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Spatially explicit ecosystem service valuation (ESV) allows for the identification of
the location and magnitude of services provided by natural ecosystems to human activities
along with a measure of their significance based upon economic valuation. While ESV has
been used to provide new insight into land use management, few studies have identified the
connections between the values of ecosystem services and ecological sensitivity to nitrogen
loading despite a growing body of ecosystem service literature. This research combines a GIS-
based, value transfer approach to map ecosystem services in the Lower Yakima River Basin
(LYRB), Washington, USA, along with estimates of nitrogen loading to identify how nitrogen
management may affect ecosystem services in the basin. This analysis combines values of
ecosystem services with estimates of nitrogen loading and identifies subwatersheds and
specific parcels within a Groundwater Management Area (GWMA) most susceptible to
reductions in ecosystem services due to excess nitrogen loading. Based on the benefit transfer
analysis, wetlands and forested areas have disproportionately high values of ecosystem
services when compared to their land area in the LYRB, while pasture and cultivated crops
contribute much less to the total value of ecosystem service flows in proportion to the total

area in the LYRB. Across the study area estimated nitrogen loads are strongly driven by the



location of concentrated animal feeding operations (CAFOs) and cultivated crops. Areas of
particularly high nitrogen loading and high ESV may highlight specific areas for achieving
immediate success in increasing or maintaining ecosystem services through appropriately
focused regulatory mechanisms. The land cover analysis however, completely neglects the
values and importance of subsurface processes and groundwater resources in ecosystem
service assessment, and therefore an econometric model is applied to estimate willingness to
pay (WTP) to maintain safe nitrate levels in private wells. Through the incorporation of WTP
estimates for groundwater quality, a more complete economic and ecological perspective on
the effects of landscape N loading in the study site is highlighted. The results of these
estimates clearly indicate that ecosystem services from groundwater should be considered to
have significant value in the LYRB.

Further economic valuation data on specific land cover types and the value of
groundwater quality, whether from primary studies or meta-analysis, is needed to refine
relative measures of ecosystem service values and more confidently describe these values in
specific dollar amounts. Additionally, limits in spatial data resolution may contribute to errors
in location and magnitude of ecosystem services, and is an area in need of further
development. Despite these potential limitations, this analysis highlights a promising direction
for combining spatially explicit ecosystem service valuation with nutrient loading data to
identify the location and potential magnitude of effects on ecosystem services from

management practices.
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Section 1. Introduction

The relationships between land use, ecosystem productivity and human health have
only become more apparent as the world faces a future full of climate uncertainty, population
growth and enormous technological capabilities. Particularly with regard to agricultural
productivity and water quality, biogeochemical processes are critical to a sustainable and
healthy future for all living things, and efforts to ensure human health and a safe environment
are well intentioned to investigate how human activities continue alter these natural cycles
with particular attention towards maximizing human and environmental benefits.

To date, a significant emphasis of academic literature and regulatory efforts have
focused on single objective approaches using a single metric to measure environmental quality
or human health risk. While this approach has served a valuable function in terms of
protecting environmental quality and human health and driving development of beneficial
management practices and technologies, as the interconnectedness of Earth systems is
increasingly recognized within the regulatory and academic communities, the development of
multiple metrics for assessing land use, environmental quality and benefits from natural
ecosystems provides a promising direction to inform land use decision-making processes.
Understanding the simultancous delivery of multiple benefits in a variety of forms from
ecosystems may allow for optimized land management practices that protect human and
environmental health, rather than focusing on a single goal at the potential expense of
additional benefit opportunities.

This research attempts to address the need for the development for multiple metric
approaches to understanding land management by applying an ecosystem service approach to
reactive nitrogen in the Lower Yakima River Basin (LYRB) in Central Washington. The
ecosystem service approach attempts to incorporate multiple benefits delivered from
ecosystems into measures of value that can be used in comparative analysis to current land use

practices. In terms of academic contributions, this research sought to determine the following:

* How can an ecosystem service approach be applied to the issue of reactive nitrogen,
and what potential outputs and conclusions can this approach be expected to produce?
* Based on the results of this analysis, what is the potential for this approach to be

applied to other environmental issues in a diversity of study sites and scales?



* How does an ecosystem service approach adequately address the complexity of issues
created through human alteration of biogeochemical processes? What may be areas

where this approach fails, if any?

It was hypothesized that a statistical relationship between the location and magnitude of
benefits from ecosystem processes and nitrogen inputs from human activities would exist. The
hypothesized existence of high nitrogen loads in areas proximate to valuable ecosystems
would indicate specific areas of concern and would serve as increased evidence for immediate
actions to address potential environmental and health issues. While nitrogen moves with
considerable complexity throughout the environment, demonstrating the spatial relationship
between landscape nitrogen loading and valuable ecosystems would provide relevant, valuable
information for stakeholders in the LYRB and may demonstrate a useful methodology for
future application in other study sites.

In addition to theoretical, academic questions, this research was firmly rooted in

practical application and important goals to the specific study site included:

*  What is the potential for reductions in human benefits from ecosystem services from
nitrogen loading in the LYRB? What are the locations of these areas and what
ecosystems are present?

*  What nitrogen sources and areas should be identified for priority efforts to address
concerns over environmental alteration and human health risk due to nitrogen inputs?

* Do the results of an ecosystem service approach support existing regulatory efforts?

While academic research may rightly tend to focus on the development of rigorous research to
advance scientific thinking and problem solving, this research is driven by a strong belief that
immediate practical application is an equally important component of academic research
endeavors, and this is reflected throughout. The balance between application and scientific
advancement is a continuing process, and it hoped this research attains an appropriate balance
of utility to both academic thinkers with an interest in ecosystem services and environmental
regulators interested in alternative frameworks for improving human and environmental health

through informed decision-making processes.



Background Section 2.1: Reactive Nitrogen and Agriculture

Nitrogen is a fundamental component of metabolic processes in every living cell. The
productivity of ecosystems around the planet are tied to the availability of nitrogen and
therefore the movement and transformation of nitrogen compounds have a critical effect upon
the fundamental natural systems that support all types of life on Earth. Given the importance
of nitrogen it is appropriate that it is present in large quantities in Earth systems. But despite
its abundance, nitrogen is often found in a form unavailable for use by living cells. Nitrogen
exists in atmospheric, terrestrial and aquatic systems in both reactive and nonreactive forms,
of which only reactive nitrogen (Nr) forms are accessible for use by living cells. Nonreactive
nitrogen (N;) contains a strong triple bond that requires high-energy inputs or specialized
microbes to break and convert N, into Nr as either inorganic reduced forms (NH;, NH4+) or
inorganic oxidized forms (NOx, HNOs, N,O, NO;, NO,). Once reactive nitrogen is formed, it
is subject to a diverse variety of transformations and transport processes that allow a single
atom of nitrogen to move through many different compounds and have multiple effects on
natural systems and human health before it is transformed back into a nonreactive form
through denitrification. The processes of denitrification in Earth systems along with the
transport and fate of nitrogen have been the subject of a large body of research (Jackson et al.
2008, Korom 1992, Puckett et al. 2006, Seitzinger et al. 2006, Soares 2000) which has been
critical in understanding how and when nitrogen transformation processes may occur. The
policy implications, potential solutions and metrics for assessing the impacts of nitrogen
loading is also represented in existing literature (Galloway et al. 2008, Mosier et al. 2001,
Birch et al. 2011). The nitrogen cascade framework (Galloway and Cowling 2002, Galloway
et al. 2003, Galloway et al. 2004) has further described the potential for multiple impacts to
Earth systems and human health from a single nitrogen atom as it moves through the
environment.

Historically Nr has been created through the natural processes of biological nitrogen
fixation (BNF) in specific microbes and through the high energy of lightning. Before the
alteration of the nitrogen cycle by human activities, the rates of nitrogen fixation and
denitrification processes were approximately equal in environmental systems (Galloway
2003). However, nitrogen fixation processes have increased dramatically in the past century.
The increase has been due to widespread cultivation of crops such as legumes and rice that

increase BNF, the combustion of fossil and biofuels, and the introduction of the Haber-Bosch



process of nitrogen fixation in the early 20" century with subsequent increase in fertilizer
application rates. This has led to a situation where rates of nitrogen fixation exceed rates of
denitrification, resulting in an increasing supply of Nr in Earth systems (Galloway and
Cowling 2002). Reductions in denitrification processes due to land use changes, such as
reduction in wetland areas, are also contributing factors to an increased supply of Nr
(Galloway et al. 2003).

While the increase in Nr within Earth systems has a variety of causes, evidence of this
increase has been well demonstrated (Galloway and Cowling 2002, Vitousek et al. 1997,
Schlesinger et al. 2006). The impacts from the increase of Nr on human activities and
ecosystem processes have been both positive and negative, but the dynamic of costs and
benefits from increased Nr in the environment are poorly understood and researchers have
hypothesized a threshold where benefit loss due to the effects of excess Nr may exceed
benefits received (Galloway et al. 2003). Because living cells require Nr for metabolic
processes, it is common in a variety of global environments that nitrogen availability is a
limiting factor in biological growth. Intentional increases in Nr through fertilizer applications
and BNF have largely sought to increase nitrogen availability and therefore increase growth
and productivity in crops. The benefits from the increase of Nr in terms of increased crop
production and food availability have been significant, and increased Nr from human
processes has been a major factor in the increase in agricultural productivity in the 20"
century. When considered with respect to an increasing global population, and potential
deceases in agricultural output due to climate change (Rosenzweig and Parry 1994), the
importance of Nr to increased production is clearly demonstrated. Additionally, while energy
production and transportation also have contributed significantly to Nr increases (Galloway
and Cowling 2002), the development of the modern global economy has a strong link to
energy and transportation powered by fossil fuels and therefore increased environmental Nr
should also be seen as a product of this economic development.

The increase in Nr production that has fueled economic development and agricultural
productivity increases has not come without negative effects to both humans and natural
ecosystems. In terms of environmental effects, increased Nr has contributed significantly to

problems in atmospheric, terrestrial and aquatic systems. Examples of these effects include:



Atmospheric:
* increased greenhouse gas production contributing to global climate change
* stratospheric ozone depletion
Terrestrial:
* decreases in biodiversity and productivity if critical threshold of Nr is exceeded
* soil acidification
Agquatic:
* acidification of lakes and streams
* cutrophication
* hypoxia
* loss of biodiversity

* habitat alteration

These environmental problems often lead to or are accompanied by concerns over public

health and human well-being. Public health concerns with increased Nr include:

* degraded air quality due to increased aerosols, ozone, particulates and allergenic
pollen
* drinking water quality (particularly with regard to nitrate levels and acidification)

* algal bloom released neurotoxins

Along with health concerns there are also numerous other secondary effects that may not
directly affect human health, but may impact quality of living in terms of recreation, economy
and cultural values. For example, drinking water quality in a private well may be a health
concern but it may also have negative impacts upon property values that could have larger
scale societal implications.

Because of the enormous benefits of Nr to agricultural production, regions of
intensive agricultural production are particularly significant in research related to Nr
management. In many agricultural regions, anthropogenic Nr inputs come from relatively
universal Nr sources such as atmospheric deposition, energy production, transportation, septic
systems, household fertilizer use, and intensive non-agricultural land uses such as golf

courses. But agricultural areas also typically experience large inputs in the form of Nr rich



fertilizers and the process of Nr concentration that comes from animal wastes associated with
ranching and concentrated animal feeding operations (CAFOs). Because of the increased Nr
inputs, these areas provide an opportunity to examine impacts of Nr on environmental systems
and human health in a more intense situation of nitrogen loading. Agricultural areas have also
been found to suffer from numerous environmental and human health risks relating to high
levels of Nr (Balazs et al. 2011, Harter and Lund 2012) but it is difficult to identify exact
sources of a given nitrogen atom in a particular location because of the fate and transport
processes in the movement of Nr. Therefore while there is a high demand to develop precise
techniques for tracking nitrogen movement, particularly in subsurface processes, there is also
a need to understand, on a regional scale, how estimates of nitrogen loading relate to regional
ecosystems and how Nr management decision making processes may be informed by these
relationships. Because of the more intense level of Nr inputs and a greater tendency for
environmental concerns, it is also common for agricultural areas to experience conflict among
stakeholders over affected resources. These areas offer excellent opportunities to examine the
relationships between the spatial distribution of Nr inputs, regional ecology, stakeholders and
regulatory frameworks in areas with a high diversity of complex nitrogen processes. These
regions also offer a chance to examine the capacity for specific issues to serve as regulatory

levers for Nr management that will be most efficient in addressing priority issues.



Background Section 2.2: Ecosystem Services

The impacts of Nr in the environment and in terms of human activities are broad and
require a multidisciplinary approach to understand how Nr management may create benefits
and costs on a regional and global scale. Understanding how Nr management alters ecological
functions and how these changes may affect human populations is a critical first step in
identifying multiple metrics and key areas for stakeholder cooperation that can be applied in
Nr management decision-making. Particularly given the uncertainties and complexities
inherent in Nr processes, general frameworks and multiple methods of valuation may provide
a valuable approach that does not require a high level of precision or quantification to
demonstrate key findings that can aid in efficient, integrative policy and management
solutions. The concept of ecosystem services provides a useful framework that can be applied
to Nr management to evaluate how Nr inputs may impact human activities, and potentially aid
in the identification of benefit thresholds for Nr levels.

The concept of ecosystem services is rooted in the fundamental role of natural systems
and processes to support human activity on a global scale. From air and water quality to
climatic regulation of our atmosphere, the services provided by these geophysical, ecological
and atmospheric processes are colloquially referred to as ecosystem services, with a nearly
standardized definition as "the conditions and processes through which natural ecosystems,
and the species that make them up, sustain and fulfill human life" (Daily 1997). The concept
of ecosystem services has been the subject of extensive studies and applications in the past 15
years, but even the precise definition and typologies for ecosystem services is a continued area
of analysis (Haines-Young et al. 2009, Boyd and Banzaf 2007, de Groot et al. 2002). The
classification of ecosystem services created by the Millennium Ecosystem Assessment Board
(MA 2005) defines services as “supporting, provisioning, regulating or cultural” to assist in
conceptualizing, defining and valuing these services. While this classification system is widely
recognized as a valuable tool in the establishment and integration of ecosystem services into
resource management and environmental economics, there have also been efforts to develop
classification systems that focus on defining ecosystem services in a specific decision making
framework in terms of intermediate and final services (Fisher et al. 2009).

With particular relevance to agricultural areas, research (Swinton et al. 2007, Antle
and Stoorvogel 2006, Power 2010) has attempted to understand the relationships between

agro-ecosystems and ecosystem services, but has not established a uniform framework for



doing so. Previous research has also suggested the concept of 'ecosystem dis-services' to
represent the role of excess nutrient inputs, habitat loss, and introduction of pesticides among
other factors (Zhang et al. 2007). Despite the difficulties to specifically define and classify
what ecosystem services are and to incorporate agriculture in an ecosystem service
framework, there has been sufficient research conducted using the concept of ecosystem
services that an 'ecosystem services approach' can be synthesized and applied (Compton et al.
2011, Mark 2011, Zhang et al. 2007).

Approaching an issue such as nitrogen management from a ecosystem service
perspective may more fully account for a wide range of benefits and interconnected
relationships than a traditional single metric approach focused solely on a particular desired
environmental or public health outcome. By focusing on multiple components of ecosystem
benefits, it may be possible to create management plans, policies and regulations that
incorporate a holistic perspective of multiple simultaneous ecologically connected benefits.
However, the methods for integrating the ecosystem services framework into decision-making
process are unclear, and largely more a subject of theoretical debate as opposed to manifested
management and application case studies. Critical assessments of the ecosystem framework
(Simpson 2011), and reviews of various ecosystem services typologies and categorizations
(Haines-Young et al. 2009) highlight the lack of cohesion in even the most well cited
ecosystem service literature and make it clear that the actual application of an ecosystem
services framework in decision-making is still in significant need of development.

To date one of the most common approaches to the integration of an ecosystem
service framework has been to use economic methodologies to estimate ecosystem service
benefits to humans for comparative analysis in decision-making. Costanza et al. (1997)
presented one of the earliest uses of economic valuation of ecosystem services, and while the
methods and precision of this work have been the subject of a great deal of debate, it helped to
establish a precedent that has impacted ecosystem service research and economic valuation.
The methods and models for ecosystem service valuation have subsequently evolved
dramatically in the past 15 years and represent a considerable body of work (Liu et al. 2010,
Martin and Blossey 2009, Sagoff 2010, Turner et al. 2010, Winkler 2005).

The most fundamental step in the valuation of ecosystem services is the definition of
the service/good/benefit to be valued and the beneficiary. While this may be an intuitive

assumption many studies do not specify this required information for a valued service/good.



Any given ecosystem may provide a wide variety of benefits to humans and therefore
identification of these benefits is a necessary component to valuation. When a specific
service/good has been identified it is typically determined to be either a market or non-market

service/good that can be valued using one of the examples of appropriate methods below:

Market Good/Service

*  Pricing Observation

Non-Market Good/Service

* Revealed Preference Methods

o Hedonic Pricing

o Travel Cost

o Damage, Replacement or Substitute Costs
* Stated Preference Methods

o Contingent Valuation

* Benefit Transfer (including meta-analysis)

While the performance and precision of these valuation methodologies for ecosystem
service is a subject of research on it’s own right (Plummer 2009, Brouwer and Spaninks 1999)
this section simply introduces the variety of valuation methodologies and the market/non-
market service/good differences to reinforce the complexity of valuing a variety of diverse
benefits that may be delivered by a single ecosystem. This is further complicated when human
capital investments are considered with regard to benefits from ecosystems. Because capital
investments must be accounted for as part of ecosystem valuation, it is necessary to
differentiate between benefits from ecosystems which have been engineered for specific
benefits through human capital investment, and primary ecosystems which deliver benefits to
humans without receiving any capital investments to generate these benefits. We can separate
these by defining “ecosystem services” as benefits to humans from primary ecosystems
receiving no human capital investments, and “engineered ecosystem benefits” that require
capital investment to create benefits. We can also integrate the core concept of
intermediate/final services (Fisher et al. 2009) and ecosystem services and dis-services (Zhang

et al. 2007) into this conceptual model as shown in Figure 1. This model is helpful in that it
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also accounts for feedback relationships between engineered ecosystems and primary
ecosystems. A primary goal of an ecosystem service approach to land management seeks not
only to understand the properties of primary ecosystem services, but also to maximize positive
feedback between primary and engineered ecosystems to maximize human benefit. Examples
of ecosystem services/dis-services and engineered ecosystem benefits are shown in Table 1.
Previous work to incorporate accounting for human capital investments in ecosystem services
(van Houtven and Sinha 2012) has proposed alternative frameworks to those shown in Figure
1, however these alternatives are seen as components in more complex economic metrics and
therefore do not offer a simple, accessible, conceptual framework for discussion, development
and application. A final component of this model in need of mention is that human actions
may have negative impacts on both primary and engineered ecosystems that must be
accounted for in assessment of ecosystem services and engineered ecosystem benefits.

Combining an ecosystem services approach to nitrogen management allows for the
integration of the complex fate and transport processes of nitrogen throughout multiple
ecosystems that is critical to nitrogen management. The nitrogen cascade illustration in Figure
2 (Compton et al. 2011) is a useful conceptual model for understanding how nitrogen moves
through various Earth systems, and where sources of reactive nitrogen are added in these
systems. It also illustrates potential pathways and how nitrogen compounds move throughout
Earth systems to show the relationships between nitrogen sources, the nitrogen cascade
framework and human activities. Because of the movement of nitrogen through atmospheric,
aquatic and terrestrial systems, management and regulation through the nitrogen cascade is
also separated into different regulatory authorities.

In the United States, the primary regulatory mechanisms relating to nitrogen
management are the Clean Air Act of 1970, the Clean Water Act of 1972 and the Safe
Drinking Water Act of 1974. Despite the fact that these regulations were enacted decades prior
to the development of the ecosystem services concept, the core ideas of ecosystem services,
(that natural systems provide valuable services and goods to support human activities) are
implicit in each of these regulations. The Clean Air Act was established to “protect public
health and public welfare” (EPA 2012). The Clean Water Act to ensure a “designated use”
such as drinking water, recreation, etc., and the Safe Drinking Water Act was established to
“protect public health by regulating the nation’s public drinking water supply” (EPA 2012).

All of these regulations essentially function to protect particular regulating, provisioning and
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cultural ecosystem services across multiple ecosystem service classifications that benefit
human activity in the United States.

While the connections among ecosystem services, nitrogen and regulatory decision-
making is clear, there are still few tools for assessing ecosystem services with regards to
specific pollutants or nutrients such as nitrogen. Spatially explicit methods of ecosystem
service valuation continue to be developed and refined (Nelson and Daily 2010, Tallis and
Polasky 2009, Sherrouse et al. 2011), but these do not focus on individual pollutants and
ecosystem services for the purpose of informing management decision-making. By connecting
methods of ecosystem service mapping with economic valuation and nitrogen loading
estimates, it will be possible to show where ecosystem services are being provided, and
estimate value for these services and how nitrogen loading levels may be impacting them. This
ecosystem service approach is clearly compatible with the goals of existing regulation and will
provide a valuable service to informing management decision-making. This research seeks to
demonstrate a general methodology for the application of this approach in a large agricultural
basin to estimate the general distribution and values of ecosystem services and evaluate the
potential impacts from nitrogen management. An additional goal of this research is to
demonstrate how such an application can be completed with limited resources as a first step
for determining the appropriate direction, location and necessity for comprehensive valuation

and policy assessment.



Figure 1: Ecosystem Service Framework Conceptual Model
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Table 1: Ecosystem Service Framework: Selected Examples

Ecosystem Service Framework: Selected Examples

Primary Ecosystems

Direct Ecosystem Services

Engineered Ecosystems

Engineered Ecosystem Benef it

climate & atmospheric
regulation

beneficial plant/animal

disturbance prevention
recreation

water supply
water regulation
cultural, educational & spiritual values

climate regulation
soil conservation
habitat
pollination
nutrient retention
water supply
water regulation
cultural, educational & spiritual values

raw materials
food
medicinal
genetic
ornamental
carbon sequestration*
watershed services*

raw materials
food
fuel
recreation
waste treatment

Indirect Ecosystem Services

climate regulation
biogeochemical regulation
pollination
water supply
soil processes
genetic material

climate regulation
biogeochemical regulation
pollination
soil processes

Indirect Ecosystem Dis-Service

pest damage
resource competition

habitat loss
resource competition
excess chemicals/nutrients
disruption of soil processes

*markets under development
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Figure 2: Illustrated Nitrogen Cascade Compton et al. 2011
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Background Section 2.3: Study Area

The study site for this research is the Lower Yakima River Basin (LYRB) or
Washington State Department of Ecology Water Resource Inventory Area #37 in Central
Washington State as shown in Figure 3. The Lower Yakima River Basin is a 749,908-hectare
watershed that annually receives a mean of approximately 114 centimeters of rain at higher
elevations and 15 centimeters at the valley floor near Kennewick (Ely et al. 2011). This semi-
arid climate receives most precipitation during the winter months, typically in the form of
snow at higher elevations. Along the northern edge of the LYRB in the valley floor, the city of
Yakima (the largest population center in the LYRB) experiences an average summer high
temperatures reaching 88°F with an average low temperature in the winter reaching 21°F
(Yakima 2012).

The valley floor consists of quaternary flood deposits, loess and small areas of non-
marine sedimentary rock. Areas immediately outside of the valley floor make up a majority of
the LYRB and are part of the Colombia River Basalt group. Higher elevations along the
western boundary of the LYRB also include areas of Quaternary and Pliocene volcanic rock
(Vaccaro 2009). The lower basin formation and deposits are primarily associated with the
draining of Lake Missoula an estimated 19,000 to 13,00 years ago (WA-DOE 2006, Newton
2010). Groundwater is found in confined, unconfined, semi-confined and perched conditions.
Groundwater in unconfined shallow sedimentary aquifers in the valley floor tends to circulate
laterally towards the Yakima River and it’s tributaries unless intercepted by local wells.
Seasonally, in certain areas, the groundwater levels may drop sufficiently to induce flow loss
from surface water to the shallow aquifer (Ely et al. 2012). Most deep wells are drilled into
confined aquifers in the Columbia River Basalts, however due to stratigraphic variations, this
formation may be found at depths shallower than the shallow sedimentary aquifer. Because of
the high level of agriculture and irrigation, recharge is estimated to range from 17.8 to 63.5 cm
per year in irrigated areas to less than 2.5 cm in nonirrigated areas. Mean annual recharge
from 1950-2003 is estimated at 39.6 cm including irrigation effects, and 30.2 cm if irrigation
was not present (Vaccaro 2009).

The Yakima River enters the LYRB through the city of Yakima and Union Gap
before flowing southeast to the confluence with the Columbia River just below the city of
Richland. The estimated mean annual streamflow for the Yakima River, taking into account

diversions and returns, is 101.9 m?/s, while the estimated unregulated mean annual flow is
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158.6 m*/s (Vaccaro 2009). During the irrigation season of March to October, about 45% of
the water diverted for irrigation is returned as streamflow and these returns account for about
75% of stream flow during the summer months in the lower basin near Parker (Vaccaro 2009).

The LYRB is primarily located in the Columbia Basin ecoregion, with a small area in
the Eastern Cascade Slopes. Native vegetation in most of the area in the lower basin is big
sagebrush and bluebunch wheatgrass, with Ponderosa pine and Douglas fir at higher
elevations (WA-DOE 2006). Aquatic ecosystems, predominately riverine and wetland
environments, support a wide variety of fowl and fish populations, both of which experienced
significant declines post Euro-American settlement. Historic fish populations included spring,
summer and fall Chinook, Coho, sockeye and steelhead, with current hatchery programs
actively working to restore many of these salmon and steelhead runs. Currently the bull trout,
summer steelhead and spring Chinook are listed under the Endangered Species Act, with
native populations of Westslope cutthroat trout, redband rainbow trout and Pacific Lamprey
listed as “under concern” by the U.S. Fish and Wildlife Service. Summer/fall Chinook,
sockeye salmon and reintroduced Coho salmon are also found in the region (USFW 2012).

The LYRB supports a population of approximately 250,089 people and while the
primary population centers are Yakima, Sunnyside and Toppenish, a significant portion of the
population lives in unincorporated areas (WA-DOE 2010). Established in 1855, the Yakama
Nation currently retains sovereignty over 48% of the land area in the LYRB and has been
actively working to restore the quality and quantity of surface water and riparian habitats
aimed at restoring salmon runs. Land ownership throughout the rest of the LYRB is 36%
private, 12% federal 4% state and less than 1% local ownership. Seventy-four percent of the
LYRB is in Yakima County, with Benton County (24%) and Klickitat County (2%) in the
south and southeastern parts of the basin (WA-DOE 2006). In Yakima County, 21.8% of the
population was below the poverty level (2006-2010) with a median annual household income
of $42,877. The county population is 46.9% white, not of Hispanic origin, and 45.8%
Hispanic or Latino. Yakima County is 5.6% Native American, which is over three times the
percentage found in all of Washington State (1.8%) (Census 2010).

With 151,036 hectares in cultivated crops (Fry et al. 2006), the Yakima Valley
produces over $1.2 billion annually in agricultural products and is the largest producer of
hops, mint, apples and milk/dairy products in the US (YCDA 2012). While certain industries

such as dairy and wine grapes have expanded in the region only more recently, the LYRB has
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a long history of agriculture and irrigation dating back to the late 1800s (Ely et al 2012).
Beginning predominantly with irrigation diversions from the Yakima River, by the summer of
1905 these diversions for the first time caused the river itself to nearly dry up in the LYRB,
with the Sunnyside irrigation canal being the largest dam/canal system located just south of
the city of Yakima. As the number of dams and canal systems increased in the LYRB, native
salmon fisheries have been decimated and all aspects of surface water quality have been
affected. Working together, the efforts of state, tribal and federal agencies along with local
irrigation districts have resulted in the establishment of Total Maximum Daily Loads
(TMDLs) for DDT and turbidity in the Lower Yakima River, along with a TMDL for fecal
coliform for the major irrigation outflow at Grainger Drain. Other TMDLs currently under
development for drains, tributaries and the Yakima River in the LYRB include total
phosphorous, temperature, fecal coliform and toxics (WA-DOE 2012).

Because of the visibility of the human impacts on surface waters and the importance
of salmon to the significant tribal population in the LYRB, actions towards improvements
have been for forthcoming and will likely continue for decades to come. Public attention has
been much slower to notice and respond to issues related to groundwater resources, with the
first major project towards assessing and understanding groundwater resources in the area not
beginning until the 1990's (Ely et al. 2012). These initial efforts focused solely on
groundwater quantities, and it was not until 2008 that significant public and institutional
attention became focused on groundwater quality and specifically nitrate levels. Because
groundwater from private wells is estimated to be the primary source of drinking water for
approximately one-third of LYRB residents (WA-DOE 2010) the ecosystem services
regulating water quality and the nonmarket good of safe drinking water are of significant
interest to local, state and national stakeholders. Recent sampling of wells in the LYRB
provides an estimate that 12% of wells exceed the nitrate-N MCL of 10mg/L (WA DOE
2010).

With increases in dairy production over the last 20 years and extensive use of
fertilizers dating back at least several decades, agricultural activity is a clearly a contributor to
increased reactive nitrogen in the LYRB. However, abandoned or improperly sealed wells,
septic systems, golf courses, hobby farmers, private landscaping, non-commercial livestock
and atmospheric deposition of nitrogen are also important nitrogen sources, and therefore

determining the most efficient and equitable methods for managing nitrogen for groundwater
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quality is a very complex question. Given the decadal timescales potentially associated with
nitrogen movement in groundwater, legacy nitrate sources such as fertilizer applications from
previous crops like sugar beets, also present a challenge to both physical scientists and land
managers. Because of the focus of nitrogen management efforts has been unclear, Washington
Department of Ecology along with input from Yakima County and the US EPA have created a
Groundwater Management Area (GWMA) which will be tasked with determining the best
path of action for addressing ground water quality issues in the LYRB. Approved in fall 2011,
the GWMA received official state funding in Spring 2012 and has initiated several meetings

of the Groundwater Advisory Committee.
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Figure 3: Study Area
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Methods Section 3.1: Land Cover Analysis

A first step in understanding ecosystem services for a given area is an evaluation of
the study site ecology, land cover types and relevant ecosystems. While ecosystem services
are defined by their benefits to humans, understanding the natural environment within the
study site is a critical step before evaluating how these ecosystems may provide services to
relevant human populations. With the availability of land cover data based on satellite
imagery, a GIS-based land cover analysis provides a simple, general method for evaluating the
types of ecosystems present in the LYRB. The land cover analysis approach in ecosystem
service mapping has been used in a wide variety of study sites and is well documented in the
existing literature (Troy and Wilson 2006, Liu et al 2010, Costanza et al. 1997, Eade and
Moran 1996, Kreuter et al. 2001, Lovett et al. 1997). In much of the research utilizing
ecosystem service mapping from land cover data, significant issues are limitations in
resolution and data quality. To address these limitations in this research, multiple datasets
have been evaluated and combined into a single aggregated dataset that ranks various datasets
based upon the relevance to this research and precision.

Before beginning the land cover analysis, the extent of the study area required
definition. While the Washington State Department of Ecology Water Resource Inventory
Area (WRIA) #37, was the expected basis for this analysis, the areal extent the WRIA
boundary differed from that of the United States Geological Survey Hydrologic Unit maps for
the same region. Because the hydrologic unit codes (HUC) were to be used in subsequent
analysis, only the overlapping area in both the WRIA and HUC was used as the extent of the
study site. The resulting area was 3,796 hectares (0.5%) smaller than WRIA 37, with area
reductions occurring mostly along the eastern border of the study site.

For the land cover analysis, the four datasets used were the National Wetland
Inventory (vector, 2012), Washington State Department of Ecology Land Use (vector, 2010),
National Hydrography Dataset (vector, 2012) and the National Land Cover Dataset (30-meter
raster, 2006). Because of the importance of aquatic ecosystems in the movement of reactive
nitrogen, datasets that provided greater precision with regard to water features were preferred
over datasets that lacked precision in the description and detail of water features in the LYRB.
Particularly given the high level of hydrologic engineering, primarily in the form of irrigation
systems, many datasets did not completely inventory the canals and drainages in the study site.

After a thorough comparative analysis of datasets, including comparison with irrigation
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system maps for the area, a ranking system was used to create an aggregated dataset. During

the data union process, datasets were given the following ranking:

1. National Wetland Inventory (NWI)

2. Washington State Department of Ecology Land Use (WALU)
3. National Hydrography Dataset (NHD)

4. National Land Cover Dataset (NLCD, Fry et al. 2006)

Before the data were transformed into a single dataset, all datasets were all converted to vector
(polygon) format, correcting for differences in projection. The WALU dataset was edited to
only include categories of water features as the majority of categories in this dataset were for
uses of developed land parcels. After completing a union operation with the datasets, a new
field was created using a Visual Basic script in ArcMap field calculator to populate a land
cover description field using the above ranking. This field was then used to create a new land
cover dataset using ranked land cover typologies from each dataset. A flow chart for this data
processing is shown in Figure 4. The aggregate dataset created served as the basis for the land

cover analysis and subsequent assessment of ecosystem services.
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Figure 4: Land Cover Dataset Processing.
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Methods Section 3.2: Benefit Transfer & Ecosystem Service Valuation

Using the land cover analysis as the basis for identifying and quantifying ecosystem
services in the LYRB, a benefit transfer approach was used to estimate the value of these
services similar to other spatially-explicit ecosystem service valuation studies (Troy and
Wilson 2006, Costanza et al. 1997, Eade and Moran 1996, Liu et al. 2010, Kreuter et al. 2001,
Schmidt et al. 2011, Schmidt and Batker 2012, Noel et al. 2009). Because the goals of this
research were to generate a preliminary ecosystem service valuation that would incorporate an
analysis of the relationship between ecosystem services and estimated landscape nitrogen
loading, a benefit transfer approach offered an acceptable degree of general valuation focused
more on understanding relative value relationships than the generation of the most precise
valuation data possible. Economic benefit transfer offers an alternative to extensive primary
valuation of nonmarket goods and services that use methods such as hedonic pricing or
contingent valuation, which were beyond the given time and funding constraints for this
project.

Defined as the “application of values and other information from a ‘study’ site where
data are collected to a “policy’ site with little or no data” benefit transfer is a widely used
method of valuation for preliminary value estimates or when conducting primary valuation
studies is impractical or impossible (Rosenberger and Loomis 2000). Because of the broad
goals of this study to conduct general analysis the benefit transfer approach was by far the
most feasible valuation option. While benefit transfer may be completed in the form of a
benefit function transfer (where site specific variables are used in the value equation) or a
point benefit transfer (where specific values are applied from the ‘study’ site to the “policy’
site), after an evaluation of existing literature and valuation studies, point benefit transfer was
determined to be the appropriate and feasible methodology for this research. Although a
benefit function transfer has been argued to increase the validity and reliability of a benefit
transfer (Rosenberger and Stanley 2006, Plummer 2009), suitable functions were not found,
and given the goals of this research, point estimates of value were judged to be adequate for
this analysis.

In search of appropriate studies to use as the basis for benefit transfer, both primary
ESV studies and ESV studies using benefit transfer and meta-analysis were reviewed. While a
comprehensive review of primary ESV studies, or a complete meta-analysis is beyond the

scope of this research, through the review process, it was determined that it would be preferred
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to identify studies that performed a regional land cover-based ecosystem service valuation and
select the valuation data from a study site which would be of best correspondence rather than
use individual valuation studies for each of the land cover types present in the LYRB. One
reason for this decision was that there was not found to be an abundance of primary valuation
studies on the specific land cover types in the LYRB. It could be suggested that the lack of
specific land cover ecosystem service valuation studies this research discovered in the
literature may be the result of publication goals to demonstrate only the most current valuation
techniques rather than simply publishing quality valuation studies using established methods.

After a literature review, several of the studies identified for use in benefit transfer
conducted meta-analysis for ecosystem service values based on land cover typology (Troy and
Wilson 2006, Costanza et al. 1997, Liu et al. 2010, Noel et al. 2009), while others used the
independently developed, analytical valuation software, SERVES (Schmidt et al. 2011,
Schmidt and Batker 2012). In meta-analysis, a collection of primary valuation studies from a
variety of sources are statistically analyzed to extract relevant environmental values from the
outcomes of these previous studies. It is presumed that an underlying valuation equation exists
that can be linked to the specific characteristics of the study site (Rosenberger and Stanley
2006). By using meta-analysis values, rather than a simple point value from a single study, it
is hoped this will yield greater correspondence between the study and policy sites and
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