, much of the river basin exceeds 

that standard and in some places it is 20 times greater than the standard. Moreover, there are more 

“hot spots” in the baseline scenario as a result of intensive agricultural production in the valley. 

The darker regions of figure 2 are the shale formations that are close to or on the surface which 

leaches out harmful Se solutes (SeO4 and SeO3) as well as other dangerous compounds. 
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Figure 1: Selenium Outcomes in an Ambient Scenario with all Agricultural Production Absent in 

the Valley Projected into the next 38 Years 

 

Figure 2: Selenium Outcomes in a Baseline Scenario given Past Agricultural Activities Projected 

into the next 38 Years 

 

Figure  

In spite of the negative impacts of irrigation, water has great economic importance in the 

region. A study by Naeser and Bennet from 1998 looks at the value of water in agriculture in the 

Arkansas River Valley from Pueblo, Colorado to Garden City, Kansas and finds that average water 

values are between $45 and $76 per irrigated acre in Colorado; although the authors admit that the 
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values depend greatly on the price for crops and on the price for other inputs (Naeser and Bennet 

1998). Regardless of the exact value of water for agriculture, it is clear that there is a value for 

water which has led to a need to keep water in the basin leading to conflict with Kansas. In 2005, 

Kansas successfully sued Colorado resulting in $34 million dollars in damages that Colorado had 

to pay for water not making it to Kansas to provide for Kansas farmer irrigation needs (Kansas 

Department of Agriculture 2009). As such, it is clear that the basin is water stressed. Nevertheless, 

water scarcity is not predicted to become less problematic in coming years as the Colorado 

population continues to grow, increasing urban water demands (State of Colorado 2010).  

There are possible solutions that have been suggested to meet these competing demands for 

water. For example, in a “Filling the Gap” study about meeting pending water demands, authors 

suggest temporary supply agreements such as Colorado House Bill 1248 to keep water in 

agriculture while still providing additional sources of water for municipal users (Figueroa 2012). 

Nevertheless, there are struggles to implement such policies. Two of the most cumbersome include 

municipal users may prefer to pursue permanent water transfers in lieu of temporary transfers and 

return flows must still return at the right time and place, meaning that augmentation of the water 

must occur to remain in compliance with the aforementioned Arkansas River Compact as well as 

to be in accordance with Prior Appropriation such that junior water right transfers may be 

meaningless if there is a senior call for water.  

Theoretical Framework 

 The use of trade-off curves, also known as a possibility frontier, is prolific across multiple 

disciplines including engineering and economics as it is an effective tool for demonstrating least 

cost pollution addressing strategies (see for example Arabi, Govindaraju and Hantus 2006 and 

Kling 2011). It is ideal in showing a tradeoff between two outputs given a common input. For 

example, one can easily trade off a small amount of money in order to achieve a small amount of 

pollution abatement, but eradicating pollution entirely may be prohibitively expensive. Thus the 

frontier gives the most efficient of options for minimizing costs while also minimizing Se (figure 

3). Points to the left of the frontier (in region A) are not feasible while points to the right of the 

frontier (in region B) are achievable but inefficient because you could always achieve the same 

amount of Se reduction at a lower cost. 
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Figure 3: Theoretical Framework: The Pareto Frontier 

 

 One of the methods of generating Pareto frontiers for cost and non-point source pollution 

abatement is a genetic algorithm approach. Such an approach uses iterative model runs with 

differing pollution abatement strategies until a frontier of minimal cost abatement strategies is 

constructed (Kling 2011). These models are ideal in identifying strategies to deal with non-point 

source pollution that meet multiple objectives as one can optimize multiple objectives at once 

(Arabi, Govindaraju and and Hantush 2006). Such approaches assume that it is easy to implement 

multiple practices within a basin at varying degrees of implementation. Indeed, such trade-off 

curve constructions are smooth and thus do not capture the complexity inherent in river basin 

management under various institutions. 

 Ecologists have warned about the dangers of assuming smooth, convex trade-off curves in 

ecosystem service provision (see Brown, Patterson and Cain 2010 or Tschirhart 2011). In 

particular, biological characteristics can change the system dynamics such that the production 

function is non-convex which can lead to problematic policies as policies of extraction above a 

certain threshold could lead to species extinction (Tschirhart 2011). In other cases, small changes 

in certain model parameters can change a function from being convex to not being convex, again 

with potentially devastating implications on the ecosystem (Brown, Patterson and Cain 2010). 

While the impact of discontinuities and non-convexities of dynamic systems on the trade-off curve 

have been well-researched, research on the impacts of institutions on the trade-off curve for 

resource management has not. This paper hopes to address this gap in the literature. 

Methodology 

 A companion study by the department of Civil and Environmental Engineering at Colorado 

State University utilizes a groundwater flow model (MODFLOW-UZF) and a reactive transport 

model (RT3D-AG) to simulate the impact of different BMPs on the transport of Se from 

groundwater sources to the river. This model has been calibrated with over a decade of data 
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collected in the Valley regarding water and chemical levels as well as farming activities. The 

linkage of these two models is described in detail in Bailey, Gates and Ahmadi (2014) while this 

study discusses preliminary results of the use of the models for simulation of BMP impacts. The 

four BMPs analyzed for this study include reduced irrigation, canal sealing, reduced fertilizer and 

a lease fallowing scenario. The four BMPs as well as a few combination scenarios were varied 

from low intervention to medium and then high levels of intervention (table 1).  

Table 1: Simulated Levels of Four BMPs and 5 Combinations of BMPs in the Lower Arkansas 

River Valley over 38 Years 

BMPs Basic/limited Intermediate Aggressive 

Reduced Fertilizer (RF) 10% reduction 20% reduction 30% reduction 

Canal Sealing (CS) 40% reduction 60% reduction 80% reduction 

Leasing Fallowing 5% more 15% more 25% more 

Reduced Irrigation (RI) 10% reduction 20% reduction 30% reduction 

Combination Scenarios 10% RF, 40% CS, 5% LF 
20% RF, 60% 
CS, 15% LF 

30% RF, 80% 
CS, 25% LF  

Combination Scenarios 10% RF, 40% CS, 10% RI 
20% RF, 60% 
CS, 20% RI 

30% RF, 80% 
CS, 30% RI 

 

 Next, cost information is collected for each of the individual BMPs and their associated 

levels. In the reduced fertilizer scenario, it was assumed that reducing fertilizer would not result in 

a decrease in yield. This assumption is based on research that suggests that soils in the Valley have 

high levels of nitrate-nitrogen and thus a decrease in fertilizer use could increase profits to farms 

(McGinnis 2009). An additional study conducted by the Agricultural Research Service and 

Colorado State University suggests that excessive fertilizer is being used in southeast Colorado for 

onion and corn crops in particular (Halvorson, et al. 2002). As such, the costs to the farmer are 

actually reduced costs as they are able to spend less on fertilizer while having little to no impact on 

farm yields. Fertilizer costs were taken from USDA budgets for crops grown in the Valley. 

 For the reduced irrigation scenario, the main costs to consider include reduced costs for 

water and the costs of a technology change including depreciation, replacement after 15 years and 

yearly costs to operate the irrigation equipment. It was assumed that reduced irrigation would not 

reduce yields due to already detrimental impacts of over-application of water in the Valley 

(Morway and Gates 2012). Moreover, there was an assumption (before accounting for institutions) 

that farmers may easily change their water application levels under a new technology scheme and 

not have to pay as much for water as an input. The price of the water not irrigated was assumed to 

be the average ag-to-ag water lease price. Price data is very volatile and much of the farm to farm 

water transfers are not recorded, therefore although the average price for ag-to-ag water transfers 

from 1987 to 2009 was used, this does not necessarily reflect the price a farmer would get for his 
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water in an ag-to-ag transfer today. This data was downloaded from the UC-Santa Barbara 

“California Water Transfer Records” on February 10, 20131. Cost data for surge irrigation 

technology was found from various extension websites (Shock and Welsh 2011) and (Bauder, 

Waskom and Andales 2011).  

 For the irrigation canal sealing scenario, much of the data and information came from a 

Desert Research Institute study (2008) that analyses field experiments of canal sealing in the 

Arkansas River Valley among other river basins to determine the effectiveness and relative 

costliness based on various factors. The data for the Rocky Ford Highline canal was most relevant 

to the current study as this canal is within the study region. The study region includes 7 canals2 , all 

of which are part of an organization known as the “Super Ditch” that facilitates fallowing and 

other irrigation related activities. Although the sealant used in irrigation canal sealing could be 

dangerous to water fowl if not completely dissolved (Susfalk, et al. 2008), the cost information of 

such damage is unknown; further studies would certainly need to be done before such a BMP is 

proposed. 

 The lease fallowing scenario is the most hypothetical of all scenarios. Only one lease-

fallowing has taken place between the Lower Arkansas River Valley and a willing buyer. In 2004, 

Aurora successfully leased water from the Highline Canal in response to drought (MacArthur 

2004). Other lease-fallowing scenarios have been unsuccessful due to various reasons. Most 

recently, there was a deal to lease a small amount of water to the municipality of Fowler. 

Nevertheless, the deal fell through and attempts are in the works to try another lease-fallowing 

scenario next year. One important consideration has been that the opportunity cost of water can be 

quite high in a drought. If crop prices are high, $500 an acre foot might not be enough. If crop 

prices are low, $500 an acre foot is a very promising scenario indeed and then the issue arises as to 

who can be the one to lease their water (Woodka 2013). 

 For institutional analysis, much of the data was collected by reading laws and talking to 

engineers and farmers in the Valley. The most relevant policies are the temporary supply 

agreement policies such as HB-1248 and 37-92-309 C.R.S. which allows farmers to lease the 

consumptive use of their water in 3 out of 10 years. Other important policies include change in 

irrigation technology policies relating to the Arkansas River Compact (State Engineer 2009) and 

information regarding augmentation requirements for lease fallowing, reduced irrigation and canal 

sealing scenarios (Williamsen unknown). Data for augmentation costs were given by the Arkansas 

Groundwater Users Association (AGUA) which is one of 3 groundwater associations that have 

augmentation stations. 

                                                 
1 The website URL: http://www.bren.ucsb.edu/news/water_transfers.htm 
2 The canals within this study include Rocky Ford Highline, Rocky Fort Ditch, Otero, Holbrook, Fort Lyon and the 
Catlin. 
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Results 

 Results of the analysis should show a trade-off between selenium abatement and costs.  

Hypothetical tradeoffs are depicted in figure 4. While it is possible that the BMPs will result in 

more Se (shown by quadrants I and III), it is much more likely that the trade-off curves will be in 

quadrants II and IV where Se is reduced due to BMP implementation. Because this is strictly a cost 

study (benefits have not been quantified), one would expect much of the results to be in quadrant 

II. Nevertheless, it is also possible that results end up in quadrant IV as many of the BMPs have 

costs reduced as the water table depth increases reducing water logging issues and as less money is 

spent on fertilizer and water. 

Figure 4: Model of Expected Outcomes of the Environmental/Economic Analysis 

 

Actual tradeoffs are depicted in Figure 5.  Indeed, without taking into account institutional 

constraints, for the most part the BMPs are as shown in quadrant IV from figure 4. All of the 

scenarios with the exception of the lowest level canal sealing scenario decrease Se as we would 

expect. The rationale for low levels of canal sealing increasing Se mass loadings to the river is not 

known for certain but it could be a result of the timing of the water applied. As such, some caution 

should be headed in consideration of canal sealing as a BMP solution to the problem of Se. 

Combination scenarios dominate Se and cost outcomes. Part of the rationale is that decreased 

fertilizer in addition to decreased water will do a great deal in combination towards the reduction 

in Se. The cost results are driven by the cost savings associated with not having to pay for as much 

water or fertilizer as well as increased yield impacts associated with a lower water table depth. A 

closer look at the three individual scenarios excluding canal sealing (figure 6) shows that lease 



10 
 

fallowing dominates the individual BMPs due to the high value (around $500/af according to 

Woodka 2013) that can be gotten from leasing water to a municipality.  

Figure 5: Basin-Wide Trade-Off between Cost and Percent Reduction in Se Mass Loadings 

 

Figure 6: Basin-Wide Trade-Off Curves for Selected Individual Scenarios 

 

 Two preliminary results are indicated by the graphs above: farmers would actually be better 

off implementing BMPs in the valley and trade-offs seem to be smooth as one would expect. 

However we observe in the valley that these irrigation practices are not highly adopted suggesting 

that there must be something that discourages investment in beneficial technology. One rationale 

could be simply that farmers are hesitant to change their practices. Nevertheless, as profit 

maximizers, one expects that farmers would implement practices that are in their best economic 
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interest. As such, one must consider the institutions in place which may impede BMP 

implementation.  

Firstly, if water is not put to beneficial use, then that water can be used by someone else 

and so it is not in a farmer’s best interest to reduce water use. At higher levels of BMP 

implementation, these constraints may become binding. For example, updating irrigation 

technology to surge irrigation does not require augmentation but upgrading irrigation technology 

to a sprinkler system (more in line with intermediate or aggressive intervention) will require an 

augmentation plan and approval by the state engineer. The results of this phenomenon are shown 

in figure 7 below. The bureaucratic hurdles that they have to go through combined with the costs 

of augmentation serve to kink the trade-off curve such that although the first level of intervention 

is affordable to farmers, higher levels of intervention are not affordable. 

Figure 7: Model of Trade-off Curve with Institutional Constraints  

 

In combination with the beneficial use doctrine, a second institution that may be 

problematic to those who which to reduce irrigation is the Arkansas River Compact. Rule 10 

allows for a group of farmers to apply for a change in irrigation technology and develop an 

augmentation plan for the entire group which reduces bureaucracy costs for each individual 

farmer; however they do have to coordinate with other farmers who plan to adopt irrigation 

technology which introduces some transaction costs (Goble 2014). Moreover, augmentation water 

may have to come from groundwater which is becoming increasingly more stressed (Tyner 2014). 

Since farmers have rights to water, they may not easily give outside users their water for a profit 

without losing beneficial use of that water. Figure 8 illustrates how accounting for the costs of 
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augmentation and the inability to lease water can flip the trade-off curve in a reduced irrigation 

scenario. 

Figure 8: A Reduced Irrigation Scenario under Augmentation 

 

 In a lease-fallowing scenario or in a canal-sealing scenario, coordination may also be 

required. According to participants in the Arkansas River Basin Water Forum in April 2014, the 

last lease fallowing scenario was not able to be implemented because some farmers were 

concerned about water leaving agriculture and other farmers were concerned that they weren’t able 

to participate in such a program. As such, future lease-fallowing scenarios will likely have to take 

place at a ditch (or super ditch) level in order to have sufficient buy-in from farmers. Similarly, for 

canal sealing, the ditch companies would have to coordinate such an effort and would have to 

augment saved water as well and such actions would likely have a great impact on groundwater 

users so coordination for such a BMP to be implemented is unlikely to be undertaken. 

Conclusion/Policy Implications 

 Water quality and water quantity problems in the Arkansas River Basin can be addressed 

by best management practices. Combinations of the different BMPs achieve the greatest impact on 

Se. Of the individual practices surveyed by this study, lease fallowing and reduced irrigation 

dominate outcomes for Se. Nevertheless, the results have shown that while it seems in the best 

interest to undertake BMPs to address water quality and quantity issues, it may not actually be 

feasible given the current policy environment. The need to always remain in compliance with the 

Arkansas River Compact and beneficial use doctrine constrains farmers in such a way as to 

discourage water conservation practices. Moreover, coordination is required for the majority of the 

BMPs studied which may make them harder to implement. While introducing an opportunity cost 

to water is intriguing as a solution to meet a rising municipal demand, there are great institutional 

hurdles that must be overcome to enable such a policy to work. Farmers must all be able to benefit 

for them to be on board and augmentation concerns will need greater attention to assess the actual 
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feasibility of such a BMP. Future work should address more of the private versus public water 

management concerns and include more focus on the benefits of BMPs and how to properly 

incentivize more integrated water management in the basin to deal with water quality and quantity 

issues. 

The implications of this study on resource management modeling are that a comprehensive 

institutional analysis must be undertaken before presenting trade-off curves showing clear trade-

offs between costs and water quality management. Many BMPs that seem feasible may not be 

feasible due to existing institutions and there may not be fluidity in the trade-off curve between 

different levels of resource management due to existing institutions. The use of genetic algorithms 

and other simulation software to create such trade-off curves should include as much institutional 

information as possible when constructing the Pareto frontier. Future work on trade-off curves 

should take institutions into account and simulate the institutional constraints in resource 

management that do impact the slope and continuity of the trade-off curve. 
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